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Abstract

We present the activities of the “New Physics” working group for the “Physics at TeV Colliders"
workshop (Les Houches, France, 30 May—17 June, 2011). Our report includes new agreements
on formats for interfaces between computational tools, new tool developments, important sig-
natures for searches at the LHC, recommendations for presentation of LHC search results, as
well as additional phenomenological studies.
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Introduction
G. Brooijmans, B. Gripaios, F. Moortgat, J. Santiago, P. Skands

This document is the report of the New Physics session of the 2011 Les Houches Work-
shop “Physics at TeV Colliders”. During the workshop, which brings together theorists and
experimenters, a substantial number of ideas were discussed and for a number of these, in-depth
studies were initiated. This report describes the results of those studies.

A first section presents progress specific to the software tools crucial in predicting new
physics model signatures and interpreting experimental results. The first contribution builds on
the “Les Houches Accords” tradition in proposing a “Dark Matter Les Houches Agreement,” a
first step in standardizing the interface between different dark matter codes. Two other contri-
butions propose further developments to the existing Flavor and SUSY Les Houches Accords.
Additional contributions in the tools Section describe new additions to FEYNRULES and LAN-
HEP, and the development of SUSPECT3.

While (unfortunately) no new physics has been discovered yet, results from the 2010 and
2011 LHC runs have substantial implications for most models of new physics. In the first three
contributions in the “Higgs Boson and Top Quark Physics” Section, the implications of the
LHC results on Higgs searches in a variety of scenarios, the CMSSM mass spectrum, and dark
matter are investigated. The next two contributions study Higgs boson production mechanisms
in association with top quarks in different models. Two additional contributions use effective
theory approaches to study LHC implications of the top quark charge asymmetry observed at
the Tevatron and multi-top signatures of sgluon production. A two lasts contributions to this
Section study some cases of new particles leading to single top-like signatures, and show the
importance of polarization measurements in establishing discovery.

In a third Section, scenarios with long-lived particles are studied. These arise in a variety
of new physics models and present special challenges and opportunities for LHC phenomenol-
ogy. In a first case, particles with a lifetime sufficiently long that decays happen outside de-
tectors are considered, with an MSSM point with a long-lived chargino as benchmark model.
A second class of signatures studied involves particles that decay after travelling up to a meter
away from the interaction point, in the context of scenarios with either heavy (and long-lived)
neutrinos, or in supersymmetric models in which the observed cosmic dark matter abundance is
“frozen in” by the late decay of long-lived Next-to-Lightest Supersymmetric Particles (NLSPs)
to dark matter LSPs.

The fourth Section considers models in which the symmetry that stabilizes dark matter is
Zn, rather than the usual Z,, leading to a quite different phenomenology. One important new
feature is the presence of dark matter semi-annihilations, in which a pair of dark matter particles
interacts to produce a dark matter and a Standard Model particle, and the impact of these on
dark matter phenomenology, including the freeze-out process and dark matter abundance, is
studied.

An important issue with the experimental results involves how to present them, since the
implications for models not considered as benchmarks by the experimental collaborations are
generally non-trivial (if not impossible) to derive. The fifth Section of this report contains a first
set of “recommendations for the presentation of LHC results” which emerged from extensive
discussions between theorists and experimenters at the workshop and elsewhere. The recom-



mendations are split into those that are considered to be essential and those that are desider-
ata and it is hoped that they will stimulate further discussion, refinement, and implementation
across the community. A second contribution in this Section presents HEPMDB, a storage en-
vironment for HEP models which can accommodate, via web interface to an HPC cluster, the
validation of models, evaluation of LHC predictions and an event generation-simulation chain.

The meeting in Les Houches fostered a large number of discussions between theorists
and experimenters, but, as mentioned above, in-depth studies could only be completed for a
number of the generated ideas on the required timescale. Moreover, many of the discussions
begun at the workshop continue to evolve in ‘real time’ as the LHC data stream in, making it
difficult to document them in these proceedings in a way in which they may remain useful to
the community in the longer term. Still, we expect that many future results will benefit from the
discussions held at the workshop.
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Contribution 1

DLHA: Dark Matter Les Houches Agreement

Coordinator: Csaba Baldzs,

David G. Cerdeiio, Rebecca Leane, Mitsuru Kakizaki, Sabine Kraml, Christopher Savage, Pat
Scott, Sezen Sekmen,

AMIDAS: Chung-Lin Shan,

DarkSUSY: Lars Bergstrom, Torsten Bringmann, Gintaras Duda, Joakim Edsjo, Paolo Gon-
dolo,

DMFIT and DMMW: Stefano Profumo, Tesla Jeltema,

DRAGON: Carmelo Evoli, Daniele Gaggero, Dario Grasso, Luca Maccione,

FeynRules: Claude Duhr, Benjamin Fuks,

GALPROP: Igor Moskalenko, Elena Orlando, Troy Porter, Andrew Strong,

ISAJET: Howie Baer,

micrOmegas: Genevieve Bélanger, Fawzi Boudjema, Alexander Pukhov,

PPPCADMID: Marco Cirelli, Mario Kadastik, Paolo Panci, Martti Raidal,

SLHA: Sven Kreiss, Frank S. Thomas,

Semi-analytical propagation models: Timur Delahaye, Fiorenza Donato, Julien Lavalle, David
Maurin, Pierre Salati, Richard Taillet,

Superlso Relic: Alexandre Arbey, Farvah Mahmoudi

Abstract

This work presents a set of conventions and numerical structures that
aim to provide a universal interface between computer programs cal-
culating dark matter related observables. It specifies input and output
parameters for the calculation of observables such as abundance, di-
rect and various indirect detection rates. These parameters range from
cosmological to astrophysical to nuclear observables. The present con-
ventions lay the foundations for defining a future Les Houches Dark
Matter Accord.

1 INTRODUCTION

Over the last decade a burst of activity has surrounded various dark matter related problems.
As a byproduct of this activity, a number of robust numerical tools have been created by par-
ticle, astro-particle and astrophysicists. These tools predict values for observables that, when
contrasted with observation, can shed light on the properties of dark matter. The dark matter
related computer codes address a wide range of physical problems, of which the most important
are:

1. deriving Feynman rules from Lagrangians,
2. calculating scattering amplitudes from Feynman rules,
3. building cross sections or decay rates from amplitudes,



4. computing dark matter abundance from cross sections or decay rates,

bt

obtaining dark matter-nucleon scattering rates from cross sections,
6. evaluating cosmic ray yields based on annihilation cross sections or decay rates.

A certainly incomplete but representative list of such computer codes is:

[1] CalcHEP (2, 3) [2] DarkSUSY (3, 4, 5, 6) [3,4] DMFIT and DMMW (6)
[5] DRAGON (6) [6] FeynRules (1) [71 GALPROP (6)
[8] ISATools (4, 5) [9] LanHEP (1) [10] micrOmegas (2, 3, 4, 5, 6)

[11] PPPCADMID (6) [12] SuperlIso Relic (4)

where the numbers in parentheses after the names indicate what these codes do in the context of
the task-list above. These two lists show that today there exists no code that covers all the dark
matter related calculations (although some come very close), and there are significant overlaps
between the capabilities of these codes. What these lists do not reveal is how general and
sophisticated the various programs are. Not surprisingly, each of these tools has its strengths
and weaknesses. Necessarily, all these codes contain hard-wired assumptions that potentially
limit their capabilities.

When particle physicists found themselves in a similar situation regarding collider related
calculations, they created a series of interfaces that allowed their various tools to communicate
with each other [13—17]. These interfaces allow the users of the codes to easily and selec-
tively exploit the features that each of the tools offers. The success of the Supersymmetric Les
Houches Accord (SLHA) and the other accords lies in the fact that they significantly increase
ease and flexibility for collider related calculations [15, 16].

Following the successful path of previous Les Houches accords, the Dark Matter Les
Houches agreement (DLHA) proposes a format for storing and exchanging information rel-
evant to dark matter calculations. In the spirit of the Les Houches accords, DLHA aims to
interface various calculators to provide increased flexibility to users of these tools. Presently
these calculators work semi-independently from each other and their consecutive use typically
requires tedious interfacing. However careful this interfacing is, it may jeopardise the integrity
of the tools and, in turn, the results of the calculation.

A related problem DLHA targets is the transparency of the dark matter calculations.
Present codes input and output limited amounts of information while they may contain large
amounts of implicit, hard-wired assumptions that affect their results. The more of this infor-
mation is accessible, the more control a user has over the calculation. Additionally, making
more assumptions explicit gives the user a chance to change them and this could lead to a more
diverse and productive use of these codes. Since a DLHA file can be part of the input or the out-
put of a numerical code calculating dark matter related observables, it aids in making implicit
assumptions explicit and, potentially, it allows for changing some of those assumptions.

Here we give some examples of how such an agreement enables the user to easily interface
various codes with different capabilities and thereby calculate quantities that none of these codes
could calculate alone.

— Assume that code A has the capability to calculate decay rates of a dark matter candi-
date in an exotic particle model, but code A can only handle standard cosmology when
calculating relic abundance of the dark matter. Assume that code B does not implement
the exotic particle model of interest but can calculate relic abundance for non-standard

10



cosmologies. With the appropriate DLHA interface the decay rate can be communicated
from code A to B and relic abundance of an exotic candidate can be calculated in a non-
standard cosmology.

— Assume that code C' has the capability to calculate the annihilation cross section of a
dark matter candidate with next-to-leading order (NLO) corrections but it has no indirect
detection routines built into it. Meanwhile code D can only do one thing, but it does it
excellently: calculate indirect detection rates. An obvious task for DLHA is to pass the
annihilation cross section from C' to D, thereby making it possible to calculate a cosmic
ray yield from annihilating dark matter with NLO corrections.

These examples are just a limited sample of the possibilities that DLHA offers for a resourceful
user.

2 CALCULATION OF DARK MATTER RELATED OBSERVABLES

This section summarizes the relevant details of dark matter related calculations so that we can
fix our notation and define the accord in the next section.

2.1 Relic abundance

Numerous microscopic models have been proposed to describe the identity of dark matter par-
ticles. Depending on the details of these models, and conditions in the early Universe, dark
matter may have been produced in various different ways. For simplicity, here we only address
the thermal production mechanism of weakly interacting massive particles.

2.1.1 Thermal relic abundance with standard cosmological assumptions

In this section we recapture some details of the calculation of thermally produced relic abun-
dance of dark matter following standard cosmological assumptions. According to Big Bang cos-
mology the Universe cooled from temperatures substantially higher than the mass of a typical
dark matter particle. At those temperatures dark matter particles were in chemical equilibrium
with their environment and consequently their (co-moving) number density was unchanged. At
temperatures comparable to the typical weakly interacting dark matter particle, at 7' = O(100
GeV/kp), the Universe was radiation dominated. (Here kg is the Boltzmann constant.) As the
Universe cooled and expanded further, dark matter particles came in thermal equilibrium with
the cooling radiation and consequently their number density decreased exponentially. Later
scattering between dark matter particles became rare until the scattering rate fell below the ex-
pansion rate of the Universe for the dark matter particles to stay in equilibrium. At that stage
dark matter particles froze-out, that is their (co-moving) number density ceased to change.

The change of the average number density of dark matter particles, n,, is described by
Boltzmann’s equation [18-22]. This change occurs due to (co-)annihilation to Standard Model
particles and to the expansion of the early Universe. Boltzmann’s equation reads:

dn,,
dt
On the right hand side the thermally averaged product of the annihilation cross section and
relative velocity of the two annihilating dark matter particles is defined by
. f ov dn1,eqdn2,eq . f ov f(E1)f(E2)d3p1d3p2

R S SO U0 FIVCAT oY S @)
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Here p; are the three-momenta and E; = \/m? + p? are the energies of the colliding particles
with i = 1, 2!. The total (co-)annihilation cross section o depends on the microscopic properties
of the dark matter particles and can be calculated assuming a particular dark matter model. The
equilibrium number density is given by thermodynamics

g
where g, is the number of internal degrees of freedom of dark matter particles. Their energy

distribution is the familiar .

E) = :
J(E) exp(E/kgT) + 1
In Eq. (1) the Hubble parameter describes the expansion rate, and in a nearly flat Friedmann-
Lemaitre-Robertson-Walker (FLRW) Universe it is given by

“4)

. 87TGN

H? (5

As the Universe was radiation dominated, the total energy density was the standard function of
the temperature of the radiation 7:

2

T
pP= pmd(T) - geff<T)%T4’ (6)

where g.;7(T) is the number of internal degrees of freedom of the (effectively) massless parti-
cles in the thermal bath?.

The decrease in number density due to expansion of the Universe can be made implicit
by rewriting Eq. (1) in terms of the co-moving number density

Y = % (7)

For the radiation dominated Universe the total entropy density is

= T)=h T2—7T2T3 8
8 = Srad(T') = hegs( )45 . ®)

The number of internal degrees of freedom of the particles contributing to the entropy is he s (7).
Recasting Boltzmann’s equation for Y as a function of x = m, /T, where m,, is the mass of the
dark matter particle, we arrive at

day 1 ds
dr  3Hdx
By utilising Egs. (5), (6) and (8) this may also be written as

(ov)(Y? = Y2). 9)

ay TG My
dx N 45GN 2

(o) (Y?=Y2). (10)

'Throughout this section we use natural units with ¢ = i = 1, unless stated otherwise.

2Here we assume that the various species contributing to the total energy density are all in thermal equilibrium
with each other at a common temperature 7'.

3For a relativistic particle with one internal degree of freedom, such as a spin zero boson, g = herf = 1.
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The parameter g, incorporates the degrees of freedom arising from the energy and entropy

densities , LT
12 heyy (1 1 eff>
g/ = + . (11)
gi]/c f[ 3heps dT

A value for Y,, of a cold gas of dark matter is obtained for (non-)relativistic dark matter par-
ticles by taking the (low) high energy limit of the Maxwell-Boltzmann distribution. For non-
relativistic dark matter particles

 A5geyy 22 Ko ()

Y. ,
T Amt hepp(my/x)

(12)

where K5 (x) is the modified Bessel function of second order.

In various calculations it can be useful to introduce the freeze-out temperature 7y based
on the condition
Y — }/;q = OA/@qa (13)

where o > 0 1s a number of order 1. Incorporating this condition into Eq. (10) a statement for
freeze-out is obtained
d(nY,,)

(ov)a(a+2)Ye, = T (14)

TGsx My

45GN 132

Upon substitution of Eq. (12) into Eq. (14) this allows for a numerical solution for z = x .

Equipped with the co-moving number density after freeze-out, Y, the relic energy density
of dark matter may be calculated. This is typically given in units of the critical energy density

Yo
Q, = Px _ Sl (15)
Pe Pe

where p. is the energy density of a flat FLRW Universe. Here s is the current entropy density
of the Universe. Combining Eqgs. (5) and (15), the relic density may also be expressed as

Qh° = 87T§:N30Y0mx x 107%(s Mpc/km)*. (16)

The present day normalized Hubble expansion rate / is determined via
Hy =100 h km/(s Mpc). (17)

2.1.2 Thermal relic abundance with non-standard cosmological assumptions

In this section, we consider the generic scenario described in Refs. [23,24] and implemented
in SuperIso Relic [12,25] and Al1terBBN [26]. In this scenario the total energy density and
entropy density of the Universe are modified:

P = Prad T PD; S = Srad T SD. (18)

The temperature dependence of the additional components pp and sp can be parametrized as

T e
O-/D(T) - /{aarad(TBBN) (TBBN> y (19)
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where o = p or s,

_ Qgark(TBBN) (20)
“ rea(TBBN)’
and Tz is the Big Bang Nucleosynthesis temperature.
The time evolution of the total entropy density is given by
ds
— = —-3Hs+ X 21
dt s+ D, ( )

where >, describes the entropy production of the additional component. Instead of parametriz-
ing the entropy density sp, it is sometimes better (for example for reheating models) to write
Y.p in the form of Eq. (19) with a = ¥, and it is then related to the entropy density by

473G PD 1/2 1hff dSD
2 e
ZD:T\/ () (SDgeff‘ﬁ el ) @)

A possible generalization of the above parameterizations consists of relaxing Eq. (19) and let-
ting pp, Sp, 2p and/or H be general functions of the temperature.

Introducing the co-moving number density Y = n, /s, Eq. (1) becomes

Y 4 1 ra Yy
. /mg Ty Lt 5p/Srad_ (<au>(y2 —Y2)+ D 2) . (23)
dzx 45 22 \ /1 pp/prad $2aa(1 + 8D/ 8raa)

where
V. — 45geff 1 $2KQ(ZE)

€ 4t 1+3D/87’ad heff(mx/x).

The relic abundance can then be calculated based on Eq. (16).

(24)

2.2 Direct detection

If dark matter and Standard Model particles interact with strength comparable to that of the
electroweak interactions, and if dark matter is massive and fast enough, then it may be detected
by observing dark matter scattering on atoms. This is the aim of the direct dark matter detection
experiments. To assess detection rates we calculate elastic scattering cross sections of dark
matter on nuclei. These cross sections are derived from a Lagrangian describing the effective
interaction of dark matter with nuclei. Nuclear form factors provide a link between the partons,
the nucleons and the nucleus of the target species. For simplicity, in this first agreement, we
only consider elastic dark matter-nucleus scattering. Inelastic scattering may be included in a
future edition of this agreement.

The dark matter-nucleus recoil rate per unit detector mass, unit time, and unit recoil en-

ergy I is written in the form
dR . g A(E )

—_— = E t 25
dE meﬂi pX 77( ) )7 ( )
where -—
g = ———— (26)
My + My
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is the dark matter-nucleus reduced mass with m 4 the nucleus mass, o 4(E) is the dark matter-
nucleus scattering cross section, p, is the local dark matter density, and

n(B,t) = / TV g, 27)
|V [>Vmin (E) v

is an average inverse dark matter speed, also called the velocity integral. Here f(v,?) is the
dark matter velocity distribution in the reference frame of the detector, which is expected to be

time dependent, and
m AE
Umin(E) = (28)
\ 21

is the minimum dark matter speed that can impart a recoil energy £ to the nucleus. Notice that
the dark matter-nucleus differential cross section in recoil energy F for a dark matter particle
of initial velocity v with respect to the nucleus has the expression

dO‘A o O'A(E) _
IE B (0) O(Fnax(v) — E), (29)
where 0,2 2
Emax(v) = ’;j;‘: (30)

is the maximum recoil energy that a particle of velocity v can impart to the nucleus.

Only the non-relativistic limit is relevant for dark matter-nucleus scattering. In this limit,
only two kinds of nucleon currents survive: the spin-independent current ¢)"t/ and the spin-
dependent current 1) St). Here 1) is the nucleon wave function (a non-relativistic two-component
Pauli spinor) and S = %a is the nucleon spin operator. Therefore one splits the differential dark
matter-nucleus scattering cross section o 4 (F) into its spin-independent (SI) and spin-dependent
(SD) contributions,

oA(B) = o3 (E) + 3" (E). (31)
Correspondingly, one often separates the spin-independent and spin-dependent contributions to
the recoil rate dR/dE as
dR _ (dR SI+ dR\"" 32
dE  \dE dE)
The spin-independent part o3/ (E) is written as
ST 4% (Z,A) (Z,A) 2
0§ (B) = 2|2 £, FA(E) + (A - 2) £ EP(B)| (33)

where Z is the number of protons in the nucleus (atomic number), A is the mass number of
the nucleus, Fi* (E) and Joi (E) are proton and nucleon number density form factors for
the nucleus (Z, A), normalized to F,7*(0) = F*"(0) = 1, and finally 2 fp and 2f, are
the dimensionless four-particle vertices for the SI dark matter-proton and dark matter-neutron
interactions, respectively.

One also introduces the pointlike dark matter-proton and dark matter-neutron cross sec-
tions, which by convention are used when reporting or interpreting experimental results,

4

2 2

p Apu;

e N N e | 8 (34)
v T
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Table 1: Four-particle effective vertices for dark matter-proton elastic scattering. Dark matter-neutron
vertices are obtained by changing p — n. s, is the spin of the dark matter particle.

5y =10 Sy = % sy =1
X X X
spin-independent >>< %p >><
b b b b p b
X X
spin-dependent N/A 2V2Gpa,o, -0,
b b p b

Here 1, and pi,, are the reduced dark matter-proton and dark matter-neutron masses.

One often assumes, and we will do so in this first agreement, that
F*Y(E) = F#"(E) = Fu(E). (35)

In this case, one sometimes introduces the pointlike dark matter-nucleus cross section

+A-2 5 (36)

SI
OA0 = ——

which is 05! with F( )(E) = FIEZ’A)(E) = 1.
The spin-dependent part 05" (E) is written as

32054 GE

SEPATE 142 g(Z,A) 2 5(ZA) (g (Z,A)
(2JA+1) [CL 5 (E>+anSnn ( )+apan5 (E)] (37)

oSD _
9(z, A)(E )= p ~pp
Here G = 1.16637 x 107° (hc)®/GeV? is the Fermi coupling constant, .J, is the nucleus
total angular momentum in units of 7, and finally 2V/2G rap and 2V/2G ra, are the effective
four-particle vertices for the SD interaction of DM particles with protons and neutrons.

In Eq. (37), the dimensionless functions Sr(,g’A)(E), Sl(li’A)(E), and Sg’A)(E) are the
proton-proton, neutron-neutron, and proton-neutron nuclear spin structure functions. They can

be written in terms of isoscalar and isovector spin structure functions Sy, (2.4) , 911 (2.4) » S0l (2.4) as

SEN = g 4 SNy GlE (38)
SZA = G Lgh g8 (39)
St = (S — ) (40)
One similarly introduces
ap = ap + Ay, ay = ap — Qy. 41)

When the nuclear spin is approximated by the spin of the odd nucleon only, one finds

sz _ MadalJa+ )24 +1)

pp

, Spd =0, SZY =0, (42)

™
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Table 2: Even and odd operators Ei L,5D (s) for dark matter interactions with standard quarks ¢. A scalar
field only interacts in a spin independent manner [27].

S Even operators (i = €) Odd operators (i = 0)
Spin independent | 0 2M, xx'qq i(0uxx" — x0uX")"q
(SI) 172 XXqq XVuXqV"q

1 2M, X, x"7q i, & = X*0uxE) T
Spin dependent | 1/2 XV5VuX@V57"q — XX T q
(SD) 1| VB0 — Xb0) e avsmua | Bilvad — Xhow)ao™ g

for a proton-odd nucleus, and

2
SI()Z’A) _0, 54— ANy Ja(Ja+1)(2J4+ 1) L 5za g (43)

P T pn

for a neutron-odd nucleus. Here ) 4 is conventionally defined through the relation (104|S|t)4) =
Aa (a]J altba), where |10 4) is the nuclear state, S 4 is the nucleus spin vector, and J 4 is its total
angular momentum vector.

One sometimes introduces dark matter-nucleon pointlike cross sections. For a single

proton or a single neutron, A, = A\, =1, J, = J, = 1, and
361, G 362G
O_pSD _ :up2 F |ap|27 O_ED — :Un2 F |an|2. (44)
T T

We may list the expressions of the effective four-particle dark matter-nucleon couplings
fp> fn, ap and a, in terms of elementary couplings to quarks and gluons for various kinds of
dark matter particles, via an effective four-particle lagrangian with spin s

Leps(s) = % (Z Fra()L(s) + ) ana(s) L3N (s)) : (45)

1=e,0 1=e€,0

The operators £5/(s) and £57(s) describe spin independent even and odd interactions, while
L3P (s) and £L5P(s) are their spin dependent counterparts.* Table 2 shows the explicit forms of
these operators for various values of s. The dark matter-nucleon couplings can be obtained as

fn= Z frvi(s), an = Z an,i(s), (46)

i=e,o i=e,o

Dark matter-nucleus scattering amplitudes can be calculated based on parton level ampli-
tudes after relating nuclear couplings to dark-matter quark couplings via nucleon form factors

m m
2fN,e == Z m_pfévsq,ea 2fN,o = Z m_pflj/\gsq,oa (47)

q 4 q q

“Even and odd couplings are introduced to trace symmetries under particle-antiparticle interchange. Majorana
fermions, for example, have even couplings and non-Majorana fermions have odd couplings.
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2V2Gran. =Y ANage, 2vV2Gran, =Y 6)ag,. (48)
q q

These form factors capture the distribution of quarks within the nucleons. The light quark flavor
scalar form factors are related to the pion-nucleon sigma term and the nucleon and quark masses

as

0,1
M 411 pm pm 205N o , OrNY M
= —a = = (49)

d > Jd _(1+2—’;)mp,n1+0z’ (1+ 2 )myn mg

Here « = B, /By, 0xn = (my +mq)(By + Ba)/2, y = 2B, /(B + Bg) and B, = (N|qq|N).
The heavy flavor scalar form factors are typically calculated as

fg=%<1— S f;V>. (50)

q=u,d,s

2.3 Indirect detection

Perhaps the most challenging way to discover dark matter is to detect its annihilation or decay
products in the astrophysical environment. This is called indirect detection and involves the
description of an initial (source) distribution of standard particles originating from dense dark
matter concentrations. After the source properties are fixed, the propagation of the secondary
particles has to be followed through. Here we review only the simplest cases: electron, positron,
antiproton or photon production via dark matter annihilation and their subsequent propagation
to us through our Galaxy using a simplified but effective treatment. We also comment on the
modifications which would need to be introduced for a more detailed treatment.

Charged cosmic ray propagation through the Galaxy can be usually described by the
diffusion-convection model [28]. This model assumes homogeneous propagation of charged
particles within a certain diffusive region (similar to one of the simplest models of propagation
called the leaky box model), but it also takes into account cooling (energy loss) effects. The
diffusive region is usually assumed to have the shape of a solid flat cylinder of half-height L
and radius R that sandwiches the Galactic plane: inside it, charged cosmic rays are trapped by
magnetic fields; outside, they are free to stream away. The (cylindrical) coordinates of the solar
system correspond to 7, = (8.33 kpe, 0 kpc) [29]. The phase-space density ¢, (7, p, t) of a
particular cosmic ray species a at an instant ¢, at a Galactic position 7 and with momentum p
can be calculated by solving the cosmic ray transport equation, which has the general form [30]

W = Qa(Fap7 t) +V- (Dmcvwa - ‘7%)

0 0 1 0 ~ 1 1
* 5 (pZDppa—p I;wa) = g (Pa =5 (V V)0) = —tha = —vulsD)
Usually one assumes that steady state conditions hold, as they do if the typical time scales of
the dark matter galactic collapse and of the variation of propagation conditions are much longer
than the time scale of propagation itself (which is of the order of 1 Myr at 100 GeV energies).
In this case, the L.h.s. can be equated to zero and the dependence on time is dropped for all
quantities.

We concentrate on a version of the propagation equation which is sufficient to describe in
first approximation the electron or positron and proton or antiproton flux through the Galaxy:

0

0= Qa(ﬁ E) + K(E) V2¢a + 8_E(b(E) 1/’(1 - KEE(E) ¢a> - % (Sign(z) VC’ 77Da) ) (52)
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where now F is the energy of the secondary particle species a. Boundary conditions are im-
posed such that the CR density vanishes on the outer surface of the cylinder, outside of which
the particles are supposed to freely propagate and escape, consistently with the physical pic-
ture described above. At r = 0, one imposes a symmetric condition 9, /0r(r = 0) = 0. In
momentum space one imposes null boundary conditions. The terms containing the spatial dif-
fusion coefficient K (E), the energy loss rate b(E) and the diffusive reacceleration coefficient
Kgg(F) describe respectively the transport of cosmic ray species through turbulent magnetic
fields, their cooling due to different phenomena (such as Inverse Compton scattering (ICS), syn-
chrotron radiation, Coulomb scattering or bremsstrahlung) and their reacceleration due to hits
on moving magnetized scattering targets in the Galaxy. The term with the convective velocity
Vi describes the characteristics of the Galactic winds emanating vertically from the stars in the
disk. A source term resulting from dark matter annihilation can be written as

1dN, ) 2
Qu(F. B) = 53— (ouv)o (pzl—(”) . (53)
X

Here (0,v)( is the value of the thermally averaged annihilation cross section into the relevant
species, and p,(r) is the dark matter energy density in the Galaxy. The energy distribution
of the secondary particle a is dN,/dFE, normalized per annihilation. This formula applies to
self-conjugated annihilating dark matter. In the case of non-self-conjugated dark matter, or of
multicomponent dark matter, the quantities in Eq. (53) should be replaced as follows, where an
index ¢ denotes a charge state and/or particle species (indeed any particle property, collectively
called "component") and f; = n;/n is the number fraction of the i-th component:

m, — Z fim; (mean mass),
i
(oa0) — Z fifi{oaivi;) (mean cross section times relative velocity),
]

> ij fifi0a,ijvij (AN /dE)

dN,/dE (annihilation spectrum per annihilation). (54)

Zij fifi0a,ijvij
The spatial diffusion coefficient K (E) is generally taken to have the form
K(E) = Kyv" R 6 (55)
-0 GeV )’

where v is the speed (in units of ¢) and R = p/eZ is the magnetic rigidity of the cosmic ray
particles. Here Z is the effective nuclear charge of the particle and e is the absolute value of its
electric charge (of course the quantities are different from 1 only in the case in which particles
other than electrons, positrons, protons or antiprotons are considered). The parameter 7 controls
the behavior of diffusion at low energy: recently, in departure from the traditional choice np = 1,
other values (possibly negative) have been advocated. In more detailed treatments, the diffusion
coefficient can be considered as space dependent (K (7, E)) and a possible dependence on the
particle direction of motion, leading to anisotropic diffusion, can be introduced.

The energy loss rate can be parametrized as

b(E) = by E°. (56)
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This form holds as long as one neglects the fact that energy losses are position dependent in
the Galactic halo (e.g. synchrotron radiation depends on the intensity of the magnetic field,
which varies in the Galaxy, and ICS depends on the density of the background light distribution,
which also varies in the Galaxy), and as long as one assumes that all energy loss phenomena
are proportional to £? (which is true only if one neglects Coulomb losses and bremsstrahlung
and one considers ICS only in the Thomson scattering regime, i.e. at relatively low electron or
positron energy). In a more detailed treatment, the energy loss rate can also be considered as
space dependent, b(7, E'), and with a more general dependence on the energy. Coulomb losses
(dE/dt ~ const) and bremsstrahlung losses (dF/dt ~ bFE) can also be taken into account.
Some codes compute these using detailed formulae as a function of position and energy, based
on the gas, interstellar radiation and magnetic field distributions [7]. The ultimate form of the
energy loss rate may be a complex function which, as will be described below, can be given
under FUNCTION EnerLoss.

Finally, the diffusive reacceleration coefficient Kgg(F) is usually parameterized as

[\)

vt E?
Kge(F) = = 2

ARG (57)

where v, is the Alfvén speed.

A propagator, or Green’s function G, is used to evolve the flux which originate from the
source () at s with energy Fg through the diffusive halo, to reach the Earth at point 7 with
energy L. This allows the general solution for Eq. (52) to be written as

V(7 B) = / dEs / d*rs G(7, E; s, Es) Qua(Ts, Es). (58)
E
The differential flux is related to the solution in Eq. (58) via
ab, v(E)
= a 7E . 5
e G2 (59)

For proton or antiproton propagation in the Galactic halo, additional terms in Eq. (52) should
be introduced to account for spallations on the gas in the disk.

We next turn to photons. In this case, propagation is much simpler since no scattering
processes take place. This leads to a straight line propagation without any energy loss, which,
in the formalism above, corresponds to a trivial propagator. Thus, for photons a = =, by
utilising Eqgs. (53) and (58), Eq. (5§9) can be approximated with

dd dN, 1 o
T = e G [ o) s (60)

Here the square of the Galactic dark matter density profile pg is integrated over the line of sight,
parameterized by the coordinate s. The angle ¢ is the aperture between the direction of the line
of sight and the axis connecting the Earth to the Galactic Center. Explicitly, the coordinate 7,
centered on the Galactic Center, reads

r(s,0) = (12 + s> — 27¢ scos ¢) /% (61)

As for Eq. (53), Eq. (60) applies to self-conjugated annihilating dark matter. If dark matter is
not composed of self-conjugated particles, and n indicates the number density of particles and
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7 the number density of antiparticles, the factor n?/2 in the formula above has to be replaced
by nn.

This formula will depend very sensitively on the direction, especially near the galactic
center. However, a given gamma-ray instrument will only measure an averaged value, smeared
over the angular resolution. Therefore, a more useful quantity to compute is that average value
in the direction given by ¢ [31],

d<I>7 _ B ,al(I)V ;o ,
a0 = a0 o) ks (@), (62
where
Ran(6) = — 0 (63)
Al = g2 P\ o2 )

describes the angular resolution 6, with dQ)' = dy'd cos#'. Here ¢’ and 6’ are polar coordinates
centered on the direction ¢, and AQ = 76? (for small 6,.). For the different, slightly varying
lines of sight entering the integral, cos ¢ in Eq. (61) is replaced by cosiy) = cos¢cost —
cos ¢ sin ¢sin 6.

2.3.1 Dark matter substructures

If dark matter particles are packed inside dense clumps, their annihilations are enhanced, and so
are their indirect signatures at the Earth. The boost factor by which the yield of a smooth dark
matter halo has to be multiplied depends in a simple, but not obvious, way on the spatial distri-
bution of the clumps and on their inner structure. A population P of substructures 7 generates
at the Earth the cosmic ray density

2
wa(ﬁ E) = ( = %(ano <£L—®> ) Z G; & (64)
X icP

where the effective propagator G;, defined as

- My dN,
@=/ dEs G(F, E; 7, Es) e, (65)
. dE

takes into account the propagation from clump 7 located at 7;, and the injection spectrum at the
source. The annihilation volume &; would be the volume of clump 7 should its density be equal
to the Milky Way dark matter density pg, at the Sun. It is defined as the integral over the volume

of the i-th clump
— 2
& = / d37»S (pDM—(rS)> ) (66)
clumpi Po

Because we have no idea of the actual population of dark matter substructures inside which
we are embedded, a statistical analysis needs to be performed on the ensemble of all possible
realizations of galactic clump distributions. A population of Ny substructures inside the Milky
Way dark matter halo yields, on average, the cosmic ray density [32—-34]

(W (7 B)) = N S / d*rs / d¢ D(7s,€) G(7', B3 7s) €. ©7
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The propability to find a dark matter clump at location 75 with annihilation volume £ is denoted
by D(7s,€). The variance associated to the average substructure signal (1/*“*(7, E)) can be
expressed as

(W3 )Y

Nu (©8)

Oi(?ﬁ, E) :NH 82 /d?’?“S /df ’D(Fs,g) G2(F,E;FS) 62 —

3 DESCRIPTION OF THE DLHA BLOCKS AND FUNCTIONS

Information in a DLHA file is organized into blocks. The general properties of the DLHA
blocks follow those of the Supersymmetry Les Houches Accord (SLHA) [15]. Similarly to
SLHA, the entries within the blocks are identified by the first numerical value(s) within the
block. This feature allows for a flexible order of entries within a block. Most block entries are
optional and can be omitted at writing. A missing entry typically signals the lack of a calculation
within the program that wrote the block.

A DLHA file may contain the following blocks or statements (listed here alphabetically):

BLOCK ABUNDANCE
BLOCK ANNIHILATION
BLOCK ASTROPROPAG
BLOCK COSMOLOGY
BLOCK DETECTOR_NUCLEI
BLOCK DMCLUMPS

BLOCK DMSPADIST
BLOCK DMVELDIST
BLOCK DOFREEDOM
BLOCK EFFCOUPLING
BLOCK FORMFACTS
BLOCK INDIRDETSPECTRUM
BLOCK MASS

BLOCK NDMCROSSSECT
BLOCK QNUMBERS

BLOCK STRUCTFUN

Blocks ASTROPROPAG, COSMOLOGY, DETECTOR_NUCLEI, DMCLUMPS, DMSPADIST, DMVELDIST,
DOFREEDQOM, FORMFACTS and STRUCTFUN depend on the cosmological, astrophysical, standard
particle and nuclear physics assumptions but are kept independent from the microscopic prop-
erties of dark matter. The rest of the blocks depend on the microscopic physics describing dark
matter. A given dark matter candidate is identified in the block MASS by the PDG number and
mass of the particle. If the PDG code of a particle does not exist then an arbitrary code identify-
ing the candidate can be supplied. Further microscopic properties of the dark matter candidate
are given in block QNUMBERS.

For dark matter models containing multiple dark matter candidates a separate DLHA file
has to be created for each candidate. If multiple dark matter candidates contribute simultane-
ously to the present abundance and direct or indirect detection signals, multiple sets of blocks
may appear for each candidate in separate files. For example, a DLHA file may contain

BLOCK MASS
# PDG code mass particle name
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1000022 1.29098165E+00 # 1st neutralino
BLOCK (QNUMBERS

BLOCK ABUNDANCE

while another DLHA file might contain

BLOCK MASS

# PDG code mass particle name
1000039 2.35019093E+00 # gravitino

BLOCK QNUMBERS

BLOCK ABUNDANCE

Here the ellipses denote entries irrelevant to this discussion. A user of DLHA is responsible for
knowing that the two files contain information in the context of multiple dark matter candidates.

For decaying dark matter particles a standard SLHA decay file can be used to read and

write the total decay width of the dark matter particle and its branching ratios into various final
states.

3.1 The FUNCTION object

Departing from the tradition of previous Les Houches accords, DLHA introduces a new struc-
ture that specifies a function. A function definition is facilitated by DLHA using the following
construction

FUNCTION <name> type=<type> args=<number of arguments>

END_FUNCTION

The FUNCTION heading denotes the beginning and END_FUNCTION the end of the structure.
Each function is identified by a name, which follows the FUNCTION heading. In the various
block descriptions below we fix the names of the possible functions and specify their content.
The content of a function can be given in several different ways in DLHA. The <type> variable
differentiates between these methods:

type = P for a predefined function,

type = C for a C function,
type = F for a Fortran function,
type = T for tabular information.

The number of independent variables of the function is given by the numerical value of the last
argument <number of arguments> of the FUNCTION structure.

While a FUNCTION depends on one or more independent variables, it may also carry in-
formation about related parameters inside the body of the function. These parameters can be
listed as follows:
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FUNCTION <name> type=<type> args=<number of arguments>
PARAMETERS

<parameter name 1>=<value 1>

<parameter name 2>=<value 2>

<parameter name 3>=<value 3>

END_PARAMETERS
<function body>
END_FUNCTION

Parameter names are fixed by DLHA in the block descriptions similarly to names of functions.
If a parameter value is specified both outside and inside of a function, the value given inside the
FUNCTION construction overrides the one appearing outside.

Predefined functions, typically the most commonly used functions for a given quantity,
are specified by DLHA under the description of the various functions. A predefined function
which is listed in the DLHA write-up can be referred to by the following construction following
the FUNCTION heading:

FUNCTION <name> type=<type> args=<number of arguments>
DLHA <name> <identifier>

END_FUNCTION

Within the block descriptions DLHA fixes the function choices corresponding to various nu-
merical values of identifiers.

As an example, the following structure specifies the use of the Einasto profile for the dark
matter galactic halo profile p,(r):

FUNCTION rho_g type=P args=2
DLHA rho_g b
END_FUNCTION

The Einasto profile depends on two arguments. One of them may also be fixed as:

FUNCTION rho_g type=P args=1
DLHA rho_g b5
PARAMETERS
alpha=1
END_PARAMETERS
END_FUNCTION

In the present agreement, we only consider functions tabulated on a rectangular (but not
necessary equidistant) grid. In this case the list of the independent variables and the function
value is given as an n+1 column table. For tabular functions the line after the function name
gives the names of the independent variables and the dimensions of the rectangular grid on
which the function is specified. A schematic example of a function given in tabular format is
the following:
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FUNCTION rho_g type=T args=2

r: alpha: 3

# r alpha rho_g
0.000000E+00 1.000000E+00 2.345678E+00
1.000000E-05 1.000000E+00 1.234567E+00
0.000000E-05 2.000000E+00 4.567890E+00
1.000000E-05 2.000000E+00 3.456789E+00
0.000000E-05 3.000000E+00 6.789012E+00
1.000000E-05 3.000000E+00 5.678901E+00

END_FUNCTION
A FUNCTION given in the form of a C language function could appear as:

FUNCTION rho_g type=C args=2
#include<math.h>

double Einasto(double r, double alpha)

{ return exp(-2*(pow(r,alpha)-1)/alpha);}
END_FUNCTION

The FUNCTION construction also allows passing function names that are included in a
pre-compiled library:

FUNCTION <name> type=<type> args=<number of arguments>
libName=<name of compiled library>

funcName=<name of function in library>

END_FUNCTION

An example of this is shown in Section 3.8.

3.2 BLOCK COSMOLOGY

The COSMOLOGY block specifies the values of the cosmological parameters that enter into the
calculation of dark matter related observables such as the abundance. The cosmology block
may contain numerical entries such as those below. In these entries, the temperature is given in
units of GeV/k, where k is the Boltzmann constant.

1 The value of the current entropy density of the Universe sq in units of (GeV /hc)?/k,
appearing in Eq. (16).

The cosmology block also accommodates various entries that are defined as functions as
described in the previous subsection. The list of these functions is given below.

Non-standard energy density pp(7'), as described in Eq. (18), as a function of the temper-
ature and in units of (GeV /hic)*.

FUNCTION rho_D type=<type> args=1
END_FUNCTION

Non-standard entropy density sp(7'), as described in Eq. (18), as a function of the tem-
perature and in units of (GeV /hc)3.
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FUNCTION s_D type=<type> args=1
END_FUNCTION

Non-standard normalized entropy production rate ¥, (7')/+/G, as described in Eq. (18),
as a function of the temperature and in units of (GeV /hc)®.

FUNCTION Sigma_D type=<type> args=1
END_FUNCTION

The value of the normalized Hubble expansion rate H(7)/+/G, as per Eq. (17), as a
function of the temperature. The normalized Hubble expansion rate is in units of (GeV /hc)?.

FUNCTION Hubble type=<type> args=1
END_FUNCTION

Note that the functions s_D and Sigma_D are not to be given simultaneously, as they refer
to two different parameterizations of the entropy content of the Universe. Also, the functions
rho_D and Hubble do not need to be given simultaneously.

A specific cosmology block, describing a standard cosmological scenario may appear as
this:

BLOCK COSMOLOGY
# identifier(s) parameter value comment
1 2.18421585E-03 # s_0 [GeV~3]

FUNCTION rho_D type=C args=1 # rho_D(T) [GeV~4]

END_FUNCTION
FUNCTION s_D type=F args=1 # s_D(T) [GeV~3]

END_FUNCTION

3.3 BLOCK DOFREEDOM
This block contains the various degrees of freedom entering into the abundance calculation.

The effective degrees of freedom g.r¢(7’) in Eq. (6) as a function of the temperature are
given by

FUNCTION g_eff type=<type> args=1
END_FUNCTION

The units of temperature are GeV /k.

As an alternative to g.r f(T), as a function of the temperature, g, can also be given. The
latter is defined in Eq. (11).
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FUNCTION gstar type=<type> args=1

END_FUNCTION

The effective degrees of freedom h.rs(7') in Eq. (8) as a function of the temperature
(measured in GeV /k) are given by

FUNCTION h_eff type=<type> args=1

END_FUNCTION

This block containing 57 entries of g.;s and 48 entries for h.s¢ in tabular format might
appear as follows.

BLOCK DOFREEDOM

FUNCTION g_eff type=T args=1

T: 57

# T [GeV/k] g_{eff}(T)
1.00000000E-05 2.00000000E-00
5.00000000E-05 2.00000000E-00
1.00000000E-04 4.00000000E-00

END_FUNCTION
FUNCTION h_eff type=T args=1
T: 48
# T [GeV/k] h_{eff}(T)
2.00000000E-05 1.00000000E-00
4.00000000E-05 1.00000000E-00
6.00000000E-05 2.00000000E-00

END_FUNCTION

3.4 BLOCK DMSPADIST

Block DMSPADIST contains information regarding the dark matter energy density distribution in
various astrophysical objects, such as galaxies or nebulae. These enter the calculation of direct
and indirect detection rates. Before discussing the block attributes, we list the most commonly
used halo profiles and give their corresponding mathematical expressions. Each profile has a set
of parameters which are dependent on the particular halo of interest. Unless otherwise stated p
sets the normalization of the profile and 7 is the scale radius.

Hernquist-Zhao density profile:

_ Po
= e G ey )

The Navarro-Frenk-White (NFW) distribution is a special case of this with o = 3, 5 = 2,
and v = 1 [35]. The Kravtsov et al. profile can also be obtained from Eq. (69) by setting o = 3
and 0 = 2 [36].
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Modified isothermal profile [37]:

(70)

2 o
pg(r) = poexp (_5 (:—a—l» (71)

Moore et al. profile [39]:

Einasto profile [38]:

Po '
(r/re)¥2 (147 /r)*?

py(r) = (72)

Burkert profile [40]:

3
PoTg

r+rg)(r2+r2)

py(r) = ( (73)
3.4.1 The structure of BLOCK DMSPADIST

Since dark matter energy density distributions can be specified for various astrophysical objects,
such as external galaxies and halo substructures, more than one BLOCK DMSPADIST may appear
in a DLHA file. In this case multiple BLOCK DMSPADIST blocks carry an index differentiating
them from each other. For example

BLOCK DMSPADIST_MilkyWay
BLOCK DMSPADIST_NGC6388

BLOCK DMSPADIST_VIRGOHI21

The shape of the dark matter density distribution p,(r), featured in Egs. (53) and (60), is
defined by the function

FUNCTION rho_g type=<type> args=<number of arguments>
END_FUNCTION

The galactic halo profile is assumed to be given in units of GeV/c?/cm?, and its radial argument
in units of kpc.

Identifiers for numerical parameters featured in this function for predefined density pro-
files are the following:
1 the normalization of the profile py in units of GeV/c*/cm?,

2 the scale radius r in units of kpc,

3 « for the Hernquist-Zhao and Einasto profiles,
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[ for the Hernquist-Zhao profile,
~ for the Hernquist-Zhao profile,

the value of the dark matter mass density near Earth pg, in units of GeV/c?/cm?,

N SN A

our Galactocentric distance, [? in units of kpc.

These variables can also be used within predefined functions as PARAMETERS with the following
names

rho_0O 2P0,
r_s Y
alpha o,
beta B,
gamma Y,

rho_oplus: pg ,
R_O . RO .

Predefined values of the most commonly used halo distributions are
DLHA rho_g 1: Hernquist-Zhao profile, as given in Eq. (69),

DLHA rho_g 2: NFW density profile, defined by Eq. (69),

DLHA rho_g 3: Kravtsov et al. profile, defined by Eq. (69),

DLHA rho_g 4: Modified isothermal profile, as given in Eq. (70),

DLHA rho_g 5: Einasto profile, as given in Eq. (71),

DLHA rho_g 6: Moore et al. profile, as given in Eq. (72),

DLHA rho_g 7: Burkert profile, as given in Eq. (73).

For example, in a DLHA file a predefined NFW profile can be referred to as

# identifier(s) parameter value comment
1 0.385954823E+00 # rho_0 [GeV/cm~3]
2 2.000000000E+01 # scale radius r_s [kpc]
3 3.000000000E+00 # parameter $\alpha$
4 2.000000000E+00 # parameter $\beta$
5 1.000000000E+00 # parameter $\gamma$

FUNCTION rho_g type=P args=1
DLHA rho_g 2 # NFW profile
END_FUNCTION

Alternatively, the following definition can also be used:

FUNCTION rho_g type=P args=1
DLHA rho_g 2 # NFW profile

PARAMETERS

rho_0 = 0.385954823E+00
r_s = 2.000000000E+01
alpha = 3.000000000E+00
beta = 2.000000000E+00
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gamma = 1.000000000E+00
END_PARAMETERS
END_FUNCTION

A sample BLOCK DMSPADIST for a predefined Kravtsov et al. halo profile and a tabulated
velocity distribution may appear as follows:

BLOCK DMSPADIST_MilkyWay
# identifier(s) parameter value comment

1 0.385954823E+00 # rho_0 [GeV/cm~3]

2 2.000000000E+01 # r_s [kpc]

3 3.000000000E+00 # alpha

4 2.000000000E+00 # beta

6 0.385954821E+00 # rho_Earth [GeV/cm~3]
B o oo __
FUNCTION rho_g type=P args=1 # predefined Kravtsov
DLHA rho_g 3

END_FUNCTION

3.5 BLOCK DMVELDIST

This block contains information about velocity distributions of dark matter needed in direct
and indirect detection calculations. Velocities are given using the Galactic coordinate system,
described below. Before discussing the block attributes, we specify common velocity distribu-
tions.

Truncated Maxwellian distribution:

~ 4Am?

J0) = §—argmn €7 0vese = v) (74)

where N, = erf(z) — QZe*ZQ/ﬁ with 2 = Ve, / V20,
Subtracted Maxwellian distribution:

~ 4Amv?

02 /202 2 o2
J0) = 5oz | = 5] B = v) (75)

where N,q. = erf(z) — 2z(1 + 2z2/3)6_22/ﬁ with 2 = Ve, / V20,

Here N,,. is a normalization factor such that fooo f(v) dv = 1, ves, is the escape speed
(a finite cutoff in the distribution expected due to high-speed dark matter being able to escape
from the object’s gravitational potential), and o, is a velocity dispersion parameter. In the large
Vese 1imit, the distributions in Eqgs. (74) and (75) reduce to the same Maxwellian distribution
with most probable speed vy = v/2 0, 1D velocity dispersion o, and 3D velocity dispersion
V3o,

For direct detection, one needs the local dark matter velocity distribution multiplied by
the local dark matter density. The latter is given in the DMSPADIST block. Here we address the
velocity distribution. Notice that if the local dark matter density is split into different velocity
groups, each group has its own block DMVELDIST.

For direct detection (Eq. 27), one needs the dark matter velocity distribution f(v,?) in
the rest frame of the detector. Its time dependence is expected to arise from the motion of the
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Earth around the Sun and about its axis. Since these motions are known, f(v,t) can be obtained
through a Galilean transformation from the Sun’s rest frame,

f(v,t) = fo(Vaer + V). (76)

Here f(u) is the dark matter heliocentric velocity distribution, which is a function of the dark
matter velocity u with respect to the Sun (heliocentric velocity), and v is the detector velocity
with respect to the Sun given by Vet = Varev + Varot, Where v, 1S the (time-varying) velocity
of the Earth revolution relative to the Sun, and vg,. s the (time-varying) velocity of the Earth
rotation at the location of the detector relative to the Earth’s rest frame.

Enough information should be given in BLOCK DMVELDIST to reconstruct the three-dimensional
heliocentric velocity distribution f;(u). This is achieved by giving the velocity distribution
function f(v) in some specified but otherwise arbitrary reference frame s, together with the
velocity v of S with respect to the Sun, i.e.

fou) = flu—v). (77)

Though not required (except in a case described below), the reference frame S will typically be

chosen such that the form for f(v) becomes more simplified, as occurs in the rest frame of an
1sotropic velocity distribution.

3.5.1 The structure of BLOCK DMVELDIST

Similarly to the energy density, dark matter velocity distributions can be specified for vari-
ous astrophysical objects: galaxies, halo substructures, or even different local velocity com-
ponents. Thus, more than one BLOCK DMVELDIST may appear in a DLHA file. Multiple
BLOCK DMVELDIST blocks are differentiated from each other as

BLOCK DMVELDIST_MilkyWay
BLOCK DMVELDIST_NGC6388

BLOCK DMVELDIST_VIRGOHI21

The function f(v) is given by
FUNCTION fv_g type=<type> args=<number of arguments>

END_FUNCTION

The units of f(v) are assumed to be (km/s)™", where n is the number of arguments.
Two different conventions apply depending on whether f is presented as a function of one or

more than one variable, i.e., depending on whether n = 1 orn > 1. If n > 1, f(v) must be
normalized so that [ f(v)d"v = 1. If n = 1, i.e., if f(v) is a function of only one variable
v, it is assumed that (i) the frame S coincides with the frame in which the average velocity is
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zero, (ii) in this frame the velocity distribution is isotropic, (iii) the variable v = |v| is positive
and represents the speed, i.e., the magnitude of the velocity, in the frame S, and (iv) f(v) is the
speed distribution in S, normalized so that I f)dv=1.

Predefined values of the most commonly used velocity distributions are

DLHA fv_g 1: Truncated Maxwellian distribution, as given in Eq. (74),

DLHA fv_g 2: Subtracted Maxwellian distribution, as given in Eq. (75).

Names of numerical PARAMETERS featured in these predefined functions are the following:
sigma_v: the velocity dispersion parameter o, in units of km/s,

v_esc : the escape speed v.4. in units of km/s.

These parameters can also be given before the FUNCTION definition with the following identi-
fiers

1 0, 1n units of km/s,
2 Vese 1N UNIts of km/s.

The S heliocentric velocity vector v is to be given by its components in the Galactic
reference frame. The Galactic reference frame is a right-handed Cartesian coordinate system
xyz with x axis in the direction of the Galactic Center (I = 0,b = 0), y axis in the direction of
the Galactic rotation (I = 90°,b = 0), and z axis in the direction of the Galaxy’s axis of rotation
(North Galactic Pole b = 90°). The velocity v is thus given by the following parameters.

11  the x component v, of the S heliocentric velocity in units of km/s,

12 the y component v,, of the S heliocentric velocity in units of km/s,
13  the z component v, of the S heliocentric velocity in units of km/s.

A sample BLOCK DMVELDIST for a predefined truncated Maxwellian distribution may ap-
pear as follows:

BLOCK DMVELDIST_standard_dark_halo

# identifier(s) parameter value comment
1 1.555634918E+02 # sigma_v [km/s]
2 6.500000000E+02 # v_esc [km/s]
11 0.000000000E+00 # vframe_x [km/s]
12 -2.200000000E+02 # vframe_y [km/s]
13 0.000000000E+00 # vframe_z [km/s]
B o
FUNCTION fv_g type=P args=1 # predefined v distr.
DLHA fv_g 1 # truncated Maxwellian

A sample BLOCK DMVELDIST for a tabulated velocity distribution may appear as follows:

BLOCK DMVELDIST_MilkyWay

1 1.555634918E+02 # sigma_v [km/s]

2 6.500000000E+02 # v_esc [km/s]

11 0.000000000E+00 # vframe_x [km/s]

12 -2.200000000E+02 # vframe_y [km/s]

13 0.000000000E+00 # vframe_z [km/s]
FUNCTION fv_g type=T args=1 # fv_g tabulated
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v: 57

# v [km/s] f(v) [s/km]
5.00000000E+01 1.20000000E-01
7.50000000E+01 2.40000000E-01
1.00000000E+02 4.90000000E-01

END_FUNCTION

3.6 BLOCK FORMFACTS

The nucleon form factors fV and Aé\’ as introduced in Egs. (47) and (48)
identifiers are:

1

R L XN NN R R W WN NN N e e e
W N = W N = W N =W N NN =R WD = &R WN

up quark scalar form factor for the proton f2,

down quark scalar form factor for the proton f7,

strange quark scalar form factor for the proton f?,
heavy quark scalar form factors for the proton fg,

up quark scalar form factor for the neutron f},

down quark scalar form factor for the neutron f,
strange quark scalar form factor for the neutron f',
heavy quark scalar form factors for the neutron f,

up quark vector form factor for the proton f, ,

down quark vector form factor for the proton f"}d,

up quark vector form factor for the neutron fy; ,

down quark vector form factor for the neutron f7;,

up quark axial-vector form factor for the proton AZ,
down quark axial-vector form factor for the proton A?,
strange quark axial-vector form factor for the proton A?,
up quark axial-vector form factor for the neutron A,
down quark axial-vector form factor for the neutron A",
strange quark axial-vector form factor for the neutron A7,
up quark o, form factor for the proton 67,

down quark o, form factor for the proton ¢7,

strange quark o, form factor for the proton 47,

up quark o, form factor for the neutron 4,

down quark o, form factor for the neutron dy,

strange quark o, form factor for the neutron J;'.

. The corresponding

A specific FORMFACTS block for a spin-zero dark matter candidate may look like this:

BLOCK FORMFACTS
# identifier(s) value comment
1 1 2.30000000E-02 # f_u"p
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1 2 3.30000000E-02 # f_d~p
1 3 2.60000000E-01 # f£f_s7p
2 1 1.80000000E-02 # f_u"n
2 2 4.20000000E-02 # f_d"n
2 3 2.60000000E-01 # f_s"n

3.7 BLOCK STRUCTFUN

The nuclear structure functions F4(£) and S;;(E) are defined in Egs. (33) and (35) for SI
interactions, and Eqs. (37) and (38-40) for SD interactions. They may be given in the form of
functions of the recoil energy F, such as

FUNCTION F_A type=<type> args=1
EI;II'D_FUNCTION

and
FUNCTION S_ij type=<type> args=1
ﬁI;I].)_FUNCTION

The nuclear form factors should carry no unit, while the transferred energy £ is in units of
keV. For reference, the transferred energy F is related to the momentum transfer ¢ through
E = ¢?/(2m), where m 4 is the nucleus mass.

The following common parametrizations of F4 are used. The exponential form factor
defined as

Fa(gry) = e @2 with r, = a,AY? +b,. (78)
The names of the corresponding parameters that appear in the PARAMETERS list are
A : A the mass number of the nucleus ,
Z : Z the atomic number of the nucleus ,
alpha: o,

a_n : a, inunits of fm,
b_n :b, in units of fm .
The Helm form factor
Fa(qry) = 3%6_((]5)2/2 with 72 = ¢? + §7T26L2 — 552 and c=cAY? + ¢ (79)
Helm specific names for PARAMETERS are
A : A the mass number of the nucleus ,
Z : Z the atomic number of the nucleus ,
c_0: ¢g in units of fm ,
c_1: ¢; in units of fm ,
a : ainunits of fm,

s : s skin thickness in units of fm .
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The Fermi distribution
Fa(q) = /p(T)eiq'rdST with p(r) = po(1 4 €991 and ¢ = coAY3 + ¢ (80)

Corresponding names of PARAMETERS are

A : A the mass number of the nucleus ,
Z : Z the atomic number of the nucleus ,
rho_0: pg,

c_0 : ¢pin units of fm,

c_1 : ¢y inunits of fm,

a : a in units of fm .

Corresponding to these in DLHA the following predefined £y form factors can be used:
DLHA F_A 1: exponential form factor,

DLHA F_A 2: Helm form factor ,

DLHA F_A 3: Fermi distribution .

Examples of specifying these form factors are:

# Exponential form factor:

# F(q r_n) = e~{-\alpha (q r_n)~2 / 2)}
# r.n=an A{1/3} + b_n

FUNCTION F_A type=P args=1

DLHA F_A 1 # Exponential form factor
PARAMETERS

Z =11

A =23

alpha = 0.20000000E+00  #

a_n = 1.15000000E+00  # [fm]

b_n = 0.39000000E+00  # [fm]

END_PARAMETERS
END_FUNCTION

# General spin-independent form factor (Helm):
# F(q r_n) = 3 \frac{j_1(q r_n)}q r_n} e~{-(gs)~2/2}
# r_n"2 = c*2 + \frac{7}{3} \pi~2 a2 - 5 s72
# ¢ =c_0 A~{1/3} + c_1
FUNCTION F_A type=P args=1

DLHA F_A 2 # Helm form factor
PARAMETERS

Z =11
23

1.23000000E+00 # [fm]
-0.60000000E+00 # [fm]

0.52000000E+00 # [fm]

s = 0.90000000E+00 # [fm] skin thickness
END_PARAMETERS

= O |
Il
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END_FUNCTION

# Fermi distribution:

FUNCTION F_A type=P args=1
DLHA F_A 3 # Fermi distribution
PARAMETERS

Z =11

23
1.23000000E+00 # [fm]

-0.60000000E+00 # [fm]
0.52000000E+00 # [fm]
END_PARAMETERS

END_FUNCTION

= O |
I n

[ I @ I T

# Sodium (spin-dependent, tabulated)
FUNCTION S_00 type=T args=1
PARAMETERS
Z =11
A =23
END PARAMETERS
E: 101
# E S_00
0.000000E+00 1.000000E+00
1.000000E+00 0.997000E+00
2.000000E+00 0.994000E+00

END FUNCTION

3.8 BLOCK DETECTOR_NUCLEI

An alternative way to specify nuclear structure functions S;; is the following.

BLOCK DETECTOR_NUCLEI # DAMA

# Num Fraction A z J FSD S00 501 S11
1 0.153 23 11 1.5 STD SO0ONa23 SO00Na23 S11Na23
2 0.847 127 53 2.5 STD S00I127 SO00I127 S11I127

FUNCTION SOONa23 type=C args=1
libName=libmicromegas.so
funcName=S00Na23

END_FUNCTION

3.9 BLOCK MASS

Block MASS is part of SLHA. It is used by DLHA to identify the dark matter particle and to
specify its mass. Specific examples of BLOCK MASS appear in the introduction of this section.
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3.10  BLOCK QNUMBERS

This block is part of the Les Houches BSM Generator Accord and defined in Ref. [41]. The
block contains information on the spin, self-conjugate nature, the standard (SU(3)c, SU(2)w,
U(1)y) and exotic charges of the particle. It may be extended to also contain information about
quantum numbers corresponding to discrete symmetries such as R-parity, KK-parity, T-parity,
Z-parities.

3.11 BLOCK ABUNDANCE

Abundances of any species of dark matter particles receive their own block, detailing their
properties. The elements of the abundance block are the following.

1
2
3

The freeze-out temperature 7 in units of GeV /k as defined by the condition in Eq. (13).
The chosen value of « for Eq. (13).

The thermal average of the total (co-)annihilation cross section times velocity at freeze-
out (ov)(T}) in units of cm?/s as defined in Eq. (2).

The average energy density of the dark matter particle 2, h* due to thermal production,
in units of the critical density as given in Eq. (16).

Same as above but for non-thermal production.

Percentage contribution to the total cross section by (co-)annihilation channels. This line
will appear multiple times for a cross section with multiple (co-)annihilation channels.
Each line lists the PDG codes of the two final state particles along with the percent at
which it contributes to the total (co-)annihilation cross section.

An example of BLOCK ABUNDANCE for a thermally produced dark matter candidate with

an abundance of 2, h? = 0.11018437 is the following:

BLOCK ABUNDANCE

# identifier(s) parameter value comment
1 5.16392660E+00 # T_f [GeV/k]
2 1.50000000E+00 # alpha
3 3.18452057E-26 # <sigma v>(T_f) [cm~3/s]

4 0.11018437E+00 # Omega h~2 thermal
# annihilation channel contribution to <sigma v>(T_f) [%]
# identifier(s) PGD code 1 PGD code 2 yA

6

3.12 BLOCK EFFCOUPLING

The entries of this block are the effective dark matter-nucleon couplings as defined in Egs. (47)
and (48).

1

2
3
4

Spin-independent scalar coupling f,, for s, = 1/2 and the proton,
spin-independent scalar coupling f,, for s, = 1/2 and the neutron,
spin-dependent axial-vector coupling a, for s,, = 1/2 and the proton,
spin-dependent axial-vector coupling a,, for s, = 1/2 and the neutron.
An example for an EFFCOUPLING block is the following
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BLOCK EFFCOUPLING

# identifier(s) parameter value comment
1 0.10000000E+00 # f_p

0.10000000E+00 # f_n

0.00000000E+00 # a_p

0.00000000E+00 # a_n

S W N

3.13 BLOCK NDMCROSSSECT

This block contains the spin-independent and spin-dependent nucleon-dark matter elastic scat-
tering cross sections af,f D found using Egs. (34) and (44).

1

The spin-independent proton-dark matter elastic scattering cross section 051 in units of
cm?,

The spin-independent neutron-dark matter elastic scattering cross section ! in units of
cm?,

The spin-dependent proton-dark matter elastic scattering cross section U;?D in units of
cm?,

5

5P in units of

The spin-dependent neutron-dark matter elastic scattering cross section o

cm?.

An example for a NDMCROSSSECT block is the following

BLOCK NDMCROSSSECT
# identifier(s) parameter value comment

1 0.12345678E-41 # \sigma~{SI}_p [cm~2]
0.23456789E-41 # \sigma~{SI}_n [cm~2]
0.34567890E-41 # \sigma~{SD}_p [cm~2]
0.45678901E-41 # \sigma~{SD}_n [cm~2]

W N

3.14 BLOCK ASTROPROPAG

This and the following blocks describe aspects of the calculations relevant to indirect detection
experiments. BLOCK ASTROPROPAG contains parameters and functions of the propagation model
for charged cosmic rays. The parameters in this block are the following:

1
2
3

L N Nt A

normalization of the spatial diffusion coefficient K, in Eq. (55),
coefficient 7, controlling the dependence on v of the spatial diffusion coefficient in Eq. (55),

coefficient § parameterizing the steepness of the spatial diffusion coefficient in energy, in
Eq. (55),

normalization of the energy loss coefficient by, in Eq. (56),
half-height L of the diffusion box in units of kpc,

radius R of the diffusion box in units of kpc,
re-acceleration parameter v 4 in units of km/s, in Eq. (57),
Galactic wind parameter V¢ in units of km/s, in Eq. (52).

A spatial diffusion coefficient with generic energy or rigidity dependence can be defined

by the function
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FUNCTION SpatDiff type=<type> args=1
END_FUNCTION

A predefined spatial diffusion coefficient dependence is given by Eq. (55) and can be indicated
by

FUNCTION SpatDiff type=P args=1
DLHA SpatDiff 1
END_FUNCTION

The energy loss coefficient for charged cosmic rays, b(E), can also be defined by
FUNCTION EnerLoss type=<type> args=1
Eﬁb;FUNCTION

Its predefined form, given by Eq. (56), is indicated as

FUNCTION EnerLoss type=P args=1
DLHA Enerloss 1
END_FUNCTION

3.15 BLOCK DMCLUMPS

This is a recommended block and it is only sketched in this version of DLHA. It should store
information regarding dark matter substructures. It stores the relevant information on the distri-
bution of dark matter substructures inside the Milky Way halo.

The inner structures of clumps are similar to the dark matter distributions inside galactic
halos. Whatever the favourite density profile, code builders need to compute the annihilation
volume ¢ as a function of the substructure mass M. For this, they need to compute the virial
radius R,;, of a given clump. This radius encompasses an average density

Mcl
(47 /3)R3

vir

ﬁ(RVil"> = = Avir QM pOCH (81)

which is A, times larger than the average cosmological matter density Qy;p%. The concentra-
tion of the clump is defined as the ratio

Cyir = ;7 (82)

where the clump density profile has slope —2 at radius » = r_,. The mass-to-concentration
relation can be parameterized as [34]

4 7
n(c) =Y _C {m (%@1) } . (83)

=0

The output is the annihilation volume ¢ as a function of the clump mass M.
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The substructure probability distribution D(7s, &) and the total number of clumps Ny
inside the Milky Way halo can be inferred from the space and mass distribution function
d* Ny /dMyd®rg. As an illustration, we can assume the space distribution of clumps to be
isotropic and independent of the mass spectrum, so that

ENo  _ dNa
drridrs dMy — dMg

P(rs). (84)

The mass distribution is taken in general to be the power law

Ny  C
ndl B Mcla’

(85)

where the normalization constant C' is calculated by requiring that the Milky Way halo contains
a certain number of substructures with mass in the range M; to M,. In Ref. [34] for instance,
there are 100 clumps between 108 and 10'° M. The mass spectrum of the clumps extends from
Ming to My, which are inputs of the code.

The last input is the space distribution function P(rg). Substructures do not follow the
smooth dark matter distribution. In particular, they are tidally disrupted near the Galactic center,
hence a deficit with respect to the smooth component. As an illustration, a possible clump
distribution is given by the isothermal profile with core radius a

K
a(a® +1%)

P(rs) = (86)

Assuming that the integral of P(rg) from r = 7, to 7 = 7. is normalized to unity leads to

the constant 1/4
7r
= 87
" (ug — uy) — {arctan(ug) — arctan(uy)}’ ®7)

where u; = rpn/a and uy = ryp./a. This is just an example. What is actually needed is the
input function P(rg).

3.16 BLOCK ANNIHILATION

Input block (from various particle physics model codes) that can be used by other codes to
calculate the source spectra from annihilation. This block contains the total annihilation cross
section and partial cross sections into different Standard Model final states.

1 Annihilation cross section times velocity, ov in the v — 0 limit and in units of cm?/s,
followed by a table of annihilation channels with branching fractions with the following
columns:

column 1 branching fraction (BR),

column 2 number of annihilation products (NDA),
column 3 PDG code of annihilation product 1,
column 4 PDG code of annihilation product 2.

An example entry could look like

BLOCK ANNIHILATION
1 3.000000E-26 # sigma v (v->0) [cm~3/s]
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# BR NDA ID1 ID2 comment

9.50000000E-01 2 24 -24 # X X -> W+ W-
4.00000000E-02 2 5 -5 #X X -> Db b-bar
1.00000000E-02 2 25 36 # X X -> H_170 H_3"0

3.17 BLOCK INDIRDETSPECTRUM : n

The spectra of end products (such as positrons, gamma rays, antiprotons, etc.) in the halo (or
vacuum) or in an environment (like the Sun) can be calculated from the information given in
the blocks above. These spectra can then be used as input for programs that solve the cosmic
ray propagation equations, or calculate the fluxes from particular sources in the sky in case of
neutral particles. If for example the block ANNTHILATION is given at the same time as any of the
spectrum blocks given below, the blocks below should take precedence, i.e. the codes should
not recalculate the spectra if a spectrum is already given in the DLHA file.

The block definition is
BLOCK INDIRDETSPECTRUM i n

where ¢ is the dark matter particle and n is the spectrum type:
n = 1: positron spectrum in vacuum (or the halo),

n = 2: antiproton spectrum in vacuum (or the halo),

n = 3: antideutron spectrum in vacuum (or the halo),

n = 4: gamma-ray spectrum in vacuum (or the halo),

n = 5: electron neutrino spectrum in vacuum (or the halo),

n = 6: muon neutrino spectrum in vacuum (or the halo),

n = 7: tau neutrino spectrum in vacuum (or the halo),

n = 101: electron neutrino spectrum at the Earth from annihilations in the Sun,

n = 102: electron anti-neutrino spectrum at the Earth from annihilations in the Sun,
n = 103: muon neutrino spectrum at the Earth from annihilations in the Sun,

n = 104: muon anti-neutrino spectrum at the Earth from annihilations in the Sun,
n = 105: tau neutrino spectrum at the Earth from annihilations in the Sun,

n = 106: tau anti-neutrino spectrum at the Earth from annihilations in the Sun,

n = 113: p~ spectrum at the Earth (coming from muon neutrino nucleon interactions)
from annihilations in the Sun,

n = 114: p* spectrum at the Earth (coming from muon neutrino nucleon interactions)
from annihilations in the Sun,

n = 201: electron neutrino spectrum at the Earth from annihilations in the Earth,

n = 202: electron anti-neutrino spectrum at the Earth from annihilations in the Earth,
n = 203: muon neutrino spectrum at the Earth from annihilations in the Earth,

n = 204: muon anti-neutrino spectrum at the Earth from annihilations in the Earth,

n = 205: tau neutrino spectrum at the Earth from annihilations in the Earth,

n = 206: tau anti-neutrino spectrum at the Earth from annihilations in the Earth,
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n = 213: p~ spectrum at the Earth (coming from muon neutrino nucleon interactions)
from annihilations in the Earth,

n = 214: p* spectrum at the Earth (coming from muon neutrino nucleon interactions)
from annihilations in the Earth.

The content of the block is the energy distribution dN/dE as the function of the energy

E dN/dE

The spectrum dN/dFE is the yield per annihilation or decay at that energy (for n < 100). For
spectra from the Sun/Earth (n > 100), the units of dN/dFE are per annihilation per m?.

A typical spectrum block could then look like

BLOCK INDIRDETSPECTRUM 1 4 # gamma-ray spectrum
# E dN/dE

1.000000E-02 1.000000E-4

2.000000E-02 1.200000E-4

3.18 DECAY files

For decaying dark matter particles a standard SLHA decay file can be used to read and write the
total decay width of the dark matter particle and its branching ratios into various final states. In
SLHA DECAY entries are possible for decay channels of various particles, including the dark
matter particle. They look similar to the ANNIHILATION block above. To be able to calculate
the complete spectrum from annihilation and decay of a dark matter particle, we also need
the partial decay widths (or branching ratios) for other new physics particles, e.g. new Higgs
bosons. These DECAY structures should follow the same format as in SLHA?2. For example,
the decay of a Higgs boson might look like

# PDG Width
DECAY 1000039 3.287443E+35
# BR NDD ID1 ID2 channel
9.50000000E-01 2 24 -24 # W+ W-
5.00000000E-02 2 5 -5 # b b-bar
B o
# PDG Width
DECAY 35 3.287443E+00
# BR NDA ID1 ID2
9.000000E-01 2 5 -5 # b b-bar
6.000000E-02 2 24 -24 # W- W+
2

4.000000E-02 23 -23 # 720 Z0

4 OPEN ISSUES

A partial list of open issues is addressed in various degrees of detail.
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4.1 Cosmology related open issues

— Other generalizations of the standard cosmological equations would be useful.
— The standard inflation scenario should be discussed as well.
— What about a decaying inflaton scenario? Can be presented as an example.

4.2 Astrophysics related related open issues

— The notation in BLOCK DMSPADIST is confusing. p is not the density at Ry. The local
density could be called p and the Galactocentric distance R . It should be clearly stated
that either the density is defined with respect to the change of slope (or the interior mass)
and then parameters (1, 2, 3, 4, and 5) are needed, or with respect to the local density,
which requires parameters (2, 3, 4, 5, 6, and 7). Giving all the parameters is also possible
but one needs to check consistency.

— Ideally, DLHA should be able to accommodate innately anisotropic distributions.

— A capability for non-spherical and/or clumped halo distributions is also desirable.

4.3 Direct detection related open issues

— For non-self conjugate dark matter particles there is a need to present nuclear cross sec-
tions for antiparticles. This is not possible within the present setup.

4.4 Indirect detection related open issues

— Photon energy losses need to be improved.
— Solar modulation needs a unified treatment.
— The quantities that enter the transport equation (for example, the diffusion coefficient, the

re-acceleration term, . ..) should be standardized, in such a way that free parameters are
identified.

4.5 Other open issues

— Kinetic decoupling of DM particles should be discussed. This sets the small-scale cutoff
in the spectrum of density perturbations, viz. the mass of smallest dark matter halos,
and can have impact on, e.g., the anisotropy spectrum and the ’boost factor’ for indirect
searches.

— Concerning the calculation of the relic density, the importance of the QCD phase tran-
sition should be stressed. This may impact strongly the calculation if the dark matter
candidate is light (10 GeV/c? or so). The QCD phase transition temperature should be a
parameter to put in BLOCK DOFREEDOM.

— BLOCK DMPDGCODE: suggestion for a new block more explicitly identifying the DM
candidate(s).
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1 0 1000022 # neutralino
1 1 1000012 # sneutrino

2 0 9999999 # axion

— With large tables in large parameter scans, I/O may take a long time.
— In scenarios/models with Z3, Z, etc., different interactions and processes appear.
— What about semi-annihilations?
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Contribution 2

Further developments in the Flavour Les Houches Accord

F. Mahmoudi, S. Heinemeyer, A. Arbey, A. Bharucha, T. Goto, U. Haisch, S. Kraml, M. Muh-
lleitner, J. Reuter, P. Slavich

Abstract

The Flavour Les Houches Accord (FLHA) specifies a standard set of
conventions for flavour-related parameters and observables such as Wil-

son coefficients, form factors, decay tables, etc, using the generic SUSY
Les Houches Accord (SLHA) file structure. The accord provides a
model-independent interface between codes evaluating and/or using flavour-
related observables.

We present here a few clarifications and improvements to the accord. In
addition, we provide instructions for a new block concerning the electric
and magnetic dipole moments.

1 INTRODUCTION

The FLHA [17] exploits the existing organisational structure of SLHA [15, 16] and defines
an accord for the exchange of flavour related quantities. In brief, the purpose of this accord
is to present a set of generic definitions for an input/output file structure which provides a
universal framework for interfacing flavour-related programs. Furthermore, the standardised
format provides the users with clear and well-structured results.

The FLHA project has started in Les Houches 2009 where a first proposal was prepared
[42]. This proposal was further completed in the form of an official and published write-up
in [17]. FLHA is fully compatible with SLHA and can contain the SLHA blocks relevant
for flavour physics such as SMINPUTS, VCKMIN, UPMNSIN, VCKM, IMVCKM, UPMNS, IMUPMNS and
MODSEL. The FLHA specific block names start with “F” in order to emphasise their belonging
to FLHA. The blocks which are already defined include: FCINFO, FMODSEL, FMASS, FLIFE,
FCONST, FCONSTRATIO, FBAG, FWCOEF, IMFWCOEF, FOBS, FOBSERR, FOBSSM and FPARAM.

In the following, we provide more details about the definition of the meson mixings in
BLOCK FOBS and introduce BLOCK FDIPOLE for the electric and magnetic dipole moments.

2 MESON MIXINGS

Meson mixing is assigned observable type 7 in BLOCK FOBS. In the FLHA, we assume the
standard definition for the meson mixings. The oscillation frequency of Qg and Qg mixing is
characterised by the mass difference of the heavy and light mass eigenstates [43]:

1 N S
AM, = My; — M} = 2Re \/(Mqu — §F§2)(M{12 — §F?2)7 (D)
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where M, and I'y5 are the transition matrix elements from virtual and physical intermediate
states respectively. For the kaon systems this gives:

AMjy = 2Re Ms. 2)
In the case of AB = 2 transitions since |I';5| < |M2|, one can write:
(By[Heat™=*|By) = 2Mp, My, 3)
where Mp, is the mass of B, meson and
AM, = 2| MY, 4)

The quantity given in the block is AN, and the unit is fixed to 1/ps. We use the PDG number
of the oscillating mesons for the parent and the flipped sign for the daughter.! The number of
daughters is fixed to 1. For example, the By — B, oscillation frequency is given as:

Block FOBS # Flavour observables
# ParentPDG type value q NDA ID1 1ID2 1ID3 ... comment
531 7 1.9e01 0 1 -531 # Delta M_s

Similarly, the corresponding SM values and the errors can be given in BLOCK FOBSSM
and BLOCK FOBSERR, respectively. Note that the matrix elements (which are not physical ob-
servables) cannot be given in this block. Such quantities can be expressed in terms of Wilson
coefficients, decay constants, bag parameters, etc. which are defined in the FLHA, or they can
be given in a user defined block.

3 DIPOLE MOMENTS

We define BLOCK FDIPOLE which contains the electric and magnetic dipole moments. The
standard for each line in the block should correspond to the FORTRAN format

(1x,110,3x,11,3x,11,3x,1P,E16.8,0P,3x, #’,1x,4A),

where the first ten-digit integer should be the PDG code of a particle, the second integer the
type (electric or magnetic), the next integer the model (SM, NP or SM+NP, as in FWCOEF) and
finally the last double precision number the value of the moment. The electric dipole moments
must be given in e.cm unit.

The PDG codes for the nuclei follows the PDG particle numbering scheme [44]: “Nuclear
codes are given as 10-digit numbers £10LZZZAAAI. For a (hyper)nucleus consisting of n,
protons, n,, neutrons and ny A’s, A = n, + n, + n, gives the total baryon number, Z = n,
the total charge and L = n, the total number of strange quarks. I gives the isomer level, with
I = 0 corresponding to the ground state ... To avoid ambiguities, nuclear codes should not be
applied to a single hadron, like p, n or A°, where quark-contents-based codes already exist.” As
an example, the PDG code of the deuteron is 1000010020.

The types of the moments are defined as follows:

'Exceptions to this rule are possible, for instance, in the case of K K mixing, where the states Kjone and
Kihort With their PDG numbers 130 and 310, respectively, can be used.
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1 : electric

2 : magnetic

The electric and magnetic moments can be given for the SM only, the New Physics (NP)
only or the total contributions of both SM and NP, using the following definitions:

0 : SM
1 : NP
2 : SM+NP

For example the muon anomalous magnetic moment can be given as:

Block FDIPOLE # Electric and Magnetic dipole moments

# PDG_code type M value comment
13 2 1 3.02e-09 # 1/2 (g-2)_mu
CONCLUSIONS

The Flavour Les Houches Accord is a helpful tool for interfacing flavour physics and high pr
physics codes in order to exploit maximal information from both collider and flavour data. We
presented here a few clarifications and improvements viz. the published write-up [17]. The
FLHA will continue to improve as the number of codes and interfaces grows in order to accom-
modate the specific needs of the relevant programs.
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Contribution 3

Extension of the SUSY Les Houches Accord 2 for see-saw
mechanisms

L. Basso, A. Belyaev, D. Chowdhury, D.K. Ghosh, M. Hirsch, S. Khalil, S. Moretti, B. O’Leary,
W. Porod, F. Staub

Abstract

The SUSY Les Houches Accord (SLHA) 2 extended the first SLHA to
include various generalisations of the Minimal Supersymmetric Stan-
dard Model (MSSM) as well as its simplest next-to-minimal version.
Here, we propose further extensions to it, to include the most general
and well-established see-saw descriptions (types I/II/III, inverse, and
linear) in both an effective and a simple gauged extension of the MSSM
framework.

1 INTRODUCTION

If neutrinos are Majorana particles, their mass at low energy is described by a unique dimension-
5 operator [45]
S

m, = T (HL)(HL). (1)

Using only renormalizable interactions, there are exactly three tree-level models leading to this
operator [46]. The first one is the exchange of a heavy fermionic singlet, called the right-handed
neutrino. This is the celebrated see-saw mechanism [47-51], nowadays called see-saw type .
The second possibility is the exchange of a scalar SU(2), triplet [52,53]. This is commonly
known as see-saw type II. And lastly, one could also add one (or more) fermionic triplets to
the field content of the SM [54]. This is known as see-saw type III. The see-saw mechanism
provides a rationale for the observed smallness of neutrino masses, by the introduction of the
inverse of some large scale A. In see-saw type I, for example, A is equal to the mass(es) of the
right-handed neutrinos. Since these are SU(2), singlets, their masses can take any value, and
with neutrino masses as indicated by the results from oscillation experiments m,, ~ \/Am3% ~
0.05 eV, where Am? is the atmospheric neutrino mass splitting, and couplings of order O(1),
the scale of the see-saw is estimated to be very roughly mgg ~ 10'°> GeV. This value is close
to, but slightly lower than, the scale of grand unification. In addition there exist see-saw models
with large couplings at the electroweak scale, such as the linear [55] and inverse [56] see-saw
models.

In the MSSM the gauge couplings unify nearly perfectly at an energy scale close to
mea ~ 2 x 10'% GeV. Adding new particles which are charged under the SM group at a scale be-
low m tends to destroy this attractive feature of the MSSM, unless the new superfields come
in complete SU(5) multiplets. For this reason, within supersymmetric see-saw models, one
usually realizes the type II see-saw by adding 15-plets [46,57] and the type III see-saw by the
addition of 24-plets.
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Just like with any other extensions of the SM based on supersymmetry (SUSY), those
implementing see-saw realisations have seen several different conventions used over the years,
many of which have become widespread. Such a proliferation of conventions has some draw-
backs though from a calculational point of view: results obtained by different authors or com-
puting tools are not always directly comparable. Indeed, to enable this comparison, a consis-
tency check of all the relevant conventions and the implementation of any necessary translations
thereof must first be made. Needless to say, this is a time-consuming and rather error-prone task.

To remedy this problem, the original SUSY Les Houches Accord (SLHA1) was pro-
posed [15]. The SLHAT1 uniquely defined a set of conventions for SUSY models together with
a common interface between codes. The latter can be broadly categorised in terms of four dif-
ferent kinds of tools: (z) spectrum calculators (which calculate the SUSY mass and coupling
spectrum, assuming some SUSY-breaking terms and a matching of SM parameters to known
data); (27) observables calculators (packages which calculate one or more of the following:
inclusive cross sections, decay partial widths, relic dark matter densities and indirect/precision
observables); (i27) Monte Carlo (MC) event generators (which calculate exclusive cross sections
through explicit simulation of high-energy particle collisions, by including resonance decays,
parton showering, hadronisation and underlying-event effects); (iv) SUSY fitting programs
(which fit SUSY model parameters to data). (See http://www.ippp.dur.ac.uk/montecarlo/BSM/
for an up-to-date collection and description of such tools.) Further, SLHA1 provided users with
input and output in a common format, which is more readily comparable and transferable. In
short, the basic philosophy was to specify a unique set of conventions for SUSY extensions of
the SM together with generic file structures to be communicated across the four types of codes
above, (i) — (iv), based on the transfer of three different ASCII files: one for model input, one
for spectrum calculator output and one for decay calculator output.

The original protocol, SLHA1, was strictly limited to the MSSM with real parameters and
R-parity conservation neglecting generation mixing. An expanded version was proposed in [16]
(see also [58] in Ref. [59]), known as SLHA?2, whereby various MSSM generalisations were
included: i.e., those involving CP, R-parity and flavour violation as well as the simplest ex-
tension of the MSSM, the so-called next-to-MSSM (NMSSM). Herein, we further develop this
protocol, by including the most general and well-established see-saw descriptions in both an ef-
fective and a simple gauged extension of the MSSM. The new conventions and control switches
described here comply with those of SLHA?2 (and, retrospectively, also SLHA1) unless explic-
itly mentioned in the text. Our effort here is paralled by other generalisations of the previous
accords documented elsewhere in these proceedings, altogether eventually contributing to the
definition of a future release of the original protocol.

2 THE SEE-SAW MECHANISM

In this section, we discuss different implementations of the see-saw mechansim. As already
stated in the introduction, the aim of the see-saw mechansim is to explain the neutrino masses
and mixing angles. This is done by linking the tiny masses to other parameters which are
of the naturally expected order. The general idea can be summarized by writing down the
most general mass matrix combining left-handed neutrino (L), right-handed neutrino (R) and
additional singlet fields carrying lepton number (5):

mrr Mpr Mrs
T

mrr "™MRR MRS 2)
T T

Mmrg Mpgg MSs
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Looking at specific limits of this matrix, we can recover the different see-saw realizations:
mpr, = mrs = mprs = 0 leads to type I, type III is obtained in the same limit but with mpzp
stemming from SU(2), triplets. mp;, = mrr = mps = 0 is the characteristic matrix for
inverse see-saw , while my;, = mgrr = mgg = 0 is the standard parametrization of the linear
see-saw . What all these different see-saw models have in common is the way the tiny neutrino
masses are recovered, just by suppressing them with very high scales for the new fields. This is
strictly true for the type I/II/IIl models. The linear and inverse see-saw versions work slightly
differently: the heaviness of the new fields is reduced at the price of introducing a relatively
small dimensionless parameter, usually connected to an explicit violation of the lepton number.

In the following subsection we discuss models which can explain the origin of the distinct
neutrino mass matrices.

2.1 Type I/II/III

The simplest see-saw models describe neutrino masses with an effective operator arising after
integrating out heavy superfields. While one generation of 15-plets is sufficient to explain the
entire neutrino data, this is not the case with just one 24-plet if SU(5)-invariant boundary con-
ditions are assumed on the new parameters and more generations have to be included. We will
therefore treat the number of generations of singlets, 15- and 24-plets as free parameter. Bear-
ing this in mind, the models will be described with minimal addition of superfields, in the basis
after SU(5) symmetry breaking (see table 1 '). All these fields are integrated out during the
RGE evaluation, such that, at the SUSY scale, only the particle content of the MSSM remains.

We give in the following the unified equations which would lead to a mixed scenario of
see-saw types I, II, and III. The Eqgs (3), (6), and (9) are specific to type I, Egs (4), (7), and (10)
refer to type II and Eqgs (5), (8), and (11) refer to type III.

The combined superpotential of all three types can be written as
W — Wussm = Wi + Wi+ Wi

where

M,e ¢ D¢ 3)

b MHTH) + —MNH,TH, + MyTT +My 27 +MsSS (4

3 . . s
Wi = TOYBHUBML+YWHUWML—|—YXHUXMdC

AN 1 A 1 A A 1 A
+ Mx Xy Xor + §MW Wy Wy + §MG Gu Gy + §MB By By (&)
The soft-breaking terms can be split into three categories: terms stemming from the su-

perpotential couplings when replacing the fermions with their scalar superpartners (Lsp w ), the
scalar soft-breaking masses for each chiral superfield (Lsp ) and the soft-breaking masses for

"'We use always the convention that all given U (1) charges are those appearing in the covariant derivative, i.e.
O —1gQA,,.
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|

SF | Spin 0 | Spin 5 | Generations | U(1) @ SU(2) ® SU(3) | R-parity of fermion
T e n 0,1,1) n
’ Type I ‘
SF | Spin 0 | Spin 5 | Generations | U(1) ® SU(2) @ SU(3) | R-parity of fermion
T T T 15 (1,3,1) —
T | T T s (—1,3,1) -
S S S nis (‘%a 1,6) -
S | S5 S s (2,1,6) -
Z: Z 7 nis (1,2,3) -
7 7 7 nis (—%,2,3) —
| Type III |
SF | Spin 0 | Spin 5 | Generations | U(1) ® SU(2) ® SU(3) | R-parity of fermion
W | War | W Ti2a 0,3,1) +
Gu| Gu | Gu Ny (0,1,8) +
By | Bu | Bu Moy (0,1,1) -
XM ):(M Xy N4 (2,2,3) +
X | Xu | Xu o (—2,2,3) +

Table 1: New chiral superfields appearing in the effective type I/II/III see-saw models. While nj5 = 1

is sufficient to explain neutrino data, n; and ny4 must be at least 2.

the gauginos (Lgp,»). Since the gauge sector is not modified, Lgsp » reads as in the MSSM. The

soft-breaking terms stemming from the superpotential are

I 1 1
Lsgw — Lsp,wmssm = Lgg w + Lsg w + Lsgw

where

LéB,W =T,7°LH, + =B, *i* +H.c.

LII _ 1
SB,W —

1 ~ ~ =~ ~ = ~ =
+ET2HUTHU +BrTT +BzZ7Z +BgSS +h.c.
3 ~ ~ ~ ~ = ~ ~ =
Lighy =/ 75Ts HuBar L + Tow Hy Wi L + T H, Xy d° + Bx Xor Xus
1 < s 1 -~ 1 _ -
+ §BW WM WM + §BG GM GM + §BB BM BM + H.c.
while the soft-breaking scalar masses read

Lsg,y — Lsp,g,ms5M = L§B,¢ + L§§7¢ + Léé{(b

where
~C

Ligs=— (7°)Im?2.i

e
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L, == m3S S = miS' S — md T — mi T T —m3 27 —mi 27 (10)
L, = — Blym% By — Wim?, Wiy — Gym2Gy

— X} m% X — X1mi Xy (11)

2.1.0.1 GUT conditions and free parameters

Since the new interactions in Eq.s (4) to (5) are the result of SU(5)-invariant terms, it is natural
to assume a unification of the different couplings at the GUT scale.

Mr = Mz = Mg = M;s, Ys=Yr=Yz=Y; (12)
Yp = Yw = Yx = Yo, Mx = My = Mg = Mp = My, (13)

In the same way the bi- and trilinear soft-breaking terms unify and they are connected to the
superpotential parameters by

B,c = BoM,-., T, =AY, (14)
Bis = ByM;s, Tis = AgYis (15)
By = ByMoy, Toy = AoYoy (16)

In case of CMSSM-like boundary conditions, this leads to the following free parameters
By, Mye, Y, Mis, A1, Ag, Yis, Moy, Yoy (17)
in addition to the well-known MSSM parameters
mo, M, Ao, tanf, sign(u) (18)

In principle, this By is not the same as the B for the Higgs, though in a minimal case they may
be defined to be equal at the GUT scale. Furthermore, T; = AyY; holds at the GUT scale.

2.1.0.2  Effective neutrino masses.

The effective neutrino mass matrices appearing in type I/II/IIl at SUSY scale are

2
Uy

ml = — EYVTM;YV (19)
2
7 Yy Ao
_tu A2y 20
M = " (20)
Il — _ Y (3 vy, Q1)

2.2 Inverse and linear see-saw
The inverse and linear see-saw realisations are obtained in models that provide three generations
of a further gauge singlet carrying lepton number in addition to three generations of the well-
known right-handed neutrino superfields, here ¢ (see table 2).

The only additional terms in the superpotential which are allowed by conservation of
gauge quantum numbers are

%MN Ng Ng inverse see-saw

S (22)
Y;n Ng L H, linear see-saw

W — Wyussm = Y, 0° L H, + Mg D¢ Ng +{
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SF | Spin 0 | Spin 5 | Generations | U(1) ® SU(2) ® SU(3) | lepton number | R-parity of fermion
e e Ve Nye (0,1,1) +1 -
NS NS NS nNg (O,l,l) —1 +

Table 2: New chiral superfields appearing in models with inverse and linear see-saw.

It is important to note that the last term in each model breaks lepton number explicitly, but is
expected for different reasons.

The soft-breaking terms read

- - 1 \ N ; _
Lssw = Lsgwmssm + T, 7° L Hy + Bpo° Ng + { 58N Ns N inverse see-saw }  He.

Trn Ng iHu linear see-saw
(23)

LSB,(b = LSB,(b,MSSM — (ﬁc)fmzcﬁc — Ngm?VNE . (24)

while Lgg , is again the same as for the MSSM. It is necessary to split the sneutrinos and the
singlets into their scalar and pseudoscalar components:

7 — %wﬁm), 5 = %mﬂm, N = %wﬁws) @)

In comparison to the MSSM, additional mixings between fields take place: the left- and right-
handed scalar components mix with the scalar component of the singlet fields. The same holds
for the pseudoscalar components. Furthermore, the neutrinos mix with the fermionic singlet
fields to build up 9 Majorana fermions. All three appearing 9 x 9 mass matrices can be diago-
nalised by unitary matrices. We define the basis for the mass matrices as

— Scalar sneutrinos: (o, 05, 05)"
— Pseudoscalar sneutrinos: (¢y,, qu,(;ﬁs)T
— Neutrinos: (v, %, Ng)©

The neutrino mass matrix then reads

0 \U/—%Yy 0 . 0 . VAL .
f/_%YVT 0 Mg | (inverse)or [ 5Y) 0 Mp (linear), (26)
0" M Wb Mp o

Note, the presence of v, in all terms of the first column and row is just coincidence caused by
the given, minimal particle content. For more general models different VEVs can appear.

2.2.0.3 Free parameters
If CMSSM-like boundary conditions are assumed, the following new free parameters arise:
Mg, YN, pn, Bo (27)

in addition to those given in Eq. (18).

Calculating the eigenvalues of the above mass matrices, it can be seen that the light neu-
trino masses are linear functions of Y7y in the linear see-saw models, while the neutrino masses
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are linearly proportional to x, as in the inverse see-saw models. The neutrino masses in the
two models read

(Yo (YonMgh)" + (YinMgh)Y,) | (28)
m!¥ ~ 2y, (ME)  un MY T (29)

Hence we propose that both models, and any combination of the two, be specified by extending
Y, toa3 x (n,c + ny,) Yukawa matrix, incorporating Y7y as Y,/ with ¢ running from n,. + 1
to n,c +ny,. Implementation of each model consists of zeros being specified in the appropriate
entries in the relevant matrices (e.g. specifying that the elements of Y, corresponding to Y7y
are zero recovers the inverse see-saw model, while specifying that 1y is zero recovers the linear
see-saw model).

2.3 See-saw in models with U (1)g X U (1)p_1, gauge sector

Models based on a SO(10) GUT theory can lead to a gauge sector containing the product group
U(1)g x U(1)p_r, through the breaking pattern

SO(].O) — SU(3)C X SU(2)L X SU(Q)R X U(]-)B—L — SU(3)C X SU(2)L X U(l)R X U(l)B_L .
(30)

The U(1)g x U(1)p_ factors will be subsequently broken to the hypercharge U(1)y of the SM.
However, it is possible that this final breaking scale is just around the TeV scale without spoiling
gauge unification [60]. This can therefore lead to interesting phenomenology and can have an
important impact on the Higgs sector [61]. The first version of these models included a linear
see-saw mechanism, but it has been shown that also the inverse see-saw can be included [62].
Since the realization of the linear model is rather involved, we describe here only the version
with inverse see-saw.

Notice that, in general, these models contain not only gauge couplings per each Abelian
gauge group, but also so-called ‘off-diagonal couplings’, as discussed in appendix A. The min-
imal particle content for such model extending the MSSM, leading to the spontaneous breaking
of U(1)g x U(1)p_r, and to neutrino masses, is given in table 3. This particle content consists
of 3 generations of 16-plets of SO(10), 2 additional Higgs fields and 3 generations of a singlet
field. The vector superfields are given in table 4.

2.3.04 Superpotential

We assume for the following discussion that the superpotential can contain the following terms:
W — Warssy =Y, v° L H, — p1g Ep€p + Ynue NsD°€g + iy N Nis . (31)

Notice that, again, the Ng superfield carries lepton number and that therefore the term py
provides its explicit violation.

2.3.0.5 Soft-breaking terms
Lsgw — Lsgwmssw =T, L H, 7° — Be &g &r, +Twue Nsi°€n + By NsNs + Hee. (32)

54



Spin0 |

Spin %

| Generations | U(1)p_, ® SU(2) @ U(1)r ® SU(3) |

] Matter fields (fermionic components have positive R-parity)

|

ue uc
de de
De e
ec éc
Ny Ng

o= (it )

3

W W W W W

TlNS

(5:2,0,3)

] Higgs fields (scalar components have positive R-parity)

. HO ~ HO
Hd Hd: ( H;i ) Hd: ( g;i ) 1 (072a_%71)
. + - 7+
H, Hu:(g%) Hu:<%g> 1 (0,2,1,1)
éR é% éi% 1 (_%717%71)
gR 69{ g% 1 (%717_%a1)

Table 3: Chiral Superfields appearing in models with U(1)g x U (1) p—1, gauge sector which incorporate
linear and inverse see-saw mechanisms.

SF | Spin 5 | Spin1 | SU(N) | Coupling | Name
B X | B | UQD gsr | B-L
WL )\L WL SU<2) qar left
Br| Mg, | Br | UQ) g right
g Y g SU(3) Js color

Table 4: Vector superfields appearing in models with U(1)r x U(1)p_1, gauge sector.

Lsg,¢ — Ls,gmssM = — N;m?vg - m?‘fR‘z - m%‘éR‘Q - (ﬁC)TmIQ/c’;C

1

Lsg ) ==

2

(33)

(=% Mpp = 205 X, M = MoD], = MyX2, = A My + He)

(34)

The term Az Az, Mpp is a consquence of the presence of two Abelian gauge groups, see sec-

tion A.

2.3.0.6  Symmetry breaking

Since it is assumed that in these models the scale of spontaneous symmetry breaking to the
SM gauge group is near the TeV scale, it is possible to restrict ourselves to a direct one-step
breaking pattern (i.e., SU(2), x U(1)gr x U(1)p_r — U(1)gm). This breaking pattern takes
place when the Higgs fields in the left and right sectors receive VEVs. We can parametrise the
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scalar fields as follows:

1 ) 1 )
HY = E (vg + 04+ idq), HS = E (Vu + 0y +idy) (35)
1 _ 1
§R=;§@&+UR+wm7éw:;5@&+vg+wa. (36)

: e 2 2 _ YR 2 _ 2 2
It is useful to define the quantities vp = vg, + vg and tan S = ﬁ, in analogy to v° = v; +v;
and to tan § = %,
vq

2.3.0.7 Particle mixing

Additional mixing effects take place in the gauge and Higgs sectors due to the additional gauge
fields considered, besides the neutrino and sneutrino cases. The three neutral gauge bosons B’,
Bpr, and W3 mix to form three mass eigenstates: the massless photon, the well-known Z boson,
and a Z' boson. This mixing can be parameterised by a unitary 3 x 3 matrix which diagonalises
the mass matrix of the gauge bosons, such as

(1,2, 2" = U (B, Bp, W*)". (37)

Similarly, this model contains 7 neutralinos which are an admixture of the three neutral gaug-
inos, of the two neutral components of the Higgsino doublets and of the two additional fermions

coming from the right sector. The mass matrix, written in the basis </\ B WO, H 9 H ) B §~R, 3 R) ,

can be diagonalised by a unitary matrix, here denoted with Z". In the Higgs sector we choose
the mixing basis and rotation matrices to be, respectively,

— Scalar Higgs fields: (04,04, 0r,0z)" and Z#
— Pseudoscalar Higgs fields: (¢q, ¢y, Or, gzﬁR)T and Z4 .

The neutrino and sneutrino sectors are similar to the case discussed in section 2.2: the scalar
fields are decomposed into their CP-even and odd components according to eq. (25). The mass
matrices are defined in the same basis. If all terms of Eq. (31) are present, the resulting masses
of the light neutrinos are a result of an inverse see-saw. The mass matrix is analog to the left
matrix given in Eq. (26) with My replaced by %YNVCUSR.

2.3.0.8 Free parameters

If CMSSM-like boundary conditions are assumed, the following new free parameters arise:

YNZ/C7 UN, BU> tanﬁR, sign(ug) MZ/ (38)

in addition to those given in Eq. (18). Here we have assumed that the parameters j¢ and B
are fixed by the tadpole equations. The relationships of the soft trilinear terms to the Yukawa
couplings are as before, and By = By .

2.4 See-saw in models with U (1)y X U(1)g_1 gauge sector

The final category of models considered here includes an additional B — L gauge group tensored
to the SM gauge groups, i.e. SU(3)c x SU(2), x U(1)y x U(1)g_r. The corresponding
vector superfields are given in table 5. The minimal version of these models [63—-65] extends
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the MSSM particle content with three generations of right-handed superfields. Two additional
scalars, singlets with respect to SM gauge interactions but carrying B — L charge, are added
to break U(1)p_1, as well as allowing for a Majorana mass term for the right-handed neutrino
superfields. Furthermore, two new lepton fields per generation can be included to specifically
implement the inverse see-saw mechanism [66] . All particles and their quantum numbers are
given in table 6. This table contains also the charge assignment under a Z, symmetry which is
just present in case of the inverse see-saw model?.

SF | Spin # | Spin1 | SU(N) | Coupling Name

B Y B U(l) 0 hypercharge
W Ay | W | SU©2) 92 left

g g g SU(3) g3 color

B | Ay B U(1) g B-L

Table 5: Vector superfields appearing in models with U (1)y x U(1)p_1, gauge sector.

| SE|  SpinO | Spiny | Generations | (U(1)y ® SU(2) ® SU(3) ® U(1)p_r | Zo inverse SS |

‘ Matter fields (fermionic components have positive R-parity)

A = ur, ur, 1 1

Q Q_<&L> Q(dL> 3 (6727376) +
~ ~ vy, vy, 1 1

L = ( é, > = < e > 3 (—3,2,1,—3) +
d° d° d° 3 (51,3, —5) +
e i u® 3 (—%,1,3,—3) +
e e e 3 (1,1,1,3) +
e e Ve 3 (0,1,1,3) +

Higgs fields (scalar components have positive R-parity)
i n 7 1 (0,1,1,-1) —
n 7l 7 1 (0,1,1,+1) —
H, H, H, 1 (—1,2,1,0) +
H, H, H, 1 (3,2,1,0) +
Additional field for inverse see-saw (fermionic components have positive [2-parity)

NS NS NS nNS (0,1,1,—%) —
N, N, N, N (0,1,1,3) +

Table 6: Chiral Superfields appearing in models with U(1)y x U(1)p_1 gauge sector. The minimal
particle content is needed for see-saw type I, the additional fields can be used to incorporate an inverse
see-saw. The SU(2), doublets are named as in table 3. The Z5 in the last column is not present in the
minimal model but just in the model with inverse see-saw. The number of generations of N ¢ must match
those of Ng for anomaly cancellation.

Notice that in comparison to Ref. [66], the charge assignments of the new particles in the inverse see-saw
model, as well as the Z5 symmetry, have been redifined for consistency with the similar minimal model of Ref. [63].
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The additional terms for the superpotential in comparison to the MSSM read

fa Y, UCAD¢ — u, A minimal see-saw
W — Wssw =Y, iH,0¢ + 4 el P =t o
Yisv°NNg + unNgNg  inverse see-saw

The extra parity is not applicable to the minimal case, thus the see-saw term Y, 0°n0°
1s allowed, whereas it is forbidden in the inverse see-saw model. Instead, in the inverse see-
saw model the ,uNNSNS term plays an important role, even though since Ny carries B — L
charge, this term violates B — L charge conservation similarly to the terms in Eq. (22) and
Eq. (31) which break lepton number. This term is assumed to come from higher-order effects.
(A similar term for the N ¢ field is possible but not relevant, since the Ng does not take part in
the mixing with the neutrinos.) A possible bilinear term NgN ¢ is forbidden by the Z> symmetry
given in the last column of Table 6. This discrete symmetry also forbids terms like NSNsn or
N gN 7 as well as the i,-term that is necessary to obtain a pure inverse see-saw scenario. The
additional soft-breaking terms are written as follows:

~ T ,.0nv° — B,nn minimal see-saw
Lsgw — Lsgwmssm =1, L H,U° + { et 1] M } H.c.

TrsvnNg + ByNgNg  inverse see-saw
(39
Lsg.s — Lsp.pmssm = — mf?|77]2 — m%]ﬁ\z — (Ngm?\,NS + Ng,mfv,]% in inverse see-saw)
(40)
LSB,)\ = (-)\%Ml - /\B/\B’MBB’ — MQ)‘I%V,'L' — M3/\§,a — )\%/MBL + HC)

(41)

N | —

To break SU(2), x U(1)y x U(1)g_r to U(1)em, the neutral MSSM Higgs fields and the
new SM scalar singlets acquire VEVs:

1 1
HY :E(Ud—f‘()'d‘i‘i(bd)? H, = E(%JFUUJFMU) (42)
1 ) B 1 )
77:%(0774'”774‘@(%)»77:ﬁ(aﬁ“’vﬁ—i_“bﬁ) 43)
We also define here v
v? =5+ 02, tan 8 = — (44)
Uq
as well as VU
Ve = UgR + U%R’ tan 6/ = U_Z (45)

The left- and right-handed sneutrinos are decomposed into their scalar and pseudoscalar com-
ponents according to Eq. (25). Similarly, in the inverse see-saw model, the scalar component of
Ng reads

- 1
Ng = E (0s +ips) (46)

The additional mixing effects which take place in this model are similar to the case of U (1) g x
U(1)p_y, discussed in section 2.3. In the gauge sector three neutral gauge bosons appear which
mix to give rise to the massless photon, the Z boson, and a Z’ boson:

(v, Z, 2" =U0"%(B,W?*, B)". (47)
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Notice that when the kinetic mixing is neglected, the B’ field decouples and the mass matrix
of the gauge bosons becomes block diagonal, where the upper 2 x 2 block reads as in the SM.
In the matter sector we choose the basis and the mixing matrices which diagonalise the mass
matrices respectively as follows:

. A\T
— Neutralinos: ()\B,WO,Hg,HS,)\B,,ﬁ,ﬁ> and ZV

Scalar Higgs fields: (4, 0y, 0, 05)" and Z7
— Pseudoscalar Higgs fields: (¢q4, ¢, ¢, %)T and Z4

: T
Scalar sneutrinos: (o, 0gr,05)" and Z7"

Pseudoscalar sneutrinos: (¢, ¢r, gbg)T and Z%
Neutrinos: (v, ¢, Ng)" and UV

where the og, ¢g, and Ng are only present in the inverse see-saw case. The neutrino mass
matrices for the minimal and inverse see-saw cases can be written as

O ;U/_%Yy rUuO T T%YV 1)7]0
syt wy ] or | Vs O . vatis (48)
v V2 0 T%YIS KN

respectively. In the minimal case, the see-saw of type I is recovered. The light neutrino mass
matrix can be approximated in this case by

U2

~ U -1
ml/ — \/§U Yy}/quc Yy . (49)
n

In the inverse see-saw case, the light neutrino masses can be written as

2
v
my = =Y, (Vig) ™ pnYisYl (50)

2.4.0.9 Free parameters

If the minimum conditions for the vacuum are solved with respect to u, By, p, and B,, the
following parameters can be treated as free in addition of those given in Eq. (18):

Y,e, Yis, pn, Bo, tan ', sign(u,), Mz (51)

where we have used again By = Byuy.

3 TOWARDS SLHAv3

The purpose of this paper is to define the extensions of the SUSY Les Houches Accords required
to incorporate the models described above. In this context and with respect to the implemen-
tation of further models in future, it is helpful to propose some general rules for the naming of
blocks and the allocation of PDG particle codes, which we present below.

We would like to point out that the SLHA conventions allow for redundant information to
be contained in additional blocks. Hence, in the interests of backward compatibility, we propose
that if the following names for the blocks are used, but in cases where the old SLHA1/2 blocks
would also suffice, they should also be written in addition, e.g. if there are only four neutralinos,
NMIX should be written as well as NEUTRALINORM, both containing the same information.
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3.0.0.10 Block names for input and output

Blocks used to give parameters as input end with “IN”, while the corresponding values as output
are written in blocks without the ending “IN”. For example, the gauge couplings at the output
scale are given in the GAUGE block, while one could define them as input at the input scale with
the GAUGEIN block.

3.0.0.11 Block names for mixing matrices

In SLHA 2 the neutralino and Higgs mixing matrices of the MSSM and NMSSM were named
differently. However, the information about the current model is already given in the block
MODSEL and the renaming is thus redundant. Therefore, in order to prevent a confusing amount
of names for mixing matrices in different models we propose to use always the same names for
the following mixing matrices regardless of their dimension:

Scalar Higgs mixing matrix: SCALARRM

Pseudoscalar Higgs mixing matrix: PSEUDOSCALARRM

Charged Higgs mixing matrix: CHARGEDSCALARRM

Neutralino mixing matrix: NEUTRALINORM (corresponds to NMIX in SLHA1/2)

— Chargino mixing matrices: CHARGINOPLUSRM and CHARGINOMINUSRM (corresponds to
VMIX and UMIX respectively in SLHA1/2)

— Up-squark mixing matrix: UPSQUARKRM (corresponds to USQMIX in SLHA1/2)
— Down-squark mixing matrix: DOWNSQUARKRM (corresponds to DSQMIX in SLHA1/2)
— Charged slepton mixing matrix: CHARGEDSLEPTONRM (corresponds to SELMIX in SLHA1/2)

— Sneutrino mixing matrix: SNEUTRINORM (corresponds to SNUMIX in the MSSM). In the
case of splitting the sneutrinos into real and imaginary parts, SNEUTRINOEVENRM for the
CP-even and SNEUTRINOODDRM for the CP-odd states should be used (corresponding to
SNSMIX and SNAMIX in SLHA1/2)

To distinguish these names from the SLHA1/2-specific names we have always used the suffix
RM for Rotation Matrix.

3.0.0.12 Block names for couplings

For the naming of blocks which correspond to couplings and soft-breaking terms we propose to
use names which already give information about the meaning of the parameter: the new names
contain abbreviations for the involved fields and start with a prefix to assign the meaning of the
parameters. The different prefixes should be

Y: trilinear superpotential coupling
T: trilinear softbreaking coupling

— M: bilinear superpotential coupling

B: bilinear softbreaking coupling

L: linear superpotential coupling

S: linear softbreaking coupling

M2: soft breaking scalar mass-squared

Because of the prefixes which already give information about the spin of the involved parti-
cles, it is not necessary to distinguish between fermions and scalars when naming the blocks.
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However, this requires the convention that all Majorana mass terms for fermions from chiral
superfields appear in the superpotential, leaving only bilinear mass terms for the scalars in the
soft SUSY-breaking Lagrangian. We propose the following names:

MSSM: H,: HU, H;: HD, d°: D, u®: U, q: Q, e“: E, [: L

See-saw types I-III: v¢: NUR, S: 15S, S: 158B, Z: 15Z, Z: 15ZB, T: 15T, T: 15TB, G-
24G, W: 24w, X: 24X, X: 24XB, B: 24B

inverse and linear see-saw: S: SL

U(1)gr x U(1)p_, models: £g: CR, Ex: CRB

— U(1)y x U(1)_r models: n: BIL, : BILB, Ng: NS, Ng: NSP

Using these conventions, the block YU for the up-type Yukawa coupling in the MSSM would be
replaced by YHUQU and the block name for the p-term would be MHUHD.

3.0.0.13 EXTPAR and MSOFT

In the MSSM the input parameters for the gaugino masses and the Higgs soft-breaking masses
are given in EXTPAR. However, their output is given in MSOFT. Similary, the singlet couplings
in the NMSSM are defined by EXTPAR but their output is in NMSSMRUN. This is in some conflict
with the general rule to use always the the input name plus IN as output. Therefore, we propose
that all new one-dimensional soft-breaking parameters and couplings involved in the see-saw
models presented here are not given in EXTPAR as input, but rather in the given output with the
prefix IN.

3.0.0.14 PDG particle numbering scheme

We would like to introduce a consistent numbering scheme for the additional elementary par-
ticles introduced by such models, such that further particles may be added without worrying
about accidentally using a pre-existing code, which also allows one to gather some information
about the particle. While the proposed scheme would give new numbers to particles which
already have codes, we restrict ourselves just to giving our new particles unique codes, while
hoping that codes compliant with the new standard would be able to read either the old code or
the new code for particles. The proposal is a signed nine digit integer for each mass eigenstate,
which should easily fit in a 32-bit integer.

We note that the existing scheme is already mildly inconsistent, insofar as adding a fourth
generation already has a PDG numbering scheme (17 for the extra neutrino and 18 for the 77),
yet SLHA?2 uses 100017 and 100018 for CP-odd sneutrinos which are degrees of freedom from
the first three generations. We note also that the Flavor Les Houches Accord [17] uses 17 and
18 for summing over the three Standard Model generations.

Since the particle code is a signed integer, pairs of conjugate particles are assigned the
same code with different signs. We propose a convention for which particle gets the positive
sign:

— If the particle is self-conjugate, there is only the positive sign. If the fermion is Majorana,
it only has positive sign. If the scalar part of the superfield can be written in terms of self-
conjugate CP eigenstates, it should be. If it cannot, the scalar field should be assigned a
sign according to the rules below.
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— If the particle has non-zero electric charge, the state with positive electric charge is taken

as the particle (hence the positron is taken as the particle).

If the particle is electrically neutral, but has baryon number B or lepton number L, the
state with positive B — L is taken as the particle (hence antineutrinos are taken as the
particle).

If the particle has B — L = 0 according to traditional assignment, but is still baryon- or
lepton-like, a “temporary” B — L is assigned. If the particle has color charge a temporary
B is first assigned by finding the combination of triplets and antitriplets which could
combine to form the particle’s representation: adding +1/3 for each triplet and —1/3
for each antitriplet, the combination which has the lowest magnitude of temporary B is
assigned; e.g. an octet may be formed by a triplet with an antitriplet, giving B = 0, or by
three triplets, giving B = 1, or three antitriplets, giving B = —1: in this case, B = 0 as
the lowest | B| is assigned. This temporary B — L is only for the purposes of determining
which state is taken to be the particle with positive code.

If the neutral, colorless particle has no natural assignment by (temporary) B — L, there
are still a few cases:

— the fermion is massless: the left-handed fermion is given the positive code, thus
in supersymmetric models, the scalars left-chiral superfields also are given positive
codes if their fermions are massless.

— the fermion has a Dirac mass: this does not occur in the MSSM, NMSSM, or any
of the extended models described here. However it is conceivable. We propose that
the model builder is responsible for deciding to assign a temporary lepton number
to one of the fields and thus fix the convention.

Under this scheme, quarks and squarks would have the same signs as they already have

in the PDG conventions, leptons would have the opposite sign (e.g. the muon would have a
negative code), and charginos and W bosons would have the same signs.

Ist digit:

2nd digit:
3rd digit:

4th and 5th digits:

6th and 7th digits:

Once the sign is fixed, the digits are as follows:

1 if it is a mass eigenstate which has an admixture of a Standard Model gauge eigenstate
(including the Higgs doublet), 2 if it does not mix with the Standard Model particles.

twice the spin of the particle.

the CP nature: complex bosons (spin 0, 1, or 2) and Dirac fermions have 0, while (mass-
less or massive) scalar bosons, massless vector bosons, massless tensor bosons, and Ma-
jorana fermions have 1. Pseudoscalar bosons (massless or massive) and massive vector
and tensor bosons have 2.

a 2-digit number for the SU (3) representation; SU (3) singlets have 00; representations up
to dimension 64 have either the Dynkin labels for an unbarred representation, or 99 minus
the Dynkin labels for the barred representation. These representations are enumerated
in [67]. Any particles with SU(3) representation that does not fit into this scheme are
assigned 99 (for instance those of dimension 65 or greater).

a 2-digit number for the electric charge; six times the absolute value of the electric charge,
relative to the electron, up to a maximum of 98/6. Any particle with a charge that does
not fit into this scheme is assigned 99. For example, an electron would have 06, while a
down quark would have 02, and a doubly-charged scalar would have 12.
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8th and 9th digits: a generation number; 01 should be given to the lightest particle of any group which share
the same first seven digits, 02 to the 2nd-lightest, and so on.

Consequently what might be considered to be the same model with or without R-parity
will have different codes for some of its mass eigenstates. In the MSSM, with R-parity there
would be three charged antileptons 110000601, 110000602, and 110000603, and two charginos
210000601 and 210000602, while without R-parity there would be five charged antileptons
110000601, 110000602, 110000603, 110000604 and 110000605, and no 210000601 or 210000602.

Additionally, the codes for the neutrinos will depend on whether they are Dirac or Majo-
rana in the considered model.

4 EXTENSIONS TO SLHA

In this section we describe the implementation of the models presented in section 2 using the
conventions defined in the previous section. Note that all parameters can be implemented in
complex forms and the corresponding information can be passed by using the corresponding
blocks starting with “IM” [16].

4.1 Block format

In the following, all blocks with a single index are to be written in the FORTRAN format
(1x,15,3x,1PE16.8,0P,3x,’#’,1x,A) (the same format as the SLHA1 blocks HMIX, GAUGE, efc.).
These blocks will be denoted as “rank one”. All blocks with two indices are to be written in
the FORTRAN format (1x,12,1x,12,3x,1P,E16.8,0P,3x,’#’,1x,A) (the same format as the SLHA1
blocks NMIX, UMIX, etc.). These blocks will be denoted as “rank two”. All blocks with two in-
dices are to be written in the FORTRAN format (1x,12,1x,12,1x,12,3x,1PE16.8,0P,3x,’#’,1x,A)
(the same format as the SLHA?2 blocks RVLAMLLE, RVLAMLQD, efc.). These blocks will be de-
noted as “rank three”.

4.2 Blocks required for each model

Each model requires the presence of certain blocks. Some blocks are common to several models.
We summarize the blocks needed for each of the models described in section 2 under the entry
for selecting this model in the MODSEL block 4.3.1.

4.3 Extra Flags In Existing Blocks
4.3.1 Block MODSEL

Flag 3 (particle content) has further switches, arranged in groups: 11X is for effective re-
alizations, 12X non-effective models, 13X for U(1)g x U(1)p_r models, and 14X is for
U(1)y x U(1)p_r models, the initial digit 1 indicating see-saw. 2XY might be used for fourth-
generation models, 3XY for another set of models, and so on. In addition to the sets of required
blocks listed for each model below, the SEESAWGENERATIONS block must also be given, and the
appropriate flags set.

— Effective models

110: Most general SU (5)-invariant effective see-saw (combination of types I-III); all the
blocks required for types I-III below are required.
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111: type I see-saw; the following blocks are required: MNURNURIN, BNURNURIN, M2NURNURIN,
YNURLHUIN, TNURLHUIN.

112: type II see-saw (SU(5) version); the following blocks are required: M15S15SBIN,
B15S15S3BIN, M215SIN, M215SBIN, M15T15TBIN, B15T15TBIN, M215TIN, M215TBIN,
M15Z15ZBIN, B15Z15ZBIN, M215ZIN, M215ZBIN, YD15SDIN, TD15SDIN, YL15TLIN,
TL15TLIN, YD15ZLIN, TD15ZLIN, YHD15THDIN, THD15THDIN, YHU15TBHUIN,
THU15TBHUIN. Any or all of the blocks M15S15SBIN, M15T15TBIN, M15Z15ZBIN
may be left absent if the block M15IN is present, and the missing terms are taken as
copies of M15IN. Similarly for YD15SDIN, YL15TLIN, YD15ZLIN and Y15IN, and
TD15SDIN, TL15TLIN, TD15ZLIN and Y15IN times Aj.

113: type III see-saw (SU(5) version); the following blocks are required: M24W24WIN,
B24W24WIN, M224WIN, M24G24GIN, B24G24GIN, M224GIN, M24B24BIN, B24B24BIN,
M224BIN, M24X24XBIN, B24X24XBIN, M224XIN, M224XBIN, YHU24BLIN, THU24BLN,
YHU24WLIN, THU24WLN, YHU24BLIN, THU24BLN, YHU24XBDIN, THU24XBDIN. Any
or all of the blocks M24W24WIN, M24G24GIN, M24B24BIN, M24X24XBIN may be
left absent if the block M241IN is present, and the missing terms are taken as copies
of M241IN. Similarly for B24W24WIN, B24G24GIN, B24B24BIN, B24X24XBIN and
B241IN; YHU24BLIN, YHU24WLIN, YHU24XBDIN and Y24IN;and THU24BLIN, THU24WLIN,
THU24XBDIN and Y241IN times Ajp.

114: type II see-saw (minimal version, only triplets); the following blocks are required:
M15T15TBIN, B15T15TBIN, M215TIN, M215TBIN, YL15TLIN, TL15TLIN, YHD15THDIN,
THD15THDIN, YHU15TBHUIN, THU15TBHUIN. If TL15TLIN is absent, YL15TLIN
times A is used in its place.

115: type III see-saw (minimal version, only triplets); the following blocks are required:
M24W24WIN, B24W24WIN, M224WIN, YHU24WLIN, THU24WLN.If THU24WLN is ab-
sent, YHU24WLIN times A is used in its place.

— Linear and inverse see-saw:

120 : combined inverse and linear see-saw; the following blocks are required: MNURSIN,
BNURSIN, MNSNSIN, BNSNSIN, M2NSIN, M2NURIN, YNURLHUIN, TNURLHUIN.Purely
inverse or linear see-saw is specified by appropriate zeroes in the block entries.

- U(l)R X U(l)B_LI
131 : reserved for minimal see-saw

132 : inverse see-saw; the following blocks are required in addition to those required by
the U(1)grxU(1)p_r minimal see-saw: MNSNSIN, BNSNSIN, M2NSIN, YNSNURCRIN,
TNSNURCRIN.

133 : reserved for linear see-saw
- U(l)y X U(l)B_LZ
141 : minimal see-saw; the following blocks are required: MBILBILBIN, BBILBILBIN,
M2NURIN, M2BILIN, M2BILBIN, YNURLHUIN, TNURLHUIN, YNURBILNURIN, TNURBILNURIN

142 : inverse see-saw; the following blocks are required in addition to those required by
the U(1)y xU(1) p_;, minimal see-saw: MNSNSIN, BNSNSIN, M2NSIN, YNSNURBILIN,
TNSNURBILIN.

In addition, the U(1)r x U(1)p_r and U(1)y x U(1)p_, models require that the appropriate
entries in GAUGEIN, MSOFTIN, MINPAR, and EXTPAR are set correctly.
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4.3.2 Block MINPAR

We extend the MINPAR block to include the input parameters necessary for the addition of an
extra Abelian gauge group. We do not reproduce the existing entries here since there are quite
a few. We only show those that are new and those that have new interpretations.

2: The common soft mass term for all the the gauginos.

6: The cosine of the phase of the i/ parameter.

7: The ratio of the two vacuum expectation values that either break U(1)r x U(1)g_rto
U(1)y orbreak U(1)p_r, leaving U(1)y intact.

8: The mass of the Z’ boson.

9: The common bilinear mass parameter 5.

4.3.3 Block GAUGE

We extend the GAUGE block to include the couplings necessary for the addition of an extra
Abelian gauge group. We reproduce the existing entries here for completeness.

1: The coupling ¢; (@) (also known as ¢’(Q)) in some conventions) of the U(1)y gauge in
models which have it, or the coupling gr(Q) of the U(1)x gauge in such models where
the U(1)x in combination with another U (1) gauge breaks down to U(1)y.

2: The coupling ¢>(Q) (also known as g(@)) in some conventions) of the SU(2), gauge.
3: The coupling g5(@) of the SU(3). gauge.
4: The coupling gp.(Q) of the U(1)5_1, gauge.

14: The off-diagonal coupling gr(Q) of the two U(1) gauges in the triangle basis.

4.3.4 Block MSOFT

We extend the MSOFT block to include the soft mass terms necessary for the addition of an extra
Abelian gauge group. We do not reproduce the existing entries here since there are quite a few.
We only show those that are new and those that have new interpretations.

1: The soft mass term for the gaugino of the U(1)y gauge in models which have it, or the
gaugino of the U(1) g gauge in such models where the U(1)z in combination with another
U(1) gauge breaks down to U(1)y.

4: The soft mass term for the gaugino of the U(1)z_, gauge.
5: The soft mass term mixing the gauginos of the two U (1) gauges.

4.3.5 Block EXTPAR

We extend the EXTPAR block to include the parameters necessary for the addition of an extra
Abelian gauge group. We do not reproduce the existing entries here since there are quite a few.
We only show those that are new and those that have new interpretations. Bear in mind that just
as in the MSSM, contradictory inputs should not be given.

124: The tree-level mass-squared mZR of the pseudoscalar formed by the doublets breaking
SU(2)g.
126: The pole mass my, of the pseudoscalar formed by the doublets breaking SU (2) g.
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4.4 Extended blocks superseding existing blocks
4.4.1 Block XPMNSRM (rank two), superseding UPMNS (rank one)

In the super-PMNS basis the mass matrices of the charged leptons and the three light neutrinos
are diagonal and the relevant generation mixing information is given in the PMNS matrix. In
the SLHA2 the input block UPMNSIN was defined in terms of three mixing angles and three
phases [16] whereas for the output the complete 3 x 3 mixing has to be given in the block UPMNS.
In general more than 3 neutrinos contribute and thus we propose that similarly the generalized
PMNS matrix, which is rectangular, shall be given for both input and output. In the basis where,
as above, the charged lepton and the extended neutrino mass matrices are diagonal, this matrix
corresponds to the coupling between the left-handed charged leptons with the W boson and the
neutrinos divided by g/ V2.

4.5 New blocks

Blocks used to give parameters as input end with “IN”, while the corresponding values as output
are written in blocks without the ending “IN”.

4.5.1 Block SEESAWGENERATIONS (rank one)

This block specifies the number of generations of the extra fields of the see-saw models.

1: The number n,. of right-handed neutrino generations in the type I, inverse, linear, and
U(1)y x U(1)p_r, see-saw models.

2: The number ny, of neutrino-like singlet generations in the inverse, linear, and U(1)y X
U(1)p_r, see-saw models, and also the number of parity-odd neutrino-like singlet gener-
ations in U(1)y x U(1)p_r, inverse see-saw models.

15: The number n45 of 15-plet generations in the type 11 model.
24: The number ny4 of 24-plet generations in the type III model.

4.5.2 Block SCALARRM (rank two)

This block specifies the mixing matrix of the neutral scalar Higgs bosons. The gauge eigenstates
that are rotated into the mass-ordered mass eigenstates are ordered as H3, HC, then a model-
dependent ordering. For see-saw types II and III, there are no further entries, because these
fields are assumed to be integrated out. For U(1)z x U(1)p_p, they are &%, &%. For U(1)y x
U(1)p_r, they are n, 7.

4.5.3 Block PSEUDOSCALARRM (rank two)

This block specifies the mixing matrix of the neutral pseudoscalar Higgs bosons. They are
ordered analogously to how SCALARRM is ordered.

4.5.4 Block GAUGEIN (rank one)

This block specifies the gauge couplings at the input scale. The entries are analogous to those
of the GAUGE block.
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4.5.5 Block MSOFTIN (rank one)

This block specifies the soft mass terms at the input scale. The entries are analogous to those of
the MSOFT block.

4.5.6 Superpotential mass matrix blocks (rank two)

The superpotential mass matrix blocks are MNURNUR(IN) for M,., M15S15SB(IN) for Mg,
M15T15TB(IN) for My, M15Z15ZB(IN) for My, M24W24W(IN) for My, M24G24G(IN) for
Mg, M24B24B(IN) for Mg, M24X24XB(IN) for My, MNURS(IN) for Mg, MNSNS (IN) for uy,
MCRCRB(IN) for ji¢, and MBILBILB(IN) for u,. M15(IN) for M5 is used when Mg, Mp, and
M are set to a common value. M24 (IN) for M,y is used when My, Mg, Mg, and Mx are set
to a common value. Though some of the models are described with only a single generation of
some types of field, we allow for extra generations, and thus define all the mass matrix blocks
as being rank two, even though the minimal case would use only the (1,1) entry of some of
them.

4.5.7 Soft SUSY-breaking mass matrix blocks (rank two)
The soft SUSY-breaking mass matrix blocks are M2NUR(IN) for mZ., M215S(IN) for m?,

M215SB(IN) for m%, M215T (IN) for m7, M215TB(IN) for m2, M215Z (IN) for m%, M215ZB (IN)
for m?%, M224W (IN) for mj,, M224G(IN) for mg, M224B(IN) for m%, M224X(IN) for m%,
M224XB(IN) for m%, M2NS (IN) for m¥,, M2CR(IN) for m{, M2CRB(IN) for m, M2BIL (IN) for
mfl, M2BILB(IN) for m% and M2NSP (IN) for m%,. Though some of the models are described
with only a single generation of some types of field, we allow for extra generations, and thus
define all the mass matrix blocks as being rank two, even though the minimal case would use

only the (1, 1) entry of some of them.

4.5.8 Soft SUSY-breaking bilinear matrix blocks (rank two)

The soft SUSY-breaking bilinear matrix blocks are BNURNUR (IN) for Bjc, B16S156SB(IN) for
Bg, BI5T15TB(IN) for By, B15Z15ZB(IN) for By, B24W24W (IN) for By, B24G24G(IN) for
Be, B24B24B(IN) for Bp, B24X24XB(IN) for By, BNURS(IN) for Bg, BNSNS(IN) for By,
BCRCRB(IN) for B¢, and BBILBILB(IN) for B,. B15(IN) for B;5 is used when Bg, By, and
B are set to a common value. B24 (IN) for By, is used when By, Bg, Bg, and By are set to
a common value.

4.5.9 Yukawa coupling matrix blocks (rank three)

The first digit is the generation index of the 15-plet or 24-plet field in type II and III mod-
els respectively, and is 1 for the other models. The 2nd pair of indices correspond to the
usual indices of the minimal cases. The Yukawa coupling matrix blocks are YNURLHU(IN)
for Y, YL15TL(IN) for Y7, YD15SD(IN) for Ys, YD15ZL(IN) for Y, YHD15THD (IN) for Ay,
YHU15TBHU (IN) for Ay, YHU24BL (IN) for Yj, YHU24WL (IN) for Yjy, YHU24XBD(IN) for Yy,
YNSLHU(IN) for Y7, YNSNURCR (IN) for Yiy, <, YNURBILNUR (IN) for Y}, and YNSNURBIL (IN)
for Yig. Y15 (IN) for Yi5 is used when Y, Y7, and Y are set to a common value. Y24 (IN) for
Y54 is used when Ypg, Yy, and Y are set to a common value.
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4.5.10 Soft SUSY-breaking trilinear matrix blocks (rank three)

There is a soft SUSY-breaking trilinear matrix block for each Yukawa coupling matrix block,
with the same name but with the initial “Y” replaced by “T”, corresponding to the “Ti,,” as-
sociated with the “Y;,,” matrices. However, there is no T15(IN) for 75 or T24 (IN) for T54;
instead, in such constrained parameter sets, A X Y524 is used.

4.5.11 Block GAMZZPRM (rank two)

This is the gauge boson rotation matrix /744" given at the SUSY scale.

CONCLUSIONS AND OUTLOOK

In this contribution we propose an extension of the exisiting SLHA accords to include several
see-saw models. Firstly, this requires new blocks to be defined for the additional couplings and
masses needed within the various models. In this connection, we do not restrict ourselves to
individual versions of the latter but also allow for combinations of such models in order to be as
general as possible. Secondly, several new particles have to be postulated. For these, we propose
a 9-digit scheme for the corresponding PDG-codes, which could in fact be of more general use
than for see-saw models only, yet it needs to be tested extensively against the properties of
existing and possibly new SUSY models before widespread adoption. One issue that has to
be addressed as next step is the proper definition of the additional parameters in the so-called
super-PMNS basis. Moreover, also SU(2) g models are not yet covered in this proposal.

Appendix
A Kinetic mixing

It is well known that in models with several U(1) gauge groups, kinetic mixing terms

~Xa P EL,,  a#b (A.1)
between the field-strength tensors are allowed by gauge and Lorentz invariance [68], as Fan
and F> are gauge invariant quantities by themselves, see e.g. [69]. Even if these terms are
absent at tree level at a particular scale, they might be generated by RGE effects [70,71]. This
happens usually if the two Abelian gauge groups cannot be embedded in a larger gauge group
simultaneously or if incomplete gauge multiplets of the fundamental theory are integrated out.
It is easier to work with non-canonical covariant derivates instead of off-diagonal field-strength
tensors such as in eq. (A.1). The equivalence of both approaches has been shown in [70, 72].
We show here the special case of two Abelian gauge groups U(1)4 x U(1)p. The covariant
derivatives has the form

D, =9, —iQ;GA (A.2)

where ()4 is a vector containing the charges of the field ¢ with respect to the two Abelian gauge
groups, G is the gauge coupling matrix

G — ( gaA gAB ) (A.3)

9dBA YBB

and A contains the gauge bosons A = (AZ‘, Af )T. As long as the two Abelian gauge groups
are unbroken there is freedom to rotate the gauge bosons. It is convenient to choose a basis in

68



which G gets a triangle form

(9 g
o-(19) a

Mixing effects of Abelian gauge groups appear not only in the gauge sector but also for the
gauginos because also terms of the form

MapAalp (A.5)

are allowed by gauge and Lorentz invariance [72,73].

B PDG CODES AND EXTENSIONS

We summarise here our codes for existing and for the extra particle content of the see-saw
models. In the first column of Tables B.1 to B.3, the conventional PDG number is shown.

Colored Fermions Neutral Fermions
PDG Particle | PDG.IX PDG Particle PDG.IX

2 u 110100401 -12/12 vP v | 110000001 /111000001
4 c 110100402 -14/14 vP v | 110000002 /111000002
6 t 110100403 -16/16 vP /v | 110000003 /111000003
-1 d 110890201 vP /v | 110000004 /111000004
-3 5 110890202 vP 1 vM | 110000005 /111000005
-5 b 110890203 v v | 110000006 /111000006
1000021 g 211110001 vP [ v | 110000007 /111000007
(a) vP v | 110000008 /111000008
vP v | 110000009 /111000009

Colorless, Charged Fermions 1000022 X0 211000001

PDG Particle | PDG.IX 1000023 | X5 211000002

-11 et 110000601 1000025 % 211000003

.13 ut 110000602 1000035 X5 211000004

-15 —+ 110000603 1000045 X2 211000005

1000024 | ¥{ | 210000601 Xg 211000006

1000037 | x5 | 210000602 X7 211000007

(b) (c)

Table B.1: (a) The down-type quarks are considered antiparticles due to having negative electric charge,
hence the anti-downs are the defining states, and since they are color antitriplets, their color digits are 89
(99 — 10). (b) In the case of R-parity violation, these fields mix to eigenstates with codes 1100006XY.
(c) vP are dirac neutrinos while * are Majorana neutrinos. In the case of R-parity violation, the fields
mix forming (Majorana) mass eigenstates with PDG.IX codes 1110000XY.
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Colored Scalars Vector Bosons
PDG Particle | PDG.IX PDG | Particle | PDG.IX
1000002 R 200100401 21 g 121110001
1000004 o 200100402 22 v 121000001
1000006 U3 200100403 23 Z 122000001
2000002 Uy 200100404 32 A 122000002
2000004 Us 200100405 33 Z" 122000003
2000006 Ug 200100406 24 W+ 120000601
-1000001 cZ’{ 200890201 34 w't 120000602
1000003 | di | 200890202 (b)
-1000005 cfg 200890203
-2000001 Jj 200890204
-2000003 Jg 200890205
-2000005 Jg 200890206

(a)

Table B.2: (a) New PDG code for colored scalars. (b) The W™ is considered to be the particle (and
hence the W™ the antiparticle) since it has positive electric charge.
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Colorless, Charged Scalars
PDG Particle PDG.IX
25 hy 101000001
35 ho 101000002
45 hs 101000003
hy 101000004
36 AY 102000001
46 A 102000002
-1000012/1000012 vy | Re(1) 200000001 /201000001
-1000014/1000014 vy | Re(1) 200000002 / 201000002
-1000016/1000016 5 | Re(s) 200000003 /201000003
1000017 Im(z) 202000001
1000018 Im(7,) 202000002
1000019 Im(73) 202000003
vy I Re(py) / Tm(zy) | 200000004 / 201000004 / 202000004
Ui I Re(s) / Tm(7s) | 200000005 /201000005 / 202000005
vg I Re(g) / Tm(7g) | 200000006 / 201000006 / 202000006
vs [ Re(7) / Tm(m;7) | 200000007 / 201000007 / 202000007
v3 /I Re(0g) / Im(g) | 200000008 / 201000008 / 202000008
vy I Re(g) / ITm(7g) | 200000009 / 201000009 / 202000009

Table B.3: In the case of R-parity violation but CP conservation, the CP-even and CP-odd components
mix separately to form eigenstates with PDG.IX codes 1010000XY and 1020000XY, respectively. If CP
violation is present, the numbers are 1000000XY and 2000000XY respectively (no R-parity violation) or
just 1000000XY (with R-parity violation).

71



Contribution 4

Automatic computation of supersymmetric renormalization
group equations with FeynRules

Adam Alloul, Neil Christensen, Claude Duhr, Benjamin Fuks, Michel Rausch de Traubenberg

Abstract

We discuss the progress on the automatic computation of renormaliza-
tion group equations with FEYNRULES. We also present a new interface
to the SUSPECT 3 package in order to automatically calculate super-
symmetric spectra .

1 INTRODUCTION

Supersymmetry, and in particular its minimal version dubbed the Minimal Supersymmetric
Standard Model (MSSM) [74,75], is among the most popular extensions of the Standard Model
(SM) of particle physics. Linking fields with opposite statistics, it matches bosonic (fermionic)
partners to the SM fermions (bosons). The MSSM addresses a set of conceptual problems of
the SM, such as stabilizing the large hierarchy between the electroweak scale and the Planck
scale, unifying the gauge couplings at high energy or proposing a candidate for the dark matter
in the universe. However, if supersymmetry were an exact symmetry, both the SM particles and
their superpartners would have the same mass. As this is not observed experimentally, super-
symmetry must be broken at low energies. In order to remain a viable solution to the hierarchy
problem, this breaking must be soft, resulting in superpartners with masses around the TeV
scale. Therefore, the quest for supersymmetric particles is one of the main experimental topics
at the Large Hadron Collider (LHC) at CERN. The latest results of the general purpose LHC
experiments ATLAS and CMS are currently pushing the limits on the masses of the superpart-
ners to a higher and higher range [76, 77], thereby severely constraining the supersymmetric
parameter space. However, most limits only hold in the context of the so-called constrained
MSSM framework, where the 105 free parameters of the MSSM are reduced to a set of four
parameters and a sign, assuming some organizing principle based on unification at high energy.
In contrast, there is a much broader class of supersymmetric theories which may be valuable to
be investigated from a phenomenological point of view.

Even if all of these non-minimal models contain many free parameters, an organizing
principle governing the bulk of the parameters is strongly favored. Indeed, such a principle
allows to reduce the number of degrees of freedom (of the parameter space) and renders the
model accessible to phenomenological studies. Furthermore, it is also motivated by the current
experimental data, coming from e.g. flavor physics. In their most general version, supersym-
metric theories predict large rates for flavor violating processes, which must however, in order
to be in agreement with the observations, be suppressed within the framework of the SM. An or-
ganizing principle would then either forbid or suppress the relevant terms in the supersymmetric
Lagrangian, restoring agreement with the data. Inspired by scenarios such as supergravity sce-
narios with a minimal K&hler potential, where e.g. all the scalar particles get a common mass
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at the Planck scale, this organizing principle may however only be valid at some high energy
scale. Therefore, in order to study the phenomenology of supersymmetric models at collider
experiment scales, all the parameters must be run down from the high input scale (where, e.g.,
they are supposed to unify) to low energies using renormalization group equations.

In the following, we describe an extension of the superspace module of FEYNRULES [6,
78] which allows to automatically derive the renormalization group equations related to the
parameters of any supersymmetric theory from the superfield content of the theory and the
implementation of the model dependent pieces of the Lagrangian, i.e., the superpotential and
the soft supersymmetry breaking Lagrangian. Furthermore, we also show how these equations
can be automatically exported to the supersymmetric spectrum generator SUSPECT 3 for a
numerical extraction of the model spectrum, the C++ version of the SUSPECT 2 package [79].

The outline of this contribution is as follows: in Section 2 we present a review on how to
obtain renormalization group equations for generic supersymmetric theories. In Section 3 we
show how to extract these equations at the one-loop level automatically with FEYNRULES, and
in Section 4 we describe the new interface to the SUSPECT 3 program. Our conclusions are
drawn in Section 5.

2  RENORMALISATION GROUP EQUATIONS FOR A GENERIC SOFTLY
BROKEN SUPERSYMMETRIC MODEL

A generic supersymmetric theory can be described by fixing the superfield content and the
(gauge) symmetries leaving the corresponding Lagrangian invariant. We introduce a gauge
group GG and representations R of the corresponding algebra spanned by the hermitian matrices
T and we denote the gauge coupling constant by g. The chiral sector of the theory consists in
a set of left-handed chiral superfields ®! lying in the representation R’ of . The gauge sector
contains a vector superfield V' of the gauge group. The supersymmetric and gauge invariant
Lagrangian, together with the associated soft supersymmetry breaking Lagrangian, is given by

L= »Cchiral + 'CYang—l\lills + Lsuperpotential + Esoft ) (1)

where Lehiral and Lyang—wMins contain the kinetic terms as well as the gauge interactions of the
different particles, which are entirely fixed by supersymmetry and gauge invariance. Their ex-
plicit form in terms of component fields can be found, e.g., in Refs. [78, 80, 81]. In contrast,
Lsuperpotential 18 model-dependent (but gauge-invariant) and is derived from the superpotential
describing the interactions among the different chiral supermultiplets. Assuming renormaliz-
ability in addition, the most general superpotential takes the form

1 o 1 . :

W(®) = gyijk@@ﬂcbk + @' + @ (2)
where y, 1 and « are the coupling strengths dictating the supersymmetric (non-gauge) inter-
actions of the theory. Finally, the last part of the Lagrangian of Eq. (1), Ls, is also model-
dependent (and gauge-invariant as well) and contains the soft supersymmetry breaking terms

i.e. terms of dimension two and three breaking supersymmetry. The latter can be generically
written as

1 . 1 o ) 1 1 o
Loty = _éhijk¢l¢j¢k - §bij¢z¢] —a;¢" — §M)\ A= §¢I(m2)lj¢] +h.c., (3)
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where ¢ denotes the scalar component of the chiral superfield ® and \ the (two-component
fermionic) gaugino field embedded within the vector superfield V. This Lagrangian contains
hence mass terms for gauginos and scalar fields M and m? as well as linear, bilinear and tri-
linear scalar interactions derived from the form of the superpotential. The coupling strengths
of the interactions are given by the h, b and a parameters. In the rest of this section, all the
supersymmetry-breaking and superpotential parameters are assumed to be generic non-zero
complex numbers.

We now turn to the renormalization group equations linking the values of the parameters
at two different energy scales. Even if the results have been known at the one-loop [82, 83]
and two-loop levels for a long time [84—88], and could even be derived by other means (e.g.,
supergraph techniques), we only focus here on the one-loop contributions. An extension to
the two-loop level is foreseen in a near future. A generic renormalization group equation for a

parameter z takes the form

d
=P “4)

where we have introduced the S-function of the parameter x. As previously mentioned, this

quantity can be expanded perturbatively,

_ w1
1672 " (1672)2

B, 8D 4 5)

where Bg(cl) and Bg(f) are the one-loop and two-loop contributions, respectively. In the following,
we then provide the first coefficient of the S-functions of all the parameters introduced above.

Starting with the gauge sector, the first coefficients of the S-functions of the gauge cou-
pling constant g and of the gaugino mass parameter M read

B = g*[S(R) - 3C(G)] . )
B = 2g2M[S(R) - 30(@)} . ©

In the expressions above, we have introduced the quadratic Casimir invariant C'(G) of the ad-
joint representation and S(R), the total Dynkin index for the representation R. Let us note that
this last quantity must be summed over all the chiral superfields lying in this representation,
accounting in addition for their multiplicity. In the case of an abelian group, we define S(R) as
the sum of the squared charges of the whole chiral content of the theory, accounting again for
the multiplicity of each superfield. Turning to the superpotential parameters, the first coefficient
of the S-functions of the linear, bilinear and trilinear interaction parameters are given by,

/B(()z];) = ap (’7(1))]92 )
B = iy (VN5 A+ s (YO %
B8 = Yizp YOV 4 vk (V)5 + g (YO

respectively. In the expression above, the first coefficient of the anomalous dimensions y are
defined as

| y . _
(’Y(l))]i = §yipqy PL — 25]i920(@) ) (8)

where C'(7) refers to the quadratic Casimir invariant of the representation of GG in which the
chiral superfield ®° lies. The first coefficients of the beta functions of the soft supersymmetry
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breaking parameters, i.e., of the linear, bilinear and trilinear scalar interactions, are given by

1
5&) - éyipqy*rpqar + y P hipgatr + piry P bpg + 2yipq<m2)qrﬂ*pr + Ripgb™?

1 1 *pqr 1 *7 *Dqr . . .
B, = S0 Yarg + Yiiey g + tipy ™ hgr = 2[bi = 2Mprig) g°C (i) + (i ¢ )

1
Bl(ij)k - thﬁywpqyqu + Yijry P hpgre — 2 [hijk - QMyijk}QZC(k) + (Z ANe k) + (k A J) :

)
Finally, the first term in the beta function for the scalar mass terms reads
ﬁ(l)Q o ly*ipqy r(m2)r " ly y*pqr(mZ)ir + Qy*ipqy‘ T(mQ)r +h, h*ipq
(m )1]- 2 pq J 2 Jprq Jp q Jpq (10)

— 85", MM g*C (i) + 2¢°(T,)'/ Te [T*m?] .

We note that the terms in this equation depending explicitly on the representation matrices of
the gauge group vanish identically for non-abelian gauge groups. In the abelian case, these
matrices must be read as the squared abelian charge of the considered superfield.

3 EXTRACTING RENORMALIZATION GROUP EQUATIONS WITH
FEYNRULES

In order to be able to extract the renormalization group equations of a given supersymmetric
theory in an automated way with FEYNRULES, the latter must be implemented using the su-
perspace module [78]. However, as discussed in the previous section, the derivation of the
coefficients of the beta-functions requires the computation of the multiplicity of each super-
field. In order to allow FEYNRULES to perform this task efficiently, both the superpotential and
the soft supersymmetry breaking Lagrangian must be implemented using the function SUDot
for SU (N )-invariant products of N superfields. Hence, taking the example of the MSSM, the
pu-term of the superpotential would be implemented as

MUH SUDot[HU[aa] , HD[aa], aal

where the SUDot function receives as arguments the sequence of the contracted superfields
with all indices explicit. The contracted SU (V) indices are set to a single given value for all
superfields, the latter being repeated as the last argument of the SUDot function. In our example,
it is labeled aa. As another example, the up-type squark trilinear soft supersymmetry breaking
interaction terms would be implemented as

-tulffl1,ff2] URs[ffl,ccl] SUDot[QLslaa,ff2,ccl] , huslaa], aal

We refer to Ref. [78] for the definition of the superfields, fields and parameters. After the model
file has been loaded, the renormalization group equations can be extracted via the command

RGE[LSoft, SuperW]

where LSoft and SuperW denote the variables in which the soft supersymmetry breaking La-
grangian have been stored. The RGE command computes the renormalization group equations
according to Eq. (4), using the beta-functions provided in Egs. (6), (7), (9) and (10).
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We have validated our implementation against the well-known results from the litera-
ture both in the context of the MSSM [84] and the Next-to-Minimal Supersymmetric Standard
Model [89]. We give, as examples, two renormalization group equations given by FEYNRULES
in the framework of the general MSSM. For notations, we refer to Ref. [78]. The evolution of
the p-parameter of the superpotential and the one of the corresponding b-parameter in the soft
supersymmetry breaking Lagrangian are driven by

dp 39" 39 3 df _d
_— _ _ w T
dt ”{ S0m2 " 1on2 T agmz YUY H 1672
db 39° _ 3gn 3 L roatap, 3 1
- = _ o w T T uf,,u T et. e 11
at { 07 " Tonz T 1ga Y e Tyt Y+ g Ty ye] | an
3¢°My  3gaMz | 3 ¢ atrar, 3 ) ! T
L T [y T+ ST [y T+ Tyt T |
[ 4072 812 T &2 l“[y } + 872 l"[y ] + 872 I"[y }

3
—Tr[y"Ty"] +

167 r [yeTye}] ’

+

4 AN INTERFACE TO THE SUSPECT 3 SUPERSYMMETRIC SPEC-
TRUM GENERATOR

In collaboration with the SUSPECT 3 team, A. Djouadi, J.L. Kneur, G. Moultaka, M. Ughetto
and D. Zerwas, we have designed an interface exporting the renormalization group equations
derived by FEYNRULES into a format which can be used by the spectrum calculator SUS-
PECT 3 presented in Section 7. Within MATHEMATICA, this interface is called as any other
FEYNRULES interface,

WriteSuSpectOutput [LSoft, SuperW]

where again, the variables LSoft and SuperW contain the soft supersymmetry breaking La-
grangian and the superpotential, respectively. When this command is issued, FEYNRULES inter-

nally calls the function RGE and exports the results in a header and source file DerivativeExternal .h
and DerivativeExternal. cxx, respectively. The header file contains the class definitions of
SUSPECT 3 and the source file contains the renormalization group equations themselves. The

two files have to be copied into the SUSPECT 3 directories (inc and src). Once SUSPECT 3

has been recompiled, the renormalization group equations provided by FEYNRULES can be

used either if the counter O of the block SUSPECT_CONFIG of the input SLHA file is set to 99
(external renormalization group equations) or directly in memory as described in Section 7.

5 CONCLUSION

In this contribution we have presented a new module in the FEYNRULES package that allows
to compute one-loop renormalization group equations for supersymmetric theories in an auto-
mated way. FEYNRULES extracts all the one-loop 3 functions of the model directly from the
superfield spectrum and the superpotential and soft-supersymmetry breaking terms of the La-
grangian, which allows to obtain the renormalization group equations for any supersymmetric
model. The renormalization group equations obtained in this way can then be written to file in a
format that can be linked against the SUSPECT 3 program, thus allowing to perform the renor-
malization group running numerically and to obtain the spectrum for arbitrary non-minimal
supersymmetric theories.
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Contribution 5

Implementation and automated validation of the minimal Z’
model in FeynRules

Lorenzo Basso, Neil D. Christensen, Claude Duhr, Benjamin Fuks, Christian Speckner

Abstract

We describe the implementation of a well-known class of U(1) gauge
models, the “minimal” Z’ models, in FeynRules. We also describe a
new automatized validation tool for FeynRules models which is con-
trolled by a web interface and allows the user to run a complete set
of 2 — 2 processes on different matrix element generators, different
gauges, and compare between them all. If existing, the comparison
with independent implementations is also possible. This tool has been
used to validate our implementation of the “minimal” Z’ models.

1 INTRODUCTION

The Large Hadron Collider (LHC) has begun exploring the TeV scale of physics. To determine
the full set of properties of the new physics expected to appear, we will have to implement
new theoretical models for TeV scale physics into LHC simulation software such as CalcHEP
[1,90,91], MadGraph [92-96] and Whizard [97, 98].

Among the various possible extensions of the Standard Model (SM), those containing an
extra U(1) gauge group play a special role (see [99—101] and references therein). The associated
7' boson(s) may be among the first objects to be probed at the LHC, due to the simplicity of
their signals at colliders. The phenomenology of Z’ bosons has been intensively studied (for
some reviews, see [102-106]). Despite the important role of Z’ physics, we note the absence
of commonly accessible code for its analysis with the existing Monte Carlo tools. In the past,
each analysis has started with a new, private implementation of a particular Z’ model, a process
which is inefficient and error prone.

For this reason, we have implemented a class of U(1) models in FeynRules [6, 107, 108]
which covers the complete set of “minimal” Z’ models [104, 105, 109, 110]. In this implemen-
tation, the various “minimal” models are chosen by setting a parameter which continuously
varies among the many possibilities. By implementing this model in FeynRules, we allow its
implementation to be used in CalcHEP, MadGraph and Whizard without any modification of
those codes. Furthermore, we have made this model implementation public on the FeynRules
website so that anyone can use it.

Although this approach of automatically generating the different model implementations
from a single “master” implementation greatly reduces the risk of creating faulty model imple-
mentation, possible issues can still arise from either faulty FeynRules input or software bugs.
While it is virtually impossible to prove the correctness of a model implementation, confidence
can be gained from comparing the model between different codes supported by FeynRules,
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between different gauges and, if available, by comparing to existing, independent implemen-
tations. Still, doing such a comparison by hand is very cumbersome as it requires expertise
in each simulation package, setting up each package, matching the respective setups (in par-
ticular the cuts and model input) and then running and comparing a set of processes as large
as possible. This procedure shows a lot of potential for automatization. In order to facilitate
this, we have developed an easy-to-use validation framework driven by a web application. The
framework allows registered users to upload a model which is automatically run through Feyn-
Rules in order to check for syntactical correctness and generate model implementations for the
different Monte Carlo tools supported by the framework (at the moment MadGraph, CalcHEP
and Whizard). After this sanity check, a list of all possible 2 — 2 processes in the model
(restrictions can be applied to the process list) is generated. For each process on the list and
each different generator, the cross section is automatically evaluated and compared between the
different tools.

Using this web validation tool, we have validated our class of “minimal” Z’ models by
comparing over a thousand 2 — 2 processes between CalcHEP and Whizard and by com-
paring between Feynman and unitary gauge. This allowed us to find the remaining bugs in
this model implementation and fix them. The model we have made public shows agreement
between CalcHEP and Whizard and between Feynman and unitary gauges.

2 THE MINIMAL Z’ MODELS IN FEYNRULES

In this section we discuss the implementation of the Minimal Z’ Model [110, 111]. This model
isbasedona SU(3)c x SU(2), x U(1)y x U(1)p_, gauge symmetry, i.e., the Standard Model
(SM) gauge group is augmented by a U (1) factor related to the gauged Baryon minus Lepton
(B — L) number. The model is “minimal” as it extends the SM with a minimum amount of
modifications in all the sectors. In addition to the new U (1) 5, gauge sector, the model includes
three right-handed neutrinos (designed to cancel anomalies) and an additional complex Higgs
boson (x) which is a singlet under the SM gauge groups but is charged under U(1)z_y and is
responsible for giving mass to the additional Z’ gauge boson. The classical, gauge invariant
Lagrangian can be decomposed as & = Ly + Ls + L5 + Ly + Lynost-

The non-Abelian field strengths in %), are the same as in the SM whereas the Abelian
ones can be written as ' = —1F"F,, — 1F"F,, (where F,, = 8,B, — 9,B, and
F, = 0,B, — 0,B,). In this field basis, the covariant derivative reads:

D, =0, +igsT*G * +igT*W,* +ig1Y B, +i(gY + 91Ys-1)B,, - (1)

Since g is a free parameter of the theory (assuming a fixed g;), this model describes a one-
dimensional class of Z’ theories. A discrete set of popular Z’ models (see, e.g. [104, 105, 109])
can be recovered by a suitable definition of both g and ¢|. A few of them are summarised in
Table 1.

We now describe a few important aspects of our FeynRules implementation of this model.
First of all, we note that the model files are set to Feynman gauge by default. If unitary gauge
is desired, the variable $FeynmanGauge must be set to False inside the Mathematica session
after loading the model, but before calculating Feynman rules.

Unless stated otherwise, all particles and parameters that exist in the SM are the same as in
the default FeynRules SM implementation. We have renamed the tauon to 1 and its antiparticle
to L in order to match the CalcHEP conventions. Since we have added new gauge bosons, scalar
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Model | Parameterization
Ul)p-r | g=0

U(l)x g=—4/5¢g,

UDr | g=—29

Table 1: Specific parametrisations of the Minimal Z’ Models: U(1)g_r, U(1), and U(1)g.

fields and neutrinos which mix with the SM fields, their mixing partners have been mostly
renamed. The new names are given in Table 2 together with the new parameters. For an overall
description of their meaning and some useful relations, see Refs. [110, 111]. The columns
marked FR give the names that are used in the matrix element generators.

Particles Parameters

Symbol | PDG code Independent Dependent

Z | FR Z FR A FR

Light Neutrino 1 | v, | ni 12 g | glp | My MZ

Light Neutrino 2 | v, | n2 14 g gt | sin€ | Sp

Light Neutrino3 | v, | n3 16 My | MZp x X

Heavy Neutrino 1 | v, | ~n1 | 9910012 mp, | MH1 A1 laml
Heavy Neutrino 2 | v, | ~n2 | 9910014 mp, | MH2 Ag lam2
Heavy Neutrino 3 | v, | ~n3 | 9910016 sina | Sa Az | lam3
Light Higgs hy | H1 | 9900025 m,, | MoL || yP | yndi
Heavy Higgs ho | H2 | 9900026 m,, | MoH || yM | ynmi
Z' boson Z' | Zp 9900032 My | MW || sinq; | Sani

Table 2: New particles and parameters and the related ASCII symbols exported by FeynRules to the
matrix element generators.

In order to use the resulting matrix element generator code, it is important to know which
parameters are independent and can be adjusted by the user. In the neutral gauge boson sector,
the choice we made is to keep the new gauge couplings (¢g; and g) as independent parameters,
thus allowing to easily identify the various benchmark models, and to express the remaining
quantities in terms of the Z’ mass, using the following relation, independent of the Z mass:

Mo 20)2
Ay P 2)
24 4Mz, — v (g5 + 97)

which generalises a similar formula for the pure B — L model (where g = 0). This choice im-
plies that the Z boson mass is now treated as an internal parameter, function of M, despite the
usual conventions. It is left to the user to choose a Z’ mass that satisfies existing experimental
limits. On the other hand, we have defined the W boson mass as an independent parameter.
Finally, in the scalar sector, the scalar masses and mixing angle « are kept as input parameters
instead of the \; parameters appearing in the potential. (See Ref. [111] for details.)
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3 WEB VALIDATION

Although FeynRules greatly simplifies the process of implementing new models and reduces
the propability of errors during implementation considerably, there is still the possibility of
mistakes. We have taken great pains to validate the FeynRules package [107] and we plan to
continually extend and improve these tests in order to make the FeynRules package ever more
dependable. On the other hand, when a new model is implemented, it has been up to the author
of that new model to validate it. We have proposed guidelines for this validation [42], but, in
practice, the level of model validation has been irregular. The problem is that, as a result of
there being thousands of Feynman rules, testing a handful of them (which is achievable by a
human) is not sufficient to fully validate a model. It would be far better if all the vertices could
be tested. This requires automation. Some tests that can be automated are the following:

comparison of all 1 — 2 and 1 — 3 partial widths between matrix element generators,

comparison of all 2 — 2 and 2 — 3 cross sections between matrix element generators,

comparison between gauges in these processes,
— comparison of these processes with an independent implementation of the model.

Even though these tests cannot guarantee a model implementation is error-free, our experience
shows that they can help to discover remaining bugs in many cases.

We have begun a project to create an automated validation tool which implements the
tests described in the previous paragraph for FeynRules models. Although not yet finalized, it
has achieved sufficient maturity to be useful for model validation and has, in fact, been used
for the validation of the “minimal” Z’ model here described, of which we will say more in the
next section. This validation tool is implemented as a web (HTML / Javascript) application and
should, therefore, work on any web enabled device. A user who wishes to validate a model
using this package, would point his or her browser to the url of the web validation website and
would control the validation of his or her model via the web interface. Approved, authenticated
users can upload FeynRules model files for testing. They can also upload implementations of
their models done by independent parties for comparison. Once the model files have passed
some basic sanity tests, the user is able to run the full suite of validation tests on his or her
model. The model and the results of the validation will remain private until explicitly made
public by the author, when ready. In the future, we plan to add the ability to export the results
of the validations to other useful formats, such as ISTEX.

After uploading the model files and passing the sanity tests, the user can generate a list
of processes for comparison. We currently support 2 — 2 processes, but plan to add support
for others in the future. By default, the web interface generates all 2 — 2 processes allowed by
the symmetries of the model, up to permutations of the external particles. The user can reduce
the number of generated processes by entering further restrictions. The restrictions that are
currently supported are the following:

— restricting the number of particles of each spin,
— limiting the number of particles of each gauge group index defined in the model,
— restricting the number of particles of each charge type defined in the model.

In a future version, the user will be able to fine tune this list by manually adding or removing
processes.
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After generating a list of processes to study, the user can choose which matrix element
generators to use and in which gauges. Currently available choices are CalcHEP in Feynman
and unitary gauge, MadGraph in unitary gauge and Whizard in Feynman and unitary gauge.
Support for other matrix element generators is planned for the future. The user can also choose
whether to include an independently implemented model in the validation. Typically, multiple
tests are performed:

— 1in one test, multiple matrix element generators are run, all in unitary gauge;
— 1in another test, gauge invariance is tested by running CalcHEP in both gauges;
— in yet another test, gauge invariance is again tested by running Whizard in both gauges'.

Once the process list, the matrix element generators and the gauges are chosen, the calcu-
lations can be performed. The web validation organizes the calculations and submits them to a
Condor [112] scheduler for running them on a computer cluster. For each process, it collides the
incoming particles at an energy which is greater than threshold and far from any resonance in
order to not be sensitive to particle widths (each matrix element generator deals with the widths
differently). In addition, a py cut is applied in order to remove T-channel singularities. The web
validation only submits a small number of jobs to the cluster at a time for each test. When those
jobs are finished, it submits more. In this way, if multiple users are running tests, the jobs are
mixed together on the Condor cluster and each sees progress at roughly the same rate. Once a
job finishes, the web validation software stores the resulting cross section and Monte-Carlo un-
certainty in a MySQL database for later analysis. Comparisons of the differential cross section
at an individual phase space point is planned for a later version.

After the jobs are done, the validation software analyzes x> for each process which is

given by:
2
2 03 — Obest 3
X Z (—Aai ) , 3)
where o; is the cross section obtained from matrix element generator and gauge ¢, oy 1S the
best value for the cross section and Ao; is the Monte Carlo uncertainty for the cross section
obtained from matrix element generator and gauge ¢. The value of 0}, is obtained by mini-
mizing x2. The resulting values for y? are then histogrammed and a y? distribution is plotted
and presented on the web page for the test (see examples in the next section) along with the
theoretical x? distribution theoretically expected from Poisson statistics.

Typically, a correctly implemented model will give a x? distribution as good as or better
than the theoretical y? curve®. Furthermore, the results of the processes are listed in order
of x? starting with the highest value. When the histogrammed y? values are worse than the
theoretical x? curve, it is likely that there is something wrong with the model. In this case, there
are typically one or more processes with very large values of 2 listed at the top of the process
list. By analyzing the details of these discrepant processes, the user can often find the mistake
in his or her implementation.

"'We note that testing gauge invariance in CalcHEP is slightly different than testing gauge invariance in Whizard.
In CalcHEP, both Goldstone bosons and Faddeev-Popov ghosts are included in the external states to cancel un-
physical polarizations of gauge bosons in the analytic polarization sum. Whizard on the other hand calculates
helicity amplitudes and sums over physical helicities only. As a result, they test slightly different aspects of gauge
invariance which can be useful for finding bugs.

2We find that if the model is implemented correctly, then the x? distribution is often shifted towards smaller 2
than would be expected from pure Poisson statistics.
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Validating simulation software is extremely important in order to avoid wrong physics
results coming from faulty software. We, again, emphasize that this automated validation soft-
ware should complement other tests. The user should still check that the Feynman rules given
by FeynRules, as well as various physical distributions, are correct and agree with published
vertices/distributions where possible. This automated validation software should be used as an
additional test that increases the confidence in a model implementation.

4 VALIDATION OF THE MINIMAL Z’ MODEL

Before running it through the automated validation suite described in the previous section, the
minimal Z’ model had already been checked in the following ways:

— the limit cases of the SM and the minimal B — L model [113] are correctly obtained,

— the Z’ width and all its partial decay widths have been compared to calculations by hand
and agree,

— we have compared our production cross section for the Z; with the similar SO(10) in-
spired model in the literature [106] and found agreement to within the uncetainties of the
PDF’s and matrix element generators used to do the calculations,

— we have checked that certain vanishing vertices are not spuriously produced by our imple-
mentation (e.g., no interactions between a photon ghost and other neutral gauge bosons
or neutral ghosts are allowed).

After completing these initial tests, the model was uploaded to the validation server and a
series of tests was run. We used the validation software to generate all 2 — 2 processes allowed
by the symmetries of our model, which gave 1424 processes on which we ran the following
tests:

— Test 1: For each process, we compared the Feynman and unitary gauges in CalcHEP,
— Test 2: For each process, we compared the Feynman and unitary gauges in Whizard,
— Test 3: For each process, we compared CalcHEP and Whizard in unitary gauge.

Plots of the resulting y? distribution (c.f. Eq. 3) are shown in Fig. 1. The curves show
that

— No large discrepancy was found.

— The binned results from our tests did better than expected from a theoretical y? distribu-
tion.

5 CONCLUSIONS

We have implemented a class of U(1) gauge models that spans the space of “minimal” Z’
models with a continuous parameter interpolating among them. The FeynRules imlementation
of the model has been made publicly available through the FeynRules website.

We have also implemented a new automatized validation package. This package is ac-
cessible on the internet and allows a registered user to upload their models and run a series of
tests on them. The tests which are currently supported are a comparison of all 2 — 2 processes
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Figure 1: Plots of the binned (solid) and theoretical (dashed) x2. The results of the CalcHEP gauge
invariance test, Whizard gauge invariance test and CalcHEP versus Whizard (in unitary gauge) test are
shown on the left, middle and right respectively. Actual data is solid, while the theoretical x? distribution
is given by the dashed line.

between different matrix element generators and between Feynman and unitary gauges. Af-
ter calculation of each cross section, the validation package calculates y? for each process and
presents the resulting y? distribution to the user together with the test results.

Using this web validation package we have validated the implementation of the “minimal”
7' models and found full consistency.
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Contribution 6

Implementation of scalar and vector resonances into
FeynRules and LanHEP

Abstract

In this summary report we discuss the implementation of a set of opera-
tors in FEYNRULES and LANHEP that can be used to study in a bottom-
up approach new scalar and vector resonances coupling to quarks.

1 INTRODUCTION

Monte Carlo event generators play an important role in making reliable predictions for events
to be observed in collider experiments, both to describe the backgrounds and possible candi-
date signals. In particular, the simulation of a hadronic collision requires not only an accurate
description of the underlying hard scattering process, but also of the parton showering and
hadronization as efficiently provided by programs such as HERWIG [114, 115], PYTHIA [116,
117] and SHERPA [118,119]. As regards the generation of the hard matrix element itself, a
lot of effort has gone into the development of several multipurpose matrix element generators,
such as COMPHEP/CALCHEP [1,90,91], MADGRAPH/MADEVENT [92-96], SHERPA and
WHIZARD [97,98]. Even though these programs are in principle able to generate the (tree-
level) matrix element for any process in a renormalizable quantum field theory built on scalar,
vector and fermion fields, the implementation of a full Beyond the Standard Model (BSM) the-
ory can be a tedious and error-prone task, often requiring the implementation of one vertex at
the time following the conventions specific to each code. Recently, this task has been allevi-
ated by the introduction of new tools that allow to obtain the Feynman rules directly from a
Lagrangian and to export them to various matrix element generators in an automated way.

The aim of this contribution is to present the summary report on the implementation of a
certain class of operators that allow to study possible BSM contributions such as the forward-
backward asymmetry measured by the CDF and D@ collaborations at the Fermilab Tevatron
collider [120, 121] into various matrix element generators. The goal is to provide a frame-
work in which the anomaly observed at the Tevatron can be studied in a bottom-up approach.
More precisely, we have implemented all the operators classified in Refs. [122, 123] into both
FEYNRULES [6,78,107] and LANHEP [9, 124-126].

FEYNRULES is a MATHEMATICA®! package that allows computation of Feynman rules
from a Lagrangian and can export them to various matrix element generators in an automated
way, thus allowing implementation of the model into these tools. For the moment, inter-
faces to COMPHEP/CALCHEP, FEYNARTS/FORMCALC [127-132], GOSAM [133], MAD-
GRAPH/MADEVENT [134,135], SHERPA and WHIZARD [108] are available.

The LANHEP package is also designed to automatically generate Feynman rules for a
given Lagrangian. LANHEP is written in the C programming language and can be easily com-
piled and installed on any platform. Its first version was released in 1996 and was effectively

"MATHEMATICA is a registered trademark of Wolfram Research, Inc.
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used to derive Feynman rules for the Minimal Supersymmetric Standard Model for the COM-
PHEP package. LANHEP reads the Lagrangian written as a text file in a compact form, close
to the one used in publications. Lagrangian terms can be written with summation over indices
of broken symmetries and using special symbols for complicated expressions, such as covariant
derivatives and strength tensors for gauge fields. LANHEP creates an output file with Feynman
rules in the format of COMPHEP, CALCHEP and FEYNARTS model files as well as has an
option to generate the output file in the form of a I&IEX table. Also, LANHEP can generate
one-loop counterterms in the FEYNARTS format. One should also add that the latest LanHEP
v.3.15 has an option (under test) for outputting the model in UFO format which provides a way
to interface it with MADGRAPH/MADEVENT.

The outline of this contribution is as follows: In Section 2 we review the operators and the
spectrum of the resonances we implemented. In Sections 3 and 4 we discuss the implementation
of all these operators into the FEYNRULES and LANHEP packages. We compare the two
implementations in Section 5 by computing a selection of decay rates and 2-to-2 cross section
with MADGRAPH 5 and CALCHEP. Our conclusions are drawn in Section 6.

2 SCALAR AND VECTOR RESONANCES COUPLING TO QUARK
PAIRS

In this section we briefly discuss the various renormalizable operators of scalar or vector reso-
nances coupling to quark pairs we have implemented into FEYNRULES and LANHEP. These
operators are particularly interesting to study possible BSM origins of the anomaly in the
forward-backward asymmetry in top-quark pair production measured at the Tevatron. In Refs. [122,
123] a classification was made of possible operators describing scalar and vector resonances car-
rying charges under the SM gauge group and contributing to the processes u @, d d — ¢ t. These
resonances thus provide a (non-exhaustive) list of operators that can be used to study potential
BSM corrections to the asymmetry in a bottom-up approach.

The Lagrangian of the “model” containing all these new scalar and vector resonances can
be written as a sum of three terms

L = Lsn + Lpsnkin + LBSM,int - (1)

While Lgj; denotes the SM Lagrangian, £pgas kin and Lpgasine describe the resonances’ ki-
netic terms and couplings to quarks. The kinetic terms for the new resonances can schematically
be written in the form

1 1
LBSM kin = §Du90z‘ Dy, — §m?pi%2 + D, ®! D"®; — m}, O] ®;
1 1
— Z(Duvi,, — Dy, ) (D*vf — D"vl') — §mzivmvf 2

1
= 5(DuVi, = DV)(DMVY = DUVE) = mi VoV,

where ¢; (®;) and v;, (V;,) denote generic real (complex) scalar and vector fields transform-
ing in some irreducible representation of the SM gauge group, and D,, denotes the SU(3). x
SU(2)r, x U(1)y covariant derivative. The explicit list of all scalar and vector fields considered
in Refs. [122,123] is given in Tables 1 and 2. We note that, while all gauge interactions of the
new resonances are taken into account via the covariant derivative, we do not include possible
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Field Charges Operator Coupling

¢ (1,2)-1y —Qr9"urd — Q9" dr ¢ +h.c. -
®  (8,2)_1) —Qr 9" T up ®* — Q; g* T“dR(I)“—{—hc -
wh o (3,1) 13 —e€iji dRj g U w;' + h.c. -
Qb (6,1)_1y3 1K, [dRZguR]deR]guRl] Qlf +h.c. -
w4 (3, 1)_4/3 —€ijk UR] guRk wl + h.c. gT = —qg
Q' (6,1)_4y3 -1 E?J [URi_g UR; + Ug; guRZ] Q4 + hee. gl =g
o (3,3)-13 —€ijk Qr; g7’ eQLJUM+hc gl =—g
S (6,3)-13 — KU [QrigT’ €Qy; + QL] g7’ eQf] ZLI the. g =g

Table 1: Operators describing the couplings of the scalar resonances to quarks [122,123]. g, g* and ¢¢
are coupling matrices in flavor space, 7! are the Pauli matrices and K is the Clebsch-Gordan coefficient
linking two triplet representations to a sextet representation. The last column gives the symmetries of the
coupling matrices g (if any).

Field Charges Operator Coupling
v (L1 —(QL g% Qr +Ur g“ V" ur +dr 9" V" dr) B, 9" =y

B, (1,1 (Qr 9% Qr + Hup +dp gly* dg) B f
W, (1,3) Qg QLW 9 =9
B}A (1,1), —ng'y“uRB”+hc —
G, (8,10 —(QLg® T Qr+TUrg" " T ur +dr g’ Tdg)G: g’ =g
Hy o (8,3)o0 —QLQ’Y#T QL Ha] g =g
G, (81n —dr gy T up G, +hc -
Q}L (372)1/6 ezﬂs dR] g/VH GQL Q}LZT +hC —
Q. (3.2)-5s _ —ETiR 90" eQp, Qi +he. -
Vi (6,2)1 —éf_(a] [dri g7 €Q5; + dr; g7 €Q%,] VT + hec. -
Vi (6,2)_5 —3 K [ugi 97" €Qf,; + g g7 €Q,] Y2 + hee. -

Table 2: Operators describing the couplings of the vector resonances to quarks [122,123]. ¢, g%, g* and

I are the Pauli matrices and K 18 the Clebsch-Gordan coeffi-

g are coupling matrices in flavor space, T
cient linking two triplet representations to a sextet representation. The last column gives the symmetries

of the coupling matrices g (if any).

mixing effects among the new resonances or with SM particles?. Besides interacting with the
SM gauge bosons, the new resonances also couple to quark pairs via three-point interactions
described by Lpgur,ine and summarized in Tables 1 and 2.

3 IMPLEMENTATION INTO FEYNRULES

The Lagrangian implemented into FeynRules follows exactly the classification of operators
given in Refs. [122, 123]. The implementation is completely generic, and allows to choose
freely the numerical values for the new masses and couplings, including all possible flavor
and/or C P-violating effects in the coupling constants. In this way the implementation allows

%It would in principle be possible to consider for example kinetic mixing between the SM gauge bosons and
the new vector fields. We do not however include these terms into the Lagrangian.
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for a maximum of flexibility when studying the resonances. We have implemented all the oper-
ators described in the previous section into FEYNRULES. The implementation is based on the
implementation of the Standard Model (SM) in FEYNRULES shipped together with the package.
The additional files needed for the new interactions can be downloaded from the FEYNRULES
website [136]. In the rest of this section we give a very brief account on the implementation and
how to use the model files. For a full documentation we refer to the corresponding website.

In order to allow for the study of only a subset of the new resonances, we have imple-
mented each of the entries in Tables 1 and 2 into a separate model file. A given subset of
files corresponding to a given set of resonances of interest can then be loaded at run time into
FeynRules. More precisely, the implementation consists of the following files,

— Representation.fr: The SM implementation in FEYNRULES does not contain any def-
initions regarding the sextet representation of the QCD gauge group. The file Representation.fr
extends the definition of the SM gauge group in FEYNRULES by adding the correspond-
ing representation.

— SCxy.fr, x,y being integers: These files contain all the declarations and interactions of
a new scalar particle transforming in the representation (z,y) of SU(3). x SU(2),, (e.g.,
SC12.fr contains the definitions of the resonance ¢ transforming in the representation
(1,2)_1/ defined in Table 1).

— Vzy.fr, z,y being integers: Similar to SCzy . fr, but for the vector resonances.

The files can then be loaded into FEYNRULES and combined at leisure at run time. As an
example, the SM extended by the scalar resonances ¢ and o defined in Table 1 can be loaded
into FEYNRULES via the command

LoadModel[ "SM.fr", "Representation.fr", "SC12.fr", "SC33.fr"].

We emphasize that the file SM. fr should be loaded first, in order to set up correctly the SM part
of the model. Furthermore, in order to allow for a maximum of flexibility, all the new numerical
input parameters (masses and coupling matrices) are kept completely generic. In particular the
masses of all new resonances are given a default value of 1 TeV, and all the coupling matrices
are implemented as generic complex matrices (subject to the symmetry constraints given in the
last column in Tables 1 and 2), initialized to the identity matrix in the model files. Note that,
as the widths of the resonances are functions of the masses and the couplings, it is important to
recompute the widths of the particles every time the numerical input parameters are changed.

After the model has been loaded into FEYNRULES, the Feynman rules can be obtained
and exported to matrix element generators in the usual way. However, some of the interactions
appearing in these operators have rather unusual color structures (color sextets, €;;,), which
are in general not supported by all the matrix element generators. As a consequence not all the
interactions can be implemented into all the matrix element generators for which a FEYNRULES
interface exists. To our knowledge, the only matrix element generator currently able to deal with
all the color structures involved is MADGRAPH 5.

4 IMPLEMENTATION INTO LANHEP

The Lagrangian implemented into LANHEP also corresponds exactly to the classification of
operators given in Refs. [122, 123]. One should note that LANHEP as well as CALCHEP need
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to be extended to deal with colour sextet representations as well as with interactions involving
the epsilon colour tensor ¢;;;, connecting three colour-triplet particles. So, the respective inter-
actions are not implemented at the moment into LANHEP. The request to extend LANHEP to
include these interactions has been sent to its author.

The implementation of the rest interactions from Tables 1 and 2 is done in the form of a
separate model which includes also SM interactions. All models are available for download at
the High Energy Model Database website [137].

As in the case of FEYNRULES, the LANHEP implementation of these models is generic
and written in the form of module files with a naming scheme similar to FEYNRULES. For
example the term with #,(8, 3), interactions is implemented in the v830.md1 file which is
included in the sm+v830.md1 model. Similarly, one can add several new interactions to the SM
in the LANHEP format.

5 COMPARISON OF THE TWO IMPLEMENTATIONS

To verify the FEYNRULES and LANHEP implementations, we have confronted the two imple-
mentations by computing a selection of decay rates and 2-to-2 cross sections with MADGRAPH
5 and CALCHEP. The input files for MADGRAPH 5 were generated with FEYNRULES, whereas
the input files for CALCHEP were generated with LANHEP. In the rest of this section we
present a brief summary of the comparison. For all the processes presented in this section, the
masses of all the resonances are set to 1 TeV and the coupling matrices are assumed to be the
identity matrix (including the CKM matrix).

As a first check, we computed the decay rates of a resonance into light quarks. It is easy
to show that, in the scenario where all the resonances have the same mass, and all the coupling
matrices are proportional to the identity matrix®, the decay rates into light quarks are linked and
only one of them is independent, which we choose to be

2N.M
=T 0 Sud) = ‘g| c : (3)
v =0 2 ua) = =7 —
where ¢° denotes the weak isospin (+1/2) component of the scalar field ¢, ¢ = (¢°,¢~), M
is the mass of the decaying particle and /N, is the number of colors. The decay rates of all other
scalar resonances are related to «y via the relations

(¢~ — du) =27,

1
H@“%uﬂ)zéy,
L@ —du) =T(Q' = ad) =T(Sy3 > dd) =T(S_y3 — ud) =
1
:FE_ Ul = —
(Boap > wa) = 37, @
7 2
Fw'—=ad) =T(Q' - au)=T(o_13 > us) = 37
4

F(O'Q/g — d_§> = F(O’_4/3 _>fa6> — 577

[(w* — we) 227.

3Note that some of the coupling matrices in Table 1 are antisymmetric. In this case we assume that the entries
in the upper triangular half are equal to unity.
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FR + MG5 LH+CH

FR+ MGS5 LH+CH B—uu 79.577 79.577
TS un 5968 50683 WP uu 39789 39.789
o — di 11937 119.37 WH—ud 79577 79.577
O s ui 99472 9.9472 B'—ud 39789 39789
o —du 19894  19.894 G —ut 13263 13263
a7 30780 N M uu 6632 6.632
O od 19894 - Ht—ud 13263 13.263
g 150,15 - G'sud 6632 6.632
O au 39.789 _ Qpy —+dd  26.526 -
o iz W5 39789 - Qlys —»ud 26526 -
oy —ds  79.578 - Q) > ud 26526 -
0 43— uc  79.578 - Q3 > ut 26526 -
Yoy —ad  19.894 - Yy —ud 13263 -
Sy uu 19.894 - Vig—dd 13263 -
Y3 —dd 19.894 - y§4/3 — U 13.263 -
Vo, —ud  13.263 -

Table 3: Decay widths (in GeV) for the scalar (left) and vector (right) resonances computed with FEYN-
RULES and MADGRAPH 5 (FR+MGS5), and LANHEP and CALCHEP (LH+CH). The LANHEP imple-
mentation currently does not include €. or sextet color structures.

Similarly, the decay rates of the vector resonances are related to y as well:

(B —uu) =TW" = ud) = gv,

POV 5 w i) :F(Bl—>uci):§’y,
(G —uu) =T(H" = ud) =TV, ; = ad) =T (V3 —dd) =
9 &)
:F(yi/3_>ﬂa>zr(yil/3—>ad):5%

['(G' = ud) =T(H® —» uu) = 17,

1d T 4
F(Qé/g —d ) - 1—‘(9171/3 - ud) - FQS_ —ud — F95_4/3ﬁﬁﬁ - 57

Ne)

1/3

We have computed all the decay rates into light quarks numerically via MADGRAPH 5 and
CALCHEP, and we have checked that all the above relations are verified. The results are sum-
marized in Table 3. Note that the LANHEP implementation currently does not include ¢;;;, or
sextet color structures.

As the main purpose of our implementation is to study possible BSM contributions to the
tt asymmetry measured at the Tevatron, we have also compared a selection of cross sections
for uu,dd — tt. We generated the signal diagrams with MADGRAPH 5 and CALCHEP for a
(partonic) center-of-mass energy /s = 2 TeV, and we neglected widths in the propagators. We
found perfect agreement between the FEYNRULES and LANHEP implementations. The results
are summarized in Table 4. In particular, the results satisfy the following relations (which follow
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FR+MG5 LH+CH

ut— ¢, (°)F —tt  1.6633  1.6707
dd — ¢° (¢°)F —tt  1.6633  1.6707
uu — 0 (@ —tf 03696  0.3713
dd — ®° (®9)F — ¢ 03696  0.3713

wia— B—tt 45618  4.5890
dd — B —tt 45618  4.5890
ua — W3 > tt 1.1173  1.1122
dd - W? = tt 1.1173 1.1122
wa— G —tt 1.0137  1.0198
dd — G —tt 1.0137  1.0198
wa — H = tt 0.2483  0.2494
dd — H?* > tt 0.2483  0.2494

Table 4: Cross sections (in pb) computed with FEYNRULES and MADGRAPH 5 (FR+MGS5), and LAN-
HEP and CALCHEP (LH+CH). No cuts are applied to the final state.

simply from color algebra considerations):

2

NZ — 2
olut — ®° —tt) = £N2 U(uﬁ%gbo—)tf):ga(uﬂ—)(bo—)tf),

2

N:—1 2
olua — G —tt) = ZEN? J(uﬂ—>B—>tf):§a(uﬁ—>B—>tf), (6)
2

‘ N7—1 2
olut — H> = tt) = ZENQ a(uﬂ—>W3—>tf):§0(uﬂ—>W3—>tf).

6 CONCLUSION

In this contribution we have discussed the implementation into FEYNRULES and LANHEP of
all the scalar and vector resonances with SM quantum numbers coupled to quark pairs presented
in Refs. [122, 123]. These operators are relevant to study in a bottom-up approach the possible
BSM contributions to the anomaly in the forward-backward asymmetry in top pair production
measured by the CDF and D@ experiments. The implementation was done in a modular way,
allowing the user to decide which resonances to consider, and gives the possibility to include all
possible flavor and or C'P-violating effects. The FEYNRULES model files are publicly available
and can be downloaded from the FEYNRULES website [136]. The LANHEP model files will be
publicly available soon for download at the HEPMDB website [137].
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Contribution 7

SuSpect3

A.Djouadi, J-L. Kneur, G. Moultaka, M. Ughetto, D. Zerwas

Abstract

We present here an overview of the SuSpect3 project, ultimately aimed
to be a major upgrade of the present SuSpect2 code for calculation of
spectra in various supersymmetric models.

1 INTRODUCTION

The public Fortran code SuSpect [79] calculates the supersymmetric and Higgs particle spec-
trum in the Minimal Supersymmetric Standard Model (MSSM). In its present version (latest
2.41), it can deal with specific supersymmetry-breaking models with universal boundary con-
ditions at high scales, such as the gravity (mSUGRA), anomaly (AMSB) or gauge (GMSB)
mediated supersymmetry breaking models, as well as non-universal MSSM (restricted however
to R—parity and C'P conservation). Input and Output can be driven from the standard SLHA
format files [15]. The algorithm includes the main mandatory ingredients such as the renormal-
ization group evolution (RGE) of parameters between low and high energy scales, the consistent
implementation of radiative electroweak symmetry breaking, and the calculation of the physi-
cal masses of the Higgs bosons and supersymmetric particles including the full one-loop and
dominant two-loop radiative corrections. In addition a control of important theoretical and ex-
perimental features is available, such as the absence of non-physical minima, the amount of
fine-tuning in the electroweak symmetry breaking condition, or the agreement with some preci-
sion observables. Although SuSpect2 is still considered essentially up-to-date and will continue
to be maintained in the future, a major upgrade is timely for several reasons.

Given the experimental prospects for supersymmetry, the available tools for the inter-
pretation of the data to come at the LHC should allow high flexibility in implementing new
models and/or new theoretical improvements and variants of the existing ones. It is obviously
necessary to keep up with the state of the art regarding any eventual new and more precise the-
oretical calculation that can affect the predictions. It is also desirable to be able to encode in
the same tool a large variety of supersymmetric models, non-minimal extensions, more general
flavor structure in the (s)quark and (s)lepton sectors, R-parity violation, C'P-violating phases,
new energy thresholds related to low or high scale extended gauge groups, modified GUT or
universality conditions, etc. The task becomes less formidable than it may seem if one recog-
nizes properly the generic features of the various extensions. An object oriented programming
approach is particularly suitable in this context. SuSpect3, which we describe below, is the
first step in this project. It is a C++ version of the latest SuSpect2 version, fully rewritten with
an object-oriented architecture but containing the same algorithms as SuSpect2 (though details
of the implementation have changed). In the following the structure and the implementation
will be described first. Then a comparison between SuSpect2 and SuSpect3 for an mSUGRA
benchmark point as well as a scan will be described.
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2 STRUCTURE AND IMPLEMENTATION

C++ was chosen for the implementation of SuSpect3. The use of this language is widespread
in the experimental high energy physics community, where ATLAS and CMS rely on it for a
major part of their software, as well as in the theoretical community, where the event generators
PYTHIAS [117] and Herwig++ [138] have moved from FORTRAN to this language.

In writing SuSpect3 care was taken not to resort to a line-by-line technical conversion of
SuSpect2 as this would have been a change of syntax with no added benefit. The rewrite limits
the inheritance structure to essentially three layers. Additionally the possibility of using other
codes for parts of the calculations usually performed by SuSpect?2 is also foreseen. An example
is the use of the renormalization group equations provided by tools such as SARAH [139] or
Feynrules [140].

As a first test of the flexibility and the robustness of the new implementation, the first and
second generation of sfermions were separated. In SuSpect2 these were hard-coded to be equal.
The change took less than a day (testing included), giving a first indication of the robustness of
the new structure.

The internal communication between different objects is assured by an implementation of
the SLHA structure in memory. The SLHA object contains all SLHA1 standard blocks as well
as supplementary blocks used internally.

The top object suspect has three methods: Initialize, Execute and Finalize. For the
initialization polymorphism is used: one can either use the default settings of SuSpect (SPS1a),
read an SLHA file by passing the name of the file as argument or create and initialize an SLHA
object in memory and pass it as argument to the object suspect. After the calculation, the
output is given either on screen or written to a file.

The requested model is configured in the suspect object: the MSSM (defined at ei-
ther a high scale or at the EWSB scale), mSUGRA, AMSB, mGMSB and CompressedSUSY
have been implemented so far. In these objects only the initialization of the model as well as
the definition of the boundary conditions have to be implemented. The next layer consists of
Model4Scales, Model3Scales or Model2Scales. These classes implement the logic of the
sequence of the calculation of the spectrum. The separation is driven by the number of scales
involved in the definition of the model. All Model2/3/4Scales are objects which inherite from
a common baseclass ModelBase. This class holds the data members common to all classes: an
RGE solver, determination of the DR parameters, the calculators of the particle masses, the
implementation of electroweak symmetry breaking (EWSBBase) etc. As an example: the object
ModelmSUGRA (created in the object suspect) inherits from Model3Scales as its parameters
are defined at the GUT scale, RGE-evolved to the EWSB scale and corrections to the Stan-
dard Model particles are calculated at the scale of the Z boson mass. ModelAMSB is derived
from Model3Scales. As GMSB has an additional intermediate scale, it is derived from the
Model4Scales, whereas ModelLowScaleMSSM is derived from Model2Scales.

The RGE evolution from one scale to another is steered by the object Mode12/3/4Scales.
The RgeEvolution object can be called multiple times in a calculation. The object fetches the
information in the SLHA object, solves the RGE equations and writes the final result back into
the SLHA object.

Each particle to be calculated is implemented as an object which can be configured to
include radiative corrections or not. All particle objects inherite from a common baseclass. The
calculation of the particle masses from the parameters is steered by the object ModelBase. The
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result of the calculations is stored in the SLHA object.

If the environment variable ROOTSYS is defined, ROOT will be linked automatically. If
the variable is not defined, the compilation will be performed without in a transparent way. The
ROOT output file contains a tree suspect3 with the content of the SLHA blocks.

3 Results
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Figure 1: On the left, the SPS1a spectrum is shown as computed by SuSpect3. On the right, the com-
parison of the masses calculated by SuSpect2 and SuSpect3 is shown.

As a benchmark point the well known mSUGRA point SPS1a [141] has been used to com-
pare SuSpect3 and SuSpect2. SPS1a has the GUT scale boundary conditions: Ay = —100 GeV,
tan 8 = 10, my = 100 GeV and m,/, = 250 GeV. The Higgs mass parameter ;. was chosen
to be positive. The electroweak symmetry breaking scale (EWSB) is set to 1 TeV as suggested
in Ref. [142]. At each step of the algorithm, comparisons were performed to make sure that all
details agree. As an example, the spectrum predicted by SuSpect3 as well as the comparison of
the mass of the particles with respect to SuSpect2 are shown in Figure 1. The two predictions
are in good agreement at the per mil level.

As a further illustration a scan was performed in mSUGRA. Three parameters (4, =
—100 GeV, tan = 10, u > 0) were fixed. The common scalar and sfermion masses were
scanned from 100 GeV to 1 TeV in steps of 9 GeV. In Figure 2 the relative deviation of SuSpect2
and SuSpect3 is shown. As an illustration the mass of the lightest Higgs boson and the mass of
the lightest stop quark are used. The first is sensitive to the radiative corrections and the second
is sensitive to the mixing effects. Thus both are good sensitive indicators whether all ingredients
of the calculation agree. With the exception of 3 points each for the stop and the Higgs mass
the agreement is at the per mil level for the 10201 points analyzed. For the stop quark mass the
RMS of the relative difference is one tenth of a per mil.

94



1000 -0.0005 1000

900 900

-0.0006
800 800
-0.0007

700 700

600 -0.0008 600

500 500

my,, [GeV]
my, [GeV]

-0.0009
400 400
-0.001

300 300

-0.0011

200 200

0.0004
0.0002
0
-0.0002
-0.0004
-0.0006
-0.0008
-0.001
-0.0012
-0.0012 100 -0.0014

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
m, [GeV] mg [GeV]

100

Figure 2: The two plots show relative differences between SuSpect2 and SuSpect3 with respect to
SuSpect3. The left one is for M), and the right one for M; . Scan on mg and m; /; has been performed
for mMSUGRA with Ag = —100, tan 8 = 10 and p > 0.

4 OUTLOOK

The rewriting of SuSpect3 in C++ with added features and a more flexible design to accomodate
the use of calculations by other tools is on its way. All models currently implemented in SuS-
pect2 have been implemented in SuSpect3. All major options allowed by SuSpect2 have also
been implemented in SuSpect3. The first comparisons for SPS1a show very good agreement.
In the next months SuSpect3 will be tested intensely before making it available to a selected
public for tests and later on releasing it publicly as an addition to SuSpect2.
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Abstract

We examine to what extent the Higgs sectors of extensions of the Stan-
dard Model (SM) are constrained on the one hand by the LHC searches
for the SM Higgs boson, on the other hand by LHC searches for new
particles beyond the SM. The models considered include the MSSM
and some of its extensions, as well as a minimal UED model and the
SM with a sequential 4th generation. Among other issues, we discuss
expectations for the signal strength of a light Higgs in the v+ channel in
these models. Where relevant we discuss also the WW/ZZ channels.
Moreover, we assess the implications of the recent hints of a Higgs sig-
nal at the LHC corresponding to a Higgs mass near 125 GeV.

1 Introduction

The search for the Higgs boson is one of the primary goals of the Large Hadron Collider (LHC).
At present, combined ATLAS analyses with integrated luminosity of up to 4.9 fb~—! exclude, at
95% CL, a SM Higgs in the mass ranges 112.7 GeV < My < 115.5 GeV and 131 GeV <
My < 453 GeV [143]. CMS excludes at 95% CL the SM Higgs in the range 127 GeV <
My < 600 GeV with integrated luminosity of 4.6-4.7 fb=! [144]. This leaves a window of
myp = 115.5 — 127 GeV, in good agreement with expectations from electroweak fits.

Furthermore, ATLAS reported an excess of 2.80 in H — ~7y, consistent with My ~
126 GeV [143]. This excess is larger than expected from a SM Higgs by (¢ x BR)/(o %
BR)sy = 2 £ 0.8. CMS also reported an excess in the same channel but for a slightly lower
mass of My ~ 124 GeV—this excess is consistent with a SM Higgs [144]. New limits in the
channels H — 771, bbas well asin H — WW, ZZ with the gauge bosons decaying leptonically
were also reported. For a Higgs lighter than about 140 GeV, limits on (¢ x BR)/(c x BR)sum
range from 3-5 [144] in the 77 channel and from 3-8 in the bb channel from vector boson
fusion.

These results, however, cannot be applied directly to the Higgs boson(s) in extensions of
the SM. Indeed for both production and decay, the predictions for non-standard Higgses [145]
can differ significantly from the SM ones. First, the Higgs couplings to vector bosons or to
fermions can differ from the values in the SM. In supersymmetry (SUSY), for instance, these
couplings (in particular the ones to b-quarks) are modified in the limit of low pseudoscalar
Higgs mass, M4 [146—-148]. Furthermore, the loop-induced couplings hgg and h~yy can receive
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important contributions from new fermions and scalars. Finally, there can be new decay modes
of the Higgs either into stable particles (e.g., light dark matter candidates [149-155], leading
to invisible Higgs decays), or into new particles whose decay modes are not searched for, e.g.,
the singlet Higgs of the NMSSM [156—158] or of models with light scalar singlets [159]. En-
hanced invisible decays of the light Higgs of course lead to reduced rates for all visible modes.
Dedicated searches for the invisible Higgs were advocated at the LHC in either vector boson
fusion [160, 161] or in associated vector boson production [161, 162].

The implications of supersymmetry and other extensions of the SM on Higgs searches
have been extensively studied over the years. In SUSY, the effect of top squarks on loop-induced
Higgs processes was found to be large especially for light stops [163—-168], while the effect of
charginos on the h — vy width was shown to be more modest [149, 169]. Changes in the
h — bb partial width due to supersymmetric corrections can enhance or suppress the branching
ratio into photons [146, 165]. The modification of the H — bb partial width by introducing an
extra singlet that mixes with the doublet Higgs can also enhance the v branching ratio in the
NMSSM [170] or in models with a hidden Higgs sector [171]. More generally, in the MSSM
with new degrees of freedom (BMSSM), modifications of the Higgs couplings can potentially
lead to largely suppressed or enhanced signals in all channels [172—174]. In universal extra-
dimension models, little Higgs models and in models with a fourth generation, the new top-like
quark in the loop is known to increase the Higgs production from gluons, while the decay into
photons is only moderately affected. On the contrary in extra-dimensional models based on RS
(or their composite Higgs 4-d duals), the Higgs production is generally reduced [175,176].

Last but not least, the above-mentioned excess of events reported by the LHC collab-
orations hinting at a more or less SM-like Higgs with mass near 125 GeV motivated many
interpretations in the contexts of extensions of the SM, including e.g. [177-189].

In this contribution, we reexamine the case of Higgs production and decays in several
extensions of the SM: the constrained Minimal Supersymmetric Standard Model (CMSSM)
and the Minimal Supersymmetric Standard Model (MSSM) with parameters defined at the
electroweak scale, including the so-called phenomenological MSSM (pMSSM) with 19 free
parameters as well as a similar model with 11 free parameters; the BMSSM with the same
field content as the MSSM but allowing for higher-dimensional operators; the next-to-minimal
MSSM (NMSSM); the MSSM with L-R mixed sneutrinos; the MSSM with an extended gauge
symmetry (UMSSM); the minimal UED model; and the SM with a fourth generation (SM4).
For each case, we describe the constraints on the parameter space used in the different analy-
ses and examine the consequences for the Higgs sector, both for the mass range and/or for the
signal strength in the most relevant channels, generally gg — H — 7. When relevant, other
modes, including invisible Higgs decays, are discussed. We also highlight in some cases the
implications of the excess corresponding to My ~ 125 GeV observed at the LHC.

2 The MSSM

The expectations for the Higgs in the MSSM were explored in a variety of models defined at
the GUT scale, such as the CMSSM, AMSB, GMSB, or at the electroweak scale, such as the
pMSSM. In all these models, the light Higgs mass is expected to be less than about 135 GeV
(see [146] and references therein) and above the LEP bound of 114 GeV, thus in the region
where the main search channel at the LHC is gg — h — 7. To raise the Higgs mass much
above the Z scale requires large contributions from 3rd generation squarks; in particular a large
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mixing in the stop sector is needed to reach the high end of the My range possible in the
MSSM. Note, however, that a Higgs with mass near 125 GeV, as favored by recent LHC results,
requires some fine-tuning [179]. The parameter space of a given model is subject to various
constraints from precision data, searches for new particles at colliders, flavor physics as well as
astroparticle and cosmology constraints. Taking into account all these constraints, the allowed
range for the Higgs mass can be much restricted.

The LHC Higgs searches are sensitive not only to the value of the light Higgs mass but
also to the strength of the Higgs signal in each search channel. In the following, we will examine
the predictions for the expected light Higgs mass in the MSSM with parameters defined at the
weak scale, taking into account LHC constraints on SUSY and/or Higgs particles, and/or dark
matter constraints. Moreover, we consider the signal strength for the main search channel,

defined as
(g9 — h)psmBR(h — v7)Bsm

Hor = = (09 = M BR(N = 1w M
Before showing these results, let us summarize the expectations for the (effective) Higgs
couplings to SM particles in the MSSM. The ggh coupling is dominated by the top-quark loop,
while the vy~ coupling is dominated by the contribution from W bosons with a subdominant
contribution from top quarks of opposite sign. Both couplings can receive a large contribution
from third generation sfermions, in particular from stops [163]. The light stop interferes con-
structively with the top when there is no mixing in the stop sector, while the interference is
destructive in the case of large mixing. In the first case hgg will increase, while in the latter it
will decrease. The contrary is true for the hy7y couplings. Weakly interacting particles such as
charginos and sleptons will contribute only to the Ay~ coupling. In particular, light staus that
are heavily mixed can enhance the h — v+ rate [184].

Apart from the contribution of light superpartners in the loops, other particles that can
induce large modifications of some of the light Higgs couplings and branching ratios are light
pseudoscalars and light LSP’s (lightest SUSY particle). The latter lead to new invisible decay
modes of the Higgs, and thus to reduced rates for all visible modes. The light pseudoscalar
case is now strongly constrained by LHC searches for a Higgs produced through b-quarks and
decaying into 77. Nevertheless values of M4 for which the tree-level couplings of the Higgs
to SM particles can show large deviations as compared to the SM case are still possible. For
example the ratios of the Higgs couplings to SM particles, Ry, = sin(a — ) and Ry, =
cos v/ sin 3 where « is the Higgs mixing angle, are considerably smaller than one only for low
values of My, while Ry, = R, = sina/cosf is enhanced especially at large values of
tan 3 [146, 164]. Furthermore, corrections to the hbb vertex arise from higher-order effects, in
particular the AM, correction, which can lead to a much enhanced hbb coupling at large values
of tan 3 [146]. Because the bb mode is the dominant decay channel of the light Higgs, in this
case the total width of the Higgs becomes much larger in the MSSM than in the SM. This means
that the branching ratios into other modes, such as BR(h — 77), can be suppressed even if the
h~y~ coupling is itself SM-like. Supersymmetric contributions can thus lead to modifications in
both production and decays as compared to the SM.

2.1 Constrained MSSM
A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi

In constrained MSSM scenarios the various soft SUS Y-breaking parameters obey a num-
ber of universal boundary conditions at a high energy scale such as the GUT scale, thus reducing
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Figure 1: The maximal value of the h mass defined as the value for which 99% of the scan points have
a mass smaller than it, shown as a function of tan (3 for the various constrained MSSM models.

the number of basic input parameters. Since the various parameters which enter the radiative
corrections to the MSSM Higgs sector are not all independent, it is not possible to freely tune
the relevant weak—scale parameters to obtain a given value of M),. In particular, a Higgs mass
of around 125 GeV can have drastical consequences on the constrained MSSM scenarios [177]
as can be seen from Fig. 1. The upper bound on M}, in these scenarios can be qualitatively
understood by considering in each model the allowed values of the trilinear coupling A;, which
essentially determines the stop mixing parameter X; and thus the value of M, for a given scale
Myg. In GMSB, one has A; = 0 at relatively low scales and its magnitude does not significantly
increase in the evolution down to the scale Mg. This implies that we are almost in the no—
mixing scenario which gives a low value of M},. In AMSB, one has a non-zero A; that is fully
predicted at any renormalisation scale in terms of the Yukawa and gauge couplings; however,
the ratio A;/Mg with Mg determined from the overall SUSY breaking scale m; /2 turns out to
be rather small, implying again that we are close to the no—mixing scenario. Finally, in the
mSUGRA model, since we have allowed A; to vary in a wide range as |A4y| < 9 TeV, one can
get a large A;/Mg ratio which leads to a heavier Higgs particle. However, one cannot easily
reach A; values such that X;/Mg ~ v/6 so that we are not in the maximal-mixing scenario.
In turn, in two particular cases of mSUGRA, namely the “no—scale" and the “approximate cN-
MSSM" scenarios, the upper bound on M}, is much lower than in the more general mSUGRA
case and, in fact, barely reaches the value M, ~ 123 GeV. The main reason is that these sce-
narios involve small values of Ag at the GUT scale, A ~ 0 for no—scale and Ay ~ —}lml /2
for the cNMSSM. One then obtains A; values at the weak scale that are too low to generate a
significant stop mixing and, hence, one is again close to the no—mixing scenario. Thus, only
a very small fraction of the parameter space of these two sub—classes of the mSUGRA model
survive (in fact, the ones leading to the M;"** value) if one indeed has M), = 125 + 2 GeV.
These models hence should have a very heavy spectrum as a value Mg 2> 3 TeV is required
to increase M;"**. In the VCMSSM, values M), ~ 124.5 GeV can be reached as A, can be
large for large mg, Ay &= —my, allowing at least for typical mixing. Finally, since the NUHM is
more general than mSUGRA as we have two more free parameters, the [tan 3, M},] area shown
in Fig. 1 is larger than in the mSUGRA case. However, since we are in the decoupling regime
and the value of M4 does not matter much (as long as it a larger than a few hundred GeV) and
the key weak—scale parameters entering the determination of M, i.e. tan 3, Mg and A; are

100



G
12 GeV

2500 s r 7 r J
F 4000~ - 54000~ RS BRI by

Points / 2 GeV

2000 r |
F 3000(— o 1

pMSSM Point:

a L i 4
23000 -
(2] r 2 1
2
=

pMSSM

1500

2000~ I - 2000 —

1000~

Accepted pMSSM Points |1

Accepted pMSSM Points

Accepted pMSSM Points| J r . 1
rrrrrrrr LHC A’ _ TT(1fbY) ; 1000p= i <eeee LHCD+CMS bound N 00~ | ¢ <ee222= Xenon 100 bound i

500

LHCA® - 1T (15 |1 F L (34+07)x 10° ] Flg Xenon 2012 projected bound |

500 1000 1500 2000
M, (GeV)

ST T 00 —g o mor 2000
M(A) (GeV) M, (GeV)

Figure 2: Distribution of pMSSM points after the A — 77~ search (left), after the B, — ptu~

constraint (middle) and after the dark matter direct detection constraint (right) projected on the M 4 for

all accepted pMSSM points, and after applying projected limits.

approximately the same in both models, one obtains a bound M;"** that is only slightly higher
in NUHM compared to mSUGRA. Thus, the same discussion above on the mSUGRA scenario,
holds also true in the NUHM case.

2.2 pMSSM
A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi

Studies considering general MSSM scenarios without implicit correlations between the
masses of the supersymmetric particle partners, such as the 19-parameter phenomenological
MSSM (pMSSM), have demonstrated that a wide phase space of solutions, compatible with
flavour physics, low energy data and dark matter constraints and beyond the current sensitivity
of the LHC experiments, exists [190-192]. Even at the end of next year LHC run, with an
anticipated integrated luminosity of order of 15 fb~! per experiment, many of these solutions,
in particular those with gluino masses above 800 GeV will not be tested. These solutions are
compatible with all present bounds and a good fraction of them has acceptable values of the fine
tuning parameter. This will not make possible to falsify the MSSM as the model of new physics
beyond the SM and the source of relic dark matter in the universe, if no missing Er signal will
be observed at the LHC by the end of 2012. On the other hand, searches for the Higgs bosons
can be used as an alternative path to tightly constrain and test the MSSM at the LHC.

We consider four sets of constraints on SUSY parameters [193]. The result of the direct
search for the A" boson at the LHC is the single most constraining piece of information on the
(M4, tan 3) plane. We compute the product of production cross section and decay branching
fraction into 7 pairs for the A° for each accepted pMSSM point. Fig. 2 shows the points sur-
viving this selection in function of M 4. The 2012 data should severely constrain the low M4
scenario by removing all solutions with M4 < 220 GeV and restricting the region with M4 <
400 GeV to tan S values below 10.

The second important constraint comes from the decay B, — ptu~. At large tan 3, the
SUSY contribution to this process is dominated by the exchange of neutral Higgs bosons, and
very restrictive constraints can be obtained on the supersymmetric parameters [194]. Indeed,
the couplings of the neutral Higgs bosons to b quark and muons are proportional to tan f3,
which can lead to enhancement of orders of magnitude as compared to the SM prediction which
is helicity suppressed. We compare our accepted pMSSM points to the combined limit from
LHCb and CMS at 95% C.L. of BR(Bs — p ™) < 1.1x 1078 [195] as well as to the projected
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Figure 3: The mass of the i boson as a function of X; /Mg in the pMSSM when all other soft SUSY~
breaking parameters and tan /3 are scanned.

constraint in the case of observation of the decay with a SM-like rate of BR(B, — ptu™) =
(3.4 £ 0.7)x107?, to which we have attached a 20% total relative uncertainty, by the end of
the 7 TeV run. The results are presented in Fig. 2 in function of M ,4. The current limit affects
the low M4 values up to 700 GeV, excluding large tan § values, below M 4=200 GeV. The
projected constraint has a stronger impact, with more than half of the spectrum being excluded
for M, < 700 GeV.

A third important sector is that of dark matter direct detection experiments. In particular,
the recent XENON 100 result [196], places a 90% C.L. upper bound on the spin-independent
Xp cross section around 10~ pb for Mywnp = 100 GeV and excludes ~20% of the accepted
pMSSM points in our scan. By the end of 2012, this bound should be improved by a factor of
7, if no signal is observed. The yp spin-independent scattering process has contributions from
scalar quark exchange and t-channel Higgs exchange [197]. The latter dominates over vast
region of the parameter space with the Higgs coupling to the proton depending on its coupling
to gluons, through a heavy quark loop and to non-valence quarks. The scattering cross section
retains a strong sensitivity on the CP-odd boson mass as highlighted in Fig. 2 which shows the
pMSSM points retained after the XENON 100 and the projected 2012 sensitivity. The 2012
data should exclude virtually all solutions with M4 < 200 GeV independent on the value of
tan 3, if no signal is detected.

These constraints, originating from different sectors of the theory, are all sensitive to the
SUSY parameters most relevant for setting the couplings and decay branching fractions of the
light h° bosons. Their combination provides the boundary conditions for the parameter space
where we test the possible suppression of the yields in the LHC Higgs searches.

Finally, the determination of the mass of the lightest Higgs boson with an accuracy of
order of 1 GeV places some significant constraints on the SUSY parameters, in particular when
its central value corresponds to a mass close to the edge of the range predicted in the MSSM.
In Fig. 3 the obtained M}, in the pMSSM is displayed as a function of the ratio of parameters
X;/Msg.

In order to evaluate the constraints from )/, determination, we select the accepted pMSSM
points from our scan, which have 123 < M, < 127 GeV. Fig. 4 shows the points fulfilling these
conditions, which are also allowed by the other 2011 data constraints and by the 2012 projec-
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Figure 4: pMSSM points in the (M4, tan §) parameter space, giving 123 < M), < 127 GeV. The
different shades of grey show the points in the pMSSM without cuts and those allowed by the 2011 data
and by the projected 2012 data, assuming no signal beyond the lightest Higgs boson is observed. The
lines in the top plot show the regions which include 90% of the scan points for the A — 777~ and
Bs — putu~ decays at the LHC and the dark matter direct detection at the XENON experiment.

rather heavy A° masses and moderate to large values of tan 3 and extending beyond the pro-
jected sensitivity of the searches in the A — 7+7~ but also that of direct DM detection and
would be compatible with a SM-like value for the rate of the B? — u*p~ decay.

2.3 Bayesian analysis of the pMSSM
S. Kraml and S. Sekmen

In [191], we performed a global Bayesian analysis of the pMSSM in light of the results
of SUSY searches published by the CMS collaboration based on the first ~1 fb~! of data taken
during the 2011 LHC run at 7 TeV. Concretely, we used the results from three independent
CMS analyses, the ar hadronic [198], the same-sign dilepton [199] and the opposite-sign
dilepton [200] analyses, and analyzed whether and how they impact the probability density
distributions of masses and parameters. To this end, we compared for each mass and parameter,
the “CMS” posterior densities after inclusion of the above mentioned results to the “preLHC”
posterior density based on the constraints from BR(b — sv), BR(Bs — uu), R(B, — TV)
and Aaq,,, together with Higgs and SUSY mass limits from LEP as detailed in Table 1 of [191].

Our analysis is easily applied to the Higgs sector. In the 1D distributions of Fig. 5, the
light blue histograms represent the preLHC probability densities; the blue, green and red lines
show, respectively, the effects of the OS di-lepton, SS di-lepton and a7 hadronic CMS analyses;
and the dashed black lines show the final posterior densities after inclusion of the results of
all three analyses. We see that the probability density of m, peaks at about 120 GeV and is
basically unaffected by the SUSY search results. When imposing no constraint on A2, the
my, = 123 — 127 GeV window has 27.4% probability. This decreases only marginally to 26.4%
when requiring Q42 < 0.136.

The Ry, ratio peaks around 0.9, and does not extend much above 1. Requiring Q7% <
0.136 slightly narrows the distribution but does not change it qualitatively. The probability of
finding Ry, > 1 is 8.88% in the general case, and 6.32% when requiring Qh? < 0.136.
Here note that we actually approximated o(gg — h) x BR(h — vy) = I'iot X BR(h —
gg9) X BR(h — ~), computing both the MSSM and the SM widths and branching rations
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Figure 5: Marginalized 1D posterior densities for my, (left) and R4, (middle), and the 2D posterior
in the R4~ versus my, plane (top right). Also shown is the 1D posterior density of Qh? (bottom right).
In the top row, no constraint is imposed on Qh?, while in the bottom left and bottom-middle plots

Qh2 < 0.136.

with HDECAY 3.4 [201], which is the version implemented in SUSY-HIT [202]. While radiative
corrections are somewhat different for gg — h and h — gg, one can reasonably assume that
these differences largely cancel out when taking the MSSM/SM ratio.

It is also interesting to ask what is the effect of requiring a Higgs mass near 125 GeV. This
is illustrated in Fig. 6, where show posterior density distributions for some quantities that are
relevant for the Higgs sector, namely tan 3, m;,, A, and r, = A?/(m? +m? ). The light green
filled histograms and the dark green lines compare the probability densities after CMS analyses,
p(6|CMS), without and with requiring the Higgs mass to fall within the m;, = 123 — 127 GeV
window. As can be seen, a Higgs mass near 125 GeV somewhat favors intermediate values of
tan /3, and strongly favors large A, with r, ~ 1. However, there is basically no effect on the mj;,
distribution. We also checked the m 4 distribution and found it does not change when requiring
my, = 123 — 127 GeV.

2.4 MSSM and light neutralinos
D. Albornoz Vasquez, G. Bélanger, R. Godbole, A. Pukhov

We consider a constrained version of the pMSSM with only eleven free parameters de-
fined at the electroweak scale, as in [203,204]:

Mlv M27 M3a Ly tanﬂa MAaMiLa M

i Mg

q1, 2

M,,, A,

To explore the parameter space we use a Markov Chain Monte-Carlo (MCMC) first presented
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in [205] that relies on micrOMEGAs2.4 [206-208] for the computation of all observables and
on SuSpect for the calculation of the supersymmetric spectrum [79]. We include limits on
B physics observables, on the anomalous magnetic moment of the muon (¢ — 2), and on
the sparticles masses obtained from LEP. Limits on the Higgs mass are obtained from Higgs-
Bounds(3.1.3) which includes LEP and Tevatron results as well as first LHC results [209,210].
More recent results from CMS presented in [211,212] are added a posteriori. We also re-
quire that the dark matter relic density be within 10 — 100% of the WMAP measured value
thus allowing for the LSP to be only a fraction of the dark matter component. Furthermore
astroparticle constraints from dark matter direct detection (XENON100) and the photon flux
from dwarf spheroidal galaxies (Fermi-LAT) are added a posteriori. In this analysis we explore
carefully the parameter space which allows for light neutralinos, thus we expect to have some
large suppressions of the Higgs signal.

As for the SM Higgs, searches for the light Higgs in the MSSM rely mainly on gg — h —
~v7. By computing the signal strength as compared to the SM we find that the MSSM Higgs
signal can be at most as large as that of the SM Higgs and is suppressed when M4 < 400GeV
due to shifts in the Higgs couplings as mentioned above. The predictions for R 4~ as a function
of the pseudoscalar mass are displayed in Fig. 7, left panel. Note that many of the points with
a light pseudoscalar are constrained by either Fermi-LAT, XENON100 (points in red), latest
Higgs searches at the LHC and/or the new upper limit on BR(B, — p* ™) (points in yellow),
nevertheless there are still allowed points where the Higgs signal is less than 10% of its SM
value. Since these are associated with a light M 4, they can be probed further in searches for the
neutral and charged component of the heavy Higgs doublet in CMS and ATLAS and/or a more
precise measurement of BR(B; — putpu™). When M4 > 400 GeV and one is in the decoupling
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limit the suppression in R4, is usually more modest. Nevertheless it is still possible to have
R4 as low as 0.2 even when M 4 is at the TeV scale. This occurs when the LSP is lighter
than M),/2 and the invisible width of the Higgs is large. Note that there are a few points at
large values of M, where Ry,,, ~ 0.01, these all correspond to points where the LH soft
mass for sleptons is below 100 GeV, the charged sleptons are just above the LEP exclusion and
the sneutrino is light enough that the dominant decay of the Higgs is into sneutrinos. Other
suppression of R4~ arises from the stop sector. The effect is usually below 30%, although for
stop masses below 500 GeV we found points where 44~ can drop as low as 0.4.

The predictions for Ry, as a function of the light Higgs mass show that 12, has little
dependence on the scalar mass provided it lies in the 110 — 130 GeV range. However it is
important to note that for a Higgs of 126 GeV we find ¢4, > 0.4, which means that the signal
strength would be compatible with the excess of events reported by ATLAS. Also note that for
a Higgs in the narrow mass range 110 — 114 GeV, we always find R,,,, < 0.8, because these
values of M, are found only in the non-decoupling limit.
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Figure 7: R, as a function of the pseudoscalar mass (left) and light scalar mass (right) for allowed
points (green). In yellow, points excluded by collider constraints (Higgs and BR(Bs — pt ™)), in red
those excluded by astrophysical constraints (XENON100 and Fermi-LAT).

The Higgs signal can be more strongly suppressed than found in other studies [191, 192].
This is due to the large fraction of light neutralinos in our sample allowing for a large branching
fraction of the Higgs into invisible particles, see Fig. 8. A large invisible partial width involves
special conditions on the parameter space and can therefore be probed by SUSY searches at the
LHC. Indeed invisible decays of the Higgs requires not only a light LSP but also a significant
coupling of the LSP to the Higgs. This means that the light neutralino which is predominantly
bino must have also a higgsino component. Thus x cannot be large. This also means that the
mass of the lightest chargino, which is driven by 1 is strongly correlated with the Higgs invisible
width. We find that when the invisible width of the Higgs is larger than 20%, then the chargino
is lighter than 200GeV [204].

3 Beyond the MSSM
3.1 BMSSM
F. Boudjema, G. Drieu La Rochelle
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Figure 8: BR(h — inv) as a function of the LSP mass, same color code as Fig. 7.

The BMSSM model is the extension of the MSSM obtained by adding to the Higgs sector
of the Kéhler potential and superpotential new higher dimensional operators that are suppressed
by a heavy scale M :

1 1 1
Kg=K%+—K®O+ —K® 40 (W) (2)
W w4+ Lo Lo o2 3
e VA Ve AR W VE )

Those new operators only involve the MSSM Higgs superfields, so the particle content of the
BMSSM is the same as the one of the MSSM. The resulting theory can then be described in
the effective field theory approach. This model has been studied in different contexts including
Higgs phenomenology (see [172—-174,213-219]), vacuum stability [220], fine tuning [221,222],
dark matter [223-226], cosmology [227], baryogenesis [228,229] and flavour physics [230,
231]. Regarding the Higgs, its first motivation was to increase the lightest Higgs mass to a large
value (my, € [150 — 250] GeV). Here we will not dwell upon the model itself, but show some
of the predictions in the channels searched for at the LHC.

To obtain these predictions we have used the MSSM scenario my, 4, ( [165]), with only
two free parameters, M 4, and tan 3. In the following we have scanned these parameters within

the range
M, € [50,450] GeV, tan 5 € [2,40]. 4)

We recall that in the my, .4, Scenario, the superpartner masses are set to 1 TeV, the gaugino
masses are set to My = 300 GeV, M; = gtan2 0w M5 and M4 = 800 GeV. All trilinear cou-
plings are set to 0 except for A, = A; = Zﬁ + 2 TeV. The additional parameters brought by
the higher-dimensional operators are the new physics scale M (and the supersymmetry breaking
mass m), and the effective coefficients that we name ¢;; (¢ = 0,1) and a;; (i = 1..6 ,j = 0..2).
The scales have been fixed to

M =15TeV ms = = 300 GeV, 5)
and the effective coefficients have been left free. A scan has been performed within

Cli) aij S [_17 1] (6)

107



The phenomenology of this model shows many features different from those of the MSSM,
indeed the Higgs scalar sector is dramatically affected so most of the relations between the cou-
plings of the Higgses to the SM particles that held in the MSSM case are no longer true. A
detailed analysis can be found in ref. [216,218] but we will now focus on the application of the
LHC constraints that were obtained in [174].

In all the plots below, the following data sets, corresponding to the December 2011 re-
lease, are used to constrain the model.

— Vh — Vbb: CMS 4.7 fb~ 1.

h — 71 : CMS 4.6 fb~! and ATLAS 1.06 fb—.

h — vy : CMS 4.8 fb~' and ATLAS 4.9 fb—'.

h— ZZ — 4l : CMS 4.71 fb~! and ATLAS 4.8 fb~!.

h — WW — lvly : CMS 4.6 fb~! and ATLAS 2.05 fb 1.

We have used the 95% CL value for gexeiusion @s given by the collaborations. We have combined
all channels by a quadrature sum and we show only points that pass the combined exclusion.
Note that the exclusion is done separately on each of the three neutral Higgses (unless they
are degenerate in mass, in which case the signals are added) and the test is successful only if
each individual test is successful. The search for the charged Higgs H* — 771, has also been
included.

As compared to the MSSM, the light Higgs of the BMSSM can be much heavier, that is
to say my, € [150,250] GeV, but only at the price of being SM-like, which means that this case
is now ruled out by the LHC. We will then focus on the case of a light Higgs, say m; < 150
GeV. The relevant channels are thus vy, ZZ and WV, but there is also a constraint coming
from other Higgses (that may be much heavier) in the 77 channel. Indeed this last one is tan 3
enhanced, so in some cases it is more constraining than direct searches on the lightest Higgs.
We show in figure 9 the ratio 1., 4 = % which tells how much we can lower the
prediction of the Standard Model. This ratio is computed by evaluating first which Higgs (h
or H) has the highest signal given the current sensitivity (that is to say the highest value for
Uex:}‘usion ), and then take its mass and its signal strength normalised to the Standard Model. This
means that some of the points correspond to the lightest Higgs and others to the heaviest one.

One notices that, as expected, the allowed region is bounded from above by the combina-
tion of LHC searches, mainly the h — v with ~ 5fb~! from ATLAS and CMS, but also the
WW and ZZ channels (since we combine all channels in quadrature). Actually there is only a
small range 120 — 130 GeV, corresponding to the excesses seen in the vy channels, that allows
for points with R, ;, > 1. Note that since we are in the no-signal hypothesis we cannot use this
graph to discuss on the interpretation of the excess, to this aim, one would have to switch off
the constraints from the 95% exclusion limit on this mass range. This is done in the corner of
the plot in fig 9, which shows 2., , when the constraints from vy, ZZ and WW channels are
not taken into account.

The conclusion from this figure is two-fold: first the signal strength can be much lowered
relatively to the SM, which yields a possibly very elusive model, and secondly there are points
with signal strength higher than the SM. On the WV side, the signal strength can also be
much reduced. Regarding the ., plot, one notices that the higher part of our range, that is
myp, € [130 — 150] GeV, is more sensitive to the searches (indeed the upper bound is much lower
in this part), so that the model is more constrained on this mass range. This comes from the
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Figure 9: R, ;4 (left) and Ry 4 (right) as a function of the lightest Higgs mass. Red points correspond
to signal coming from the lightest Higgs, and blue from the heaviest. We only show points that pass the
combination of all LHC searches. On the right corner of the left plot R,  is shown in the case that the
95% exclusion constraints are switched off.

WW and ZZ channels, that lose sensitivity when the mass decreases.

3.1.1 Invisible Higgs decays

Our choice of the MSSM benchmark (the my, ,,., scenario) has the advantage of leaving the
issue of superpartners aside, since the SUSY scale is at 1 TeV, but it also precludes the possi-
bility of rather light neutralinos. If one allows for the lightest neutralino to be as light as 50
GeV, it will modify directly the Higgs signals since a new decay channel opens in this case.
In order to have a non-negligible branching ratio, one must ensure that the lightest neutralino
has both a bino and a higgsino component: in our case putting ;4 = 200 GeV and M; = 50
GeV was enough to see some changes. We have plotted in Fig. 10 the branching ratio of the
lightest Higgs. While one could hope that it would enhance the robustness of the model towards
LHC searches with masses higher than 150 GeV, it turns out that this branching ratio is quickly
overturned by the decays to vector bosons, so that for m; > 150 GeV, the branching is lower
than 10% and thus cannot avoid that all points with m; > 150 GeV be excluded by the LHC.
On the light range however, the branching can go as high as 70%, which will directly reduce
the sensitivity in all channels by the same amount.

We have seen that the BMSSM accounts for a light Higgs that could be quite difficult to
find at the LHC: indeed the signal of the lightest Higgs can be reduced significantly with respect
to the SM or the MSSM. Though this study has been done in the no-signal hypothesis, the reader
would have noticed that the predicted signal can be higher than the SM value, which would be of
particular importance in interpreting a possible signal from the latest excesses around m;, ~ 125
GeV reported by the ATLAS and CMS collaborations.

3.2 NMSSM
D. Albornoz Viasquez, G. Bélanger, C. Boehm, J. Da Silva, C. Wymant

The NMSSM is a simple extension of the MSSM that contains an additional gauge singlet
superfield. The VEV of this singlet induces an effective x term that is naturally of the order of
the electroweak scale, thus providing a solution to the naturalness problem [158]. The model
contains three CP-even (Hy, Hs, H3) and two CP-odd (A;, As) Higgs bosons, the former result
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Figure 10: Branching ratio of the light Higgs to invisible in the case where the lightest neutralino is as
light as 50 GeV. Only points that pass the combination of all LHC searches are shown.

from a mixing of the singlet with the two neutral CP-even doublets of the MSSM. The coupling
AS H, H, in the superpotential leads to a positive contribution to the mass of the SM-like Higgs
boson for small values of tan 8. Furthermore singlet/doublet mixing can lead to an additional
increase in the mass of the SM-like Higgs while the lighter eigenstate, H;, can evade all collider
bounds even if its mass is much below the electroweak scale provided its singlet component is
large enough to have much reduced couplings to the SM fields [158]. A Higgs mass in the range
122-128 GeV is thus obtained naturally in the NMSSM and can correspond either to f1; or Ho.
In the following we discuss the expectations for the main search channel, gg — H; — 7y, for
both scalars.

The model that we consider has input parameters which are defined at the weak scale.
The free parameters are taken to be the gaugino masses My, M, = M;/3, the Higgs sector
parameters y, tan 3, A, k, Ay, Ay, two common soft masses for the sleptons Mj, , M; , and soft
masses for the squarks of the first and second generation Mg, , and of the third generation, Mg,
as well as only one non-zero trilinear coupling, A; (see [205] for more details). Note that the
model contains an additional neutralino, the singlino. We make two separate analyses. In the
first one we take only one common soft mass for sleptons as well as one for squarks and only
consider scenarios with a neutralino LSP lighter than 15 GeV, in the second one we relax these
conditions. For both analyses we perform an MCMC exploration of the parameter space of
the model imposing constraints from Higgs and SUSY searches at colliders, flavour physics,
(9 —2),, as well as from dark matter observables such as the relic density, the spin-independent
direct detection limit from XENON and the photon flux from dwarf spheroidal galaxies [205].
The latter are obtained with micrOMEGASs2.4 [208] interfaced to NMSSMTools [232] for the
computation of the spectrum and particle physics constraints. For all the allowed points we
then impose LHC limits from SUSY searches as well as more recent constraints on the Higgs
sector from an interface to HiggsBounds 3.5.0beta [209,210]. For SUSY searches we
implement the ATLAS jets and missing energy search at 1.04 fb™* [233]. For each SUSY point,
signal events were generated with Herwig++ 2.5.1 [115, 138]. Using RIVET 1.5.2 [234] the
experimental cuts of each search channel can be applied; for the ATLAS jets and missing Er
search these are included [235] in the RIVET package. For the case with only light neutralinos
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Figure 11: R, as a function of My, in the light neutralino LSP model (left panel) and R4y, as a
function of My, for arbitrary neutralino masses (right panel). Blue points have 122 GeV < My, <
128 GeV and black squares have in addition 744, > 0.4. Red points are ruled out by HiggsBounds
constraints or SUSY searches.

this SUSY search had hardly any impact on the sample. Firstly the majority of points had a
heavy coloured spectrum, giving low production cross-sections. Secondly, allowed points with
light squark masses, 300 — 600 GeV, had a singlino LSP and rather light sleptons so that leptons
were produced in the squark decay chains. The jets and missing E7 SUSY searches that do not
veto on leptons, which would show some sensitivity to these configurations, are not included
in this analysis at present. For the sample generated allowing for heavier neutralinos, the more
familiar result of Mmgquak 2 0.6 — 1 TeV (depending on mgin,) Was enforced by the search. In
this sample the LSP is generally not the singlino thus allowing for the standard ¢ — ¢x? decay.

We first present the results for the Higgs sector for the scenario with light neutralinos.
Imposing this condition means that the model must contain either a light scalar or pseudoscalar
Higgs which is mostly singlet. This field is required for efficient annihilation of the neutralino
LSP in the early Universe. Typically we found H; to be below the electroweak scale with a
large singlet component while s was SM-like. In some cases the light singlet Higgs field is
a pseudoscalar and H; is SM-like, its mass barely reaches 122 GeV while My, can take any
value up to the TeV scale. It is also possible for both scalars to be heavily mixed and have a
mass around 100-130 GeV. The predictions for 12,4~ as a function of the H, mass are displayed
in Fig. 11 (left panel). Here we only display the region where this channel is relevant, that is
for a Higgs mass below 150 GeV. We find that R,,,, < 1 and that the maximum rate occurs
mostly for a Higgs below 127 GeV. The couplings of H, are usually SM-like, nevertheless large
suppressions in Ry, are found. This occurs because the width of the Higgs is enhanced by
many new non-standard decay channels such as x;x1, x2x1 or channels involving light Higgses,
thus reducing the branching fraction into photons. We have also computed R4~ for the lightest
Higgs and found that it is usually much below 1 because H; has a large singlet component. Only
a few points with a SM-like H; with a mass near 122 GeV have R4, ~ 1.

Many points predict a Higgs in the range compatible with the excess reported by ATLAS,
122 GeV < mpy, < 128 GeV, as mentioned above it is usually H5. These points are highlighted
in blue in Fig. 11. For a fraction of these points the strength of the signal in 7y is also compatible
with the 20 range reported by ATLAS (R4, > 0.4), these points are denoted by black squares
in Fig. 11. Furthermore we found that in the few cases where H; was heavy enough to be in the
preferred range, the corresponding value 2., was also in the desired range.
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We then relaxed the upper limit on the neutralino mass and repeated the analysis. In
this case we considered only the subset of points with a relic density in agreement with the
30 value extracted by WMAP and we did not implement the LHC limits from SUSY searches.
As opposed to the previous case, we found that in general H; was SM-like with a mass near
120 GeV while H; was heavy. Indeed, there is no need to fine-tune the Higgs sector to have a
light singlet for efficient neutralino annihilation as other mechanisms are available. The value
of R, for the lightest Higgs, H;, is displayed in Fig. 11 (right panel). The points where
one Higgs is in the range favored by ATLAS mostly have Ry, > 0.4, thus they appear as
black squares in Fig. 11, the invisible decays of the Higgs being much less important than in
the previous case as they are often not kinematically accessible. Note that in this figure we
apply the color-coding for either H; or H; so black squares at low values of My, correspond
to points where H, is in the ATLAS preferred range with R4~ that is not strongly suppressed.
An analysis of the constrained MSSM [187] also found that after imposing collider, B-physics,
dark matter and (g — 2),, constraints, only /; could be in the range preferred by ATLAS and
that this Higgs was SM-like.

3.3 MSSM+RH (s)neutrino
B. Dumont and S. Kraml

A supersymmetric alternative to the see-saw mechanism proposed in [150,236] can lead
to naturally light Dirac neutrinos and generate weak-scale sneutrino A-terms that are not pro-
portional to the small neutrino Yukawa couplings. These large A; terms induce a non-negligible
mixing between left and right-handed (RH) sneutrinos. The lighter sneutrino mass eigenstate,
vy, can thus become the LSP and a viable cold dark matter candidate. A particularly inter-
esting case, on which we concentrate here, is a mainly RH light mixed sneutrino LSP with
mass below 10 GeV [237]. Such a light mixed sneutrino LSP has a dramatic effect on SUSY
signatures at the LHC [238] (see also [239]). Moreover, since the sneutrino coupling to the
Higgs is proportional to Aj, the presence of the mixed sneutrino significantly impacts mass
and decay modes of the lightest Higgs. First, it is important to notice that my, is decreased
through loop diagrams involving sneutrinos that induce corrections o< |A;|*. Another impor-
tant consequence of the light sneutrino dark matter scenario is a dramatic change of the decay
branching fractions of h. Indeed, the lightest Higgs decays dominantly invisibly into sneu-
trinos (BR (h — invisible) 2 90%). In addition, if the decay into neutralinos is kinemati-
cally allowed, it adds a small contribution to the invisible width of the lightest Higgs because
BR (X! — vv) = 100%.

To assess the consequences for Higgs phenomenology in a global way, we perform an
MCMC analysis of the MSSM+RH neutrino parameter space, including all relevant constraints
from Higgs and dark matter searches. (Regarding the latter, we carefully take into account
nuclear and astrophysical uncertainties.) The calculations are done using micrOMEGAs linked to
appropriately modified versions of SuSpect and HDECAY. Higgs mass limits are computed with
HiggsBounds3.5.0beta. We assume GUT relations for the gaugino masses, M; ~ My /2 ~
M3/6, a common soft mass of 2 TeV for squarks of the first and second generation (m;, ,, ~
2 TeV), and of 1 TeV for squarks of the third generation, my, = mg, = mp, = 1 TeV. The
pseudoscalar Higgs mass m 4 is also fixed to 1 TeV. We scan over all remaining free parameters,
including the sneutrino and charged slepton soft terms of the 1st/2nd (assumed to be degenerate)
and the 3rd generation. We set a loose 95% upper bound on the relic density, Qpyh? < 0.135,
using a smooth step-like function and we compute the 2 for the direct detection limits from
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Figure 12: Scan results concerning the lightest Higgs. On the left I', versus my,, on the right g4,
versus my,. In both cases, the red and blue surfaces are the 68% and 95% Bayesian credible regions
(BCR), respectively, requiring mg > 750 GeV. The green star indicates our best fit point, the yellow
rhombus locates the weighted average of the distribution. The black and the grey dotted lines identify
the 68% and 95% BCR, respectively, in which instead of mgz > 750 GeV we set mg > 500 GeV. In this
latter case, the best fit point and the weighted average are shown in grey.

XENON100, CDMS and CoGeNT (we thank Thomas Schwetz for providing his private code
to this end [240,241]). We combine these constraints, and others (e.g. the value of (g — 2),),
in a global likelihood function. Regarding SUSY mass limits from the LHC, the CMSSM limit
for the case of heavy squarks [233,242] applies to our case. To take this into account we require
a posteriori mg > 750 GeV. We present our main results on the properties of the lightest Higgs
in this model in Fig. 12 and Table 1.

The mass of our Higgs is constrained by the invisible searches at LEP [243,244] and we
find the usual lower bound m;, > 114 GeV. We see in Fig. 12 that I';, tends to decrease with
increasing my,. Conversely, R4, tends to increase with increasing my,. This is because higher
masses tend to have a smaller A; due to the negative corrections to m,, involving sneutrinos,
and then the lightest Higgs-sneutrino-sneutrino coupling, gz5 < Az, is smaller. For the same
reason, going from m; > 500 GeV to m; > 750 GeV has a large effect on the predicted Higgs
mass range: with My ~ M;/3, increasing the gluino mass suppresses the neutralino t-channel
exchange contribution to the 7; annihilation (i.e. the 7,7y — vv and v;vf — v channels),
which has to be compensated by a larger Higgs-exchange contribution, and hence a larger A;
term, to still achieve Qpyh? < 0.135. Thus the 95% upper bound on the BCI of m;, changes
from 124.6 GeV to 124.2 GeV to 122.2 GeV, when going from no limit on m; to mgz > 500 GeV
to mgz > 750 GeV. (These numbers will of course somewhat vary if we take the stop soft masses
as free parameters in the fit.)

The left panel of Fig. 12 shows that I', &~ 3 — 30 GeV = 103* T} g1, due to the predom-
inant decay into two sneutrinos. In the right panel, we see that R, is always < 0.1 and more
likely of the order of a few x10~%. Therefore, if the 125 GeV excess in the 7y channel is to be
confirmed, this model would be ruled out in its present form. If not, this Higgs boson is a very
good candidate for the invisible searches at the LHC in the WW fusion channel.

113



68% BCI 95% BCI
Observables lower upper lower upper
myp, (GeV) 114.2 118.2 114.1 122.2
I'y, (GeV) 5.2 14.7 3.5 22.6
1 — BR (h — invisible) | 2.6 x 107* | 9.8 x 107* | 1.5 x 107* | 2.4 x 1073
Rygyy % 10% 1.9 5.9 1.2 9.0

Table 1: 68% and 95% Bayesian credible intervals (BCI) of some Higgs-related observables.

3.4 UMSSM
G. Bélanger J. Da Silva

The UMSSM is an extension of the MSSM with a gauge group that contains an extra
U(1) symmetry. Here we will assume that this model is derived from an Es model and in the
numerical example we will choose the U(1)" to correspond to U(1),, one of the two abelian
subgroups of EFg. In addition to the MSSM superfields, the model contains a new vector super-
field, B’, and a new singlet scalar superfield, S, thus leading to a new gauge boson, Z’. The
Higgs sector consists of 3 CP-even scalars, one CP-odd Higgs and a charged Higgs. The u
parameter, is generated from the VEV of the singlet field responsible for the breaking of the
U(1) symmetry and is thus naturally at the weak scale. In this model the light Higgs mass
receives new contributions from the superpotential term as in the NMSSM as well from U(1)’
D-terms [245]. This means that it is more natural than in the MSSM to obtain a light Higgs
with a mass of 125 GeV. In fact the light Higgs can easily exceed the value already excluded by
LHC searches for a Higgs with SM couplings. Typically the Higgs spectrum will consist of an
SM-like light Higgs, a heavy mostly doublet scalar which is almost degenerate with the pseu-
doscalar and the charged Higgs, and a predominantly singlet scalar. The singlet state is rather
heavy as its mass is close to that of the Z’, which is constrained by the LHC to be above the TeV
scale. This also implies that the singlet component of the light state is usually not large enough
to significantly relax the bound on the lightest Higgs contrary to what occurs in the NMSSM.
Thus the couplings of the light Higgs are SM-like.

Apart from the shift in the mass of the light Higgs, the main impact on the Higgs phe-
nomenology in this model arises from the possible contribution of invisible Higgs decays. In the
UMSSM the dark matter candidate can be either the right-handed sneutrino or the neutralino.
Both can be light and contribute to invisible modes of the Higgs. In [246] we have investi-
gated the parameter space of the UMSSM that was consistent with precision measurements,
LHC limits on the Z’ mass, the upper bound on the relic density, Q4% < 0.1228, limits from
DM direct detection experiments (XENON100 [196]) as well as with the limit from AM, s in
the B-meson [247] in the case of a sneutrino LSP. Here we allow either dark matter candidate
and specifically investigate the invisible branching ratio of the light Higgs. We also vary the
common soft squark mass in the range 500-2000 GeV. The results are displayed in Fig. 13 for
a light Higgs mass in the range 100-160 GeV considering only the cases when Mysp < M /2.
We find that even though the invisible branching ratio can reach one, in general and even under
the condition of a light LSP, the visible decay modes are not significantly suppressed. Thus the
model can accomodate a Higgs in the mass range compatible with the excess of events observed
at the LHC with a signal strength comparable to the SM Higgs.
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Figure 13: The invisible branching ratio of the light Higgs as a function of its mass distinguishing the
cases where the sneutrino (circle) or neutralino (cross) is the LSP. The region with 123 GeV < M} <
127 GeV is highlighted in yellow.

4 Non supersymmetric models

4.1 UED
A. Belyaev, G. Bélanger, M. Brown, M. Kakizaki, A. Pukhov

Theories with Universal Extra Dimensions (UED) are very promising. In the UED framework
all SM particles propagate in the bulk, which results in the conservation of Kaluza-Klein (KK)
number! at tree level and conservation of KK parity at any loop level. This KK parity con-
servation is the consequence of the orbifold symmetry (e.g. S1/Z, orbifold and Z, symmetry
in case of one universal extra dimension) which insures the conservation of the “evenness" or
“oddness" of KK number in an interaction. As a result of this symmetry, UEDs predict a stable
lightest Kaluza-Klein particle (LKP) which would be a candidate for dark matter (DM).

The simplest UED theory is the SD theory known as minimal Universal Extra Dimen-
sions (mUED). The phenomenology of mUED has been studied very intensively in many pub-
lications, but so far none of the experimental papers has set LHC limits on mUED. This is not
surprising — the search for mUED is much more difficult than the search of SUSY within the
experimentally well-explored mSUGRA scenario the LHC.

The main reason is that mUED provides much smaller missing transverse momentum due
to a small mass splitting between KK-partners of SM particles of the same KK level. Though
DM sets an upper limit on the scale of mUED below about 1.6 TeV [248], this scale will be very
difficult to test even with the 14 TeV LHC. However, the Higgs sector provides a very powerful
constraint on mUED. First of all, the Higgs mass is limited to be below 230 GeV by the simple
requirement that the dark matter candidate should be neutral. Second, as we will demonstrate,
the signals from the Higgs boson from mUED are always enhanced as compared to those of the
SM. Therefore, the excellent LHC sensitivity to the SM Higgs boson would lead to even better
sensitivity to the Higgs boson within the mUED scenario. For example, by the end of 2012 the
LHC will be able to completely exclude the SM Higgs bosom below 230 GeV, or observe it at
least at the 30 level. If the hints of a Higgs signal are not confirmed, and a SM Higgs boson is
excluded, this would mean that mUED is excluded completely for all scales!

'Boundary conditions induce momentum quantization along the extra dimension(s) and the corresponding
quantum numbers(s) are called KK number(s).
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Here we evaluate and present the effect of KK-particles in the loop for gg — h production
and Higgs decay to vy and WHW ™. This effect is different for different Higgs signatures
and this non-universality should be taken into account when establishing limits on the mUED
parameter space. As far as we know, this is the first time the above mentioned non-universality
is taken into account in the context of UED models.

The matrix elements M for the gg — h and h — 7 processes both take the form
M = /\;l(m% g*" /2 — p’q") > €,€,, Where p and g are the momenta of the external photons or
gluons (approximated as on-shell), m,, is the Higgs boson mass, and the sum is over gluon or
photon polarisations. For gg — h we have

~ o
Mggh = - E Fggh,q
q

4o

with

N
Fygng = [r(mg,mpy) + qu sm(2aé ) <WfF(mgl), mp) + Wfp‘(m;?),mh)>

n=1

and ) )
8m 4m= 9
fr(m,my) = — — —5-(mj, — 4m*)Cy(m, my,),
mp, mp
where () is the scalar three-point Passarino-Veltman function

—2 [aresin (52)]° m? > m3 /4

Co(m, my,) = 14+ /1—4m?2/m2 ?
o {ln <1+\/Tf;m%) - Z'7T:| m? < m3 /4.

h
Note that for each SM quark there are two KK partners at each KK level n with masses m ”1)

(
q7
n)

and mfﬂ. At tree level these are equal:

2
(n) _ 2 +
My tree = mq

where R is the compactification radius of the extra dimension (and the same goes for W' boson
and scalar masses used below); but if radiative corrections are included (see e.g. Ref. [249])
the masses split. Similarly, the mixing angles a[(]") required to diagonalise the KK quark mass

matrices differ from the tree-level form

n 1 R
a;tgee = 5 arctan (%)

once radiative corrections are included, but the mixings for type 1 and 2 quarks remain equal
to each other, in contrast to the masses. In our analysis we used one-loop corrected expressions
for all masses and mixings as detailed in Ref. [249]). One should also note that the higher-order
corrections to gg — H presented here can be substantial, of the order of 50% or even larger.
However, these corrections largely cancel out when taking the ratio of mUED to SM rates.

The sum over KK modes n is taken up to a cutoff N, corresponding to a momentum
cutoff in the extra dimension of N R~!. Mild cutoff-dependence is expected in perturbatively

116



non-renormalisable theories such as mUED. In our quantitative analysis we chose N = 20 and
included only ¢ and b in the sum over quark flavours ¢, which is an excellent approximation due
to the size of their Yukawa couplings compared to those of the other quarks. One should note
that for large N the rest of the sum is proportional to 1/N. Therefore, setting N = 20 yields
about 5% accuracy as compared to the full sum.

The h — 7~ matrix element is given by

~ 629
Mo = =gy
where
Nt
SM n
Fhoy = Fhvv+zFévi
n=1
and

FY = fv(mw,mn) + > neQ fr(my, my).
!

The Fermion loop function fr was given earlier and the vector function introduced above is

m2 m2

fv(m,my) = =2 — 12— + 12— (m} — 2m*)Co(m, my,).

my, my,
The sum could be taken over all SM fermions f, each with charge Q) e, setting n. to 3 for
quarks and 1 for leptons. In our treatment, however, we again only included ¢ and b quarks. The
contribution from the nth level KK fermions is

2
n m n
ngyf)y = sz fV(mW,na mh) + fév )(mm, MW,n, mh)
Wmn
+5 @3 | L sin2a e (m) my) + ok sin2al fr(mYmy) | -
(n) f Sl (n) f f:2
f My My

Here we have a new scalar loop function for the charged scalars agf ) that appear in the loop,

2m? 2m2
fs(Man, Mwn, mp) = [ 2W (1 — —2) — 2] 1 —2Co(mgn, ma)].

mW,n my

The dependence of the two matrix elements on my, and the inverse compactification radius
R~ (these are the two free parameters of mUED, other than the very weak cutoff dependence)
is shown in Figure 14, and clearly indicates that for a light Higgs boson the hgg coupling is
enhanced while h~yy is suppressed. The R~' dependence enters through the KK masses and
mixing angles.

Using our model’s predictions for Higgs boson production enhancement for different val-
ues of m;, and R~! together with the latest CMS [144] and ATLAS [143] limits on Higgs boson
production, we can exclude regions of the (m;, R™!) plane. We statistically combined data from
Fig. 6 (top) of the CMS paper and Fig. 3 of the ATLAS paper in each of the vy and W+W~
channels; the resulting limits on mUED are shown in Fig 15 (left).These constraints are com-
bined with other constraints from DM relic density [248] as well as EW precision tests [250] in
Fig. 15 (right).
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Figure 14: Ratio of mUED and SM matrix elements for ggh (left) and h~y~y (right) processes for the
following values of R~! from top to bottom in each plot: 500, 750, 1000, 1250 and 1500 GeV. The
number of KK modes is N = 20.
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Figure 15: Left: exclusion of mUED (my,, R~!) parameter space at 95% CL from the Higgs boson
search using combined ATLAS and CMS limits in the 7y and W+ W ~ channels. Right: combination
of Higgs constraints (from the left frame), EW precision and DM relic density limits on the mUED
parameter space.

We can see that the Higgs search provides a powerful constraint on the mUED model since
Higgs boson production is enhanced. Compared to previous studies [251], we have included
mass corrections for the particles in the loop, providing more realistic predictions of mUED
cross sections, and have accurately combined non-universal enhancement in vy and WHW~
matrix elements, which has not been done previously. This allowed us to find accurate limits on
the mUED (my,, R~') parameter space. After combination of ATLAS and CMS limits for each
individual channel (yy and W+W ™), we found that R~! < 500 GeV is excluded at 95%CL,
while for larger R~ only a very narrow (1 — 3 GeV) mass window around mj, = 125 GeV is
left. This is the region where the excess of the events in the Higgs search channels is reported
by the ATLAS and CMS collaborations and where the exclusion limit is weaker.
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4.2 SM4
A. Wingerter

4.2.1 Motivation for a Fourth Chiral Generation

Introducing a fourth chiral generation is one of the simplest and most straightforward exten-
sions of the SM. There are 9 additional parameters, namely the masses of the fourth generation
fermions my, my, m,., m,, the mixing angles 614, 64, 034, and 2 new CP phases. The rela-
tively small number of new parameters makes the Standard Model with four generations (SM4)
highly predictable and testable.

Before observing the slight excess around 126 GeV [143, 144] that may indicate the pres-
ence of a Higgs boson, some physicists were getting increasingly worried about the tension
between the lower Higgs boson mass bound of 114.4 GeV set by LEP [252] and the best-fit
value of my = 8033 GeV [44] as obtained from electroweak precision measurements (EW-
PMs). In the presence of a fourth generation, the EWPMs may be consistent with much larger
values for the Higgs mass, if the mass splittings |my — my| and |m., — m,,| are chosen accord-
ingly (see Fig. (13) in Ref. [253]). Also, the SM does not predict the number of generations,
and the constraints from flavor physics are weaker than previously assumed [254] and allow for
sizable mixing of order the Cabibbo angle between the third and the fourth generation, even
after taking the EWPMs into account [255]. The direct® measurement of |V,| = 1.021019 from
single-top production [256] is consistent with |Vj,| = 1, but leaves enough room for a fourth
generation replica ¢’ of the top quark to couple to the b quark. Basically, this is all in support of
a “Why not?” type of argument.

Some of the other reasons usually given in favor of the existence of a fourth generation
are less convincing. Following Ref. [257] many recent publications have maintained that in the
presence of a fourth generation the gauge couplings may unify without supersymmetry (SUSY).
However, a closer inspection shows that the fourth generation quark and Higgs boson masses
required in this scenario are excluded by experiment [212,258-260]. Also, it has been discussed
in the literature whether the extra CP violation introduced by the 2 additional phases in the 4-
by-4 CKM matrix may be sufficient to render electroweak baryogenesis in the SM viable [261].
According to Refs. [262, 263], the first order phase transition in the SM is not strong enough
to preserve the generated baryon asymmetry from being washed out, but the presence of extra
scalars in the MSSM may change the picture.

4.2.2 Impact of a 126 GeV Higgs Boson on the SM4

At 1-loop, the running quartic coupling A(x) develops a Landau pole for some . = g, and
this tells us that the SM stops making sense at the scale ji for the corresponding Higgs mass
m? = Av?. This fact can be interpreted in either of two ways: If we assume that the theory
is valid beyond i, the Higgs mass must be less than m . On the other hand, if we assume
(or know) that the Higgs mass is my, the triviality bound gives us the maximal scale jiy up to
which the SM can be perturbatively valid. At 2-loop, the quartic coupling does not develop a
Landau pole, but approaches an ultraviolet fixed point Agp (see Fig. 16 (a)). The SM ceases
to be perturbative long before A reaches the fixed point [264], and usually one adopts either
A < App/2 (loose) or A < App/4 (tight) as a condition for perturbativity.

Previous determinations of |Vj;| assumed unitarity of the 3-by-3 CKM matrix.
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Figure 16: The 2-loop running of the quartic Higgs coupling A(x) in the SM.

A lower bound on the Higgs mass can be derived from the requirement of vacuum sta-
bility [265]. For too small starting values, A(x) is driven negative (see Fig. 16 (b)), and to a
good approximation [266,267] that is tantamount to the effective Higgs potential becoming un-
bounded from below. As before, the scale where this happens indicates where the SM breaks
down. Alternatively, one obtains a lower limit on the Higgs mass. It is important to note that
in this 2-loop analysis (both for the triviality and the stability bound), the radiative corrections
to the tree-level relations between the Higgs boson mass my and the quartic coupling A on
the one hand, and the top quark mass m; and the Yukawa coupling y; on the other, cannot be
neglected [268]. The generalization of these so-called Higgs and top matching corrections to
the case of the SM4 are given in Ref. [269].

SM3: m, =173.3 GeV 7, = 4.19 GeV o, =0.1184 SM4: 7z, =200 7, =80 65 = 0°

Not excluded by LHC or electroweak precision data

=l my =126 GeV at A = 4.3 x 10° GeV

300 |-

200 |-

my =126 GeV
100 - H
107 ll‘]‘ ll‘]” ll‘]“ ll‘]T ll‘]" Vll‘]" llf“‘ ll]“] ll]‘“ llf"‘ ll]‘“ lll‘r’ llf“‘ ll]“T 101% ll]q“ 1[3‘ ll‘]” 106
A (GeY) AGeV]
(a) The Standard Model. (b) The Standard Model with four generations.

Figure 17: The triviality and stability bounds in the Standard Model with three and four generations,
respectively [269]. The blue shaded area below the triviality bound in the left panel corresponds to
the uncertainty introduced by choosing A < App/2 or A < App/4, respectively, as the condition for
perturbativity of the quartic coupling. The dashed lines in the right panel indicate that at least one of the
Yukawa couplings has become non-perturbative, i.e. y; > v/4x for f = t,¢',0/, 7/, V.
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In Fig. 17 (a) we show the triviality and stability bounds for the SM. The recent LHC
results [143, 144] together with LEP data [252] exclude the mass range my < 115.5 GeV
and 127 GeV < mpy < 600 GeV at 95% C.L. Electroweak precision measurements set 95%
C.L. upper bounds for the Higgs mass of 185 GeV and 158 GeV, respectively, depending on
whether one includes the LEP direct search results or not [270]. This basically leaves a small
window of 115.5 GeV < mpy < 127 GeV that is not yet excluded (red band in Fig. 17 (a)).
One immediate consequence is that the SM cannot be perturbatively valid up to some grand
unification scale® Myy: The stability bound crosses 127 GeV at A = 1.3 x 10° GeV. If the
slight excess that points to a Higgs boson with mass my = 126 GeV can be substantiated with
more data, this would correspond to a cut-off scale for the SM around A, = 4.3 x 10® GeV (red
dotted line in Fig. 17 (a)). Albeit beyond the reach of the LHC, this is one of the lowest scales
so far for which we have hints for physics beyond the Standard Model (BSM). Of course, this
does not mean that there is no new physics before A, but rather this sets an upper bound. One
easy way to evade that conclusion is e.g. to assume that the vacuum is metastable or to introduce
a second Higgs doublet.

In Fig. 17 (b) we show the triviality and stability bounds for the SM4. Perhaps the most
striking feature (as compared to the case of the SM) is that the curves now intersect and bound
a finite region. As such, there is a priori a highest scale A, beyond which the theory does
not make sense. Generally, the Yukawa couplings become non-perturbative before reaching A,
(indicated by the dashed line style in Fig. 17 (b)) so that the real cut-off scale is lower. Note
that the stability bound is much more sensitive to the new particles than the triviality bound and
sets the stronger constraints.

We have indicated in Fig. 17 (b) the slight excess around 126 GeV and see that it is
clearly excluded by the stability bound for all values of the fourth generation fermion masses.
More plots where my, my, m,, m,, and 63, are varied within sensible limits can be found
in Ref. [269] and lead to the same conclusion. The other two mixing angles 614 and 6, are
small [254], and their effect on the stability and triviality bounds is negligible. Even without
taking this excess into account, the Higgs exclusion limits in the context of the SM4 [212,
260] cannot be reconciled with the stability and triviality bounds and therefore forbid a fourth
chiral generation of fermions for any choice of masses and mixing angles. Of course, this
statement is subject to the assumptions we used to calculate the stability and triviality bounds
such as absolute stability of the vacuum, no more than one Higgs doublet, etc. For the sake
of completeness, though, it should be noted that the Higgs searches do not cover the region
myg > 600 GeV, and there exists a small window 600 GeV < mpyg < 700 GeV that is allowed
by the stability and triviality bounds, and by the EWPMs. However, as Fig. 17 and Fig. 2 in
Ref. [269] show, the cut-off scale in this case is at most 2 TeV.

Also, the experimental limits on the fourth generation quark [258,259] and lepton [44]
masses are now closing in on the unitarity bounds my, my < 500 GeV and m.,., m,, < 1000
GeV [271] and leave very little room for a fourth generation. The bounds we obtained from
theory by considering the stability and triviality bounds are complementary in the sense that
they also apply in situations where the direct search limits do not hold, and at the same time
set stronger constraints on the lepton masses than currently available from direct search experi-
ments. For a critical discussion of the direct search limits, especially the assumption my —my <
My, see Ref. [269].

3Since the stability bound is asymptotically flat, choosing Mgyr~ 10'° GeV or 10'¢ GeV does not change the
conclusions.
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5 Conclusions

The properties of non-standard Higgs bosons can differ significantly from those of the SM one
for each production and decay process at the LHC. While for most of the MSSM parameter
space the most relevant search channel is a Higgs produced in gluon fusion decaying into two
photons, in extensions of the MSSM or in UED the Higgs decay into vector boson pairs is also
an important channel. Interpreting LHC results therefore requires careful combination of the
limits from each production times decay channel independently. An exclusion of the SM Higgs
by the end of this year at 95% C.L. would rule out the whole parameter space of mUED while
SUSY models have enough flexibility to avoid this limit. We have also shown that the excess of
events corresponding to a Higgs with a mass of 125 GeV reported by ATLAS and CMS could be
compatible with any of the extensions to the Standard Model considered, provided the invisible
Higgs decay mode is not too large.
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Contribution 9

CMSSM mass spectrum at the LHC after the 125 GeV Higgs
boson results

M. Kadastik, K. Kannike, A. Racioppi, M. Raidal

Abstract

We show that if the Higgs boson mass is 125 + 1 GeV, the CMSSM
sparticle spectrum that is testable at the LHC is restricted only to two
distinct possibilities — either of the lightest slepton or stop are degen-
erate in mass with the lightest supersymmetric particle that is the dark
matter. This implies that the CMSSM spectrum is now known. How-
ever, the two possible options both represent very difficult spectra for
the LHC because very soft particles are produced in sparticle decays.
We encourage the LHC experiments to perform detailed studies of the
two possible CMSSM sparticle spectra.

1 INTRODUCTION

The consistent ATLAS [143] and CMS [144] hints for the existence of a My ~ 125 GeV
Higgs boson have profound implications [177-179, 181, 182, 184, 272] for the sparticle mass
spectrum in the context of the minimal supersymmetric standard model (MSSM). In particular,
the versions of the MSSM with unification constraints on supersymmetry (SUSY) breaking
parameters, such as the CMSSM or mSUGRA, becomes severely fine-tuned [272-276]. The
reason is that such a high value of the Higgs boson mass requires unusually large scalar masses
to generate the indicated Higgs mass at loop level.

At the same time, a My ~ 125 GeV Higgs boson mass implies that the possible LHC
phenomenology of new CMSSM particles becomes highly predictive. This is because the global
fits of the CMSSM parameter space are dominated by two phenomena [277]. The first one is
the production of the correct dark matter (DM) relic density via very finely tuned freeze-out
processes. The second is explaining the measured value of mthe uon anomalous magnetic mo-
ment (g — 2),, with extra contributions from sparticles. All other phenomenological constraints,
summarized in Table 1, are less constraining and, at present, play a role only in some partic-
ular corner of the CMSSM parameter space. As a result, the DM freeze-out processes alone
determine the sparticle spectrum that is potentially observable at the LHC.

In this work we point out that the 125 GeV Higgs implies only two possible options for the
CMSSM phenomenology at the LHC — the lightest stable SUSY particle, the DM, is (almost)
degenerate with either the lightest slepton or stop. This is because for My ~ 125 GeV only the
slepton and stop coannihilation processes can produce the correct DM density and have light
sparticles. All other DM freeze-out processes imply unobservable sparticle spectra at the LHC.
If, in addition, one also requires generation of the measured (¢ — 2),,, at 3o level only the
slepton coannihilation region of the CMSSM parameter space survives (with a poor fit). This
may be testable at the LHC.
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quantity experiment Standard Model

az(My) [282] 0.1184 + 0.0007 parameter

my [283] 173.2+£0.9 parameter

my, [44] 4.194+0.12 parameter
Qpmh? [284] 0.112 4+ 0.0056 0
da,, [285] (2.8 +£0.8) x 107° 0

BR(B,; — X,7) [286] (3.50 £0.17) x 107*  (3.1540.23) 10~
BR(B, — pp) [287] | < 1.1 x 108 at 95%C.L. (0.33 4 0.03) 10~8
BR(B, — 777)/SM [288] 1.25 4 0.40 1

Table 1: Constraints used for the CMSSM analyses.

The implications of those results for the LHC are twofold. On the one hand, the CMSSM
spectra testable at the LHC are now known and the experiments can concentrate on detailed
studies of those spectra. On the other hand, those spectra are really difficult because the trans-
verse momenta of the particles produced in sparticle decays are predicted to be very small due
to the sparticle degeneracies. The aim of this work is to encourage the LHC experiments to
analyze the slepton and stop degenerate spectra in detail.

2 THE DIFFICULT CMSSM SPECTRA

The CMSSM is one of the most thoroughly studied SUSY models and the CMSSM parameter
space was rather fine-tuned already before the 125 GeV Higgs hint [277-281]. Naturally, if the
Higgs boson is discovered with mass My = 125 + 1 GeV, one would like to know what the
implication of this discovery is for the LHC phenomenology of this model. At the GUT scale
the parameter space of the CMSSM is described by five parameters,

mo, M, Ao, tan 3, sign(pu), (D

the common scalar mass, the common gaugino mass, the common trilinear coupling, the ratio
of the two Higgs vacuum expectation values (vevs) and the sign of the higgsino mass parameter.
To scan over the CMSSM parameter space we randomly generate parameters in the following
ranges: 300 < mg, M/, < 10000 GeV, |[Ag| < 5myg, 3 < tan 8 < 60, sign(n) = +. We use the
MicrOMEGAs package [206,208] to compute the electroweak scale sparticle mass spectrum,
the Higgs boson masses, the DM relic abundance (2py;, the spin-independent DM-nucleon di-
rect detection cross section og; and the other observables in Table 1. In addition, we require
My = 125 + 1 GeV. There is a few GeV theoretical uncertainty in the computation of SUSY
Higgs masses in the available codes. Therefore, to select the phenomenologically acceptable
parameter space we impose 3o hard cuts for the observables in Table 1. Our approach should
be regarded as an example study of the CMSSM parameter space for a heavy Higgs boson;
qualitatively similar results should hold if the real Higgs boson mass deviates from 125 GeV by
a few GeV. We first study the parameter space that induces correct My and 2py;. We discuss
the implications of the (¢ — 2),, constraint later.

In Fig. 1 we present our results in scatter plots without the (g — 2), constraint. In the left
panel the results are presented in the (1, M /2) plane and in the right panel in the (Mpy, ogr)
plane, where the first 100 days XENON100 constraint [196] is also shown. One can identify five
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Figure 1: Points in the CMSSM parameter space yielding My = 12541 GeV. Colours represent differ-
ent dominant DM freeze-out processes. Light blue: slepton co-annihilation; green: stop co-annihilation;
red to orange: well-tempered neutralino; yellow: higgsino; dark blue: heavy Higgs resonances. No
(9 — 2),, constraint is imposed.

distinctive parameter space regions according to the dominant DM annihilation processes [272].

— The light blue points with small m and M, /, represent the slepton co-annihilation region.
They feature very large values of tan 5. Those points represent the best fit value of the
CMSSM [277] and have low enough sparticle masses to allow potential SUSY discovery
at the LHC. However, their spin-independent direct detection cross section is predicted to
be below 1074 ¢cm? and remains unobservable by XENON100. The present XENON100
experimental bound is plotted in the right panel by a solid red line. This is the only
parameter region that survives at 3o level after the (¢ — 2),, constraint is imposed.

— The green dots represent the stop co-annihilation region. Consequently those points have
the lowest possible stop mass and, due to the mass degeneracy with DM, stops can be long
lived and seen as stable very slow particles (/2-hadrons) at the LHC. The feature of those
points is an enormous trilinear coupling and very large mixing. In addition, the gluino
mass can be in reach of the LHC. The spin-independent direct detection cross section 1is,
unfortunately, unobservable.

— The dots represented by continuous colour code from red to orange represent the so called
well-tempered neutralino, i.e., neutralinos with large bino-higgsino mixing. The colour
varies according to the higgsino component from red (predominantly bino) to yellow
(pure higgsino). Therefore those points can simultaneously have small DM mass and
large DM-nucleon scattering cross sections that can be well tested by XENON100. How-
ever, apart from the DM, all other sparticle masses are predicted to be too heavy to be
directly produced at the LHC.

— The yellow dots around Mpy ~ 1 TeV represent the pure higgsino DM that is almost
degenerate in mass with the chargino. The sparticle mass spectrum is predicted to be
even heavier than in the previous case because the DM scale is fixed to be high. These
points represent the most general and most abundant bulk of the My = 125 GeV Higgs
scenario — apart from the light DM and heavy Higgs boson there are no other observable
consequences because stops can completely decouple. In our case the 10 TeV bound on
stops is imposed only because we did not generate larger values of my.

— The dark blue points represent heavy Higgs resonances. Those points are featured by
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Figure 2: Scatter plots presenting correlations between physical lightest stop and gluino and lightest

slepton masses.
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Figure 3: The same as in Fig. 2 after imposing a 3o constraint on the (g — 2),, prediction.

very large values of tan [ and give the heaviest mass spectrum. In essence those points
are just smeared out higgsino points due to additional Higgs-mediated processes.

In order to study the testability of those parameter space regions at the LHC we plot in
Fig. 2 the physical gluino mass against the lightest stop mass and the lightest slepton mass
against the lightest stop mass. Clearly, the slepton and stop co-annihilation regions are the
only two regions that are of interest for the LHC phenomenology. According to Ref. [289]
sparticles with those masses may be discovered already at the 7 TeV LHC. Interestingly, due to
the stop mass degeneracy with DM the stops can be long-lived. In this case one must search for
R-hadrons at the LHC experiments.

So far we have ignored the (g—2),, constraint. If we impose a hard 3¢ cut on the generated
parameter space, only the slepton co-annihilation region survives. The result is plotted in Fig. 3
where we repeat the content of Fig. 2 but with the additional (g — 2),, constraint. As expected,
the observed deviation in (g — 2), from the SM prediction is hard to explain in SUSY models
with heavy spectrum. Therefore the two measurements, (g — 2) g and My = 125 GeV, are
essentially in conflict in the CMSSM. The conflict is mildest in the slepton co-annihilation case
because of large tan 3 and the lightest sparticle spectrum. Therefore, for the My = 125 GeV
Higgs boson, we predict definite sparticle masses and correlations between them, shown in
Fig. 3, for the LHC. If the CMSSM is realized in Nature and if it contributes significantly to
(g — 2),. the sparticle spectrum is essentially fixed and potentially observable at the LHC.
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3 DISCUSSION AND CONCLUSIONS

We studied the CMSSM by scanning over its parameter space allowing the sparticle mass pa-
rameters to be very large. We required the Higgs boson mass to be in the range 12541 GeV. The
first considered case was without attempting to explain (¢ — 2),, in the context of the CMSSM.
We confirmed that for very large A-terms there exists a stop co-annihilation region where all
DM, stop and gluino are preferably light. Due to the mass degeneracy between stop and DM
the stops can be long lived resulting in non-trivial LHC phenomenology. The second parameter
region that is potentially testable at the LHC is the slepton co-annihilation region. For all other
cases the My ~ 125 GeV Higgs boson implies very heavy sparticle masses. The exception
is, of course, the DM that can be light due to bino-higgsino mixing even if other sparticles are
as heavy as 10 TeV. In this case the CMSSM cannot be tested at the LHC but there still is a
chance to see the DM scattering off nuclei in the XENON100. Those results imply that from
the point of view of the LHC phenomenology, the CMSSM sparticle spectrum is known and
the LHC experiments should perform detailed studies of the stop and slepton co-annihilation
spectra. Those, however, are the difficult ones at the LHC because of soft leptons produced in
sparticle decays to the DM sparticles.

If, in addition, one attempts to explain also (g — 2),, in this framework, there is immediate
tension between the high SUSY scale and the large value of the needed (¢—2),, contribution. We
found that imposing the (g — 2), constraint, only the slepton co-annihilation region survived at
30 level. In this case the CMSSM has a definite predictions of the sparticle masses and spectrum
to be tested at the LHC experiments.
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Contribution 10

Improved vacuum stability in scalar dark matter models

M. Kadastik, K. Kannike, A. Racioppi, M. Raidal

Abstract

If the Higgs boson mass is 125 + 1 GeV, the standard model cannot be
a fundamental theory up to the GUT scale due to the vacuum stability
arguments. We show that if the dark matter of the Universe consists of
stable scalar particles, the vacuum stability constraints are modified and
the theory can be valid up to a high scale. We argue that the present
LHC data may favour such a scenario.

1 INTRODUCTION

The scalar potential of the standard model (SM) Higgs boson [290-293] is one of the best
studied objects in particle physics. If the Higgs boson mass is My ~ 125 GeV as indicated by
the recent experimental results by ATLAS [143] and CMS [144] experiments, the SM cannot
be valid up to the Grand Unification (GUT) or Planck scales [272,294]. For such a low Higgs
boson mass its quartic self-coupling A runs to negative values at energy scales much below the
GUT scale, causing vacuum instability at higher scales A. This result is presented in the left
panel of Fig. 1 in which the renormalization group equation running of the SM Higgs self-
coupling is presented at the two loop level for different values of the Higgs mass. Consecuently,
the SM alone cannot be valid up to the scales required by gauge coupling unification and proton
decays arguments.

On the other hand, any realistic model of new physics beyond the SM must explain the ex-
istence of dark matter (DM) in the Universe. By far the simplest extension of the SM is obtained
by adding a real [295-297] or complex [298,299] singlet scalar field to the SM scalar potential.
In addition to minimality, such a SM extension is motivated by GUT arguments [299]. In those
models the DM and Higgs sectors are related via the Higgs portal and the scalar potentials are
in general rather complicated. Due to new self-interactions in the scalar sector, the SM Higgs
quartic coupling renormalization is modified, and one might expect that the triviality A\(A) = 0
may be achieved for much higher values of A.

In addition to the vacuum stability arguments, the scalar DM may also be motivated by the
LHC data. In the light of recent XENON100 and LHC results, this possibility has been studied
in Refs. [277,300,301]. It was argued in Ref. [301] that the LHC data may contain indications
for Higgs boson invisible decays consistent with the direct DM searches in XENON100. Thus
it is necessary to study the SM-like Higgs boson properties in every possible production and
decay channel.

The aim of this note is to point out that, indeed, if the DM of the Universe consists of
scalar singlets, the stability of scalar potential of the model may be guaranteed up to the GUT
scale even for the Higgs boson mass 125 GeV. Thus, in this case, there is no reason to introduce
any intermediate scale in the theory and the known physics can be considered to be fundamental
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Figure 1: Left: running of the SM Higgs boson self-coupling A for different Higgs boson masses at the
two loop level. Right: running of the Higgs self-coupling in the complex singlet model for two different
values of Ag; at one loop level.

until Grand Unification takes over.

2 VACUUM STABILITY IN SCALAR DARK MATTER MODELS

The natural question to ask is that what happens to the vacuum stability in models with extended
scalar sector? Here we study the case of complex singlet scalar S = (Sy + iS4)/+/2, but the
phenomenology in the real singlet case is similar. The vacuum stability of the real singlet model
has been previously studied also in [302].

Denoting the SM Higgs boson with H;, the most general Lagrangian invariant under the
Zy transformations Hy; — H;, S — —S is given by

12 /
V = 2HIH, + N\ (H H,)? + 12578 + “75 [S2 4+ (S1)?] + As(ST9)* + % [S*+ (5]

+ 7S(STS) [S% + (S1)?] + Aea(STS)(HTHy) + %(Hml) [S2 4+ (S1)?].
(1)

The vacuum stability conditions for the complex singlet model with a global U(1) are given
in [298]. However, those conditions are not applicable here because this model is far too simple
compared to the general case (1). For the general model the full vacuum stability conditions are
rather complicated and have been addressed previously in Ref. [303]. However, the conditions
of [303] turn out to be too restrictive because they are derived by requiring the matrix of quartic
couplings to be positive. This is required only if the coefficients of biquadratic terms are nega-
tive and, in general, cut out some of the allowed parameter space. The milder conditions arising
from pure quartic terms of the potential (1) are

A0, As+Ng > NG )

For simplicity we consider in addition only the case that the coefficents of the terms biquadratic
in real fields (e.g. the coefficient of S%S5%) are all non-negative, giving

As —3Ng >0, Ag1 —[Ng| > 0. (3)

Doing this, we exclude a part of the points that would be allowed by the full vacuum stability
conditions. However, this is sufficient for our purposes because our aim is to show that regions
of the parameter space exist that lower the SM Higgs boson mass vacuum stability bound.
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The one-loop renormalization group equations (RGEs) can be obtained from those in
[303] by setting all couplings of the inert doublet to zero. The RGEs show that nonzero \g; or
Ny, give a positive contribution to the S-function of \;, pushing the scale where A\ = A = 0

higher. For qualitative understanding of the model, we let A\g = Ny = X, = Ny, = 0.

In the right panel of Fig. 1 we plot the one loop level running for a 125 GeV Higgs
boson quartic coupling for Ag; = 0 (the SM case) and for A\g; = 0.3. In the latter case, the
minimum bound on the Higgs boson mass from the vacuum stability argument is lowered and
the vacuum can be stable up to the GUT or Planck scale. This simple example demonstrates
that the 125 GeV Higgs boson excess at the LHC may call for the extended scalar sector that
simultaneously solves the vacuum stability and DM problems.

3 CONCLUSIONS

We have considered the implications of a My ~ 125 GeV Higgs boson for the vacuum stability
in scalar DM models. In the SM the 125 GeV Higgs boson implies that the model cannot
be consistent with the gauge coupling unification scale nor with the scale required by proton
stability. We have shown here that in the case of non-SUSY scalar DM models the vacuum
stability bounds are modified due to more complicated scalar potentials. Therefore, unlike the
SM, the scalar DM models can be consistent models up to the GUT or Planck scales even if
the present LHC excess at My ~ 125 GeV is be confirmed. If this is the case Nature has
chosen, the Higgs boson interactions and possibly also its branching fractions at the LHC will
be modified due to the coupling to DM.
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Contribution 11

Higgs boson production via new heavy vector-like top decays
at the LHC

A. Azatov, O. Bondu, A. Falkowski, M. Felcini, S. Gascon-Shotkin, D. K. Ghosh, G. Moreau,
A. Y. Rodriguez-Marrero, S. Sekmen

Abstract

Motivated by the recent severe constraints over a wide mass range from
the direct Higgs boson searches at LHC, we first build the minimal
model of vector-like quarks where the rate for the gluon fusion mecha-
nism can be greatly suppressed. Within the obtained model, compatible
with the present LHC constraints on the direct Higgs search, we demon-
strate that the indirect Higgs production, pp — t't’, t' — th, allows to
discover the Higgs boson and measure several of its possible masses
through the decay channels h — vy, h — WW, ZZ. We also comment
on the recent hint in LHC data from a possible ~ 125 GeV Higgs, in
the presence of ¢’ quarks.

1 INTRODUCTION

The primary issue of the present Large Hadron Collider (LHC) is certainly the direct search
for the still unobserved cornerstone of the Standard Model (SM), namely the Higgs boson or
any signal from alternative Electro-Weak Symmetry Breaking (EWSB) mechanisms. The SM
is probably not the ultimate model of nature and it is clear that new channels for the Higgs pro-
duction, that can arise in extensions of the SM, would have a profound impact on the discovery
potential of the Higgs boson at the LHC. An attractive possibility is the Higgs production in de-
cays of additional heavy colored particles as those can be copiously pair produced at the LHC
via strong interactions.

Within the well-motivated theories beyond the SM, there are some candidates for such
new heavy colored states, extra quarks with vector-like couplings, whose existence is predicted
by most of the alternatives to supersymmetry. In this context, to maintain a naturally light
Higgs boson, divergent quantum corrections from loops of the top quark are often canceled by
top-partner contributions [304-306]. Let us describe important examples here. In the so-called
little Higgs scenarios, the vector-like quarks arise as partners of the SM fields being promoted
to larger multiplets. In composite Higgs [307-311] and composite top [307-312] models, the
vector-like quarks are excited resonances of the bound states constituting the SM particles. In
extra-dimensional models with (SM) quarks in the bulk, the vector-like quarks are Kaluza-Klein
(KK) excitations of these bulk fields [313] like in the Gauge-Higgs unification mechanism (see
e.g. Ref. [314,315]) or in the Randall-Sundrum (RS) scenario [316-318] — where some of those
KK excitations, the so-called custodians, can be as light as a few hundred’s of GeV [319-324].
Another example is a gauge coupling unification theory where vector-like quarks are embedded
into the simplest SU(5) representations [325].

131



Vector-like quarks with same electric charge as the up-type quarks are often called top-
partners (noted ¢’) as these new heavy states mix in general predominantly with the top quark
— due to the large top mass and to the related feature that the top quark is in general more
intimately connected to ultraviolet physics, like e.g. in composite Higgs models. A ¢’ can also
be called a top-partner in the sense that it is contained in the same group representation as
the top quark with respect to symmetries, like the approximate global symmetry of the little
Higgs models [304-306], the gauge unification symmetry [325] or the custodial symmetry of
RS versions with bulk matter [319-324] (explaining the SM fermion mass hierarchies [326—
340)).

At this level, one must mention that searches for direct production of vector-like quarks at
the LHC have been considered from a model-independent point of view in Ref. [341-345] but
also in specific frameworks such as the little Higgs models (versions sufficiently safe from EW
precision constraints) [346-350] or the composite Higgs hypothesis [351,352] and the dual RS
context [314,353-355]. These past searches focus generally on the discovery of the vector-like
quarks, rather than using these extra quarks to enhance the discovery and identification potential
for other unknown particles such as Higgs scalars.

In relation to Higgs detection, there exist studies utilizing the possible Higgs production
through vector-like quark decays, as described in the following. Indeed, it is well known since
some time [356, 357] that vector-like quark production could be a copious source of Higgs
bosons (Higgs factory).

Relatively light Higgs bosons produced from the decay of top-partners can be highly boosted
and good candidates for analyses based on jet substructure. This method has been applied [358]
for a ~ 130 GeV Higgs decaying to bb at the 14 TeV LHC, in order to identify with good
efficiency the jets from Higgs decays. In the simple model considered there, the ¢’ is a singlet
under the SU(2)y, gauge group, which determines the ¢’ couplings and its branching fractions (at
tree level) for the decays into the Higgs boson and the two EW gauge bosons t' — th,t' — tZ,
t" — Wh.

The top-partner can also be singly produced which leads to different final states as compared
to the pair production; because of the phase space suppression, the single production becomes
competitive with the pair production at a high ¢’ mass, depending upon the considered model
(since the involved ¢’ couplings to h, Z°, W* are fixed by the t' quantum numbers) '. The
reconstruction of the Higgs boson produced in the ¢’ decay, itself singly produced at the 14 TeV
LHC, was studied in Ref. [359] assuming the Higgs mass known (to be 120 GeV) and focusing
on the channel A — bb — with the combinatorial background only. This was performed for a
singlet ¢’ in the “Littlest Higgs” model with the asymptotic branching ratio values of the high m
regime: By _y, = 25%, By iz = 25%, By_yw = 50% (from the EW equivalence theorem).
Similarly, a vector-like colored b’ state produced at the 14 TeV LHC can act as a ‘Higgs factory’
thanks to its decay &' — bh. It was shown [325] that a Higgs mass reconstruction can be
obtained with a limited accuracy, concentrating on the decay h — WW (W — [v) for m;, =
200 GeV and assuming the my value to be deduced from a preliminary analysis based on
the more appropriate channel &’ — bZ. Theoretically, the b’ was originating from the upper
component of a SU(2)y, doublet so there was no channel b — tW.

Higgs mass reconstructions via ¢’ and b’ decays were also studied for the 14 TeV LHC, based
on a light Higgs decaying to bb in the basic models with a unique extra t' and/or a unique extra

The single production becomes dominant typically around my ~ 700 GeV as in the scenario with a singlet
t’ [344] or in little Higgs models [359].
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b’ [345].

In the present paper, we use the pair production and decay of a vector-like top to develop

new searches of the Higgs boson at the LHC and to study other channels for the Higgs mass
reconstruction like i/ — vy (diphoton) and h — ZZ. The original theoretical model considered
here, including two top-partners, is constructed to allow interesting interpretations correlating
the indirect (via vector-like top decay) and direct Higgs production searches at the LHC, as
described in the following. A few characteristic parameter sets — with vector-like top mass in
the range between ~ 400 and 800 GeV — are chosen as benchmark points avoiding large ¢’ con-
tributions to the Higgs rates (constrained by present LHC data) and simultaneously allowing for
significant branching fraction values (> 10%) of the vector-like top decay to the Higgs boson.
Assuming the presence at low-energy scales only of extra vector-like quark multiplets con-
taining some t’, we have elaborated a minimal model allowing to strongly suppress the Higgs
production via gluon fusion, as compared to the SM. In this simple but non-trivial model, the
gg — h cross section suppression factor possibly reaches values below 10~! at hadron col-
liders; this is to be put in contrast with the ¢’ representations taken usually in the RS sce-
nario [324,360-363] 2 and with minimal supersymmetric theories for which such a suppression
is not possible to get (see respectively Ref. [324,360] and Ref. [163]). The chiral case of a
fourth quark generation can even only increase considerably the gluon fusion rate.
The minimal ' model suggested here is interesting in the sense that it can easily lead to the
following interpretation: for example, a 255 GeV Higgs is excluded in the SM by the present
LHC results [367,368] but can still exist in the above minimal SM extension with ¢ where the
reduced Higgs production cross section can be below the LHC upper limits. In other words,
the Higgs boson would really be light but not detectable with the present luminosity/energy, via
conventional channels. A channel that could then allow the Higgs discovery would be through
the ¢ pair production and decays, as illustrated in this paper. Another possible hypothesis is
that an excess of events, like the recent hint in data explainable by a 125 GeV Higgs [368],
would be confirmed soon at the LHC. Then the measured Higgs production cross section times
branching ratios could certainly be exactly reproduced by the present ' model, given the pa-
rameter freedom in this model and its capability of inducing large Higgs rate corrections of both
signs. Then investigating such a new Higgs production channel as the ¢’ decay developed here,
would of course be relevant in particular to confirm the Higgs existence. Finally, in the case of a
signal from a heavy Higgs, say above 500 GeV * as we will consider here, the same fit of Higgs
data would be instructive as a test of the present ¢’ model and similarly the ¢’ decay should be
considered as a complementary channel of Higgs production.

2 THE THEORETICAL MODEL

Let us assume the presence at low-energy scales of a unique additional vector-like quark mul-
tiplet including a ¢’ component. Then, irrespective of the representation of this multiplet under
the SU(2), gauge group (i.e. whether the ¢’ belongs to a singlet, doublet,. .. ), the interference
between the next heavier top mass eigenstate ¢, [composed of ¢, ¢/, t”, with ¢; being the SM

2¢' representations (to which SM fields are promoted) with analog rate suppression effects can arise with the
O(3) subgroup [323] implementable in the composite Higgs model [175,364] and RS scenario [365,366] which
can reach strong suppressions, respectively of oge 1/ aggl_}h ~ 35% and ~ 10%.

3Such a heavy Higgs would be neither SM-like, as disfavored by the EW precision tests, nor belonging to a
supersymmetric extension, as forbidden by the Higgs sector structure. However, it could perfectly be e.g. in a RS

scenario where its contributions to the oblique T parameter can be compensated by new KK-induced contributions.
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top quark] and the ¢; contributions * to the triangle loop of the gluon-gluon fusion mechanism
will be systematically constructive. This is due to the fact that the physical sign of the Yukawa
coupling and mass insertion involved in this loop — two chirality flips are necessary — will be
systematically identical giving rise to a positive product (for ¢; as well as for ¢5). Hence, the
cross section of the gluon fusion mechanism may be increased or slightly decreased (because
of a possible ¢ Yukawa coupling reduction) relatively to the SM case.

To get the minimal scenario with only additional vector-like quark multiplet including ¢’ com-
ponents able to strongly suppress gluon fusion, one needs to introduce a first top-partner ¢’ in
a SU(2), doublet as well as a second top-partner ¢” in a singlet. In order to simplify the pre-
sentation, we do not consider the doublet including a &’ > that would also be exchanged in the
triangle loop. So we end up with the doublet (gs/3,t’), g5/3 being an exotic quark with electric
charge 5/3 and without self-Yukawa coupling (thus with no contribution in the loop). Indeed,
with this field content, all the possible generic mass terms and Yukawa couplings appearing in
the Lagrangian are,

Lo :Y( t ) HTt§+Y’< qif‘ ) Ht;+Y”( qff’ ) Ht;g/LH?( z > Hit),
L L L/R L

j=p)

() ) paeminen () () entttene )
L L R

where H represents the SM Higgs doublet and L/ R the fermion chiralities. By construction,
the vector-like quarks possess the same quantum numbers for the left-handed and right-handed
states. We have not written the Yukawa couplings for the first two quark generations as their
mixings with the top-partners ¢’, t” are negligible compared to the ¢-t’-t” mixing and the CKM
mixing angles are typically small, so that the first two quark generations are decoupled from
b,t,t',t". Note that a field redefinition rotating ¢$, and t; can allow to eliminate the m term
without loss of generality. A last remark is that the Y” term could be split in two terms with
different chiralities and coupling constants. The Lagrangian (1) gives rise, after EWSB, to this
top mass matrix:

t Yo 0 Y ¢

Loas = | Yv m Y'v t/ + H.c. 2
! 1/ Vi "
t I m Y'v m t R

with v ~ 174 GeV the SM vacuum expectation value of the Higgs boson. In our notations of
Eq.(2), the parameters Y, Y’, Y” and Y contain the whole sign (i.e. the combination of the
SU(2)y, contraction signs and Yukawa coupling constant signs). Note that vector-like fermions
do not require EWSB to acquire mass. The non-trivial consequence of the present ¢',t” charge
assignment choice is the presence of Yukawa terms in the block diagonal matrix of Eq.(2)
associated to the top-partners ® (such Yukawa matrix elements would be absent in the first case
of a unique top-partner). This feature of the mass structure allows for a strong suppressions of
the gluon fusion mechanism. In particular, the own top-partner (¢',¢”) Yukawa coupling (V")
sign can be chosen independently of the top (¢) Yukawa coupling (Y") sign in order to generate
a destructive interference between the top and top-partner loops.

4The top quark exchange in the loop is the dominant contribution in the SM.
>Similar results are expected in such a situation.
®Namely the last two lines and columns of this mass matrix.
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3 t2 RATES AND DIRECT CONSTRAINTS

We consider the model described in the previous section and concentrate on the phenomenology
of the lighter top eigenstate ¢,; the ¢3 eigenstate production is subdominant given its higher mass.
In a second stage, one should add the contributions to the Higgs production from the ¢3 decays
like t3 — t1h orts — t27.

In Table 1, we define our benchmark points by the values of the fundamental parameters
— including the Higgs mass — and the corresponding m,, m;, values. Those sets of parameters
are selected in particular to have large B,, ), increasing the studied Higgs signal. Note that
in the pure model with a unique doublet (gs /3 t'), By,—pw is negligible compared to By, 1,
and By, .4,z [345]. For none of the considered benchmark points, the channel to — g5,3W is
open. The table also provides the theoretical {5 widths and the o3,,, cross sections for the ¢5 pair
production at LHC computed with the HATHOR program [369] at NNLO. As a comparison,
we give in Table 1 the expected SM cross sections [370] for Higgs production via gluon fusion
agéw "~ It is physically important to note that the branching ratios By, and By,_.;, 7 are non-
vanishing in contrast with the case of a fourth generation ¢’ quark so that the observation of such
decays (discussed in Section 6) would even prove the vector-like nature of the ¢’ quarks.

The table presents finally the CMS constraints on the observables oy, Bf2 derived from
the search for pair production of a heavy top-like quark [258,367,371] (present bounds from AT-
LAS are obtained with a lower integrated luminosity, 37 pb~!, and are thus less stringent [368]).
It appears that the corresponding theoretical values, predicted in the models considered here, re-
spect those experimental limits for m;, as low as ~ 400 GeV . Increasing theoretically By, 1
goes in the direction of reducing these constraints.

Due to these lower constraints on my, typically around 400 GeV, the t, pair production
suffers from a significant phase space suppression so that the whole rate for a single Higgs
production through the 5 decay is smaller than for the usual gluon fusion mechanism; there is
e.g. a factor of ~ 10 for the point A at 14 TeV as shown the Table 1. However, the number of
Higgs events coming from the ¢, decay can be significant at high LHC luminosities; this Higgs
production channel can thus be interesting and especially in the case where the gluon fusion
mechanism is strongly suppressed by the presence of ¢/, t” states, as occurs for instance with
the point B (see all the rates at 14 TeV in the table).

4 CONSTRAINTS FROM DIRECT HIGGS BOSON SEARCHES

Set A - At my, = 125 GeV, all the sensitive channels for searching the Higgs boson at hadron
colliders are the decays h — vy, h — WW (with W — (v), h — ZZ (with Z — (1),
h — 77 and h — bb. The latest bounds on the Higgs boson rates obtained at the LHC
read as, O'gg%hBhﬁvﬁ//O'gév{_)hBSM < 2 [367], Ugg%hBhHWW/O’ggl;w_)hBngw < 1.3 [367],

h—
O-gg—>hBh—>ZZ/O-SM_>hB}§Z[ZZ <22 E§67], Ugg—>hBh—>TT/ Ugéw_)thgﬂ_ < 3.2 [367] and
Ogg—sh Bnosbb /05y 1 L.BM, . < 5 [367]. These bounds are compatible with the rates calculated
taking into account the ¢ — ¢’ — " mixing effect on the top quark Yukawa coupling as well as
the ¢, and 3 eigenstate contributions in the triangular loop of the gluon fusion mechanism, for

our parameter set A. This parameter set yields indeed:

U?gg%hBltl—)'y'y/Jgg[—)thl\—gvy =1.16 ) UggﬁhBltl—)WW/USé\/I—)hBEEWW =1.25 [A] (3)
UggahBﬂ;zz/UggihBEgzz =125 U;/gﬁhBﬁlaTr/Ugé\ghBng =1.25 [A] “4)

7"We have also checked that the Tevatron constraints are satisfied.
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Parameter Set A B C D
Y/Y -1.43/2 1.15/04 1.12/-0.5 | 1.05/-0.3
Y'Y 1.85/-1 -1.5/71.6 1.1/1.65 1.7/1.9
m/m' (GeV) 0/370 0/770 0/810 80/1100
m” (GeV) 510 980 850 1100
my, (GeV) 722 1181 1125 1454
my, (GeV) 403 626 572 788
my, (GeV) 125 255 320 540
gNgILL}? (pb) @ 7 TeV 15.31 3.18 2.25 0.58
gN;;L}? (pb) @ 14 TeV |  49.85 13.50 10.59 3.85
gg ~h /agg b 1.27 0.45 0.40 0.65
aFtLC;L (pb) @ 7 TeV 0.0194 0.0037 0.0016 71074
g%ﬁl (pb) @ 14 TeV 0.138 0.036 0.021 0.015
glt\;LO (pb) @ 7 TeV 1.361 0.0709 0.136 0.0115
ggLo (pb) @ 14 TeV 13.53 1.164 1.975 0.284
By, i1 (%) 62.6 60.8 13.5 43.0
By, .7 (%) 28.6 25.0 46.1 40.3
By, pw (%) 8.8 14.2 40.4 16.6
Iy, (GeV) 4.4 19.8 6.5 8.8
crt-meQ _uw (Pb) 0.01 0.001 0.022 0.000(3)
LHC bound < 0.6 X < 0.597 X
amef2 _t,z (Pb) 0.11 0.004 0.029 0.002
LHC bound <045 X X X
ST \ 0.05/0.05 \ -0.01/0.23 \ -0.01/0.30 \ -0.01/0.28 \

Table 1: Cross sections for the ¢o pair production at the 7 TeV and 14 TeV LHC together with the ¢o
widths I';, and branching ratios, for characteristic sets of the parameters [with the induced my,, my, val-
ues]. The LHC upper limits and theoretical predictions for the observables oy, Bt22 W Oty Bf2 7
are shown just above the last line (the crosses indicate the absence of experimental limit at the associated
my, values). In the last line are given the oblique parameters S and 7" [after subtraction of the SM contri-
butions so that those only include new physics effects]. For the point A, we have used the indicated Y
value for the ', coupling and Y = —0.3 for the #/} vertex. Finally, we give the cross section in the ')
model for the ¢1¢1h production which is the subleading reaction able to contribute to the studied signal
with tops in the final state (Higgs production in ¢ decays), given our cuts on the selected events. For
comparison, we present the cross sections for the main gluon fusion mechanism of Higgs production at
LHC in the SM at NNLO, as well as the ratio with the rate in our scenario.

ggahBhﬁbb gg%thgbb =1.25 [A] (5)
The cross section for the Higgs production is enhanced,

ggﬁh Josrl, =1.27 [A],

due to the combination of two possible effects: the increase of the ¢; Yukawa coupling and
the constructive interferences between the ¢; contribution and the ¢,, 3 ones. In contrast, the
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branching ratio for the decay channel into diphoton is slightly decreased,
BltHW/B}HW =0.91 [A].

But the resulting product crgg By _,~ 1s Increased relatively to the SM case as shown in Eq.(3).
Such parameters might reproduce the excesses in the vy, ZZ and WW channels observed by
the ATLAS [368] and CMS [367]) Collaborations. In particular, it is interesting to note that the
present theoretical model allows for either an increase of agg _,;, compared to the SM, as here,
or a decrease as with the following parameter sets.

Sets B,C - For these sets of parameters where m; = 255 GeV or 320 GeV, all the Higgs decays
have negligible widths relatively to the dominant channels h — ZZ and h — WV, as in the
SM case. Hence the branching ratios By_,7z and By_,ww remain unchanged in the present
model with vector-like top quarks where only the decay widths for A — gg, h — vy and
h — ~Z are modified. As a consequence, the experimental limits on oy, 1 /050", < 0.50
(0.40) [for m;, ~ 255 (320) GeV] issued from the LHC combined investigations using the
h — ZZ, W W channels exclusively [367,368] can be applied directly to our framework where
one gets

gg_>h/agg_>h =0.45 [B] ; 0.40 [C] (6)

which does not conflict with the above LHC limits.

Note that for the point C, crgg _p, 18 strongly reduced compared to SM. A factor 1/10 could even
be achieved in the present theoretical model but variants of the multiplet choice (non-minimal in
term of field content), allowing coupling correction cancellations, should then be used instead
to pass the indirect constraints discussed in Section 5

Set D - For m;, = 540 GeV, the Higgs boson is searched only through its decays into ZZ and
WW. The strongest bounds on the Higgs rates from the LHC read as
Ugg%hBh—)ZZ/Ugg%hBh—)ZZ < 1[367] and O-gg—>hBh—>WW/O-gg—>hBh—>WW < 1.6 [367]. These
upper limits are clearly in good agreement with the rates calculated in the presence of the ¢ and
t” states (that modifies Bj,_,;) for the set D, namely,

t/ SM  pSM t/ SM  »HSM
Ugg—>hBh—>zz/Ugg—>hBh—>zz = 0.69 Ugg—>hBh—>ww/ gg—>hBh—>WW = 0.69 (7)

where
B}g—>ZZ/Bh—>ZZ = 1.06 Blg—>WW/Bh—>WW = 1.06 [D]

5 INDIRECT CONSTRAINTS AND OBLIQUE PARAMETERS

Given the absence of a precise measurement for the Ztt vertex (coupling directly modified by
the t — t’ — ¢” mixing), the main indirect constraints to the present model come from the cor-
rections to the gauge boson vacuum polarizations induced by the loops of ¢s,3,t',t" states. The
values of the oblique parameters S, 7" that we obtain, according to the preliminary calculations
of Ref. [372,373], are given in Table 1. They appear to belong to the 1o regions induced by the
long list of EW precision observables measured mainly at the LEP collider [44].

Let us remark that the input parameters of Table 1 (i.e. the theoretical values in the first four
lines) have been chosen to fix a panel of characteristic benchmark points for m,, that pass the in-
direct constraints as well as the bounds from direct Higgs search described in previous section;
however those two types of constraints allow large domains of the parameter space (varying
also my). The precise setting of the Y coupling reflects mainly the experimental precision on
the top quark mass measurement (and not any fine-tuning).
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The t',t” states could contribute to Flavor Changing Neutral Current (FCNC) reactions
which are experimentally well constrained; from the theoretical point of view, these FCNC
contributions rely precisely on the whole set of Yukawa coupling constants for the entire quark
sector. The treatment of such an high degree of freedom in the parameter space is beyond the
scope of the present study.

Finally, given the relative heavyness of the ¢ quark, we have checked that the predicted
value for the V;;, CKM matrix element is in agreement with the experimental measurement close
to unity obtained (without assuming 3 X 3 unitarity) through the single top quark production
cross section at Tevatron [44].

6 HIGGS SIGNAL RECONSTRUCTION IN t¢»ts — th + X EVENTS

We have studied the sensitivity, at the 14 TeV LHC, of a search for pp — t5t5 production, with
one of the ¢, decaying to th, and the other decaying to Wb or tZ or th, resulting into thiVb,
thtZ and thth final states, respectively. For the signal event generation, we have implemented
the couplings of the afore described ¢, model in FeynRules [6] 8 interfaced with MadGRAPH [374]
for the Monte Carlo generation, PYTHIA [116] for the hadronization part and DELPHES [375] for
the fast simulation of the CMS detector response. The main backgrounds were generated with
ALPGEN [376] interfaced to PYTHIA and DELPHES, as for the signal events. Physics objects used
for the analysis (photons, leptons and jets) were defined emulating the requirements used in
real CMS Higgs searches in the 2011 data [367]. Reconstructed jets and leptons (electrons
or muons) are required to have a transverse momentum larger than 30 GeV, while for photons
a transverse momentum lower cut of 20 GeV is applied. In particular, we followed closely
the physics object definition and selection cuts used for the real data 7 TeV Higgs analysis in
the diphoton channel [377] and in the four lepton channel [378]. We did not attempt to do a
dedicated cut optimization for the 14 TeV signals of interest, in order to be able to extrapolate
reliably some measured background rejection factors (in particular for the high cross-section
background processes, such as diphoton plus jets and ¢t plus jets) from 7 TeV, where experi-
mental measurements are available, to the 14 TeV case, where we only dispose so far of limited
statistics MC samples.

6.1 Search for th + Wb/tZ /th signal in the diphoton plus multijets channel

To study the sensitivity of a search for thtZ, thWb and thth final states, when the Higgs is
relatively light, as for point A with m;, = 125 GeV, we exploit the h — 77 decay channel. As
for a relatively light Higgs in the SM, in spite of the relatively small expected B(h — 77) value,
this is expected to be a channel with very good sensitivity (high signal-over-background ratio),
due to the excellent diphoton mass resolution, that allows to identify the Higgs mass signal over
a background that can be precisely measured in the side-bands.

In our analysis, photon identification and isolation requirements are applied that emu-
late the photon selection used in the CMS search for the SM Higgs boson to diphoton final
states [377]. Signals from th + tZ/Wb/th, h — ~, final states are characterized by large
number of energetic jets, from top and heavy vector boson decays, in addition to the two pho-
tons from the Higgs decay. Thus, we apply also a requirement on the minimum number of jets.
The numbers of events expected for the signal and the backgrounds, after diphoton selection

8We thank Claude Duhr and Benjamin Fuks for their precious help in this implementation.
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and the requirements of more than 6 or 8 jets, are given in Table 2. The background contribu-
tions considered for this study are from physics processes where a real photon pair is produced.
Background from fake photons is not included. Based on preliminary studies with real data at
7 TeV, it is expected that for the selection requirement proposed here, in particular the large
jet multiplicity and the diphoton mass cut, the background from fake photons plus multijets

contributes a small fraction of the total background.

Signal (point A) | 0 x B (fb) | N(> 6jets) | N(> 8 jets) | N(115 GeV< m? < 135 GeV)
thoW, h — ~vy 3.1 4.0 1.4 1.1

thtZ, h — vy 10.1 12.5 6.2 5.1

thth, h — v 22.1 13.5 7.3 5.8

Background o(fb) N(>6jets) | N(>8jets) | N(115GeV< m?" < 135 GeV)
W + v + jets 450 110 20.0 4.0

tt + vy + jets 15.5 11.0 8.0 1.2
W + vy +jets | 0.0678 0.05 0.03 0.0020

Table 2: Search for thoW, thtZ and thth final states, with h — 7, in events with two photons plus
multijets, at the 14 TeV LHC. The number of produced signal events, per fb~! of integrated luminosity,
is given as o x B (fb), for the signals final states and for benchmark point A (see Table 1), while for
the backgrounds of interest, the cross-sections ¢ are given. The additional columns show the number
of expected events, in 20 fb—1 at 14 TeV, for the signal final states, compared to the contributions from
background processes, after requiring two high transverse momentum, isolated photons, high jet mul-
tiplicity and the diphoton invariant mass to be in a 20 GeV window around the generated Higgs mass
value of 125 GeV.

In virtue of the good diphoton mass resolution (1-2% for a 110 to 130 GeV Higgs) of the
detector, the best discriminating quantity after selection is the reconstructed diphoton mass. The
diphoton invariant mass distribution for signal and background events, after the requirement on
the number of jets to be larger than six or eight, is shown in Figure 1. The number of events
with more than eight jets, with a diphoton mass in the window between 115 GeV and 135 GeV,
is also given in Table 2. We estimate that for an integrated luminosity of 20 fb~!, a signal,
corresponding to the point A benchmark, is detectable with a significance .S/ VB ~ 5.

6.2 Search for th + Wb/tZ/th signal in the four leptons plus multijets channel

In order to study the sensitivity of a search for thWb, thtZ and thth final states, when the Higgs
boson is relatively heavy, as expected for the points B, C and D, with m;, = 225, 320, 540 GeV,
respectively, we exploit the decay channel into four charged leptons h — ZZ — 4l. Lepton
identification and isolation requirements are applied to emulate the lepton selection used in the
CMS search for the SM Higgs boson to four lepton final states [378].

The numbers of events expected after the four lepton requirement, as well as after the
additional requirement of a number of jets above 5, are shown for signal and backgrounds in
Table 3. The main background is provided by the ti+jets process, because of its huge cross-
section. The requirement of four high momentum, isolated leptons reduces this background by
several orders of magnitude, as shown in Table 3, where a reduction factor due to four lepton
requirements is applied, as measured in real data at 7 TeV for the SM Higgs search in the four
lepton channel [378].
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Figure 1: Reconstructed diphoton mass m”” for simulated events at 14 TeV, for the sum of the contri-
butions from thoW, thtZ and thth, h — ~y, signal final states (point A, see Table 1) compared to the
sum of contributions from background processes, after requiring in the simulated events at least two high
transverse momentum, isolated photons and more than 6 jets, left panel, or more than 8 jets, right panel.
Event numbers are normalized to 20 fb~! of integrated luminosity according to the expected production
cross-section times branching fraction values given in Table 2.

Process o X B (fb) N(41) N(> 5 jets) N(m* > 200 GeV)
Signal thoW /thtZ [thth | thbW /thtZ [thth | thbW /thtZ [thth | thOW [thtZ [thth
h— 727 h— 727 h— 727 h— 727

Point B 59.9/105/256 9.0/26.2/47.4 4.5/15.1/29.0 2.9/10.6/19.2
Point C 66.6/76.0/22.2 87/175/3.9 4.1/10.1/24 25/69/1.5
Point D 10.7/26.1/27.8 1.6/7.0/5.7 0.8/4.1/3.5 0.6/3.1/25

Background o(fb) N(4l) N(> 5 jets) N(m* > 200 GeV)
tt + jets 920 103 22.2 8.5 2.7

ttW + jets 90 <1 <1 <1

Table 3: Search for thbW, thtZ and thth final states, with h — ZZ, in events with four leptons plus
multijets, at the 14 TeV LHC. The number of produced events, per fb~! of integrated luminosity, is
given as o X B (fb), for the signals final states, for benchmark points B, C, D (see Table 1), while for
the backgrounds of interest, the cross-sections ¢ are given. The additional columns show the number
of expected events, in 20 fb~1 at 14 TeV, for the signal final states, compared to the contribution from
background processes, after requiring four high transverse momentum, isolated leptons, N (4l), more
than five high pr jets, N (> 5 jets), and the four lepton mass to be larger than 200 GeV, N (m* > 200
GeV).
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The distributions of the four lepton invariant mass, m*, for signal and background events,
after the requirement on the number of jets to be larger than five, are shown in Figure 2. The
number of events in these distributions are normalized to an integrated luminosity of 20 fb~! us-
ing the signal cross sections and final state branching ratios expected for the specific benchmark
scenarios (B, C and D), detailed in Table 1. The m* signal distributions are shown separately
for the sum of the normalized contributions from the different final states, thbW, thtZ, thth, as
well as for the individual normalized contributions. We also note from the distributions given
independently for each final state that all of the three final states can lead to a Higgs discovery,
thanks to the good experimental resolution of the h — ZZ — 4l mass reconstruction. Signal
events, with reconstructed mass significantly lower, or higher, than the generated Higgs mass
value, are in general events where one lepton from the h — ZZ — 4l decay does not pass
the lepton selection criteria, while another lepton from an accompanying W orZ decays is se-
lected to reconstruct the four lepton mass. The background, mainly from the ¢t + jets process, is
mostly concentrated in the m* region below 200 GeV. Applying a cut m* > 200 GeV removes
a large fraction of the background and improves the signal significance, as shown in Table 3.
We estimate that, for an integrated luminosity of 20 fb~!, a signal, corresponding to the B and
C benchmark scenarios, is detectable with significance S/ VB 2 b, after the simple selection
cuts described above. About a factor of two larger integrate luminosity, or a more performant
analysis, would be needed for a five sigma detection of a signal corresponding to the D scenario,
with a ¢ mass of about 800 GeV and a pair production cross section of about 0.3 pb.

7 CONCLUSIONS
8 CONCLUSIONS

We have shown that there exist regions of parameter space in beyond SM scenarios, allowed
by present phenomenological and experimental constraints, in particular from the direct Higgs
searches, where vector-like top partner production at the LHC may give rise to new Higgs
production channels, over a large Higgs mass range, extending from 120 GeV to more than
500 GeV. Indeed the SM Higgs mass exclusion, in the range between 130 and 600 GeV, does
not hold in these beyond SM scenarios. We have shown that for some relevant characteristic
top-partner and Higgs mass values, the expected production cross sections and decay branching
ratios lead to a signal of Higgs production, from the decay of vector-like top-partners, which is
detectable at the 14 TeV LHC over a large Higgs mass range (125-540 GeV) using the diphoton
and four lepton mass distributions. The Higgs mass peak arising in those distributions can be
reconstructed with a good mass resolution (~ 1-2%). Further studies [379] are in progress to
fully explore the discovery potential of the LHC in these scenarios.
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Figure 2: Reconstructed four leptonn mass, m*, for simulated events at 14 TeV, for the sum of the
contributions from thoW, thtZ and thth, h — ZZ, signal final states (points B, C, D, see Table 1)
compared to the sum of the contributions from background processes, after requiring four high transverse
momentum, isolated leptons and high jet multiplicity. Event numbers are normalized to 20 fb—! of
integrated luminosity according to the expected production cross section times branching fraction values
given in the Table 1. The reconstructed four lepton invariant mass distributions, for three different Higgs
mass values, my, = 255, 320, 540 GeV, are shown summed over the three signal final states (top left right
hand side panel) and separately for each signal final state.
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Contribution 12

Composite Higgs Models and the ¢ H Channel

Abstract
Despite its suppressed couplings to Standard Model particles, a com-
posite Higgs with mass my = 125 GeV and a moderate degree of

compositeness can be consistent with current Higgs searches, includ-
ing a sizable enhancement in the H — < channel. Heavy resonances
common to many composite Higgs models can mediate new Higgs pro-
duction mechanisms. In particular, the ¢t¢H channel can be accesible
at the LHC in these models through the exchange of colored vector and
fermion resonances. In this case, the tt H channel is not a direct measure
of the top Yukawa coupling.

1 INTRODUCTION

Composite Higgs models [380, 381] are arguably among the best motivated models of nat-
ural electroweak symmetry breaking. Despite the expected presence new strongly coupled
resonances, current LHC searches have not significantly constrained the parameter space of
composite Higgs models. The main reason is that precision electroweak and flavor constraints
already require a moderate degree of compositeness and relatively heavy, M > 2 TeV, new
resonances, beyond the reach of current searches (for a summary see [382] and references there
in). Proper tests of the composite nature of the Higgs, based on longitudinal gauge boson and
Higgs scattering, will require even more energy or luminosity to have any discriminating power
(see for instance [383]). Thus, it makes sense to investigate whether the tremendous effort that
is being put on the search for the Higgs can give us information on the composite sector. Indeed,
current Higgs searches are beginning to constraint some of the parameter space of the simplest
composite Higgs models [364,384-387]. In this note we argue that the “Higgs effort” the LHC
community is going through could give valuable information on other aspects of the composite
sector not directly related to the Higgs itself. In particular, new vector and fermion resonances
are typically present in these models. New color-octet vector resonances can be produced with
a sizable cross section and predominantly decay into a Standard Model (SM) quark and a new
fermionic resonance, The latter will decay, with a relatively large branching ratio, into a SM
quark and the Higgs. This is a new source of Higgs bosons in composite models that can give
information not only on the Higgs itself but also on other composite states, like the color-octet
vector and the fermion resonances. Note that this mechanism is intrinsically different to previ-
ous studies of new vector-like quark pair production (through their QCD interactions) followed
by Higgs decays as discussed elsewhere in these proceedings. In our case, the presence of an
intermediate resonance with relatively large couplings and the reduced phase space suppression
due to single production allow us to investigate much higher energies and new sectors of the
theory.

In this note we consider the minimal composite Higgs model, based on an SO(5)/SO(4)
symmetry breaking pattern, with composite fermionic matter transforming on the vector repre-
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sentation of SO(5) (MCMHj5 [308,310,323]). We take as an example a composite Higgs mass
of 125 GeV with a moderate degree of compositeness and focus on the ¢¢H channel. Despite
the suppressed tree-level Higgs couplings to all SM particles due to the composite nature of the
Higgs, there can be enhancements in certain channels with respect to the SM, as currently hinted
by LHC data [144,388]. Many other options in terms of Higgs masses and decay channels are
possible even in the minimal composite Higgs model and will be discussed elsewhere [389].

2 The Model

For the sake of concreteness we focus on the minimal SO(5)/S0O(4) composite Higgs model
based on the 5 representation of SO(5) for the fermion composite states (MCHMj5 [310]). In this
model the relevant tree level Higgs couplings to SM particles are given, assuming heavy enough
new resonances so that one can neglect the effect of mixing, by (see for instance [364,383]):

_ Gwvv _ Gnfp 1—2¢
Rpywvv =g =V1-& Ry = = ; (1)
921\\//[\/ g% V1I=¢

where V' and f stand for any electroweak gauge boson and SM fermion respectively. The
production cross section receives a suppression proportional to these same factors:

olgg = H) o(qq — qqH)
olgg— H)su M olqq — qqH)su

(VBF) = Rpyy. )

The different decay widths scale with the corresponding couplings squared except for the h —
~ channel that reads
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We show in Fig. 1 (left panel) the ratio of the Higgs production cross section times branching
ratio in several different channels with respect to the corresponding SM one as a function of the
degree of compositeness of the Higgs, defined by £ = v?/ f2 with v = 246 GeV and f the decay
constant associated to the composite sector. We have separated the production mechanism in
gluon fusion and vector boson fusion, as they receive different suppression factors. As we see in
the figure, there is a sizeable increase in the v channel, both in gluon fusion and vector boson
fusion. This is due to a larger reduction of the top versus the W contribution in the loop (thus
resulting in a smaller cancellation) together with a reduction in the total width.

New vector and fermion resonances are common in composite Higgs models. It has been
recently emphasized that single production of new quark resonances, mediated by color octet
vector resonances, can be a competitive discovery channel for these models [351, 390-392].
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Figure 1: Left panel: ratio of the Higgs production cross section times branching ratio into different
channels with respect to the SM as a function of the degree of compositeness & (V' stands for either W or
Z). Right panel: t¢tH production cross section in the benchmark composite model mediated by a color
octet vector resonance with decay into a fermionic resonance and a top quark (see text for details).

Only decays into electroweak gauge bosons and a SM quark were considered in these refer-
ences. However, the heavy quarks will decay with a sizable branching ratio into the composite
Higgs and a SM quark. Thus, they provide a novel production mechanism in composite Higgs
models that could give further information on the composite sector of the theory. To be spe-
cific, in this note we consider the two-site version of the MCHM5. Full details of the model
can be found in [392]. The ingredients relevant for the study in this note are the presence of
new massive gluons of mass m¢ and new vector-like quarks with a relatively large coupling
to the top quark. We choose the masses of the lightest new quarks to be m¢g = m¢/2 so that
the decay G — QQ is kinematically suppressed. The leading decay is then G — Qf, tQ. A
sizable fraction of the heavy quarks will in turn decay into Ht¢, Ht, thus resulting in a ¢t H final
state. We show in Fig. 1 (right panel) the production cross section times branching fraction in
this channel for a sample point in parameter space as a function of mq and for the LHC with
Vs =7, 8 and 14 TeV, respectively. ! These cross sections are of the order of the SM ¢£H pro-
duction for mg ~ 2 —2.5 TeV and become much smaller for higher gluon masses. However we
will see in the next section that our new production mechanism has very distinctive kinematics,
mainly due to the large mass of the intermediate particles, and the signal can be extracted from
the background with a high statistical significance.

3 ttH search in composite Higgs models

The process we are interested in consists of single production of the new vector-like quarks
mediated by an s-channel exchange of the massive gluon and followed by a decay into a Higgs
and a top quark,

pp — G — Qt, Qt — Htt. (6)

1Technically, we have chosen, following the notation in [392], Y.y = Yip = g«3 = 3, sin¢y = 0.6 and
sg = 0.1 and fermion masses such that m; = mry,, = me /2. Also, we have fixed the Higgs mass to my = 125
GeV and its degree of compositeness & = 0.2.
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We consider in this note the H — bb channel, which has B(H — bb) = 0.47 (the decay into
WWW* has also a relatively large branching fraction and will be considered elsewhere [389]).
The decays of the Higgs and top quarks result in a very large multiplicity final state that makes,
a priori, full reconstruction difficult. However we do not need full reconstruction to observe
a signal. In fact, it is easy to find a simple set of cuts that reduce the relevant backgrounds to
manageable levels. The S distribution, defined as the scalar sum of the pr of the relevant jets,
leptons and missing energy, then reduces the remaining background to essentially negligible
levels, allowing for a clean extraction of the signal. The initial set of cuts strongly depends on
the available energy. In the low energy phase (/s = 7 or 8 TeV), the masses that can be tested
are not too large and the best strategy is to require a large number of jets and many of them to
be tagged as b-jets. In the high energy phase (1/s = 14 TeV), however, the available energy is
enough to produce much heavier resonances. As a result the tops and the Higgs are typically
quite boosted and their decay products very collimated. Thus, we ask for a smaller number of
(fat) jets but require them to have invariant masses close to the top and the Higgs.

We have simulated the signal and background events with MADGRAPH V4.5.0 [94] and
ALPGEN V.2.13 [376], respectively. In both cases the unweighted events have been passed
to PYTHIA 6.4 [116] for hadronization and showering and DELPHES V1.9 [375] for detector
simulation (we have used a tuned version of the ATLAS card to better agree with published
experimental data). The main backgrounds are ¢t and ¢£bb (the former has been simulated with
up to 4 extra jets properly matched with the parton shower using the MLM method). We have
used the CTEQ6L1 PDFs. As we have mentioned, the optimal analyses are different depending
on the available center of mass energy. In all cases jets are defined with a cone size AR = 0.7,
pr(j) > 30 GeV and |n;| < 5. Isolated charged leptons (e or 1) are considered when pr (1) > 20
GeV and || < 2.5. A b-tagging efficiency of 0.7 has been assumed. In the analysis for the low
energy phase we require

— At least 4 jets, of which at least 3 must be tagged as b-jets.
— Atleast 1 isolated charged lepton.

The analysis of the high energy phase requires

— Atleast 3 jets, with a minimum of 2 b tags.
— Atleast 1 isolated charged lepton.
— We then order all the jets according to their invariant mass and require the two jets with the

largest invariant masses to be near the top and the Higgs mass, respectively, |m;, —m;| <
40 GeV and |mj, — my| < 40 GeV.

The cuts above reduce the background to manageable levels. Once the number of background
events has been reduced to a reasonable level, we use S7, defined as the scalar sum of the
transverse momenta of the four (three) hardest jets in the low (high) energy analysis, the hardest
charged lepton and missing energy in the event, as the discriminating variable. We show in the
left panel of Fig. 2 a sample distribution of S; for the main backgrounds and the signal for
mg = 3 GeV at the 14 TeV LHC. In order to estimate the statistical significance of the signal,
we introduce the following mass-dependent cut on St

- St >0.9, 1.1, 1.5 TeV for mg = 1.5, 2, 2.5 TeV (low energy phase),
— St > 1.2, 1.5, 1.7, 2TeV for mg = 2, 2.5, 3, > 3.5 TeV (high energy phase),
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Figure 2: Left panel: S7 distribution for the signal (red dotted) and the t¢ (green) and ttbb (yellow)
backgrounds for mg = 3 TeV and an integrated luminosity of 50 fb~! with 1/14 TeV. Right panel:
Luminosity required for a 5 o discovery as a function of m for /s = 7 TeV (dotted), 8 TeV (dashed)
and 14 TeV (solid).

and compute the statistical significance from the formula [393]

S(s,b):\/2><[(5+b)ln(1+£>—s] (7)

We show in the right panel of Fig. 2 the luminosity required for a 5 ¢ discovery as a function of
mg for the three energies considered. With the ~ 5 fb~! already collected at 7 TeV masses up
to mg ~ 1.8 TeV can be probed. This could go up to 2.7 TeV (4.6 TeV) for 20 fb~! at 8 TeV
(100 bt at 14 TeV).

4 Conclusions

We have seen that a composite Higgs with my = 125 GeV and a moderate degree of compos-
iteness is compatible with current Higgs searches. In such a model, the Higgs boson can be
produced in association with a ¢f pair through the exchange of a heavy gluon with subsequent
decay into a new fermion resonance (which decays itself into the Higgs and a SM top) and the
top quark. We have shown that simple cuts on the number of jets and b-jets can reduce the
background to manageable levels. For the highest masses probed, boosted techniques are very
useful. Using then St as a discriminating variable allows for a clean extraction of the signal
up to masses mg =~ 1.8 TeV, 2.7 TeV and 4.6 TeV for the LHC with /s = 7, 8 and 14 TeV,
respectively and an integrated luminosity of 5, 20 and 100 fb™1!, respectively.
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Contribution 13

Top Polarisation in H ~t and Wt production

R. M. Godbole, L. Hartgring, 1. Niessen, C. D. White

Abstract

We consider laboratory frame observables obtained from leptonic decay
products of top quarks produced in association with a charged Higgs
or W boson. These are robust against QCD corrections to top quark
decay, and can be used to pin down the parameter space of a charged
Higgs boson, or reduce backgrounds in H ~t¢ and (Standard Model) Wt
production.

1 INTRODUCTION

The proximity of the top quark mass to the scale of electroweak symmetry breaking makes
the top quark sector a potentially useful window through which to look for new physics ef-
fects. Particularly useful in this regard is single top production, which in the Standard Model
is purely electroweak at leading order. Single top quarks can be produced in association with
other particles, such as 1 bosons or other quarks (in the SM), or more exotic species in new
physics scenarios. In general, a singly produced top quark may have a net degree of longitudi-
nal polarisation F;, in contrast to the case of top quark pair production, which in the SM leaves
the top quark unpolarised on average (P; = 0). Assuming the top quark decays according to
t — Wb — ff'b(where f is a quark or lepton, and f’ the associated antiquark or neutrino), the
decay product f is distributed in the top quark rest frame according to

1 dry

1
T deosfy o ~ 3 LT s Freosbpmen) )

Here I'; is the partial decay width, and the polar angle 0; . is the angle between the decay
product f and the top spin vector in the top quark rest frame. r is the analysing power of the
decay product f. If f is a lepton (f = [), it is approximately independent of corrections to the
top quark decay, thus depending solely on the production stage of the top quark. In this case, x;
is approximately one. It follows that by studying leptonic decay products of single top quarks,
one may elucidate the net polarisation of the top quark and, in turn, its coupling to BSM (or
SM) particles.

Rather than relying on leptonic distributions in the top quark rest frame, it is more prac-
tical to consider alternative observables defined in the laboratory (lab) frame, which require
reconstruction of just the top quark direction in the lab and not necessarily that of the rest
frame. Two such observables are the azimuthal angle ¢; between the top quark and its decay
lepton (taking the top quark direction and beam axis to define the (z, z) plane), and the po-
lar angle 0, between the top quark and leptonic directions. These were defined in Ref. [394]
in the context of top pair production, and have subsequently been considered in H~¢ and Wt
production [395,396].
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Figure 1: Left: the azimuthal angle ¢; of the top quark decay lepton for tan 8 = 5 and extremal charged
Higgs mass values; right: the azimuthal asymmetry parameter, for i ~¢ and Wt production.

2 H~t PRODUCTION

In the context of a general type II two-Higgs doublet model, we investigated the above angular
observables using recently developed MC@NLO software [397]. The polarisation of the top
quark depends on the ratio of the vacuum expectation values tan 3, as well as the charged
Higgs boson mass my-. Representative results for ¢; are shown in Fig. 1. In addition to the
distribution itself, one may also consider the asymmetry parameter [394]:

_ 0o(cos¢y > 0) —o(cos gy <0)

As = o(cos ¢y > 0) + o(cos ¢y < 0)’ @

which efficiently distils the difference in distributions at different points in parameter space.
Results for A, are also shown in Fig. 1, where MC@NLO results (black) are compared with
leading order (LO) results (blue) obtained using MadGraph [96]. Note that there is a pro-
nounced difference in A, for different points in (tan 5, my-) space, particularly at low Higgs
mass values. Furthermore, the MC@NLO curve does not differ significantly from the LO curve,
and thus the observable is highly stable with respect to next-to-leading order (NLO) and par-
ton shower effects. The lower band in Fig. 1 constitutes an estimate of the 11t result, using
MC@NLO [398]. This is very different to the H~t result, providing information useful for
reducing the Wt background.

Further useful information can be gained from considering the polar angle and a suit-
able asymmetry parameter is defined in Ref. [396]. This asymmetry is capable of distinguish-
ing different Higgs boson masses at large tan 5 (where the azimuthal asymmetry cannot). In
Ref. [396], we also studied observables related to the energy of the top quark decay prod-
ucts [399], and further useful asymmetry parameters were defined which add complementary
information to the angular observables in the boosted top quark limit.
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3 Wit PRODUCTION

As well as being a background to H ~t production, Wt production is of interest as a signal in
its own right. Top quark pair production is a major background, and one may reduce this back-
ground using polarisation information: in pair production the ¢ quark is unpolarised on average,
whereas in Wt production it is fully polarised. In Ref. [396] we examined the ¢; and 6; distri-
butions for Wt and ¢t production, for the Wt signal cuts of Ref. [400], using MC@NLO [398].
The corresponding asymmetry parameters are (A,, Ap) = (0.33,0.02) (W) and (0.63,0.26)
(tt). There is thus a pronounced difference, which is potentially useful for distinguishing the
two processes in e.g. a multivariate analysis.

CONCLUSIONS

Polarisation information can efficiently be used to distinguish single top quark production pro-
cesses from their backgrounds, as well as to pin down the parameters of a charged Higgs boson
model. Lab frame leptonic observables can be defined, which are robust against NLO and
parton shower corrections.
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Contribution 14

Probing New Physics with Single Top + X

Devin G. E. Walker, Jiang-Hao Yu and C.-P. Yuan

Abstract

We investigate single top production in association with a variety of
Standard Model final states with a focus on the early LHC run. Here
X can be jets, large missing transverse momentum and/or electroweak
gauge bosons. For this review, we focus on searches for new W' gauge
bosons and heavy B’ quarks. A general survey of the possible new
physics with associated single top production can be found in Ref. [401].
In essence, the channel probes a variety of new physics, is intricately
tied to the new physics at the TeV scale and is essential for maximizing
the potential of the early LHC for new physics.

1 Introduction

For the first time in history, the TeV scale is being directly probed by the CERN Large Hadron
Collider (LHC). Even at this early stage, hints of the Standard Model (SM) higgs boson [144,
402] as well as strong constraints on new physics have been produced. Of particular inter-
est are the constraints on new scalar and gauge bosons (e.g. resonances [403—411]) as well
as new exotic fermions [371,412,413] which are harbingers of natural new physics scenar-
ios. Some of the most popular scenarios which exhibit this new physics can be found in
Refs. [304, 306, 316, 381, 414-425]. In this review, we show how associated single top pro-
duction (a top quark produced in conjunction with a variety of SM final states) can provide a
sensitive probe to heavy B’ quarks and W' gauge bosons.

A Motivation from Top Collider Physics: The LHC is a “top factory.” At 7 TeV, 85,000
single top quark events are expected for 1 fb~! of data [426]. Importantly, the production cross
section for these background SM events are precisely known at next-to-leading order (NLO)
and next-to-leading log (NLL). In addition, processes involving single top (quark) production
may be unique in their ability to probe the nature of electroweak symmetry breaking. The top
quark mass is of order the electroweak scale thereby suggesting that top quark production may
be sensitive to new physics beyond the SM. Unlike other quarks, SM top quarks decay to a W
boson and a bottom quark before hadronizing. This provides a unique opportunity to probe the
underlying electroweak interactions as well as efficiently tag the events. Observation of SM
single top production has been experimentally challenging. One of the major reasons is the
jet not associated with the top decay is frequently in the forward regions in the detector. It is
therefore hard to distinguish these single top events from the dominant QCD backgrounds. The
fact that SM single top production has this difficulty is a strength when considering single top
production from new physics. When new physics is produced that decays to single top +.X,
the large mass of the new physics often results in the decay products being in the center of the
detector.
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This review paper is organized as follows: In the next section, we outline the new physics
that can be produced from single top +.X production at the LHC. As mentioned in the abstract,
we restrict our focus to new 1’ bosons as well as new heavy quarks in this review. Please see
Ref. [401] for an analysis of all the new physics listed in the next section. Appendix A includes
a brief overview of our reconstruction methodology and any important definitions. Sections 3,
4 and 5 contain our analysis for the new W’s and heavy quarks. Finally we conclude.

2 New Physics Searches with Single Top + X

This review is part of a larger series of papers searching for new physics in the single top + X
final state [401]. Here we list the new physics that can be probed.

Single Top Signatures New Physics Probed
(partonic level)

t + b-jet/jet W' Gauge Bosons
Diquark Resonances
Colored Resonances

Charged Higgses
t+ Z/W (+ jet) Heavy Top Quarks
Heavy Bottom Quarks
t+ h+jet/W SM Higgs
t+ h™ + b-jet Charged Higgses
t+ W +jet Charged 5/3 Quarks
t+ Fr + jet Dark Matter

Top Fermion Partners (e.g. stops)

The above chart is constructed by considering all possible SM particles on the external legs.
Based on the SM symmetries, all possible new physics in the intermediate state(s) are enumer-
ated at tree-level with the simplest tree-level topologies. We require at least one SM top quark
in the final state; and, the initial states are light quarks or gluons. For this review, we focus on
W’ bosons and heavy quarks.

3 Searching for W’ Bosons with t + b-jet/jet
3.1 Theoretical Considerations for W’ Bosons

Previous studies of W’ bosons decaying to top quarks have focused on the LHC at center of
mass energies of 14 TeV [427]. We examine the potential of the early LHC to identify W’
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bosons during the early LHC as well as the experimental reach. Many natural models of new
physics beyond the SM have relatively light 1’ bosons. They are needed to cancel quadratic
divergences induced by SM W bosons on the higgs potential. However, the tightest exclusion
limits come from leptophobic W’ bosons which decay to dijets [407,428]

280 < my < 1500 GeV. (1)

To ensure a model independent analysis, we write down the following parametrization

i
L= % T (fLPL+ frPr) Vs d, W' +hc., )

where ¢ and ¢ are the up and down-type quarks, respectively. Here i = u, ¢, t, j = d, s,b, and
g2 = e/ sin By, Also, V;; is the Cabibbo-Kobayashi-Maskawa matrix and Py, x are the chirality
projection matrices. For simplicity in the next section, we consider only the case with a purely
left-handed current (f;, = 1, and fr = 0); our study can be extended easily to other cases.

3.2 Signal and Background Processes for W’ Searches

The s- and t-channel signal processes are
pp —tb+he. pp—tq or —tq. (3)

For the t-channel processes on the right, the ¢ and ¢ final states are equally possible because
the initial b and b partons occur with equal probability. For this channel, we only consider top
quarks that decay semi-leptonically. The isolated lepton (with a sufficiently large pr) allows for
the event to be effectively tagged. The following SM backgrounds are dominant:

pp — t+jet(s) pp — W +jets ()
pp — tt pp > WW/Z (5)

The SM pp — t +jet(s) background is irreducible. The other SM backgrounds in equations 4
and 5 are important insofar as they can mimic the ¢ + jet final state.

3.3 Event Simulations for W’ Searches

We focus on a 1.5 TeV W’ boson with coupling f;, = 1. (See equation 2.) We use CTEQ6L par-
ton distribution functions [429] in our event simulations. The renormalization and factorization
scales are chosen to be the 17" boson mass. The signal and background events are generated
with MadGraph5/MadEvent. We impose the following basic pr cuts

Py > 25GeV P > 25GeV. (6)
We also confine our search to the center of the detector
In;j| < 2.5 ne] < 2.5. (7)

As mentioned in the introduction for SM single top production, the jet not associated with the
top quark decay is often forward in the detector. Restricting our focus to the center of the
detector helps to eliminate this background. As mentioned before, we also require the leptons
and jets to be well separated. We require the following cone sizes

AR;; > 0.4 ARj > 0.4 ARy >0.2. )
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Since we require the top quark to decay semi-leptonically, the resulting neutrino introduces
missing transverse momentum ( Fi7) in the event. To further reduce the SM background, we
require

Er > 25 GeV. 9)

The t + jet signature has a final state with one isolated charged lepton (electron or muon), two
high pr jets, and large missing transverse momentum (f£7) from the missing neutrino. Large pr
cuts on the leading jet can be used to suppress most of the backgrounds. In the upper panels of
Figure 1, we show the pr distributions for the leading and sub-leading jets for the signal and
background. As reminder, we consider the 1.5 TeV W’ boson with f;, = 1 as the signal; the
discriminating power of the pp cuts is clear in those plots. We require

pr > 200 GeV (leading jet), (10)
pr > 80 GeV (subleading jet). (1)

Another useful variable is the scalar sum of the py’s of all the particles in the final state. In
Appendix A, we define

Hy =pf + Er+ Y _ph (12)
J

Here j runs over all of the well-separated jets in the event. We apply the following cut
Hp > 600 GeV. (13)

In Figure 1, a slight signal is visible near 1.5 TeV. To further optimize the signal, we apply b-
tagging and perform standard sideband analysis. We apply the following invariant mass window
cut

|mll,jj — MW/| < 400 GeV. (14)

Here My center of the resonance peak in the invariant mass distribution in Figure 1. Of course,
the » momentum is determined with the top reconstruction in Appendix A. After all of the cuts,
a 1.5 TeV W’ boson with a coupling of f; = 1 is clearly visible. For reference, after all of the
cuts, the s-channel and ¢-channel signal cross sections are

olpp — W' = bl*vb) = 13.136 4+ 0.0246 pb, (15)
opp — t({t)qg— b(b)IFvq) = 8.5404 +0.0218 fb. (16)

Table 1 gives a breakdown of the effect of the cuts on the signal and background cross sections.

3.4 Discovery Potential and Chiral Properties for YW’ Boson Searches

The SM backgrounds are suppressed efficiently such that less than 1 background event survives
after cuts with an integrated luminosity of 10 fb =, We now consider a 1 GeV W’ gauge bosons
with f; = 1. For that amount of luminosity we achieve

S/VB ~5 (17)

where S and B denotes the number of signal and background events, respectively.
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Figure 1: Normalized pr distributions of the leading jet (upper left panel) and sub-leading jet (upper
right panel) for the signal and backgrounds. The signal process features a 1.5 TeV W’ boson with
the coupling fr, = 1. See equation 2 for the definition of f;. The Hrp distributions for signal and
backgrounds are also plotted (lower left panel). It is clear an Hp cut can be useful in separating the
signal and backgrounds. After the cuts in equations 6-11 and equation 13 are made, the invariant mass
distribution is plotted (lower right panel).
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| o(fb) | Signal | t+ W [t+jets | ¢t [ WV | W + jets |

No cuts 58.96 | 2861 | 18877 | 25840 | 9888 | 4018600
Basic cuts (in eq. 6-9) 33.38 | 833 4049 7207 | 2265 | 284516
+ hard pr cuts (ineq. 10-11) | 28.65 | 11.1 158.5 | 232.6 | 3.67 | 7836.2
+ Hp cut (ineq. 13) 2645 | 5.69 59.8 137.6 | 3.51 3782
+ Tagged b-jet 2236 | 3.44 44.8 115.7 | 0.19 61.98

| +Mass window (ineq. 14) [ 21.59 | 0.13 | 7.80 | 397 [ 003 | 16.02 |

Table 1: Cross sections for the signal and various background processes without and with the cuts are
listed.
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Figure 2: The angular distributions of the final lepton cos 6; for the left-handed W’. See Appendix A
for definitions of cos ;.

After the discovery of the ¥’ boson, one would like to know its mass, spin, and couplings.
Angular distributions of its decay products can be investigated to definitively determine the
spin and chiral structure of the 1V’ boson to the SM fermions. The chirality of the W’ coupling
to SM fermions is best measured from the polarization of the top quark. Among the top quark
decay products, the charged lepton from ¢ — b + [ + v is the best analyzer of the top quark
spin. For a left-handed top quark, the charged lepton moves preferentially against the direction
of motion of the top quark, while for a right-handed top quark the charged lepton moves along
the direction of motion of the top quark. The angular correlation of the lepton is (1 £ cos 6;)/2,
with the (+) choice for right-handed and (—) for left-handed top quarks, where 6, is the angle
of the lepton in the rest frame of top quark relative to the top quark direction of motion in the
center-of-mass (c.m.) frame of the incoming partons. In Figure 2, we plot cos 6, for f; = 1,
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fr=0W,)aswell as f, = 0andfr = 1 (W}). We expect a flat angular distribution for the
SM ¢t background because the top quark and anti-top quark are not polarized. Therefore, the
angular distributions of the lepton can be used to discriminate ¥/ models in which the chirality
of the W’ coupling to SM fermions differs.

4 Searching for Heavy Top and Bottom Quarks witht + W 4 jet
4.1 Theoretical Considerations for Heavy Quarks

In many models of natural electroweak symmetry breaking, the following tree-level coupling
exists

B — Wt (18)

with O(1) strength. Often the heavy bottom quarks are vector-like because of the minimal
impact on precision electroweak bounds. In natural theories, heavy top partners (and the corre-
sponding bottom partners) are essential for canceling the quadratic divergences induced by the
SM top quark on the higgs potential. Thus, these particles are expected to be relatively light.
Recent experimental bounds on heavy tops and bottom quarks are [430]

mp > 311 GeV, mp > 338 GeV. (19)

We show this bound can be improved during the early LHC running. In this review, we restrict
our focus to B’ heavy quarks production with a ¢t + W final state. We parameterize the heavy
quark interactions in a manner similar to Ref. [431] in order to keep our analysis model indepen-
dent'. After electroweak symmetry breaking, the effective couplings between the electroweak
gauge bosons, the third generation SM quarks and the new heavy quarks is

92

L = Wi (T (Flo P+ [l PR)B') + 22 W, (b9 (fl Pu + £ PR)T
V2 V2

+ 2"? Z, (t VU fE P+ B PR)T + by*(fls P + ffB,PR)B/) + h.c. (20)
w

Here go is the SU(2)y, coupling, ¢y is the cosine of the Weinberg angle, P, i are the usual
projection operators and f parametrizes the chirality of the couplings. For the vector-like heavy
quarks, the couplings f,¢ in the above Lagrangian can be parametrized in a model independent
way as
LR, UV LR

qu/ — m_Q,/{qQ/ 9 (21)
where /fjéﬁ is a dimensionless parameter. For the chiral heavy quarks, the couplings f,o are
equal to
[l = Vo™, flo=0. (22)

q q q
In order to generate the heavy bottom quark resonance, we require the following magnetic
moment operator
9s N =

_ 7 v
Or = 535 B o G, (23)

'In Ref. [431], the new heavy quarks couple preferentially to first generation quarks. Thus, the decay of the
heavy quarks will involve light quarks instead of the top.
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| o(fb) | Signal | t+W |t+jets | & | WV +jets | W+ jets |
No cuts 681.570 | 2861.00 | 18877.0 | 22200.0 10007 2457400
Basic cuts 326.199 | 833.695 | 4049.12 | 5575.53 | 17212 88343.5
+hard cuts 210.469 | 151.776 | 257.671 | 2888.22 | 288.202 | 23713.9
+HT cuts (in Eq. 31) 196.531 | 52.3563 | 90.6096 | 1247.64 | 125.087 | 12901.4
+Tagging one b-jet 118.559 | 33.4737 | 46.2486 | 580.530 | 32.5228 | 284.724

| +Mass window cuts in Eq.33 | 98.4187 | 12.7315 | 17.9331 | 147.630 | 10.0070 | 81.3498 |

Table 2: Cross sections for the signal and various background processes without and with the cuts are

listed.

where G, = G*T“/2 is the field strength tensor of the gluon and g; is the strong coupling
constant. By naive dimensional analysis, we take the suppression scale to be twice the excited

resonance mass.

4.2 Signal and Background Processes for Heavy Bottom Quarks

As alluded to above, for heavy bottom quarks the signal production processes are

with the final decays

pp— B —tW~

Wt = 1*Fu,

t(t) — b(b)l* v.

(24)

(25)

which is clean for discovery.In addition to the backgrounds listed in equations 4-5, an additional

background to be considered is

pp — tW.

The single top SM background in equation 26 is irreducible.

4.3 Event Simulations for Heavy Bottom Quarks (t + W + jet)

The basic selection cuts are all the same as for the W’ boson search, up to the requirement

Er > 25 GeV.

In addition to these basic cuts, we now place additional cuts to optimize the signal.

(26)

27)

From Fig. Ref.stopx:bprimekin, it is clear the py of leading jet for the signal is much larger
than the backgrounds. We require

pr
pr
pr

AVAR VARV
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80 GeV (leading jet)
50 GeV
40 GeV

(subleading jet).
(additional jet).

(28)
(29)
(30)
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Figure 3: pr distributions from the leading jet (upper right) and subleading jets (upper left). The Hr
distribution is in the lower left panel. It is clear these variables can be used to separate the signal from the
background. After the cuts, the reconstructed B’ invariant mass distributions for signal and backgrounds
is plotted in the lower right panel.
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We again define the scalar sum of the pr’s of all the particles in the final state.
Hy =pi'+ Br+ Y ph (31)
J

Here j runs over all of the well-separated jets in the event. We apply the following cut
Hp > 425 GeV. (32)
We impose the invariant mass window cuts
| — mp| < 100 GeV . (33)

After these cuts, we show the B’ resonance in Fig. Ref.stopx:bprimekin. For the heavy B’ quark
with 700 GeV mass, the significance with 1 fb’! luminosity is

S/VB ~ 6. (34)

Cross sections for the various background processes without cuts are given in Table 2.

5 Conclusions

In this review, we focused on searches for new W’ gauge bosons as well as B’ heavy quarks.
This is done under the rubric of searches for new physics under single top +X. A general survey
of the possible new physics with associated single top production can be found in Ref. [401].
We showed TeV W’ bosons and B’ heavy quarks are easily accessible during the early LHC
running.
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Appendix

A few basic definitions were used in the analysis in the previous sections are given here. We
place some important definitions not included in the above text; if needed, see Ref. [432,433]
for additional background.

A Detector Effects

We often use b-tagging to increase the signal efficiency. A tagging efficiency of 60% is used in
our analysis. We take into account a mis-tag rate for a light non-b quark (including the charm
quark) to mimic a b jet, with mistag efficiency €;_,, = 0.5%

We smear the electron and hadronic energy according to Gaussians given by

AE¢ 0.05
. = ———— 30.0055 (A.1)

E; \/Ej/GeV
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h
AE! 1

= —— 3 0.05, (A.2)
Ejh 1/ EJ/GeV
respectively. The muon momentum is smeared by
Apt. B L 0.013

Pr
= 036 =@ .
Y TeV — /sinf
where 6 is the polar angle of the lepton with respect to the beam direction in the lab frame. These
smearing parameters are consistent with both the ATLAS and CMS experiments. Finally, we
use FastJet to cluster the final state jets with a cone size R = 0.4.

(A.3)

B Top Tagging and Reconstruction

Hadronic Top Reconstruction: Here the top quark decays hadronically to a b-jet and a W
bosons which subsequently decays to jets. In order to tag the top simply require the following
invariant masses

miy = (p1 +p2)° m; = (p1+ p2 + ps)*. (B.4)
to be within the ranges

77T < my <83 GeV 168 < m; < 176 GeV. (B.5)

Semileptonic Top Reconstruction: For simplicity, we consider top decays to electrons or
muons only. With only one neutrino in the final state, the missing momentum generates four
unknowns. The missing transverse momentum

Pr=—>_pn Fr=-> E, (B.6)

determines only two of the four components of the missing neutrino momentum. The rest of the
components of the momentum can be determined by taking the ¥ boson and top quark mass
as an input for on-shell top quark production and decays. To see this explicitly, we first demand
that m?, = M3,. The longitudinal momentum of the neutrino is formally expressed as

y 1
Y = 7,02 (Apg) + E(Z)\/A2 - 4P¥)2E72> : (B.7)
Pr

where A = M, +2 ﬁg ). ET Again | = e, u. The two-fold degeneracy of the neutrino longitu-

dinal momentum (above) is resolved by considering the top quark mass. Thus, if A2 — 4 pgf) 2 Er
2 > (), the value of p,, that best yields the known top mass via m3,, = m? is selected.

Detector effects can reduce the top reconstruction efficiency and, in particular, force the rad-
ical in equation B.7 to be negative. In this case, in order to better recover the correct kinemat-
ics [432], we instead first reconstruct the top quark directly by demanding m?, = m?. The
longitudinal momentum of the neutrino is expressed as

v A'peny
2

P = (B.8)
g 2(E(le) - p(bl)L)
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1 1/2
t S (p%bl)LA/2 + (Bl — Diwy ) (A% — 4E(2bl)ET2))
( (bl) p(bl)L>

where A" = mi — M, + 2P - [ Here [ runs over e, u. The two-fold ambiguity is
broken by choosing the value that best reconstructs M3, = m?,. Notice because A’ ~ m? in the
equation above, the value under the radical has a smaller chance of being negative.

C Spin Determination: Lepton Polarization

The charged lepton from top quark decay is maximally correlated with top quark spin. The
connection between top quark spin and the charged lepton can be found from the distribution
in 0y, the angle of the lepton in the rest frame of top quark relative to the topquark direction
of motion in the overall c.m. frame. This is usually named as “helicity” basis. The angular
correlation of the lepton /T is given by

1 do 14 cosbha
odcosbng 2

) (C.9)

with the (+) choice for right-handed and (—) for left-handed top quarks; Clearly, the charged
lepton from a right-handed top quark prefers to move along the top quark direction . In the
top-quark rest frame, 75% (25%) of charged leptons from ¢ () decays follow the top-quark
direction.
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Effective axial-vector coupling of the gluon and top-quark
charge asymmetry at the LHC

Emidio Gabrielli, Andrea Giammanco, Antonio Racioppi, Martti Raidal

Abstract

We study the top quark charge asymmetry induced by an effective axial-
vector coupling of the gluon at the LHC experiments. We showed
that rapidity cut-dependent asymmetries are more sensitive to the new
physics than the independent ones. We also study the dependence of the
asymmetries and variations of the total ¢t cross sections on the invariant
mass of the ¢t system and show that it would be necessary to measure
those quantities as functions of my at the LHC. If this is done, in the
context of the considered new physics scenario, the 7 TeV LHC has
enough sensitivity either to confirm the Tevatron top charge asymmetry
anomaly or to rule it out. In the latter case the LHC will be able to put
stringent constraint on the new physics scale A in this framework.

1 INTRODUCTION

The 3.4 o excess over the standard model (SM) predictions [434—437] in the top-quark charge
asymmetry (A% ) observed by the CDF collaboration at the Fermilab Tevatron [120], has trig-
gered numerous theoretical and experimental studies of top quark production at hadron collid-
ers. An intriguing property of the measured asymmetry is that it increases with the ¢¢ invariant
mass 7,;. At the same time the measured ¢¢ production cross section is consistent, within exper-
imental errors, with the SM predictions [438—440] both at Tevatron [441,442] and at the CERN
Large Hadron Collider (LHC) [443, 444]. Motivated by those results, the SM predictions for
the ¢t charge asymmetry have been revised [445,446], showing a moderate 20% increase due to
QED and electroweak corrections.

Numerous new physics explanations (see Ref. [447] for a recent summary review) have
been proposed to explain the observed anomaly, predicting the existence of new particles whose
contributions produce the asymmetry. Those scenarios can be directly tested at the LHC exper-
iments by looking for new particle interactions. In the light of the LHC results several popular
explanations to the ¢ charge asymmetry such as the axigluons [448-450], Z' [451] or W' [452]
bosons are stringently constrained.

However, effective field theory offers also model-independent tests of the top quark charge
asymmetry. Particularly interesting among those is the one due to an effective axial-vector
coupling of the gluon [453]. This scenario does predict the correct sign and the correct my;
dependence of the Tevatron anomaly and does not necessarily require new light resonances.
Therefore tests of this scenario require in particular the measurement of the top quark charge
asymmetry dependence on m,; at the LHC.
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Although the LHC is a pp collider with a symmetric initial state, the ¢ charge asymmetry
can be defined and studied at the LHC in ¢g collisions using anti-quarks from the sea [434,
435]. Because the sea quark parton distributions differ from the valence ones, top and anti-top
quarks are preferably produced at different rapidities. Therefore, studying top quark charge
asymmetries at large rapidities and large invariant masses will enhance the asymmetries both
in the SM as well as in scenarios of new physics [445]. At present the ATLAS [454] and
CMS [455] experiments have published only their measurements of rapidity cut-independent
top quark charge asymmetries. Their results are consistent with the SM predictions. The first
results on rapidity and invariant mass-dependent observables for top quark charge asymmetry
have been released by the CMS experiment, comparing data with the SM prediction and with
our prediction for the considered new physics scenario [456].

The aim of this work is to study rapidity and invariant mass-dependent top quark charge
asymmetries at the LHC in the scenario of an effective axial-vector coupling of the gluon. We
show that the rapidity and invariant mass-dependent asymmetries are much more appropriate for
testing this type of new physics scenarios than the cut-independent ones used by ATLAS [454]
and CMS [455] so far. We show that the Tevatron observation of large asymmetry can be either
confirmed or ruled out already at the 7 TeV LHC with 10 fb~! data.

2 EFFECTIVE GLUON COUPLINGS IN FIELD THEORY

The most general effective Lagrangian for quark-gluon interactions, containing the lowest di-
mensional operators, and compatible with gauge-, CP-, and Lorentz-invariance, is [453]

£ = —igs{ QT [y (14 gv(¢®, M) + 594(%, M)) G
+ gp(qz,M)q“%GZ+9M(q2,M)U“”GZV}Q}> (1)

where gs is the strong coupling constant, G, is the gluon field, 7 are the color matrices,
M 1is some energy scale, ¢* is the invariant momentum-squared carried by the gluon and Q
denotes a generic quark field. From now on we will assume that the dominant contribution to
the g4 p(q*, M) form factors arises from new physics (NP) with characteristic scale above the
electroweak (EW) scale. In this case the scale M should be identified with the NP scale. Model
independently, QCD gauge invariance requires that 2mgga (¢, M) = ¢*gp(q?, M), thus

lim gav(¢*, M) =0 ()

q%2—0

since no 1/¢? singularities are present in gp. As observed before [453], Eq.(2) does not impose
any additional constraint on the form factors g4y, which could have different magnitudes at
arbitrary ¢2. Therefore, gauge-invariance does not prevent us to have gy < g4 as long as
q? # 0. If the origin of the large A% is due to NP that has (V 4 A) currents as in the SM, large
gy and g4 can be generated. However, this scenario is phenomenologically unacceptable [453]
because gy is strongly constrained by the total g7 — tt cross section. Thus we will neglect the
contribution of the vectorial form factor gy (¢, M) in Eq.(1), and consider only NP scenarios
that generate g4 with the hierarchy gy < g4. In the limit of ¢? < M?, it is useful to parametrize
the axial-vector form factor as

gA(q27 M) = _F(q27A)7 (3)
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Figure 1: Feynman diagram in the effective low energy theory that generates the effective axial-vector

coupling of gluon.
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Figure 2: Feynman diagrams (a)-(c) for the g7 — tt process, with the contribution of the gluon effective
axial-vector couplings ¢%".

where we absorb the NP coupling o p and loop factor into the NP scale, A? = M? /(4manp).
Notice the ¢ dependence that enhances the asymmetry at large invariant masses.

Assuming that there are perturbative NP above the EW scale, model independently the
effective operators [457]

1 - ~

Oky = QT sQQTisY"Q), @)
1 - _

0115?9 = P[QTLS'%QHQTLSQL (5)

generate g4 via the one-loop diagrams depicted in Fig. 1. Here 77 = 1 and 13 = T°, thus
both isoscalar and octet operators contribute. Notice that: (i) no gy is induced due to QCD
parity conservation; (ii) the one-loop induced g4 is enhanced by log(q*/A?); (iii) the operators
Oi{?,, O};g do not induce flavor changing (FC) processes; however, there could be different
quark flavors in the loop in Fig. 1 (extending the operator basisto Q — @',V <> A, P < S
is straightforward); (iv) the operators Oif/, Ollj’g do not interfere with the corresponding QCD
induced 4-quark processes. The latter point implies that the stringent LHC constraints [458,459]

on 4-quark contact interactions do not apply to our scenario.

Alternatively, large g4 might be generated by new strongly-coupled parity-violating dy-
namics related to electro-weak symmetry breaking (EWSB) at the 1-2 TeV scale. A plethora of
new resonances should occur at the LHC allowing to test this scenario. As we are not able to
make predictions in this case, we shall not elaborate on this new physics possibility and simply
assume the existence of operators (95).

3 CROSS SECTIONS AT THE LHC

The effective axial-vector coupling of gluon affects the ¢t cross section at the LHC via the parton
level processes qg — tt and gg — tt as depicted in Figs. 2 and 3, respectively. Notice that our
scenario modifies not only the subdominant ¢g but also the dominant gg production channel.
The effective axial-vector coupling of the top-quark affects only the s-channel (diagram 3(d));
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Figure 3: Feynman diagrams (a)-(d) for the gg — tt process, with the contribution of the gluon effective
axial-vector coupling g%.

due to the Ward identity in Eq.(2), the effective axial-vector contribution vanishes in the - and
u-channels, diagrams 3(a) and 3(b) respectively, because the gluons attached to the axial-vector
vertex are on-shell. Therefore detailed measurements of the ¢t cross sections are needed at the
LHC to test this scenario.

For qg — tt the differential cross section in the massless light-quarks ¢ limit (summed
over all colors) is given by

q 2 a2
d;;q = 8;% [(F + (5 — 2m)t + % - mf) X
(L4 194l + |94l + 194 11g% )

— 2lghl*mis (1+1g41%)
+ 2Re[g}] Relgh] 5(5 + 20 — 2m3)| ©6)

where ¢% and ¢, are the corresponding axial-vector form factors for the light-quark ¢ and top-
quark, respectively, and 3, ¢, ¢ are the usual Mandelstam variables. After integrating Eq.(6) over
the full range of ¢, the total partonic cross section is given by

8rad By m?
— 5 (1+2 1+ |g%|?
ot { (14250 (L4 1g41) +

BRIl (1+194%) }. )

0q6(§)

where 3 = /T — pand p = 4m?/5.
For gg — tt scattering the differential unpolarized cross section is given by

do%9  wag 16 2
df — 64§2 |:12Mss + E (Mtt + Muu) - thu
+ 6 (Mg + M), )
with
4 .. . ~
M = [ m) (o) + () 104
2 ~ . .
Ma = G (=) (3= ) = 2 (a4 )]
Am?
Mu _ _ t A_4 2 ,
“ S T )
4 R R
My = ——— [m}—1(5+1)], 9



and M,,, = My {t <> u}, My, = M {t <> u}. This expression is SU(3). gauge invariant.

After integrating Eq.(8) over the full range of , we obtain for the total partonic cross
section

: 1
699(3) = Zgg{ (16 4+ p (16 + p)) log (%)
— 6(28+31p+6]g,4|2(p— 1)) } (10)

Finally, the hadronic cross section pp — ttX at LHC is obtained by convoluting the
partonic cross sections in Egs. (7),(10) with the corresponding parton distribution functions
(PDF) for quarks and gluons, namely

Opp—ttX = / <Z d1q04q(5) + dﬂgagg<§)) ; (11)
q

where dji, and dp, indicate the differential integrations in dzdx convoluted with the quark and
gluon PDFs respectively. In the numerical integration of Eq.(11) we have used the CTEQ6L1
parton distribution function (PDF) [429], where we set the PDF scale ;1 = m, with the top quark
mass m; = 172 GeV.

4 CHARGE ASYMMETRY AT THE LHC
The most useful top charge asymmetries at the LHC are defined as [445]

— the cut-independent charge asymmetry, as measured by ATLAS and CMS,
N(A, >0)—-N(A, <0)

A = 12
¢~ N, > 0) + N(B, <0)’ (12)
where A, = |y| — |vil;
— the integrated pair charge-asymmetry
N ;)— N .
A(glt(}/c) — (yt > yt) (yt < yt) (13)

N(ye > yr) + N(ye < yp)’
as a function of the cut Y, on mean rapidity, namely (y; + yz)/2 > Y..

All the above observables are defined in the laboratory frame. Due to the symmetry of the initial
proton-proton configuration, also A% (Y,.) will vanish if the full rapidity range is integrated, that
is when Y, approaches its maximum kinematically allowed value.

Top quark pair production by the gluon fusion mechanism, which is dominant at the LHC
(representing 70% and 90% of the total cross-section at 7 TeV and 14 TeV c.o.m. energy re-
spectively), is charge symmetric under higher order corrections. However, the contributions of
the gluon-gluon collisions can be reduced by imposing a lower cut on the top quark pair invari-
ant mass my;. This has the effect of eliminating the regions of lower longitudinal momentum
fraction of the colliding partons where the gluon density is much larger that the quark densities.
In addition, imposing a lower cut on m; also has the advantage of enhancing the ¢ — ¢ con-
tribution to the charge asymmetry, although at the price of reducing the ¢ pair statistics. This
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Figure 4: Variation Ao of theAt((T)?ell)l cross section for pp — tt at the LHCAv(Jietﬂ pp center of mass energies
Vs =7 TeV (left panel) and 14 TeV (right panel) for m; = 172 GeV, as a function of the scale A in TeV,
for several regions ([a-€]) of ¢t invariant mass m;.

requirement has also crucial implications for our scenario, since it increases the contribution of
the axial-vector coupling of the gluon to the charge asymmetry. This is due to the fact that the
effective coupling g4 grows as mft—/ A? at large my; values (but with my < A). We will restrict
our analysis to the case of real and universal axial-vector gluon couplings. In particular, we
parametrize the axial-vector coupling ( for values of |¢?| < A?) as follows

q2

gh=04="7;5 (14)
Indeed, in order to explain the Tevatron anomaly on A%, while requiring conservative con-
straints on the ¢t cross sections at the Tevatron, it was suggested [453] that the most favored
scenario is the one where all axial-vector couplings are universal and real, with the NP scale A

lying in a narrow range 1 TeV < A < 1.3 TeV.

In our numerical analysis we have not included the SM contribution to the charge asym-
metry. Indeed, this is almost negligible with respect to the axial-vector gluon contribution for
most of the kinematic regions considered here. In particular, we have retained only the g4 con-
tribution in the numerators of the asymmetries neglecting the corresponding SM contribution.
However, we have retained the SM effect (at the leading order (LO) in QCD) in the evaluation
of the total number of events entering the equation for the charge asymmetry.

Then, following the definition of asymmetry, the exact value of A%M’LNP, including the
SM one (AZM), are related to the results of AXY presented here by the following equation

SM
AC

ASMANP _ ANP
¢ ¢ 14+ Ao’

(15)
where Ao is the percentage variation of the total cross section (defined as Ao = oNF /g5M),
and 0¥ 5M) represents the pure NP (SM) contributions to the total cross section evaluated in
the same kinematic region of charge asymmetry. The symbol A appearing in the figures stands
for the pure NP contribution to the charge asymmetry AN as defined above.

The numerical values of Acare plotted in Fig. 4 for the 7 TeV and 14 TeV LHC as function
of the new physics scale A for several kinematic regions [a-e] of m,; as indicated in the Figure.
Regarding the choice of ranges of m,;, we adopted the criterion that the maximum value of my;
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Figure 5: The cut-independent ¢f charge asymmetry A¢ in percentage (left plots) and corresponding
statistical significance S[A¢] (right plots) at LHC with pp center of mass energy /s = 7 TeV and inte-
grated luminosity L = 10 fb~!, with my = 172 GeV, as a function of the scale A in TeV, for several
regions ([a-d]) of ¢f invariant mass my;.

satisfies the condition m}** < A as required by the validity range of the low energy limit in
the g4 form factor. The cross sections have been evaluated at leading order (LO) in QCD. The
picture that emerges from these results is clear. If we analyse ranges of m; below 1 TeV, curve
[a], the expected variation in the total cross section is quite small, below 5% for both the 7 TeV
and 14 TeV LHC energies. This is due to the fact that requiring m,; to be below 1 TeV, the
ga contribution at low energy is still largely screened by the gluon fusion mechanism, which is
the dominant mechanism of top-quark pair production at the LHC. Clearly, by increasing the
myz mass range the NP effect could be amplified and larger deviations could be observed in the
cross sections, due to the quark-antiquark production mechanism. These results could also be
used to set lower bounds on the scale A by requiring that no excess in the total cross section is
observed with respect to the SM predictions. For instance, by limiting the deviations on total
cross section below 20 %, one can see from curve [e] that a lower bound A > 4 TeV could be
obtained at LHC 7 TeV. Clearly, by increasing the m,; range, the statistical error on the cross
section also increases, and a more accurate analysis, which is beyond the purpose of the present
work, would be necessary.

Our numerical results for the g4 contributions to the charge asymmetries at the 7 TeV
LHC defined in Egs. (12) and (13) are shown in the left panels of Fig. 5 and Fig. 6, respectively.
In order to estimate whether the asymmetries can be measured at the LHC or not, we have used
approximate expressions for the statistical significance S[A¢] [448]

S{Ac] >~ A0VLO'NP+SM s (16)
where L stands for the integrated luminosity and o +5M ig the total cross section including
the SM and NP contributions. In oN**5M we have used the LO cross sections multiplied by a
rescaling factor /', which is obtained by simply rescaling the total cross section evaluated at LO
in QCD to its value corrected to next-to-next-to-leading order (NNLO) in QCD. Those results
are presented in the right panels of Fig. 5 and Fig. 6. Notice that the significance in Eq.(16) is
a simple theoretical estimation of the true one, since it does not take into account efficiencies,
acceptance, resolution, and systematics.
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In Fig. 5 we plot the cut-independent ¢f charge asymmetry A (left plot) and correspond-
ing significance (right plot) as a function of the scale A in the range [1-1.3] TeV. This is the
definition adopted by the ATLAS and CMS collaborations to measure the top-quark charge
asymmetry at the LHC. The ranges of m,; [a-d] appearing in Figs. 5 and 6 are given by

[a] 2m; < my; < 0.6 TeV, 17)
b = 0.6 TeV < my; < 0.8 TeV,

[c] = 0.8TeV <my<1TeV,

d = 2m; <my <1TeV.

In the following, we will refer to the m,; ranges [a-d] as the ones defined in Eq.(17).

As seen from these results, the g4 contribution to Ao is quite large when measured at
myz masses close to the value of the scale A. In particular, for range [c], A¢ could be of order
of 15% or 7%, for scales A = 1 TeV or A = 1.3 TeV respectively, while the corresponding
significance can reach values of 37 and 15 respectively. On the other hand, when integrated
over a large m,7 range, see for instance the curve relative to range [b], A¢ turns out to be quite
small (below 2 %) and comparable (although a bit larger) to the SM result [445].

In Table 1 we give some numerical results for the values of the tt cut-independent charge
asymmetry Ac (in percentage) evaluated at A = 1 TeV and at LHC energies /s = 7 TeV and
/s = 8 TeV, integrated over the following kinematical ranges for m;; and Y;; [460]:

Ay = {2my < myp < 420 GeV},

Ay = {420 GeV < my; < 512 GeV},

Az = {512GeV <my < 1TeV},

Ay = {0<|Yy| <041},

As; = {041 <|Yy| <09},

Ag = {|Yu|>009}, (18)

where Y, is defined as the rapidity of the 4-momentum p;; = p;+pz, where p, and p; are the top-
and antitop-quark 4-momenta in the LHC proton-proton center of mass system respectively. For
each range A;_g in Eq. (18), the other kinematic variables are integrated over the whole allowed
kinematical range. In Table 2 we give some numerical results for the values of the significances
(see Eq. (16)) of the corresponding cut-independent tt charge asymmetries A- computed in
Table 1. Results in Table 2 are evaluated according to our definition of significance as given in
Eq. (16), with total cross sections oM+ NP evaluated at NNLO in QCD, and correspond to an
integrated luminosity L = 10 fb~. For the case at \/s = 8 TeV, we have used the same NNLO
QCD rescaling factor K as for /s = 7 TeV.

In Fig. 6 we show the integrated pair charge asymmetry A2 (Y.) as defined in Eq.(13)
and corresponding significance, as a function of the cut Y. on the mean rapidity Y defined as
Y = (y: + y#)/2, for the representative value of A = 1.3 TeV. In the case of lower values of
A, the NP effects are just more pronounced and we will also include the case of A = 1 TeV in
our discussion below. As we can see from these results, A%*(Y.) turns out to the most sensitive
probe of our scenario. In particular, at A = 1.3 TeV, for m; in range [c], the value of AZ"(Y?)
can vary, as a function of Y, from 8% up to 25% for A = 1.3 TeV and can increase from 15%
up to 55% for A = 1 TeV. The value of AZ*(Y,) in range [c] evaluated for Y. = 0.3, where its
significance is maximized, is of order of 10% for A = 1.3 TeV and can reach values of 20% for
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| VS [ AZ(AY) | AZ(As) | AZ(As) | AZ(Ay) [ AZ(As) | AZ(A) |
7 TeV 0.32 0.90 49 2.2 1.4 2.1
8 TeV 0.28 0.78 43 1.9 1.3 2.0

Table 1: Numerical values of the cut-independent tt charge asymmetries A¢ in percentage, evaluated at
A =1 TeV and for LHC energies /s = 7 TeV and /s = 8 TeV, integrated in the kinematical ranges
Aq_g given in Eq.(18).

’ \/g H SAC’(AI) ‘ SAC(AQ) ‘ SAC(A3) ‘ SAC(A4) ‘ SAC(A5) ‘ SAC(A6) ‘
7 TeV 1.5 3.9 21 8.2 5.4 11
8 TeV 1.5 4.1 23 8.6 6.0 13

Table 2: Numerical values of the significance of the cut-independent tt charge asymmetry A, evaluated
at A = 1 TeV and for LHC energies /s = 7 TeV and /s = 8 TeV, corresponding to an integrated
luminosity L = 10 fb~! and integrated in the kinematical ranges A;_g given in Eq.(18).
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Figure 6: Integrated pair charge asymmetry A% (Y;) in percentage (left plots) and corresponding sta-
tistical significance S[AZ"(Y,)] (right plots) at LHC with pp center of mass energy /s = 7 TeV and
integrated luminosity L = 10 fb~1, with m; = 172 GeV, as a function of the cuts on the mean rapidity
|Y| > Y, (in the lab frame), for several regions ([a-d]) of ¢¢ invariant mass m,;. Plots correspond to the

scale A = 1.3 TeV.

A =1 TeV. However, even at Y, = 1.5 the integrated charge asymmetry is still quite large. As
shown in Fig. 6, for A = 1.3 TeV, the value of AZ%(1.5) is of order 25% and 8% for m,; ranges
[c] and [b] respectively, with a corresponding significance of order 5 in both cases. For A = 1
TeV, the value of A% (1.5) can increase up to 50% and 20% if integrated in the ranges [c] and
[b] respectively, while the corresponding significances are above 10.

In Fig. 7 we analyze the statistical significance of the cut-independent charge asymmetry
A versus the scale A in the range of A=[1.5-4] TeV and for several ranges of m,; as indicated
in the Figure. The left and right plots correspond to LHC center of mass energies of /s =
7 TeV and /s = 14 TeV respectively. We have used the same convention for the A and my;
ranges as adopted in Fig. 4. Assuming that no significant deviations from SM predictions on the
charge asymmetry Ao will be observed, from results in Fig. 7 one can derive lower bounds on
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Figure 7: Statistical significance S[A¢] of the cut-independent ¢ — ¢ charge asymmetry Ao at LHC

with pp center of mass energies /s = 7 TeV (left plots) and /s = 14 TeV (right plot) with integrated

luminosity L = 10 fb~!, with m; = 172 GeV, as a function of the scale A in TeV, for several regions

([a-€]) of tt invariant mass m,;.

the scale A. For example, by requiring that S[As] < 3, we get for L = 10fb™", the following
(strongest) lower bounds:

— A > 2.6 TeV, for my; € [1.5-2] TeV at LHC at 7 TeV;
— A > 3.7TeV, for my € [2.5-3] TeV at LHC at 14 TeV .

As can be seen from the dashed (blue) curves in the left plot of Fig. 7, for LHC at 7 TeV there
is no advantage, concerning the lower bounds of A, in going to higher bin ranges in m;; > 2
TeV, due to the loss of statistics.

5 CONCLUSIONS

We have studied the gluon effective axial-vector coupling induced top charge asymmetry at
the LHC. We have compared rapidity cut-dependent and independent asymmetries and shown
that the former are more sensitive to new physics than the latter. We have also studied the
asymmetries and variations of total ¢ cross sections at different invariant masses of the t¢ system
and shown that it would be necessary to measure those quantities as functions of m,; at the LHC.
A first measurement has been performed by the CMS collaboration [456], finding agreement
with both the SM and the considered new physics scenario. With more data and a better control
of the systematic uncertainties the LHC might either confirm the Tevatron top charge asymmetry
anomaly or rule it out in the context of the considered new physics scenario. In the latter case
the LHC will be able to put stringent constraint on the new physics scale Lambda.

ACKNOWLEDGEMENTS

We thank T. Chwalek, T. Peiffer, G. Rodrigo, and J. Wagner-Kuhr for several communications.
This work was supported by the ESF grants 8090, MTT59, MTT60, JD164, by the recurrent
financing SF0690030s09 project and by the European Union through the European Regional
Development Fund.

172



Contribution 16

Searching for sgluons in multitop production at the LHC

Samuel Calvet, Benjamin Fuks, Philippe Gris, Adrien Renaud, Loic Valéry, Dirk Zerwas

Abstract

In this report, we present the results of our activities addressing the
investigation of signatures containing multiple top quarks at the Large
Hadron Collider. We use the framework of a simplified effective theory
containing color-octet scalar particles decaying to top quarks and light
jets and explore final state signatures with either four top quarks or two
top quarks and two light jets. We investigate the sensitivity of both a
same-sign dilepton plus jets and a single lepton plus jets analysis to the
possible presence of new physics events, and we find that signal cross
sections down to a few tens of fb can be already probed at the Large
Hadron Collider, assuming 10 fb™! of collected data at a center-of-mass
energy of 7 TeV.

1 INTRODUCTION

Among all the alternatives proposed to extend the Standard Model of particle physics, super-
symmetric theories, and more particularly their minimal version, the so-called Minimal Super-
symmetric Standard Model (MSSM) [74,75], are theoretically and phenomenologically well-
motivated. Assuming a symmetry between the fermionic and bosonic degrees of freedom of the
theory, they predict fermionic (bosonic) partners for each bosonic (fermionic) Standard Model
particle. They feature a solution to the hierarchy problem [461], gauge coupling unification at
high energies [462] and contain, as the lightest supersymmetric particle, a candidate to solve the
dark matter problem in the universe [463]. However, supersymmetric partners of the Standard
Model particles have not been observed yet. Therefore, and in order to remain a viable solution
to the hierarchy problem, supersymmetry has to be softly broken, which shifts the masses of the
superpartners around the TeV scale.

This explains why searches for the supersymmetric counterparts of the Standard Model
particles are among the main experimental topics at the Large Hadron Collider (LHC) exper-
iments at CERN. Direct searches are currently under way and limits on the supersymmetric
masses are set to higher and higher scales by the ATLAS and CMS experiments [76,77]. How-
ever, most of the results are derived under the hypothesis of the constrained MSSM, i.e., a
framework in which the O(100) new free parameters of the theory are reduced to four param-
eters and one sign. Consequently, there exist alternative realizations of supersymmetry with
properties different from those expected in the constrained MSSM and thus not covered by the
current experimental analyses. Therefore, their investigation at the LHC deserves dedicated
studies in order to prepare the interpretation of data within these models. As an example, we
have chosen in this work to focus on N = 1/N = 2 hybrid supersymmetric theories [464—470]
and R-symmetric supersymmetric theories [471-473] which both predict, among others, the
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existence of a new color-octet scalar field. In these models, the SU(3).. vector supermultiplet of
the MSSM is supplemented by an additional chiral supermultiplet lying in the adjoint represen-
tation of the SU(3).. gauge group, forming hence a complete gauge supermultiplet of an N = 2
supersymmetry. The latter contains a vector degree of freedom which corresponds to the gluon
field, two (two-component) fermionic fields mixing to form a Dirac gluino field, in contrast to
the Majorana counterpart included in the MSSM, and one color-octet scalar particle commonly
dubbed sgluon [474,475]. Let us note that another type of color-octet scalar particles, called
hyperpions, also appear in vectorlike confining theories at the TeV scale [476—481]. While
some signatures are similar, the supersymmetric theories can lead to additional final states. In
the following we will therefore only consider the supersymmetric case.

Being sensitive to the strong interaction, sgluons (strongly) couple to gluons and quarks
and are therefore expected to be copiously pair-produced at the LHC. Then, their observation
could be possible through their allowed decays into a pair of light jets, a pair of top quarks,
or even an associated pair of a top quark and a light jet. In this work, rather than handling
the complete model, which also demands a careful design of a theoretically motivated and
not experimentally excluded benchmark scenario, we follow an alternative approach where we
construct a simplified model allowing for sgluon pair hadroproduction and decay either into two
top quarks and two light jets, or into four top quarks. Assuming a sgluon with a mass lying in the
TeV range, together with sensible couplings to quarks and gluons, we analyze the sensitivity of
the LHC to the possible observation of sgluon particles within multitop events containing either
two top quarks and two additional light jets or four top quarks. Both the single lepton plus jets
and same-sign dilepton plus jets channels are investigated.

The outline of this contribution is as follows: In Section 2, we describe the effective
theory which we have constructed modeling sgluon pair production and decays at the LHC and
define four benchmark scenarios for our phenomenological studies. In Section 3, we present the
details of our Monte Carlo simulations and the results of our two phenomenological analyses.
Our conclusions are given in Section 4.

2 AN EFFECTIVE THEORY FOR SGLUON PRODUCTION AND DE-
CAY AT THE LHC AND BENCHMARK SCENARIOS

As stated above, sgluons can be pair-produced at the LHC through their couplings to gluons
and quarks. The same interactions also allow for sgluon decays, in a flavor conserving fashion
or not, to light jets and top quarks. These properties can be embedded into an effective gauge-
invariant Lagrangian describing the dynamics of a complex sgluon field o,

L=Lsy + <O'aCZTa [adPL + deR] d+ oul, [auPL + by Pr|u + agdabcaagwbg“”c + h.c.>
+ D,olDto®* —m, 0% .

(1)

This effective Lagrangian contains the Standard Model Lagrangian Lg),, the sgluon kinetic

and mass (m,) terms included in the last two terms of the equation above and the sgluon gauge

interactions, which are embedded through the SU (3),. covariant derivative in the adjoint repre-
sentation,

Dyo® = 00" + guf "0, 0" 2)

where gz denotes the gluon field, g, the strong coupling constant and f%,. the structure constants

of SU(3).. In complete hybrid or R-symmetric supersymmetric models, additional interactions
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Parameter Scenario I.1 Scenario I.2 Scenario II.2  Scenario 1I.1
ag 1. 1. 1. 1.
(@) 0.085 0.085 0 0
(@)t = (ay)ie 0 0 0.04 0.04
(aw)ut = (ay)tu 0 0 0.04 0.04
My 400 GeV 1000 GeV 400 GeV 1000 GeV
my 172 GeV 172 GeV 172 GeV 172 GeV

Table 1: Non-zero input parameters for our four benchmark scenarios. All the other Standard Model
parameters follow the conventions of Ref. [107].

of sgluons to quarks and gluons are generated at the one-loop level. The sgluon can hence also
singly couple to two, three or four gluons or to a pair of quarks. In our effective theory, this op-
tion is allowed through the Lagrangian terms given in the parenthesis of the first line of Eq. (1).
In the latter, flavor indices, as well as (anti)fundamental color indices, are understood, and we
have introduced the left-handed and right-handed chirality projectors P, and Pg. In addition,
Juve Stands for the gluon field strength tensor, whilst 7}, and d“,. are the fundamental repre-
sentation matrices and the symmetric structure constants of SU(3), respectively. The relative
coupling strengths are left as free parameters and consist in a set of four complex 3 x 3 matrices
in flavor space ag4, b4, a,, b, and a complex number a,.

To investigate the main features of sgluon signatures at the LHC, we consider two simpli-
fied scenarios I and II, each of them split into two categories (1 and 2) which differ only in the
mass assumed for the sgluon. For scenarios 1.1 and II.1, the sgluon is assumed to have a mass
of 400 GeV, a rather collider-friendly value, while for scenarios 1.2 and 1I.2, it is assumed to be
a 1000 GeV particle, yielding a phase-space suppressed but still visible sgluon pair-production
cross section at the LHC. The difference between the two sets of scenarios lies in the allowed
decay channels for the color-octet scalar particle. For scenarios I.1 and 1.2, sgluons are only
allowed to decay to a top-antitop pair with a branching ratio equal to unity. In contrast, for
scenarios II.1 and I1.2, they can decay, with an equal rate, to a top or an antitop quark in associ-
ation with a light jet originated from an up or charm quark. Let us note that the total branching
ratio of sgluon to this ¢7 channel is again assumed equal to unity. Moreover, we are looking
for moderately low mass objects. Therefore, kinematically, the parton densities of the proton
tell us that gluon fusion mechanism is dominant over the quark-antiquark scattering processes
for these masses. The production cross section then depends on the mass of the sgluon and the
sgluon-gluon-gluon coupling a,.

The values of the non-zero parameters of the Lagrangian of Eq. (1) are given, for our four
benchmark scenarios, in Table 1, whilst all the Standard Model parameters, with the exception
of the top quark mass m, which is chosen equal to 172 GeV, follow the conventions of Ref.
[107]. The numerical values of the non-zero sgluon coupling strengths have been chosen so
that the cross sections related to sgluon pair production and decays are visible at the LHC.

3 PHENOMENOLOGICAL INVESTIGATIONS

3.1 Monte Carlo simulations and object definitions

Event simulation is performed for the LHC at /s = 7 TeV and for an integrated luminosity
of 10 fb~!. Both for signal and background events, the hard scattering process has been de-
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Sources of background Cross sections [pb]

W — lv + jets 14350
V) Z — 1+ jets 1672
tt + jets (semileptonic) 17.1
tt + jets (dileptonic) 3.2
single top (leptonic) + jets [s-channel] 0.49
single top (leptonic) + jets [¢-channel] 10.8
single top (semileptonic) + jets [¢1}/-channel] 2.21
single top (dileptonic) + jets [t1V -channel] 0.41
WW + jets — at least one lepton 9
W Z + jets — at least one lepton 0.48
Z 7 + jets — at least two leptons 2.8
ttW + jets 0.03
tt7 + jets 0.02
ttWW + jets 0.21
tttt + jets 3.7107*

Table 2: Cross sections for the different genererated sources of background.

scribed with the multipurpose matrix element generator MADGRAPH 5 [96]. Neglecting all
quark masses but the top mass, we employ the leading order set of the CTEQ6 parton density
fit [429] and identify both the renormalization and factorization scales as the partonic center-
of-mass energy. Concerning the simulation of the sgluon signals, we have implemented the
Lagrangian of Eq. (1) in the FEYNRULES package [6,78] and used the dedicated UFO-interface
to convert the Feynman rules to the UFO format [135], which has been adopted as the standard
MADGRAPH model format. Using this framework, our estimates for the (leading order) cross
section for sgluon pair production (without decays) are 1.86 pb, 0.82 tb, 1.86 pb and 0.82 fb
for our four scenarios 1.1, 1.2, II.1 and II.2, respectively. The cross sections of the different
generated background processes are presented in Table 2.

In order to have a description of the collisions as accurate as possible, we have matched
the MADGRAPH event samples with parton showering and hadronization as provided by the
PYTHIA program [116, 117]. We have then performed a fast detector simulation with the pro-
gram DELPHES 1.9 [482], using the publicly available ATLAS detector card.

Jets are reconstructed using the anti-k; algorithm with a radius parameter set to R = 0.4,
and only those with a transverse momentum pr > 10 GeV are kept in our analysis. However,
jets defined with such a low radius, and particularly those with a low transverse momentum,
may suffer from large bias in energy measurement due to the possibly significant fraction of the
energy not being reconstructed. We have corrected this effect by an ad-hoc calibration based on
test samples of dijet events issued from the decay of a Z- or a Z’-boson, the latter having a mass
ranging from 200 GeV to 1 TeV. After this calibration, we only retain, at the analysis level, jets
with a transverse momentum pr > 20 GeV and a pseudorapidity || < 2.5. In addition, we
estimate a D-tagging efficiency of about 60%, together with a charm and light flavor mistagging
rate of 10% and 1%, respectively.

Leptons are required to have a transverse momentum pr > 20 GeV. The pseudorapidity
of electrons must be less than 2.47 and for muons less than 2.5. Finally, we require isolation
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criteria and do not consider in our analysis jets at a relative distance AR < 0.2 of an electron
and muons at a relative distance AR < 0.2 from a jet.

3.2 Event selection

Considering the four tops or two tops plus two light jets signatures described in Section 2, the
reconstructed final state can be more or less rich in leptons and jets after the decays of the top
quarks. We design two different analyses, the first one asking for a same-sign lepton pair with
a moderate number of jets and the second one for exactly one lepton produced in association
with a large number of jets. The first analysis is expected to be sensitive to our four scenarios,
whilst the second one is especially designed to use the sgluon mass reconstruction to improve
the sensitivity for scenarios of type II.

In the following, we define the sensitivity of our analyses as in Ref. [470], i.e., as the
statistical error on the background predictions (for a luminosity of 10 fb=!) divided by the effi-
ciency and multiplied by 1.64, similarly to a one-sided Gaussian counting experiment limit. In
other words, we estimate the signal cross section which can be excluded at the 95% confidence
level in the absence of a new physics observation.

3.2.1 Same-sign dilepton plus jets signature

In order to probe the same-sign dilepton plus jets signature, our event selection criteria consist
in rejecting events which do not contain exactly two charged leptons (electrons or muons) with
the same electric charge and a transverse momentum pr > 20 GeV. We require at least four
jets, one or more being tagged as b-jets, with a reconstructed transverse energy of Ep > 25
GeV. In addition, we impose that the invariant-mass of the lepton pair is above 20 GeV to
reject hadronic resonances and we demand a missing transverse energy of at least 40 GeV. It is
important to note that requiring same sign leptons allows to reject a significant fraction of the
Standard Model background. We then obtain a sensitivity of 110 fb, 61 fb, 380 fb and 209 fb
for scenarios 1.1, .2, 1.1 and I1.2, respectively.

In the case of scenarios of type I, the analysis can be further improved by taking advantage
of the larger expected jet multiplicity in the final state due to the decays of the four top quarks.
Requiring eight reconstructed jets with a transverse energy Er > 25 GeV, two or more of them
being b-tagged, we find that the LHC is now sensitive to signal cross sections of 17 fb and 6 fb
for the scenarios 1.1 and 1.2, i.e., for 400 GeV and 1 TeV sgluons, respectively.

The important hadronic activity in the final state suggests a last selection cut on the Hyp
variable which we define as the scalar sum of the transverse momentum of all the reconstructed
leptons and jets, together with the missing transverse energy. Our results for the four scenarios,
assuming an optimal cut on the Hp variable, are given in Table 3 together with the value of this
cut.

3.2.2 Single lepton plus jets signature

Turning to our second analysis focusing on signatures containing a single lepton produced in
association with a large number of jets, we select events containing at least one electron or one
muon with a transverse momentum pr > 25 GeV and no other charged lepton with a transverse
energy Fr > 20 GeV. These requirements ensure the orthogonality with the dilepton analysis
above. In addition, we demand at least six jets with a reconstructed transverse energy Fp > 25
GeV, with one or more of them being b-tagged. Since the reconstructed lepton comes from the
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Scenario | Sensitivity before Hy cut [fb] Hp cut [GeV] Sensitivity after Hy cut [fb]
I.1 17 850 11.8
1.2 6 1750 0.5
II.1 380 650 216
1.2 209 1550 15

Table 3: Sensitivity of our dilepton analysis to a sgluon signal at the LHC assuming the indicated optimal
cuts on the Hp variable.

A N B A N A A

85.5GeV 13.2GeV | 90.5GeV 17.3GeV | 169 GeV  30.8 GeV | 0.090

Table 4: Values of the free parameters entering the x? minimization function of Eq. (4).

decay of a W-boson, together with an unobserved neutrino, we drastically reduce the multijet
background by requiring missing transverse energy f; > 40 GeV and a moderate W -boson
transverse mass M%V > 25 GeV, the latter being defined as

My = \/2 pljfptonET [1 — COS (A¢(lepton, ET))] ) 3)

One obtains a sensitivity to a sgluon signal of 152 fb, 131 fb, 334 fb and 228 fb for scenarios
I.1, I.2, II.1 and I1.2, respectively.

The single lepton analysis allows to reconstruct the sgluon mass which is used to improve
the sensitivity for ditop signal events. Indeed, combinatorics render this task extremely difficult
for final states containing four top quarks. Thus, we focus, in the rest of this report, only on the
scenarios of type II which have been designed for a signature containing two top quarks and two
light jets. We choose to reconstruct the sgluon mass by combining objects so that we minimize
a quantity x* defined as

M2 M 72 M2
2 mjj_mgzv)] +[(mjjj—mjj)—m§m)/] +[mzyj—m§l)]

X:

(r) (r)
Ow Oy

o0

“4)
+

2
(Muvss = M) = (Mmyg55 — Mj5) .
)]

o) [(Munyj — mus) + (M55 — mys;

For scenarios of type II, the final state contains one hadronically decaying top quark, one lep-
tonically decaying top quark and two additional light jets. Hence, two of the reconstructed jets
are the decay products of a I/ -boson. We estimate the expected mass of the reconstructed -
boson m(V;) and the associated uncertainty 01(47}), corresponding to the detector resolution, with
the help of the Monte Carlo truth, fitting the reconstructed ¥-mass with a Gaussian. We find
the values given in Table 4. These Gaussian parameters are then used in the x? minimization
function above, where among all the possible combinations of jets, we select the one with the

invariant mass m;; closest to mg}) as indicated by the first term of Eq. (4).

Similary, using the Monte Carlo truth, one can extract from the events the additional b-
jet necessary to reconstruct the hadronic top quark. In order to include this information in the
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minimization function, one must however first subtract the W -boson reconstructed mass, the
latter being strongly correlated to the reconstructed top mass. The obtained values for the mass
difference mi@ and the width ag[), are again presented in Table 4. These last parameters are used
in the second term of the x? function of Eq. (4), where we select the right combination of three
jets (b-tagged or not) of invariant mass m;; yielding a reconstructed hadronically decaying top
quark.

The third term of Eq. (4) constrains the reconstruction of the leptonic top quark. Using
the information included in the Monte Carlo truth, one derives the parameters mg) and ag ),
the average mass and the width of the reconstructed (leptonically decaying) top quark. They
are obtained in a similar fashion as above and given in Table 4. We include them in the third
term of the minimization function, optimizing the selection of the jet (whether it is b-tagged or
not) to be matched with the final state lepton and missing energy so that a top quark mass is
reconstructed. As above, the difference between the invariant mass m,,; and mg) 1S minimized.
Let us note that the neutrino four-momentum, necessary for the computation of m,;, is infered
from the reconstructed missing transverse energy and the 1/'-boson mass taken equal to 80.4
GeV [44]'.

In the last term of Eq. (4), we use the fact that two sgluons are produced, which allows us
to require two similar reconstructed masses (without assuming anything on the corresponding
numerical value). Combining each of the reconstructed top quarks with an extra jet, one then
requires my,;; ~ mjj;, ;. However, in order to decouple this constraint from those related to
the reconstruction of the top masses, we subtract the reconstructed top masses m;; and my,;
from the two reconstructed sgluon masses, similarly to what was done to the second term of Eq.
(4). Moreover, in order to remove a too strong dependence on the sgluon mass, which holds
especially for heavy sgluons, we add an extra factor, at the denominator, of (1, ; — mu,;) +
(m;jj; — m;j;) in the fourth term of the minimization function. As for the other terms, the
combined width on the sgluon and top mass difference af;;) is extracted from a Gaussian fit
based on the Monte Carlo truth and given in Table 4.

Finally, to reduce combinatorial issues, we demand that the two leading jets belong to the
object combinations reconstructing the mass of the two produced sgluons. The reconstructed
mass 1 distribution is presented in Figure 1 (left panel) both for the signal and all possible
sources of backgrounds. Signal events for sgluons of 400 GeV and 1 TeV, i.e., scenarios 1.1 and
I1.2, are shown as solid and dashed curves, respectively, whilst the main sources of background
coming from ¢t (red), single top (blue) and W plus jets (orange) events are indicated. For the
sake of completeness, the other, subleading, possible sources of background are shown as three
groups, the first one, ¢ + X (grey) being related to ¢t + Z, tt + W and ¢t + W events, the
second one to all diboson events (yellow) and the last one to the Standard Model production of
four top quarks (turquoise).

Assuming a sgluon test mass M and retaining events for which the reconstructed invariant
mass m;; lies within a [M — 10%, M + 10%)] window around the test mass, the LHC sensitivity
to a sgluon signal, shown in Figure 1 (right panel) is found to improve with respect to the
global case discussed above. For optimal choices of the test mass, the sensitivity reaches even
278 tb and 48 b for our scenarios II.1 and II.2, respectively, which has to be compared to the
previously found values of 334 fb and 228 fb. Therefore, our analysis is more sensitive to high
sgluon mass, provided enough signal events are produced.

'In this way, a constraint on the 1¥/-boson mass is also imposed at the same time.
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Figure 1: Left: reconstructed top-jet invariant mass m;;, for both signal events corresponding to our
scenarios II.1 (solid) and 1.2 (dashed) and the different sources of backgrounds (see the description in
the text). Right: assuming a test mass M and retaining events for which my; lies in a [M — 10%, M +
10%] window, we present the dependence of the sensitivity of our analysis on M for signal events
corresponding to our scenario II.1 (a 400 GeV sgluon, in black) and I1.2 (a 1 TeV sgluon, in red). For
comparison purposes, the global sensitivities, without using the reconstructed m;; mass, are indicated by
dotted lines.

4 CONCLUSIONS

In this paper, we have presented a strategy for searches of new color-octet scalar particles, such
as those predicted by hybrid N = 1/N = 2 or R-symmetric supersymmetric theories. We have
used a simplified effective field theory describing the production and decays of such particles
at the LHC and have investigated two different multitop channels, a first one with four tops in
the final state and a second one with two top quarks, possibly carrying the same electric charge,
produced in association with two light jets.

We have studied the sensitivity of the LHC collider, running at a center-of-mass energy of
7 TeV to such signals, in two dedicated analyses. In one case, we consider same-sign dilepton
signatures with a moderate number of jets, whislt in the second case, we only require a single
lepton, but ask, in addition, for a larger number of jets. We have shown that cross sections as
low as a few tens of fb can be probed, assuming some basic cuts on jet and lepton multiplicity.
Moreover, for ditop analyses, we have presented a way to reconstruct the top-jet invariant mass,
i.e., the sgluon invariant mass in the case of signal events. We have shown how this observable
can be used to improve the sensitivity to signal events for the corresponding analysis, especially
for heavier sgluon particles. However, one must note that pile-up of events at the LHC, not
considered here, could decrease the sensitivity.
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Metastable charginos and LHC searches

G. Polesello, T. G. Rizzo

Abstract

In the framework of the Minimal Supersymmetric Standard Model, the
parameter space yielding long lived charginos is studied. For the case
where the charginos decay outside the detector, a limit on the production
of metastable charginos in the MSSM is set, on the basis of the results
of a recent ATLAS search for long-lived charged particles.

1 INTRODUCTION

The very successful 2010/2011 data-taking at the LHC has allowed the ATLAS and CMS exper-
iments to perform several searches for supersymmetric particles. These searches to date have
yielded no discovery, and squark/gluino masses in the TeV range have been excluded for a very
constrained set of models based on the assumptions of large mass gaps within sparticles and
very simple decay chains.

Several detailed studies are ongoing to assess the coverage of these analyses in the frame-
work of a generic phenomenological Minimal Supersymmetric Model defined in terms of 19
SUSY-breaking parameters (pMSSM) [79]. The aim of these studies is to identify ‘difficult’
models which may have escaped the first round of LHC analysis. The ‘SUSY without preju-
dice’ study [190, 483] is based on a very extensive scan of the 19-parameters space, featuring
the simulation of ~71k model points, and has identified classes of models which escape the
available LHC searches based on the requirement of a large imbalance of transverse momen-
tum (E7%%) in the events. A large class of such models includes situations in which the lightest
chargino is approximately degenerate with the neutralino and is long lived, thus appearing as a
heavy stable muon-like particle in the detector.

The ATLAS experiment [484] has published a search for long lived heavy particles (LLP)
based on the measurement of the momentum and of the velocity  of particles reaching the
muon detector [485]. The results of the analysis are interpreted in terms of long-lived sleptons
in the framework GMSB SUSY models, and in terms of R-hadrons appearing in models with
very heavy quarks and light gluinos.

The purpose of the present study is to reinterpret the results of this analysis as limits on
the chargino/neutralino sector of the pMSSM.

2 THE MODEL

In a generic MSSM the partners of the gauge and Higgs bosons of the model, the bino, wino
and Higgsinos (B,W, H,, Hy) mix to yield two charginos and four neutralinos. At tree level
the chargino and neutralino mixing matrices are determined by four parameters, the mass of the
bino M, the mass of the wino M,, the common Higgsino mass u, and tan 3, the ratio of the
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vacuum expectation values of the two Higgs doublets in the model. The broad features of the
chargino/neutralino mass spectra are defined by the hierarchy of M;, M, and p. Of special
interest for our study is the situation where the hierarchy is such that the Next to Lightest
Supersymmetric Particle (NLSP) is the chargino which has a sufficiently small mass splitting
with the LSP to render it stable on LHC detector time-scales.

An example of this situation occurs when M, < (M, ). In this case both the lightest
chargino (Y1) and the lightest neutralino (Y) are predominantly winos, and both have a mass
which is essentially given by M,. For sufficiently high AM (M, Ms) and AM (u, Ms) both
X and ¥! are pure winos and the mass difference may become smaller than 100 MeV. A
similar situation occurs in the opposite limit when |u| < (M) in which case one obtains
an Higgsino LSP with a slightly more massive chargino which is also Higgsino-like. In such
cases, if the YT is NLSP, the only available decay chain for the Y would be the three-body
decay Y — evy! which proceeds through the exchange of a virtual W or selectron, and the
particle will then appear in the ATLAS detector as a stable charged penetrating particle. For the
wino case we studied the mass difference of )ZI—L and ! is shown in Fig. 1 as a function of M,
and . with the SUSY-HIT program incorporating the loop corrections to the chargino/neutralino
masses. The masses of all of the sfermions and of the gluino where put at 3 TeV, the mass of
the pseudoscalar Higgs to 1 TeV and the trilinear couplings to zero. The required level of
mass degeneracy is achieved for AM (i, M,) in excess of ~ 250 GeV. The dependence on M
was also studied, and it was found that for AM (M, M>) in excess of ~ 100 GeV the mass
difference is approximately independent of A/;. Loop corrections are important to determine
such a small mass splitting, so this result is valid in the limit of the very high fixed value of the
sfermion masses used in this study. However, in an independent study addressing a very broad
range of parameters, where these corrections are included using, e.g., the SUSPECT SUSY
spectrum generator [79], such small mass splittings still occur with a reasonable frequency
[190,483]

M;=3 TeV, tanB=10
800

M;=3 TeV, tanB=50
800

B [GeV]

o

N
[GeV]

B [GeV]

o o

> b

2]

neutralino [GeV]

700 700

Ino

o©
w

600

o o
w w
a

600

neutral

500 I 500

o
[N

400 400

argino
o
N
hargino

300 300

o
o
AM

200 200 0.05

0

0

L L L L L L L
400 600 200 400 600
M, [GeV] M, [GeV]

1
200

Figure 1: Mass difference )Zli — XY as a function of My and p for two values of tan 3: 10 and 50. M;
is set at 3 TeV.

3 SIGNAL SIMULATION AND ANALYSIS

In order to explore the wino-like LSP model described in the previous section in more detail, a
series of model points were defined based on SUSY-HIT [202] with the following parameters:
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M,=3 TeV, u=1 TeV, tan =10. The M, parameter was varied in steps of 20 GeV between 100
and 200 GeV, and in steps of 100 GeV between 200 and 500 GeV. The gluino mass and all the
sfermion masses were set to 3 TeV, and the trilinear couplings to zero.

For each point a set of events were generated for the electroweak direct chargino-chargino
production with the Herwig++ [486,487] shower Monte Carlo generator. The production cross-
section were normalised to the NLO cross-sections calculated with the PROSPINO program
[488]. ! From the particle tree in output of the generator the charginos were extracted and
passed to a simplified parametrised simulation of the response of the ATLAS detector.

For each chargino the momentum was smeared according to a parametrisation of the
momentum resolution of muons in the ATLAS detector as described in [484]. The velocity dis-
tribution 3 was smeared according to the measured distribution for muons as shown in [485]. A
simple gaussian smearing does not completely describe the tails of the experimental resolution
as shown in the auxiliary plots to [485]. The correct simulation of the complete shape of the
distribution is extremely important for the evaluation of the background coming from the tails
of the 5 and momentum measurement of real muons, and no attempt is done to estimate the
background, which is taken directly from the ATLAS paper. For signal, where the real 3 is
different from 1, only the correct evaluation of the distribution width is relevant. The real and
smeared [ distributions for a 110 GeV and a 300 GeV chargino are shown in Fig. 2. From
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Figure 2: Distribution of the [ variable for charginos of respectively 100 (left) and 500 (right) GeV. The
black line shows the generated [, the red line the measured one.

the smeared beta and momentum the measured sparticle mass is calculated. The distribution of
measured masses for different values of the chargino mass is shown in Fig. 3.

The reconstruction efficiency for LLP candidates is a function of (3, as particles with
too low a (3 arrive late in the muon detector and cannot be reconstructed. No measurement
is performed above |n| < 2.5, because of the coverage of the ATLAS tracking detectors. For
LLP candidates with pr > 20 GeV and |n| < 2.5, the efficiency is zero for § < 0.4, and it
reaches a plateau of 0.85 for 5 ~ 0.65, determined by the geometrical coverage of the muon
detectors. These results were obtained in [485, 489] for GMSB sleptons. We use them for

"We note that for wino-like charginos, in addition to s-channel v, Z exchange, a t-channel squark exchange
graph is also present which interferes destructively with those in the s-channel. For the Higgsino case, such ¢-
channel exchanges are suppressed due to small Yukawa couplings.
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Figure 3: Distribution of the reconstructed values for chargino masses from § and momentum measure-
ments. The distribution is shown for charginos of mass 100, 200 and 300 GeV.

charginos although they might be somewhat different due to different p; and 7 distribution for
our signal.

For each candidate in the ATLAS analysis a quality cut on the S measurement is ap-
plied. The efficiency of this cut can be extracted from Table 3 of [485] and is taken to be 77%
independent of the particle mass and 3.

Following the ATLAS analysis, we require each event to contain two candidates with
pr > 20 GeV within |n| < 2.5, reconstructed as a muon. Any candidate which combined with
a second muon gives a mass within 10 GeV of the Z mass is rejected. We then require that each
of the events has at least one candidate passing the following cuts:

— pr > 40 GeV and |n| < 2.5;
— [ quality cuts (in our case the efficiency factor defined above);
- > 0.95.

The final step is a cut on the mass of the reconstructed candidate. We show in Table 1 for each
of the sample models considered the cut on reconstructed mass, the number of expected events
after cuts and the efficiency evaluated with our approximate simulation.

The efficiency increases as a function of the chargino mass, from 30% for a chargino
mass of ~100 GeV to 40% for a chargino mass of ~200 GeV. These efficiencies in [485], vary
between 40 and 50% for a comparable range of masses, but for a model yielding different  and
momentum distribution for the candidate LLPs.
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mass (GeV) onro(pb) cut(GeV) € Expected Limit Limit

signal expected measured
107.4 3.29 90 0.29 35.8 11.7 8.8
128.8 1.61 120 0.30 17.6 7.9 5.3
150.2 0.882 130 035 113 6.2 5.0
171.4 0.518 130 0.37 7.1 6.2 5.0
192.6 0.322 130 0.38 4.5 6.2 5.0
213.7 0.209 130 0.39 3.0 6.2 5.0
318.3 0.0348 130 041 0.52 6.2 5.0
421.8 0.0081 130 042 0.12 6.2 5.0
524.0 0.00226 130 041 0.034 6.2 5.0

Table 1: As a function of the wino-like chargino mass: NLO cross-section, applied cut on the recon-
structed candidate mass, analysis efficiency, number of expected signal events in 37 pb~!, expected and
measured ATLAS 95% CL upper limit on the number of signal events.

4 Results and outlook

Based on the cross section and efficiency values calculated in the previous section, and on
the number of expected events excluded by ATLAS at 95% CL which can be calculated from
[485], as reported in Table 1, an approximate limit on the wino-like chargino mass can be
evaluated. The final exclusion plot as a function of the chargino mass is given in Fig. 4. Stable
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Figure 4: The expected production cross-section for wino-like charginos, and the cross-section upper
limit at 95% CL as a function of the chargino mass.

wino-like charginos with masses below approximately 190 GeV are excluded based on the
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ATLAS analysis of the 2010 LHC data. (A somewhat weaker result is expected for Higgsino-
like charginos which have for the same mass a production cross-section which is approximately
a factor 3.5 lower.) From the consideration of the detailed scan of the parameter space discussed
in Section 2 this corresponds to excluding M, up to ~ 180 GeV for models with the hierarchy
My < (M, v) where M, and p are sufficiently heavier than M.

The LHC experiments have collected in 2011 ~5 fb~! of data. From the numbers of
Table 1 this corresponds to ~5 events for a wino-like chargino mass of 520 GeV. Harder cuts on
£ and reconstructed mass will be needed for the 2011 analysis in order to bring down the SM
background to few events. We have checked that for the cuts § > 0.9 and mass> 400 GeV, the
efficiency for the chargino is reduced from 0.41 to 0.38. The 2011 data analysis should therefore
be sensitive to masses in the proximity of 500(420) GeV for wino(Higgsino)-like charginos.

5 CONCLUSIONS

The results of an ATLAS search for charged long-lived particles based on the data collected
in 2010 at the LHC have been interpreted in the framework of a pMSSM model with degen-
erate lightest chargino and neutralino. For such models the ATLAS analysis yields a limit of
approximately 190 GeV on the wino-like chargino mass. The more than hundredfold increase
in statistics in 2011 should allow ATLAS to probe chargino masses in the 400-500 GeV range.
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Contribution 18

Displaced vertex signatures at the LHC from B-L heavy
neutrinos and MSSM FIMPs.

L. Basso, A. Belyaev, E. Dobson, M. C. Thomas, I. Tomalin, S. M. West, A. J. Williams

Abstract

In the context of two distinct classes of well-motivated BSM models
we investigate the detection prospects for collider signatures containing
long-lived particles that decay after travelling up to a meter from the
interaction point of a collision. The first is a U(1)p_, extension of the
SM with a dynamical see-saw mechanism, where the RH neutrino is
typically a long-lived particle interacting with the scalar bosons. The
second is a version of the MSSM extended by the inclusion of an extra
singlet superfield that is feebly coupled to the MSSM.

We show that displaced vertices from the models under study provide
a prominent, essentially background-free set of signals, which would
allow for the identification of these BSM models even if standard back-
grounds, which do not contain displaced vertices, are large. We also
comment on the tools used to generate the events including some useful
warnings about the details of handling displaced vertices in PYTHIA.

1 INTRODUCTION

Displaced vertices can be common in a number of theories Beyond the Standard Model (BSM).
There are many examples, in the literature, of models containing long-lived particles that can
potentially lead to displaced vertices at the LHC [113,355,490-496].

In this contribution, we study two different classes of models that contain long-lived states
that lead to displaced vertices at the LHC. We first consider a minimal U(1)z_;, extension of
the SM at the TeV scale [113], in which the SM particle content is extended to include one
right-handed (RH) neutrino per generation and a further singlet scalar, y, responsible of the
spontaneous symmetry breaking of the extra U (1) 5_r, group. The interaction between RH neu-
trinos and the singlet scalar allows for a dynamical implementation of the see-saw mechanism
as x gets a vacuum expectation value (VEV), allowing at the same time for the Higgs bosons to
decay into pairs of heavy (~ 100 GeV) Majorana neutrinos (the heavy partners of the SM-like
neutrinos). The mixing of heavy neutrinos with the SM ones enables the decay of the former
into a lepton and a SM gauge boson. Being suppressed by the see-saw mechanism, the cor-
responding decay width is typically very small, thus making the heavy neutrino a long-lived
particle. This will give rise to detectable displaced vertices which we study in the context of the
Higgs boson decays into multileptons final states via these long-lived neutrinos. We study these
signatures for two benchmark scenarios with light Higgs masses relatively small, hence suitable
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for the LHC at /s = 7 TeV, by simulating Monte Carlo events up to a fast detector simulation
employing CalcHEP [1], PYTHIA6 [116] and Delphes [375].

The second BSM model under study is motivated by dark matter models that employ the
freeze-in mechanism to generate the dark matter relic abundance [495,496]. These models arise
by extending the MSSM with the addition of a singlet superfield, which is feebly coupled to the
MSSM states. This extra superfield is assumed to contain the Lightest Supersymmetric Particle
(LSP), and consequently the Next to Lightest Supersymmetric Particle (NLSP) will only be able
to decay to the LSP via the feeble coupling leading to long-lived NLSPs. We investigate one
example of this type of model with a number of benchmark parameter choices. Monte Carlo
event simulations for these benchmarks are generated using a combination of MadGraphb5 [96],
BRIDGE [497] and PYTHIAS [116, 117].

2 Benchmark models
2.1 Long-lived neutrinos in the B-L. model

The first model under study is the so-called “pure” or “minimal” B— L model (see ref. [113,494]
for conventions and references) since it has vanishing mixing between the U(1)y and the new
gauged U(1)g_r. This model extends the SM with three right-handed neutrinos (needed for the
cancellation of the anomalies related to the new U (1) group) and an additional complex Higgs
singlet, responsible for giving mass to the additional Z’ gauge boson (see [111,113] for details).
By extending the fermion and the scalar sectors, this model allows for a dynamical generation
of the neutrino masses. The scalar sector is now made of two real CP-even scalars, h; and ho,
with my,, < my,, remnants of the Higgs doublet and singlet fields after electroweak symmetry
breaking (EWSB) that mix together:

hi\ [ cosa —sina h 1)
he )\ sina cosa ho)

.. A3V
The mixing angle —5 < « < 7 can be expressed as tan 2« = ﬁ , where v and =
107 — A2

denote the VEV of the doublet and singlet fields, respectively, and A 2 3 are the coefficients of
the quartic terms in the scalar potential. Notice that the presence of the new particles (neutrinos
and a Z’ boson) also alter the properties of the Higgs bosons. Moreover, the scalar mixing angle
« is a free parameter of the model, and the light (heavy) Higgs boson couples to the new matter
content proportionally to sin « (cos «), i.e., with the complementary angle with respect to the
interactions with the SM content, as in the traditional literature of singlet scalar extended SM.

Neutrino mass eigenstates, obtained after applying the see-saw mechanism, will be called
v, and vy, where the former are the SM-like ones. As the Higgs fields develop a VEV, the
relevant Yukawa interactions L5, = —y}’ klj_Lyk rH — y% (I/—R);?I/k rX + h.c. include the traditional
type-I see-saw mass matrix, that can be diagonalised by a rotation about an angle «,,, such that

2m v . .
tan 2a, = _WD’ where mp = \y/—i vand M = \/§yM x. We also require the neutrinos to be

degenerate in mass. Thus, vy, r can be written as the following linear combination of Majorana

mass eigenstates v j, :
v cos o, —Ssina v
L _ ) v v % l ) (2)
VR sino, cosa, vy,

With a reasonable choice of Yukawa couplings, the heavy neutrinos can have masses
my, ~ O(100) GeV < My, . In the following, we describe the features relevant to the
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present analysis: the pair production of heavy neutrinos via a light Higgs boson, at the LHC for
Vs =TTeV.

Figure 1 shows the production cross sections for the process pp — hy2) — vy, for the
case of a light and a heavy Higgs boson, h; and hs, respectively, as a function of the scalar mix-
ing angle and with suitable heavy neutrino masses. It is clear that large enough cross sections
to be relevant at the LHC with /s = 7 TeV are possible only when the two Higgs bosons mix
strongly, peaking for a value of the mixing angle around 7v/3, and for heavy neutrino masses
below My,. The former, in turn, means that all the SM-like processes (production and de-
cay) are suppressed by a factor about (cos w/3)? = 1/4 as compared to the SM Higgs boson.
On the other hand, when decaying into heavy neutrinos, just the production is suppressed (by
(cosm/3) = 1/2), while BR(h; — vy1,) can be up to 30%, which is quite a substantial value.
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Figure 1: Cross sections for (left) pp — hy; — vpyyp, for /s = 7 TeV and for (right) pp — ha — v
for \/s = 14 TeV, as a function of the intermediate Higgs mass and scalar mixing angle [494]. (Cross
sections summed over all the neutrino generations.) The areas with red shade are the regions excluded
experimentally by LEP (left) and theoretically by Unitarity (right) [498].

The process is interesting because of some peculiar features: first of all, this decay mode
is maximised for a range of masses of the Higgs boson that has the lowest overall sensitivity at
the LHC for SM processes. It is therefore complementary to stantard light Higgs searches at
the LHC. Second, each heavy neutrino would decay into a lepton and a SM gauge boson with
standard branching ratios [113]: BR(v, — (fW7TF) ~ % BR(v, — yZ) ~ % Including
the W and Z boson decays, spectacular multi-lepton decays of the Higgs boson arise. We will
focus here on a light Higgs boson. The relevant cross sections are displayed on the left-hand
plot in figure 1. In this case, the total cross section is at maximum of 250 fb when all neutrino
generations are added up. Naively, it will be totally covered by the background. However, a very
efficient way to uncover the signal is to look for displaced vertices, that are a prominent feature
of the heavy neutrinos. Figure 2 shows the lifetime of the heavy neutrinos: we clearly see that,
over a large portion of the parameter space and depending on the light neutrino mass, the heavy
neutrinos are long-lived particles. Hence, the measurement of the mean lifetime of the heavy
Majorana neutrinos and of its mass is of crucial importance, allowing for a determination of the
absolute mass of the SM-like neutrinos [113]. We selected 2 benchmark points to be covered in

the present analysis as summarised in table 1.
Among the possible decay patterns of the heavy neutrinos (see [499]), those that maximise
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Sample M, M,, @ Final state Proper o

decay length
B — L Benchmark 1 | 120 GeV | 50 GeV | 1.1rads | all decay modes | 43 cm 137.9 tb
B — L Benchmark 2 | 140 GeV | 50 GeV | 1.1 rads | all decay modes | 43 cm 168.5 fb

Table 1: Description of Monte Carlo samples used in the analysis. The cross sections refer to the sum
of the first 2 generations of heavy neutrinos only. The proper decay length is equal to ¢ - 7 where is 7 is
the heavy neutrino life-time.

10° g

1 i N il
-3 -2 -1
10 10 10 1

Light Neutrino Mass (eV)

Proper decay length of v, (um)
=
o

Figure 2: Proper decay length of the heavy neutrinos (in their rest frame) for a choice of their mass and
as a function of the light neutrino mass. The purple band presents the proper decay length of the b-quark.
The blue (right) band indicates the range of a typical micro-vertex detector, while the green (crossed)
band indicates the typical detector dimension. The red shaded are on the left shows the region excluded
by neutrino oscillation direct measurements.

the observation chances involve leptonic decays of the heavy neutrinos:

pp — hy = v, — 3025 MET, 3)
pp — hi — vy, — 40 MET, 4)

the so-called “tri-lepton” and “fully leptonic” decay modes, whose pictorial representations are
given in figure 3. A channel without missing energy would also be present (namely, pp — h; —
vpvp, — 2047), even though this is the channel with the largest cross section, the reconstruction
of 4 very soft jets dramatically reduces its efficiency. In the tri-lepton case one heavy neutrino
decays into 2/+ MET and the second one decays into ¢ + 2j. The fully leptonic decay (when
both heavy neutrinos decay into 2/+ MET) is preferred for displaced vertices searches, while
the semileptonic decay allows for higher total cross sections and for an efficient kinematic
analysis, especially when m,, > My [113]. Notice that, without using displaced vertices
techniques, the neutrino mass reconstruction would be possible only in the tri-lepton case.

It is worth commenting that other scenarios, not included in the present analysis, might
be of interest. First, a very light neutrino, with a mass of around 20 GeV: it would have escaped
detection at LEP (because its coupling to the Z boson are heavily see-saw suppressed') and
it has a very long lifetime, hence resulting at most in a single displaced vertex accompanied

'For this mass, BR(Z — vjv) ~ 107 and BR(Z — vjvp,) ~ 10720,
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Figure 3: Production and cascade decay for (left-hand) eq. (3) and for (right-hand) eq. (4).

by missing momentum from the non-observed heavy neutrino. The efficiency to observe this
signal would decrease in inverse proportion to the lifetime. Second, the decay into pairs of
heavy neutrinos could be the only possibility to find the heavy Higgs boson, if weakly mixed
with the light partner (therefore feebly coupled also to SM particles, evading the current LHC
searches). It is important to stress that the scalar mixing angle o cannot vanish, since the most
efficient production mechanisms of the heavy Higgs boson are the typical SM channels at the
LHC [494]. Also notice that the couplings to heavy neutrinos are maximised in the weak mixing
limit. Given that the cross sections are O(1) fb, this scenario can be studied at the LHC with
full design luminosity even if a SM-like light Higgs boson is found, albeit weakly mixed with
the heavy partner.

2.2 Long Lived SUSY states in MSSM models with FIMPs

The second class of models we consider is inspired by dark matter theories that employ the
freeze-in mechanism to generate the dark matter relic abundance [495,496]. This mechanism
relies on the dark matter particle never reaching thermal equilibrium with the visible (e.g the
SM or MSSM) sector states. In order for this to occur, only very small (we call them feeble)
couplings between the hidden sector dark matter states and the visible sector states are allowed.
These hidden sector states are referred to as Feebly Interacting Massive Particles (FIMPs).

Let us consider a connection between hidden sector FIMP states and the MSSM in the
form of a SUSY particle, Y, that we will take an MSSM neutralino or chargino, decaying to
the hidden sector state, X via Y — X + ..., where the ellipses represent some SM sector
states. Here we assume that both Y and X are odd under R-parity. The relic abundance of
X states generated by the freeze-in mechanism reads Qh? ~ 104 Ty my /m? [495], where 'y
is the decay rate of Y with X final state. For all particle masses of interest, in order to get
Qh? ~ 0.1109 £ 0.0056 [500], I'y is required to be very small. A consequence of which is that
if we produce the particle Y in a detector it will travel a significant distance (greater than a few
mm) before decaying. Moreover, the decay width of this state, which could be reconstructed
from measurements of a number of such decays, could have a direct link to the relic abundance
of dark matter as frozen-in via the decays of Y in the early Universe. Finally, it may also be
possible to determine the masses of Y and X using kinematical techniques and therefore test
the freeze-in expression for the relic abundance.

Beyond this simple picture, more complicated scenarios are possible and the exact pre-
dictions for the decay length and the mass of the X dark matter state can vary [501]. Therefore,
we consider a range of parameters and masses to remain as general as possible so that this study
can be easily applied to a specific picture of a visible and hidden sector feebly coupled with
the the dark matter living in the hidden sector. Going beyond the freeze-in mechanism such a
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scenario can occur in a number of different theories, for example in the context of asymmetric
dark matter (see e.g. [502,503]).

Given this motivation, we consider a supersymmetric model with a lightest ordinary su-
persymmetric particle (LOSP) that has a small decay width to some hidden sector state. This
means that in every event in which a pair of supersymmetric particles are produced, there will
be two long-lived LOSPs that will decay into hidden sector states. In this analysis, we take a
phenomenological approach and optimise the signal by choosing by hand the decay length such
that the majority of the decays occur in the tracker thereby allowing for a better reconstruction
and a maximisation of the sensitivity of the search. In this way we are looking for the best
possible scenario from a detector point of view, which will allow for a better idea of what could
be achieved in less ideal scenarios.

We follow the basic set up outlined in both [504] and [501] where a singlet superfield is
added to the MSSM and a survey of the potential operators that can be written down is made.
We start these analyses and look in more detail at one of these operators. We assume that
this extra singlet superfield is even under R-parity and consider only renormalisable operators.
Under these assumptions we have chosen to analyse the superpotential Higgs portal operator
AW = AXH,H,. This choice has been made in order to initiate the study rather than fully
cover all possibilities. An immediate extension of this work is to consider all other operators,
including the non-renormalisable ones and the case of an R-odd singlet. The consequences of
this operator has also been previously studied in [505], where an additional singlet superfield
was added to the MSSM in order to solve the “u-problem". The low energy theory studied
in [505] has many features in common with the set-up we consider here.

In order for this operator to give rise to a long lived LOSP, the coupling A has to be small.
At order ) this term induces the interactions X; X; W' and X X; Z (and the Hermitian
conjugates), where x; and X! are the MSSM charginos and neutralinos, respectively, and X
is the fermionic component of the X superfield. We look for final-state muons coming from a
displaced vertex as this is a particularly powerful way to search for displaced vertices due to
low backgrounds. In each event, we require only one cascade, resulting from the production
and decay of a SUSY particle, to yield a displaced muon(s). The SUSY production channel
considered is through of chargino pairs. In order for this to be the dominant production channel,
we consider a region of parameter space with heavy squarks and gluinos. This choice has been
made in order to remove the complication of applying existing limits on squarks and gluinos
and also to leave the events as clean as possible.

Some details of the benchmark models we have studied are listed in Table 2. For each
benchmark model we generate 100k events using the tools described in section 3. Benchmark
1 (BM1) looks at a possible point in the MSSM parameter space with a neutralino LOSP. The
chargino pair production cross section for this point is calculated using both MadGraph5 [96]
and CalcHep [1] to be ~ 0.1 pb. The diagrams for the production of a pair of charginos are
depicted in Fig. 4. Due to the large masses of the squarks, the t-channel process is sub-dominant
compared with the s-channel diagrams. The chargino will decay to a neutralino via a W, and
with the large mass difference between the chargino and neutralino in BM1, this W can be
produced on shell leading to hard jets or a hard single charged lepton. In our sample we allow
the IV to decay to all possible final states. The neutralino, as the LOSP, has two possible decay
modes, both yielding an X in the final state. In our sample we only include events in which
the neutralino decays to an X; and an on-shell Z, with the Z decaying to muons as shown in
Fig. 4. The other decay mode is to the light Higgs plus X ; and has a small branching ratio for
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Sample Hard process Prompt Proper decay | Mppp | o/pb
objects length /cm /1GeV
FIMP BM1 2 hard Ws 25 1 0.103
Neutralino LOSP Mﬁ = 235 GeV 50 1
Mo =123 GeV 100 1
50 0.1
50 25
FIMP BM2 Chargino pair prod. | 2 soft Ws 25 1 1.21
Neutralino LOSP Mﬁr = 133 GeV 50 1
Mo =123 GeV 100 1
FIMP BM3 Chargino pair prod. | None 25 1 0.677
Chargino LOSP Mﬁr =193 GeV 50 1
100 1
SM sample 1 0% Wy 0 10.46
SM sample 1 Z Zup 0 1.07
SM sample 2 QCD multijet QCD multijet | 0 1x107

Table 2: Description of Monte Carlo samples used in the analysis. The cross sections quoted for the
FIMP benchmarks are for the chargino pair production only, see text for more details.

the chosen benchmark points.

u,d -
X u,d X1

wd X1 —
u,d 1 ad

Figure 4: Production for all benchmarks with the cascade decays for BM1 and BM2.

The mass for the X state has been chosen to be 1 GeV for the majority of the benchmark
scenarios. The reason for this is twofold but ultimately arbitrary. One motivation comes from
the fact that we want to produce an on-shell Z in the decay of the neutralino so that we can
reconstruct its mass. The other is that in the majority of asymmetric dark matter models the
mass needed for the dark matter state is around a 1 GeV. In BM1 we also vary the mass of the
X state to cover more scenarios and to investigate what effect this has on the kinematics and

whether we can use this variation to determine the mass of the hidden sector state and of the
LOSP.

As stated above, we only generate Monte Carlo events in which both SUSY cascades end
with a pair of oppositely charged muons produced in a displaced vertex. We determine what
fraction of these will pass cuts imposed on the displaced vertex (and other aspects of the event)
in section 5.2. Analyses of real data might require only one rather than two displaced pair
of oppositely charged muons. A further analysis would be required in that case to accurately
estimate the efficiency. In this analysis, we have simply counted the total number of displaced
muon pairs that pass the cuts. As there are two of these displaced muon pairs per event there will
be a correlation between the displaced muons produced in the same event but as a first pass this
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estimate gives us a good ball park figure with which to work. Given BR(Z — uu) ~ 0.034,
an estimate, with the chargino pair production cross section of 0.1 pb, of the number of events
with at least one displaced pair of oppositely charged muons is N ~ 8 (0/0.1pb) (L/ 1fb_1),
where L is the integrated Luminosity, which we have set at a value of 1 b1,

Benchmark 2 (BM2) contains a lighter chargino and the resulting production cross section
is larger, 1.21 pb. Due to the lower chargino mass, the WW produced in the decay from the
chargino to the neutralino will be soft. Otherwise, BM2 is the same as BM1 and with the
increased cross section we expect over 80 events with at least one pair of oppositely charged
muons from a displaced vertex.

The lightest chargino can be lighter than the neutralinos if for low tan 3; sign(M;) #
sign(M,) =sign(pu), see e.g. [506]. In Benchmark 3 (BM3) the chargino still delivers the dom-
inant SUSY production cross section (as our squarks are still heavy), but it is now the LOSP,
long-lived and will decay directly to X, plus a W. We then consider the decay of the IV into a
muon plus muon neutrino thereby producing a displaced muon. The obvious difference in this
case is that the LOSP has charged track, which produces a kink when it decays to the muon.
The number of events expected in this case is much higher due to the larger branching ratio,
BR(W — uv,) ~ 0.11, as compared to the Z — p*p~ decay. An estimate for the number of
events with at least one displaced muon is close to 150 for 1 fb~.

3 Tools

B-L model Monte Carlo event files have been produced for the present analysis, according to
the 2 benchmark points described in Table 1. For each benchmark point, 20k parton level events
have been generated in CalcHEP [1], with full 3-body decays of the heavy neutrinos, hence
properly taking into account W and Z boson off-shellness. Subsequently, the full samples have
been hadronized/parton showered with Pythia v. 6.4.20 and, finally, fast detector simulation
has been added by running Delphes v. 1.9 on the samples. Anti-k; with “cone size” 0.5 has
been chosen as jet algorithm to match CMS definitions. We have also modified the standard
CMS card to match its isolation criteria.

For the FIMP model the Monte Carlo events generated are outlined in Table 2. A
MadGraphb [96] model file was produced using FeynRules [6] based on the existing MSSM
model file [78]. The widths and branching ratios of the SUSY particles were calculated using
BRIDGE [497] and passed to Pythia8 [116, 117] via the SLHA [15] decay tables. Although
BRIDGE is capable of decaying the events in full, it forces all particles in a decay chain to be
exactly on-shell (i.e. BRIDGE does not sample widths from the full Breit-Wigner distribution)
so we decayed the events using Pythia8 instead. For benchmark 3 the initial scattering is
performed in Pythia8 using the MadGraph5 matrix element as a semi-internal process. This
was done to counteract a problem with passing events between MadGraphb and Pythia8 where
long-lived states are produced in the initial scattering, see section 3.1 for more details. The sub-
sequent decay chain and showering was performed in Pythia8 using the decay tables obtained
from BRIDGE for the chargino and neutralino decays. For comparison, Standard Model samples
were also produced and these were generated using only Pythia8.

3.1 Displaced vertices in Pythia

A number of problems had to be overcome to generate displaced vertices correctly using Pythia.
The calculation of the decay lifetime 7 from the particle width specified in the SLHA header of
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the event file does not seem to be performed automatically. As a solution, the lifetime of the
long-lived particles can be set by hand during initialisation.

After setting the particle lifetime and decaying the event in Pythia we found that all par-
ticles have their production coordinates set at the interaction point. Outputting events in the
Les Houches Event (LHE) format [507] is not affected, as only the particles lifetime and mo-
mentum is recorded, but outputting events to HepMC [508] format or as root trees will generate
events with incorrect production vertices. This problem can be overcome by producing the hard
process in the LHE format and running the event file through Pythia a second time, since, with
this method, the production vertices are calculated correctly from the information in the LHE
file. However, producing fully showered events including final state radiation (FSR) seems to
be problematic with this procedure as displaced particles in the final state that emit a photon are
moved back to the interaction point. A solution is to calculate the production vertices for each
displaced particle and set them after the full event has been generated by Pythia. This was
done recursively for all daughter particles from each displaced vertex before writing the event
to disk.

A further complication arises in handling event files where the long-lived particle is pro-
duced in the initial scattering process. For example, in benchmark 3 for the FIMP model, the
charginos are long lived and are produced directly via pp — X X; . If this event is generated
by MadGraphb and then passed to Pythia to decay, it always decays the charginos at the in-
teraction point even if the lifetime has been correctly set. To avoid this for benchmark 3 the
scattering process was calculated entirely in Pythia.

Finally, in Pythia6, the “colour string reconnection” option must be disabled by setting
the Pythia6 option MSTP(95) = 0. This is because when deciding which partons to recon-
nect colour strings to, Pythia6 does not explicitly check if the partons are at the same spatial
coordinate. With colour reconnection enabled, it therefore sometimes reconnects colour strings
between prompt partons and partons from the long-lived particle decay.

4 Review of existing measurements of displaced vertex signatures

This section presents the status of existing searches for displaced vertex signatures at hadron
colliders.

ATLAS displaced vertex study. In Ref. [509], a search in 33 pb~! of integrated lumi-
nosity collected in 2010 with the ATLAS detector for displaced vertices is presented. They
study the decay of charged hadrons in association with a high-momentum muon. No signal is
observed, and limits are placed on the product of di-squark production cross section and decay-
chain branching fraction in a SUGRA scenario in which the lightest neutralino produced in the
primary-squark decay undergoes R-parity violating decay into a muon and two quarks. The up-
per limits at 95% C.L. on the production cross section times branching fraction are at the level
0.5-100 pb for high-mass particles with lifetimes and velocities such that they decay at radial
distances between 4 mm and 180 mm from the pp interaction point.

CMS displaced vertex study. In Ref. [510], a search in 1.1 fb~! of integrated luminosity
collected in 2011 with the CMS detector for displaced vertices is presented. The search is for
Higgs bosons decaying to two long-lived, massive, neutral particles. The analysis searches
for these long-lived particles via their decay to dileptons (both electron and muon) within the
volume of the CMS tracker. No significant excess was observed above the Standard Model
background and upper limits were placed typically in the range 0.003 — 0.03 pb, for X bosons
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whose lifetime is such that their mean transverse decay length is less than 1 m.

CDF displaced vertex study. In Ref. [511], the results of a search for new particles with
long lifetime that decay to a Z boson were presented in 163 pb~! of data recorded with the
CDF detector. Dimuons with invariant mass near the Z peak are vertexed and the decay length
distribution studied. No evidence of a long-lived component was found, and cross section limits
were presented on a fourth generation quark model. For a long-lived particle of mass 150 GeV,
limits were set at 95% C.L. in the range 3 — 50 pb for a decay length between 1 mm and 1 m.

DO displaced vertex study. In Ref. [512], a search for a neutral particle, pair produced in
pp collisions at a centre-of-mass energy /s = 1.96 TeV, which decays into two muons and lives
long enough to travel at least 5 cm before decaying, was presented. The analysis used 380 pb~*
of data recorded with the DO detector. No candidates were observed, and limits were set on
the pair-production cross section times branching fraction into dimuons+X for such particles.
For a mass of 10 GeV and lifetime of 4x10!'s , values greater than 0.14 pb were excluded at
95% C.L.

5 Experimental signatures

This section presents the kinematic and other properties of the two theoretical models presented
in Sections 2.1 and 2.2. It also proposes an experimental analysis strategy, which exploits these
properties to distinguish the signals from SM backgrounds at the LHC. Furthermore, in the
hypothesis that a significant signal were to be seen, it considers how one might confirm that it is
indeed due to one of these models, and explores how one might measure the model parameters.

The FIMP model of Section 2.2 predicts long-lived particles decaying to dileptons plus
missing energy. This is also one of the possible decay modes of the long-lived particles of the
B — L model of Sect. 2.1. The analysis strategies for the two models will thus be very similar,
with the methods used for the FIMP model tending to be a subset of those used for the B — L
model. In the two sub-sections that follow, results will be presented first for the B — L model,
and then for the FIMP model, emphasizing for the latter just the differences with respect to the
former.

5.1 Phenomenology of Long-Lived Heavy Neutrino Decays in the B-L. Model

This sub-section examines the properties of the two benchmarks described in Section 2.1, in
which the light Higgs boson decays to a pair of long-lived, heavy neutrinos v,. We focus on
the two most accessible experimentally v, decay modes, namely v, — £*¢'~v and v, — q (*.
Approximately 17% of v}, decay to the /T¢~ v mode, via both intermediate channels v;, —
(*WT and vy, — Zv;. Approximately 45% of v, decay to the ¢’ ¢* mode. (Here ¢ or ¢’ indicate
the sum of electron or muon modes.) The studies were done by simulating the events with
CalcHep/Pythia and simulating the detector response using Delphes, configured to model
the CMS detector, as described in section 3. Delphes was configured to assume that electrons,
muons and jets can be reconstructed down to pr of 2, 4 and 20 GeV respectively. No efficiency
loss was simulated arising from the triggers, since it is assumed that new triggers would need
to be developed for this channel. It should be noted that Delphes does not record spatial
coordinates, and so does not simulate loss of efficiency caused by the difficulty in reconstructing
displaced tracks. All histograms shown in this section are normalised to one generated signal
event. The statistical information shown in the histograms always corresponds to the 140 GeV
Higgs mass.
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The CMS displaced lepton search (Section 4) indicates that searching for a pair of oppo-
sitely charged leptons that are consistent with originating from a displaced vertex is a powerful
way of searching for this kind of signal, reducing the background to very low levels. The lep-
tons facilitate triggering. Thus the best way to search for heavy neutrinos should be via the
¢*¢'~v mode. If necessary, the background events could be reduced further by searching for
the e* ;T mode or alternatively by requiring the presence of an additional displaced lepton
from the second heavy neutrino. Figure 5a shows the pr of the leptons from the heavy neutrino
decay. Because of the low Higgs mass, these are relatively soft. In their publication (Section 4),
CMS used triggers with lepton pp thresholds of 23 GeV (33 GeV) for the dimuon (dielectron)
channels, respectively. Unless these trigger thresholds can be reduced, (e.g. by requiring the
presence of three leptons at trigger level), the trigger efficiency for heavy neutrinos would be
poor (e.g. for the 120 GeV mass Higgs case, only 23% (7%) of reconstructed leptons have
pr > 23 (33) GeV). The generated transverse decay length distribution of the v}, 1s approxi-
mately exponential in shape, with a mean of 25 (32) cm for the 120 (140) GeV Higgs mass.
Since CMS has some efficiency to reconstruct tracks from long-lived exotics with transverse
decay lengths of up to 50 cm (see Section 4), at least some of v}, decay products would be
found.
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Figure 5: For the //'~v mode: the left-hand figure shows the pr of the reconstructed leptons from the
heavy neutrino decay; the middle figure shows the reconstructed dilepton mass spectrum; and the right-
hand figure the reconstructed v, mass, as determined using the more sophisticated method described in
the text.

If an excess of displaced dileptons is seen, one would wish to confirm if it were caused
by heavy neutrinos and to measure the model parameters. Figure 5Sb shows the reconstructed
invariant mass of the dileptons from the exotic decay. The end-point of this distribution can
be used to estimate the heavy neutrino mass. Figure Sc shows a more sophisticated and ac-
curate method to estimate the heavy neutrino mass. In this case, it is assumed that the heavy
neutrino flight direction can be precisely determined from the vector between the reconstructed
primary vertex and the displaced vertex. Defining the momentum component of the dilepton
system perpendicular to the heavy neutrino flight direction as ﬁ}ﬁght(éé), momentum conserva-
tion dictates that the corresponding quantity for the unobserved neutrino must be ﬁ;} ight(y) =

—ﬁ;}ight (£0). The transverse energy of the dilepton system with respect to the flight direction is

then Ee™ (0¢) = \/ M (€0)2 4 phE™(¢0)2 whilst that of the light neutrino (since it is massless

with a very good degree of approximation) is E%ight(y) = p?ight(u). Hence the transverse mass
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of the heavy neutrino decay products, where ‘transverse’ is defined as meaning perpendicular
to the flight direction, is MMe" — \/ [EXet (p0) + ERE(1)]2 — [pRE(00) + e ()2 =

ERNgh (pg) 4+ EMEM (1), This is analogous to the transverse mass commonly used in hadronic
colliders to reconstruct the mass of a resonance that decays to a neutrino plus visible decay
products. It differs in that here, it is the component of the light neutrino momentum parallel
to the flight direction that is unknown, whereas conventionally it is the component along the
beam-axis that is unknown. As shown in Figure Sc, the quantity quight is always less than the
heavy neutrino mass (aside from resolution effects), but has far more entries near the end-point
of the spectrum that the simpler method, thus allowing for a more precise measurement. It
ought to be noted that the end-point technique works here only because the heavy neutrino is
lighter than the SM gauge bosons, therefore decaying via effective 3-body decays. Instead the
more refined transverse mass reconstruction works regardless of the heavy neutrino mass.

The displaced lepton vertex position would provide an approximate measurement of the
heavy neutrino lifetime, although this would be complicated by the presence of the light neu-
trino amongst the heavy neutrino decay products, which would prevent a precise determination
of its momentum. From the statistical information in Figure 5c, it can be seen that 0.21 dilep-
ton candidates/event are reconstructed (for the 140 GeV Higgs mass), indicating only a small
efficiency loss with respect to the 2 x 0.17 = 0.34 generated. We emphasize here that the com-
bined measurement of the heavy neutrino lifetime and mass would enable to infer the related
light neutrino mass [113].

In events containing a displaced dilepton vertex, one could search for a second heavy
neutrino decaying through the v, — ¢¢'¢~ channel. This could be done by searching for a third
displaced lepton and investigating if it formed a displaced vertex with a number of reconstructed
charged hadrons. (ATLAS successfully found displaced vertices containing a lepton + hadrons
in their analysis of Section 4.) Doing so would allow one to measure the relative branching
ratio of the two heavy neutrino decay modes. As an additional step, one could then search
for a pair of jets, arising from the ¢¢ pair from the heavy neutrino decay, whose directions
would be compatible with these hadrons. Figures 6a and 6b show the pr of the reconstructed
lepton and jets from the heavy neutrino in this channel. The soft jet spectrum represents a
major challenge. Even assuming that one can reconstruct jets down to pr of 20 GeV, which
is optimistic, particularly in the presence of pile-up, the efficiency to reconstruct these jets is
poor. However, if one succeeds, one can then estimate the heavy neutrino mass by plotting the
reconstructed lepton + dijet invariant mass, as shown in Figure 6¢. (It should also be noted that
in the cases in which the ¢q’ pair is reconstructed, simulation indicates that =~ 80% of the time
they are reconstructed as two separate jets, as opposed to a single merged jet. One can thus
require the presence of two reconstructed jets from the displaced vertex. Doing so improves the
mass resolution.) From the statistical information in this histogram, it can be seen that 0.046
lepton + dijet candidates/event are reconstructed (for the 140 GeV Higgs mass), compared with
the 2 x 0.45 = 0.90 generated v}, — ¢¢'¢* decays per event. The poor efficiency is due to the
difficulty in reconstructing such soft jets.

To measure the Higgs boson mass, one could use either the tri-lepton final state (as in
eq. (3)) or the four-lepton final state (as in eq. (4)). In both cases, the end-point of the spectrum
would allow one to infer the Higgs mass. Figures 7a and 7b show the Higgs mass reconstructed
from its visible decay products in these two channels. Furthermore, as can be seen from the
statistical information in the histograms, the efficiency to reconstruct both heavy neutrinos in
an event is at the percent level. As before, more sophisticated techniques can be employed to
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Figure 6: For the ¢/ /* mode: the left-hand figure shows the pr of the reconstructed lepton and the
central figure shows the pr of the reconstructed jets from the heavy neutrino decay. The right-hand
figure shows the reconstructed invariant mass of the lepton plus dijet from the heavy neutrino decay.

reconstruct the Higgs mass, exploiting the reconstructed flight directions of the heavy neutri-
nos, the known heavy neutrino mass (assumed its mass has already been measured using the
techniques described above) and the measured missing momentum transverse to the beam-axis
pr(miss). In the tri-lepton final state, one can exploit the missing transverse momentum to con-
struct the transverse mass of the Higgs decay products (with respect to the beam axis) My =
V[Er(vis) + pr(miss)? — [pr(vis) + pr(miss)]?, where Er(vis) = /M (vis)? + pr(vis)?
and vis represents the visible Higgs decay products. This quantity My is plotted in Figure 7c.
Were it not for the finite jet and missing energy resolutions, it would always be less than the
Higgs mass, and its end-point could be used to estimate the latter.
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Figure 7: The reconstructed Higgs mass from the visible decay products in the 4-lepton (left) and tri-

lepton channels (central), and from the visible decay products and missing transverse momentum in the
tri-lepton channel (right).

5.2 Phenomenology of FIMP model

This section describes the properties of the benchmarks described in Section 2.2. The event
samples were made according to the procedure discussed in Section 3. All benchmarks consid-
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ered predict a long-lived particle decaying into a fermionic dark matter particle in addition to
a W or Z boson. In this analysis we consider the subsequent decay of the boson in the muon
decay channel.

Figure 8 shows the transverse momentum and angular separation (if applicable) of the
muons originating from the heavy boson decay in all three benchmarks. The corresponding
distribution for the SM Drell-Yan background is also shown for comparison. The kinematic
constraints imposed by existing detector searches are marked on the plot. In the interests of
maximising acceptance, the optimal lepton p; requirement should be as low as possible. A sin-
gle or di-muon trigger is envisaged to record the events studied here and, due to the muon vertex
displacement, the trigger is expected not to rely on inner detector tracking information. As al-
ready described, trigger prescaling, needed due to the high luminosity of the LHC, means that
the trigger threshold is likely to be at the lowest ~ 20 GeV and may well be higher. However,
the muons originating from these models are more energetic than in the B — L model and thus
a higher yield of events is envisaged. Some cut on the angular separation between the muons
— either transverse or otherwise — would be necessary to avoid background contamination from
cosmic rays. The looser this cut is, the more sensitivity the analysis will have to these models.
The DO, and to a lesser extent the CMS, analyses will have reduced sensitivity to the FIMP
model as their requirements on angular separation are sufficiently tight that they would remove
many candidates.
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Figure 8: Radial displacement (top left), transverse muon momenta (top right), transverse angular muon
separation (bottom left) and transverse collinearity (bottom right) of displaced Z decay. Standard Model
Drell-Yan kinematics from a prompt Z decay are also shown for comparison. Existing cuts on these
variables in displaced vertex searches are shown on the plot.

Searching for a muon pair displaced from the interaction point is a powerful way of dis-
criminating these models from Standard Model background signatures. Figure 8 shows the
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typical R displacement predicted by the FIMP models when the mean lifetime is set at 25, 50
and 100 cm in BM1. As in the previous model, a measured 12 displacement represents the life-
time of the chargino lifetime and thus its coupling to the FIMP. For any displaced particle, the
most likely point of decay is (0, 0, 0) and then an exponential decay from that point is observed,
its mean lifetime governed by the decay length of the particle. It can be seen in the CMS and
ATLAS studies that the efficiency for reconstructing these vertices also drops sharply as the
displacement is increased.

The displaced vertex represents a decay into a Z boson and a fermionic dark matter par-
ticle which will be observed as missing transverse energy in the detector. Unlike the B — L
model, the model considered here does not allow for two leptons of different flavour to origi-
nate from the same vertex and thus we only consider decays to two, oppositely charged muons.
The invariant mass of muon pairs, observed at a radial displacement R, will follow the same
distribution as the invariant mass in Standard Model Z decays. A cut around the Z mass peak
of the vertex could prove powerful in the proposed analysis, as there are no Standard Model
physics backgrounds in which a high mass displaced pp vertex would be seen in the detector.

The transverse collinearity angle between the reconstructed momentum vector of the Z
boson and the vector from the primary to the secondary vertex — the neutralino direction of
flight — i1s also shown in figure 8. It is seen that the most likely direction of the Z is collinear to
the neutralino although there is a significant portion of events in which this is not the case. The
collinearity cut imposed in the CMS analysis — an upper limit of 0.2 radians — would be likely
to remove a significant number of FIMP decays, should they be present, from their selected
events.

The presence of missing transverse energy in the event is also considered. Figure 9 shows
the total missing transverse energy from both the neutrinos and the FIMPs and from only the
FIMPs in the event, respectively. All benchmarks are shown (with 25 cm mean life) as well
as SM W — puv events. Only BM3, due to the additional contribution from the displaced W
decay, predicts larger missing transverse energy than the SM W sample. This implies that the
transverse missing energy contribution provided by a 1 GeV FIMP is comparable to that from
the neutrino in a W — pv decay, and for this reason a cut on transverse missing energy may
not be a powerful discriminant for these models.

g
i
Il \\\HH‘(

| | | | | | | | | | | | | | | | |
20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
Total MET /GeV Total Fimp PT /GeV

Ll
0 10

Figure 9: Missing transverse energy from combination of neutrinos and FIMPS (left), and from FIMPS
only (right) in all 3 benchmarks. The distribution expected from Standard Model W pv is shown for
comparison.
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5.3 Sensitivity of current displaced vertex searches to models

Among the current searches for displaced vertex signatures at hadron colliders, the CMS search
has the most sensitivity to the model under consideration. The DO analysis would have limited
sensitivity to the model due to the cut on the angular separation between the muons, and the
limits set by the CDF analysis (limited by the luminosity available) do not reach the cross
sections for the range of FIMP models considered. The ATLAS search is not relevant for the
FIMP model as the event selection is on a different final state topology (muon+hadrons).

To estimate the potential sensitivity of a CMS-like search for FIMP decays, a similar
event selection is run — at truth level — for the benchmarks. The requirement applied is two
energetic (transverse momenta > 25 GeV) and fiducial (|| < 2.4) muons associated with the
same vertex. A veto is applied to muons that are back-to-back (transverse angular separation
< 2.8). The transverse collinearity cut employed by the CMS analysis, which would remove
many FIMP events, is not applied. The expected yields per fb of data for each benchmark is
summarised in table 3, having taken into account the branching ratio, I'(x), for having at least
one of the legs decaying muonically. No physics background was seen to pass the proposed
event selection, and it is assumed that there is zero machine or detector background given the
high mass of the displaced vertex.

There will be additional losses to the number of events seen to pass the fiducial selection
at truth level, due to imperfect detector reconstruction of the event. As has been discussed,
the largest losses will be in triggering and reconstruction of the displaced vertex. A functional
form of efficiency — although it must be noted this is very detector dependent — to reconstruct
a muon as a function of radial displacement was assumed from studying the publicly-available
CMS efficiency plots. The form was taken as linear fall off from unity at zero displacement to
zero at 40 cm displacement. As would be expected, the longer the life-time of the particle is,
the more events are lost due to imperfect efficiency modelling in the detector. The results here
suggest that certain models (BM2) may very well already be ruled out by existing displaced
vertex searches, but others (BM1) may not yet be visible with the current detector limitations
and integrated luminosity available.

The pr cut used on the leptons in the CMS analysis significantly reduces its efficiency in a
search for low mass Higgs bosons — CMS quotes limits only for Higgs masses > 200 GeV. Their
publication does not therefore rule out the benchmarks presented in Section 2.1. One should
note that the heavy neutrinos in the B — L model have only a 2.9% branching ratio to puv
(when summed up over the three generations). And that the probability of both of these muons
being reconstructed with transverse momenta exceeding the cut used by CMS and of the dimuon
system being collinear with the exotica flight direction to within 0.2 radians (also required by
CMS) is only 2.7%. If one attempted to reinterpret the CMS publication in terms of limits on
the B — L cross section, the result would be a limit of approximately 0.01pb/(0.029 x 0.027)
= 10 pb. This is well above the theoretically expected cross section.

Selection Npan X T(p) | Nppre X () | Npms X T'(p) | Near x T'(p)
W 1 0 0 ~ 5000000
Z 0.05 0 0 ~ 100000
Displaced Vertex | 4 42 0.01 ~0

Table 3: Expected yield of FIMP events for 1 fb~! of luminosity passing Standard Model and CMS-style
displaced vertex selections at truth level.
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Due to the cascade decays inherent in the FIMP models, such events can be quite noisy
with many hard leptons and jets produced at the interaction point. Standard W and Z event
topology selections were applied to the samples. It was found that the expected contribution
from the models considered here would be well below the current fractional uncertainty on
measured W and Z cross sections [513]. This suggests that if these events were produced at
the LHC, they would not be detected in ATLAS or CMS SM analyses if event yields or basic
kinematics alone are considered.

The strategies developed in Section 5.1 for determining the mass of long-lived particles
would require some modification of the FIMP analysis. The method illustrated in Figure 5b
of measuring the endpoint of the dilepton mass spectrum would only work if the Z boson is
off mass-shell, since otherwise, the dilepton invariant mass would simply be equal to the Z
boson mass. Thus this method is only applicable if the mass difference between the gaugino
and the FIMP is less than the Z mass. The more sophisticated method illustrated in Figure Sc,
which uses the measured long-lived particle flight direction as a constraint, does not suffer from
this limitation. However, it does assume that the invisible particle is massless, so could only be
employed for the FIMP analysis if the FIMP has a much lower mass than the long-lived particle.

6 Conclusions

We have investigated two classes of models, which are quite different from the theoretical point
of view. Both models predict long-lived particles — heavy Majorana neutrinos (from Higgs
boson decay) in the case of B — L model and charginos/neutralinos in the case of an MSSM
model extended by a singlet superfield that is feebly coupled to the standard MSSM states
(FIMP model). The decay of these long-lived particles provide spectacular displaced, multi-
lepton (or lepton + jet) signatures, which are virtually background-free.

For selected benchmark points of the B — L and FIMP models, we performed an analysis
showing that experimental observation of these displaced vertices at the LHC should be pos-
sible. We also demonstrated how one could reconstruct the masses of the long-lived particles,
profiting from the reconstructed vertex positions to constrain the long-lived particle flight di-
rection. Similar analysis techniques could be applied to other BSM models featuring long-lived
particles. In the case of the B — L model, the measurement of the mean lifetime and mass of the
Majorana neutrinos could be important ingredients, allowing one to deduce the absolute mass
of SM-like neutrinos [113]. We showed that published searches from the Tevatron and the LHC
experiments have poor sensitivity to these models.
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Impact of semi-annihilations on dark matter phenomenology
— an example of Z symmetric scalar dark matter

G. Bélanger, K. Kannike, A. Pukhov, M. Raidal

Abstract

We study the impact of semi-annihilations yx <> xX, where x is
dark matter and X is any standard model particle, on dark matter phe-
nomenology. We formulate scalar dark matter models with minimal
field content that predict non-trivial dark matter phenomenology for
different discrete Abelian symmetries Zy, N > 2, and contain semi-
annihilation processes. We implement such an example model in mi-
crOMEGAs and show that semi-annihilations modify the phenomenol-
ogy of this type of models.

1 INTRODUCTION

The origin of dark matter of the Universe is not known. In popular models with new parti-
cles beyond the standard model particle content, such as the minimal supersymmetric standard
model, an additional discrete Z> symmetry is introduced [514]. As a result, the lightest new
Zy-o0dd particle, y, is stable and is a good candidate for dark matter. The phenomenology of
this type of models is studied extensively.

The discrete symmetry that stabilises dark matter must be the discrete remnant of a broken
gauge group [515], because global discrete symmetries are broken by gravity. The most natural
way for the discrete symmetry to arise is from breaking of a U(1) x embedded in a larger gauge
group, e.g. SO(10) [516]. The latter contains gauged B — L as a part of the symmetry, and the
existence of dark matter can be related to the neutrino masses, leptogenesis and, in a broader
context, to the existence of leptonic and baryonic matter [299,303,517].

Obviously, the discrete remnant of U (1) x need not to be Z, — in general it can be any Zy
Abelian symmetry. The possibility that dark matter may exist due to Zy, N > 2, is a known
[354,518-525] but much less studied scenario’. Model independently, it has been pointed out in
Ref. [525] that in Z models the dark matter annihilation processes contain new topologies with
different number of dark matter particles in the initial and final states — called semi-annihilations
—, for example xx < xX, where X can be any standard model particle. It has been argued
that those processes may significantly change the predictions for generation of dark matter
relic abundance in thermal freeze-out. However, no detailed studies have been performed that
compare dark matter phenomenology of different Z models. This is difficult also because
presently the publicly available tools for computing dark matter relic abundance do not include
the possibility of imposing Z discrete symmetry instead of Zs.

'Phenomenology of Z3-symmetric dark matter in supersymmetric models has been studied in Refs. [518,520]
and in extra dimensional models in Refs. [354,519].
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The aim of this work is to formulate the minimal scalar dark matter model that pre-
dicts different non-trivial scalar potentials for different Zy symmetries and to study their phe-
nomenology. In particular we are interested in quantifying the possible effects of semi-annihilation
processes xx <> XX on generating the dark matter relic abundance. In order to perform quan-
titatively precise analyses we implement minimal Z5 symmetric scalar dark matter models that
contain one singlet and one extra doublet in micrOMEGAs [206,526]. Using this tool we show
that, indeed, the semi-annihilations affect the dark matter phenomenology and should be taken
into account in a quantitatively precise way in studies of any particular model.

2 Zn LAGRANGIANS
2.1 ZyN symmetry

Under an Abelian Z) symmetry, where NNV is a positive integer, addition of charges is modulo
N. Thus the possible values of Zy charges can be taken to be 0,1,..., N — 1 without loss of
generality. A field ¢ with Z, charge X transforms under a Zy transformation as ¢ — w* ¢,
where w” = 1, that is w = exp(i27/N).

A Zy symmetry can arise as a discrete gauge symmetry from breaking a U(1)x gauge
group with a scalar whose X-charge is N [515,517].

For larger values of N the conditions the Zy symmetry imposes on the Lagrangian ap-
proximates a U(1) symmetry for two reasons. First, assuming renormalizability, the number of
possible Lagrangian terms is limited and will be exhausted for some small finite NV, though they
may come up in different combinations for different values of V. Second, if the Z symmetry
arises from some U(1), the X-charges of particles cannot be arbitrarily large, because that
would make the model nonperturbative — if /V is larger than the largest charge in the model, the
restrictions on the Lagrangian are the same as in the unbroken U (1).

We shall see below that for the large number of possible assignments of Zy charges to
the fields, the number of possible distinct potentials is much smaller.

2.2 Field content of the minimal model

In order to study how different discrete Zn symmetries impact dark matter phenomenology
the example model must contain more than one type of dark matter candidates. The minimal
dark matter model that possesses such properties contains, in addition to the standard model
fermions and the standard model Higgs boson Hy, one extra scalar doublet H, and one extra
complex scalar singlet S [299]. In the case of Z; symmetry, as proposed in [299], those new
fields can be identified with the well known inert doublet [, [527-530] and the complex singlet
S [295-298,302]. The phenomenology of those models is well studied. However, when they
are put together, qualitatively new features concerning dark matter phenomenology, electroweak
symmetry breaking and collider phenomenology occur [299,303,531-533]. The field content
of the minimal scalar Z 5 model is summarized in Table 1.
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Table 1: Scalar field content of the low energy theory with the components of the standard model Higgs
Hj in the Feynman gauge. The value of the Higgs VEV is v = 246 GeV.

Field SU@3) SU(2)L T3 Y/2 Q=T3+Y/2
Gt 1 1
H, = <v+h+iG0> 1 2 (_21> % (O)
V2 2
o+ 1 ) 1
H2 - Ho-l—iAO ]_ 2 _21 5 O
V2 2
_ Sy +iS
S = HTQA 1 1 0 0 0
2.3 Constraints on charge assignments
The assignments of Z charges have to satisfy
Xg >0,
Xl # X27
- X+ X1+ X.=0 mod N, (1)

X, +X;1+X;=0 mod N,
X, - X1 +X,=0 modN.

The first and second conditions arise from avoiding the | H|*S term and from avoiding Yukawa
terms for Ho, respectively, and the rest from requiring Yukawa terms for H.

The choice of Zy charges for standard model fermions, the standard model Higgs H1, the
inert doublet Hs and the complex singlet S must be such that there are no Yukawa terms for Ho
and no mixing between H; and H,: only annihilation and semiannihilation terms for H, and .S
are allowed.

All possible scalar potentials contain a common piece because the terms where each field
is in pair with its Hermitian conjugate are allowed under any 7y and charge assignment. We
denote it by V¢, where the ‘c’ stands for ‘common’:

Ve = | HL[? 4+ MG [* + | Ho | + Xo Ha|* + p5|SI? + As|S[*

2
+ As1|SIPHL? + Aso| SP| Ho|? + Na| H [*| Ho|* + N\o(H] Ho) (HY H,).

2.4 The Z, scalar potential

There are 256 ways to assign 0,1 to the standard model and dark sector fields. Of these, 8
satisfy Eq. (1); among them, there are 2 different assignments to the dark sector fields, both
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giving rise to the unique scalar potential

[ A (S2 ST2)+%[(HTH2)+(H§H1)Q]

+ ’“—H(STHIHQ +SHIH) + MSTH(ks*th2 v StHIH))

>‘ (S4+ST4) S|S|2(52+ST2) (3)

+ >\51|S! |H |+ /\52|S|2|H2|2

Y Y
+ (S + ST) + SR H (S + S1).

2.5 Zj scalar potentials

There are 6561 ways to assign 0, 1, 2 to the fields. Of these, 108 satisfy Eq. (1); among them,
there are 12 different assignments to the dark sector fields, giving rise to 2 different scalar
potentials. The example potential we choose to work with is

" A
Vg, = Ve + @(53 + 51y ﬂ(SQHjHQ + S©PHIH)
4)
“;H (SHYH, + STH{ H,),

which induces the semi-annihilation processes we are interested in. The second one is obtained
from Eq. (4) by changing S — ST (with sy — iy and Agiz — Aga1)-

2.6 Z, scalar potentials

There are 65536 ways to assign 0, 1,2, 3 to the fields. Of these, 576 satisfy Eq. (1); among
them, there are 36 different assignments to the dark sector fields, giving rise to 5 different scalar
potentials. Among those the only potential that contains semi-annihilation terms is

)\l

Vot 238" 4+ 51 4 25

Vi, = (H{H,)* + (HyH,)*

4

The other four scalar potentials can be formally obtained from the Zs-invariant potential Eq. (3)
by setting all the new terms added to V. to zero, with the exception of the 1) N, usm, 2) N,

IS 3) Hes Ny Ngw N Nogs 4) flgs N Ny Ny Nogs fisH, [y terms.

3 RELIC DENSITY IN CASE OF THE Z3; SYMMETRY

3.1 Evolution equations

Consider the Z3-symmetric theory. The imposed Z3 symmetry implies, as usual, just one dark
matter candidate. This is because the Z3 charges 1 and —1 correspond to particle and anti-
particle. The new feature is that processes of the type xx — xX, where X is any standard
model particle, also contribute to dark matter annihilation. The equation for the number density

reads J .
n
g = —U0y XX (n2 — ngq) — §UUXX_>XX (n2 — nneq) — 3Hn. (6)
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We define

1/20,—
_ _ XXX X
Oy = U0yyo XX + §UUX)HXXU and o = — @)
v

which means that 0 < « < 1. In terms of the abundance, Y = n/s, where s is the entropy
density, we obtain

ay
= =50, (Y = aY Vi — (1 - )Y2) ®)
or dY
Oy
= (1P —aYY - (1-a)¥d). ®

To solve this equation we follow the usual procedure [526]. Writing Y = Y, + AY we find the
starting point for the numerical solution of this equation using the Runge-Kutta method using

dYeq 0y
— = =YAY (2 - 1
= GYAY 2-a), (10)

where AY < Y. This is similar to the standard case except that AY increases by a factor
1/(1 — «/2). Furthermore, when solving numerically the evolution equation, the decoupling
condition Y? > Y% is modified to

V2> aYVe + (1 — a)YZ. (11)

This implies that freeze-out starts at an earlier time and lasts until a later time as compared with
the standard case. This modified evolution equation is implemented in micrOMEGAs [206,
208].

3.2 Numerical results with micrOMEGASs

Using the scalar potential defined in Eq. (4) we have implemented in micrOMEGA s the scalar
model with a Z5 symmetry. The scalar sector is composed of one additional complex scalar
doublet and one complex singlet. The neutral component of the doublet mixes with the singlet,
the lightest component , is therefore the dark matter candidate, while the heavy component
}:Lg can decay into hih, where h is the standard model like Higgs boson. The Z5 charge of

hl, ]’LQ, htis 1.

We then compute the dark matter relic density as well as the elastic scattering cross sec-
tion on nuclei. Here we average over dark matter and anti-dark matter cross section assuming
that they have the same density. the main contribution here comes from the Z-exchange dia-
gram because there is a hy iL}‘Z coupling?. Furthermore one can easily show that the scattering
amplitudes are not the same for protons and neutrons. Since the current experimental bounds
)Scfl are extracted from experimental results assuming that the couplings to protons (f,,) and
neutrons (f,,) are equal, we define the normalized cross section on a point-like nucleus [237]:

O,§I _ 'U“izbl [pr—‘f_ (A_ Z)fn]Q
haN T A? ’

(12)

This quantity can directly be compared with the limit on aiz.

%In the inert doublet model with a Z, symmetry [527,529], a A5 term splits the complex doublet into a scalar
and a pseudoscalar, when the mass splitting is small such coupling leads to inelastic scattering.
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Figure 1: QA2 as a function of the dark matter mass (left panel) and agi o The experimental limit from
XENONI100 [196] is also displayed (dashed line.)

To illustrate the behavior of the relic density of dark matter, we choose the parameters
Ay = 0.73, A3 = 0.16, A\, = 0.45,A\g = 0.93, A\g1 = 0.06, Ago = 0.03, Ago1 = 0.69, p§ =
427.5 GeV. Furthermore we fix the mass of the Higgs sector to be M;, = 125 GeV, M, =
371.2 GeV and let M}, vary. We also assume that h1 is almost singlet taking sin 6, = 0.9995.

The variation of Qh? with the dark matter mass is displayed in Fig. 1. When the dark mat-
ter mass is around 50 GeV the main annihilation channel is through Z-exchange, note that this,
however, leads to a very large direct detection rate. As m; = my, increases above my /2, the

relic density increases dramatically. At this point « is very small since the process hihy — ﬁ{Z
is kinematically forbidden. After the threshold for IV pair production, the relic density starts to
drop, the process hihy — l~z’{Z soon becomes kinematically accessible and « increases rapidly.
The contribution of this channel rises rapidly leading to a drop of QA2 to values below the pre-
ferred region extracted form WMAP measurements [284]. For yet larger dark matter masses the
annihilation process h1 h1 — hy — h*h occurs near the h, resonance, this is the second drop in
Qh? displayed in Fig. 1. As the dark matter mass increases further, several processes involving
one non-standard particle in the final state can take place (notably W+ H~ hh hh;, Z h;) such
processes completely dominate and o ~ 1.

The value of the SI cross section for the same parameters is displayed in Fig. 1 right panel.
The region where Qh? =~ 0.1 just satisfies the Xenon100 bound [196]. Note that to achieve that
it was necessary to have an almost pure singlet dark matter. Heavier dark matter satisfy easily
the direct detection bounds, although their abundance is too low to explain all of the dark matter.
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4 CONCLUSIONS

We have formulated scalar dark matter models with the minimal particle content in which dark
matter stability is due to the discrete Zy symmetry, N > 2. Already the minimal models
containing one extra scalar singlet and doublet possess non-trivial dark matter phenomenology.
In particular, the annihilation processes with new topologies like yy — x X, where Y is the
dark matter and X is any standard model particle, change the dark matter freeze-out process
and must be taken into account when calculating the dark matter relic abundance. We have
performed an example study of semi-annihilations in the Z3 symmetric scalar dark matter model
by implementing the model to micrOMEGAs and studying the impact of semi-annihilations to
the relic abundance and on the predictions of dark matter direct detection. We conclude that in
this type of models semi-annihilations may significantly affect the phenomenology and must be
taken into account in numerical analyses quantitatively exactly.
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Abstract

We present a set of recommendations for the presentation of LHC re-
sults on searches for new physics, which are aimed at providing a more
efficient flow of scientific information between the experimental col-
laborations and the rest of the high energy physics community, and at
facilitating the interpretation of the results in a wide class of models.
Implementing these recommendations would aid the full exploitation
of the physics potential of the LHC.

1 INTRODUCTION

The LHC has very successfully begun to explore the TeV energy scale, and will be the energy
frontier machine for the foreseeable future. Everyone who has had a hand in bringing this
scientific and technological marvel to fruition deserves considerable credit and our thanks: the
physicists and engineers who conceived, designed, and built it; those who operate the machine
and its experiments; those who produce experimental results; those who try to understand them,
and the public and its representatives whose generous support has enabled all this to happen.

The LHC was designed as a machine of discovery. There are high hopes that ground-
breaking discoveries will indeed occur and shed light on electroweak symmetry breaking (be it
via the Higgs mechanism or some other new dynamics) and new physics beyond the Standard
Model (SM) of electroweak and strong interactions. It is of highest priority to our community
to exploit fully the physics potential of the LHC. One aspect of this exploitation is the interpre-
tation of LHC results in the contexts of different models of new physics. This is crucial if we
are to unravel the correct new physics model, determine its parameters, and move beyond the
SM.

The ATLAS and CMS collaborations are providing detailed experimental results [534,
535] of searches in many different channels. They are also providing interpretations in terms
of popular models, such as the CMSSM!, or in terms of Simplified Models?>. These results

!Constrained Minimal Supersymmetric Standard Model, see e.g. [536].
2Simplified Models are designed as an effective-Lagrangian description of a small number of accessible new
particles. This approach has a long heritage; for a recent paper advocating it see e.g. [537].
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are being used to test as large a variety of beyond-the-SM (BSM) scenarios as possible. For
example, the searches for supersymmetry (SUSY), including [199, 200, 233, 538-540], were
interpreted in a number of different SUSY-breaking schemes, see e.g. [235,277,279,281,541,
542], as well as in the weak-scale “phenomenological” MSSM [191, 192]. The sensitivity to
light stops was investigated in [543-545], while implications of compressed SUSY spectra were
analyzed in [546]. Interpretations were also made for non-SUSY models, for instance for the
minimal universal extra dimension (UED) model in [547]. Similar non-collaboration efforts to
interpret Higgs search results [144,402] in a large variety of BSM scenarios are also underway.
These examples illustrate the community’s interest in the LHC experimental results—interest
that will surely grow as results become more comprehensive and readily available.

A systematic way of presenting LHC results will also greatly facilitate the comparison and
combination of analyses within and across the LHC collaborations, as well as the assessment of
the physics potential of future facilities. Furthermore, agreement on a set of recommendations
and their implementation would be a further step towards a more comprehensive approach to
the storage, persistence and future use of LHC results.

In this contribution, we therefore propose a set of recommendations for the presentation
of LHC results aimed at maximizing its scientific return. Many of the experimental publica-
tions already implement several of the basic recommendations we make. But, as we shall see,
our recommendations go substantially beyond current practice. Our wish is to work towards
an agreement on a common standard for the presentation of results. The goal is to help the
community make the most of an extraordinary scientific opportunity.

2 EXECUTIVE SUMMARY

We here summarize our recommendations, which we present in four broad categories: analysis
description, detector modeling, analysis dissemination and analysis design. Moreover, we in-
clude some recommendations regarding the interpretation of the results. Where appropriate, we
split our recommendations into options:
(a) “crucial" (mandatory) recommendations, defined as actions that we believe should be
undertaken, following revision motivated by feedback from the experiments, and

(b), (c) “desirable steps”, i.e. actions that would help, but whose implementation is rec-
ognized as either being controversial, and thus needing more debate, or requiring major
efforts and a longer timescale.

Recommendations without such sub-division are understood as “crucial”. An extensive discus-
sion of these recommendations will be published as an independent document.

1. (a) Provide a clear, explicit description of the analysis in publications. In particular, the
most crucial information such as basic object definitions and event selection should
be clearly displayed in the publications, preferably in tabular form, and kinematic
variables utilised should be unambiguously defined. Further information necessary
to reproduce the analysis should be provided, as soon as it becomes available for
release, on a suitable common platform.

(b) The community should identify, develop and adopt a common platform to store
analysis databases, collecting object definitions, cuts, and all other information, in-
cluding well-encapsulated functions, necessary to reproduce or use the results of the
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analyses, and as required by other recommendations.

2. (a) Provide histograms or functional forms of efficiency maps wherever possible in the
auxiliary information, along with precise definitions of the efficiencies, and prefer-
ably provide them in standard electronic forms that can easily be interfaced with
simulation or analysis software.

(b) The community should take responsibility for providing, validating and maintaing
a simplified simulation code for public use, reproducing the basic response of the
LHC detectors. The validation and tuning of this tool should be based on com-
parisons with actual performance plots, and/or other inputs, made available by the
experiments along the lines of Recommendation 2a. Limits of validity should be
investigated and clearly documented.

3. (a) Provide all crucial numbers regarding the results of the analysis, preferably in tab-
ulated form in the publication itself. Further relevant information, like fit functions
or distributions, should be provided as auxiliary material.

Addendum:

For multi-bin results, provide an ensemble of sets of the numbers B, 6B, L, L,
@, k, etc in the auxiliary information. These would be created by sampling from
the various experiment-specific systematic effects, such as the jet energy scale,
jet energy resolution, etc. Results should be quoted without inclusion of system-
atic/theoretical uncertainties external to the experiment.

(b) When feasible, provide a mathematical description of the final likelihood function
in which experimental data and parameters are clearly distinguished, either in the
publication or the auxiliary information. Limits of validity should always be clearly
specified.

(c) Additionally provide a digitized implementation of the likelihood that is consistent
with the mathematical description.

4. In the interpretation of experimental results, preferably provide the final likelihood func-
tion (following Recommendations 3b/3c). When this is not possible or desirable, provide
a grid of confidence levels over the parameter space. The expected constraints should be
given in addition to the observed ones, and whatever sensitivity measure is applied must
be precisely defined. Modeling of the acceptance needs to be precisely described.

5. For Higgs searches, provide all relevant information on a channel-by-channel basis for
both production and decay processes.

6. When relevant, design analyses and signal regions that are based on disjoint sets of events.

3 CONCLUSIONS

This document presents a set of recommendations for the presentation of LHC results on searches
for new physics, which are aimed at providing a more efficient flow of scientific information
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and at facilitating the interpretation of the results in wide classes of models. It originated from
discussions at this Les Houches “Physics at TeV Colliders 2011” workshop and was thoroughly
discussed and refined, with valuable input from representatives of the ATLAS and CMS collab-
orations, in a dedicated miniworkshop organized by the LHC Physics Centre at CERN [548].
The target of these recommendations are physicists both within and outside the LHC experi-
ments, interested in the best exploitation of the BSM search analyses.

The added value for the experiments, and the whole HEP community, in extending the
scope of the information made available about the experimental results, is a faster and more
precise feedback on the implications of these results for a broad range of theoretical scenarios.
Correlations and consistency checks among the findings of different experiments, at the LHC
and elsewhere, will be facilitated, and will provide crucial input in the choice of the best research
directions in both the near and far future, at the LHC and elsewhere. Improving the way the
results of the LHC searches are documented and stored furthermore provides a forum to explore
alternative approaches to long-term data archiving.

The tools needed to provide extended experimental information will require some ded-
icated efforts in terms of resources and manpower, to be supported by both the experimental
and the theory communities. Practical solutions towards the development of these tools and the
implementation of the proposed recommendations will be addressed in dedicated Workshops
and working groups.
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High Energy Physics Model Database —- HEPMDB: Towards
decoding of the underlying theory at the LHC.
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Abstract

We present here the first stage of development of the High Energy
Physics Model Data-Base (HEPMDB) which is a convenient central-
ized storage environment for HEP models, and can accommodate, via
web interface to the HPC cluster, the validation of models, evaluation of
LHC predictions and event generation-simulation chain. The ultimate
goal of HEPMDB is to perform an effective LHC data interpretation
isolating the most successful theory for explaining LHC observations.

1 The idea behind HEPMDB

The year 2010 has marked the start of real data taking at the CERN Large Hadron Collider
(LHC). The central task of the LHC is to find signals from new physics and to reveal the un-
derlying dynamics of Nature responsible for such signals. This is a highly non-trivial problem
since many promising models could and do lead to similar signatures. For the next decades
research in High Energy Physics (HEP) will be concentrated on interpreting the data from the
LHC. We propose to create a High Energy Physics Model Data-Base (HEPMDB) which will
be an unparallelled tool to isolate the most successful theory in explaining LHC observations.
This project is aimed at boosting the activity of HEP groups around the world and will play an
important role in the LHC data interpretation.

The first phase of the HEPMDB prototype is accessible athttps://hepmdb.soton.ac. uk.
The HEPMDB was created as a result of ideas discussed in the context of the “Dictionary of
LHC signatures" activity [549], at the FeynRules workshop [550] and at the “Mini-Workshop
on Dynamical Symmetry Breaking models and tools” [551]. Following the “Dictionary of LHC
signatures" activities it was agreed that the identification of the underlying theory from LHC
signals can only be sensibly realised via a flexible database which collects models and their
specific signatures.

The HEPMDB is aimed to:

1. Collect HEP models for various multipurpose Matrix Element (ME) generators like CalcHEP [1],
CompHEP [90,91], FeynArts [552,553], MadGraph /MadEvent [93,96,134,135], AMEGIC
++/COMIX within SHERPA [118,119]. and WHIZARD [98]. Under “HEP models” we
denote the set of particles, Feynman rules and parameters written in the format specific
for a given package.
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2. Collect model sources which can be used to generate HEP models for various ME gener-
ators using FeynRules [6] or LanHEP [9], which automate the process of generating Feyn-
man Rules, particle spectra, etc.. Under “model source" we denote the model (lagrangian
etc.) written in the form of input for FeynRules or LanHEP. For the moment, Feyn-
Rules interfaces to CompHEP, CalcHEP, FeynArts, GoSam [133], MadGraph/MadEvent,
SHERPA and WHIZARD [108] are available. LanHEP works with CalcHEP, CompHEP,
FeynArts and GoSam. Also, the latest LanHEP v.3.15 has an option (under test) of out-
putting the model in UFO format [135] which provides a way to interface it with Mad-
Graph/MadEvent.

3. Allow users to upload their models onto a server in order to perform evaluation of HEP
processes and event generation for their own models using the full power of the High Per-
formance Computing (HPC) cluster standing behind the HEPMDB itself. The HPC clus-
ter at Southampton University, IRIDIS3 is the state-of-the-art fastest university-owned
HPC resource in the UK, with 1008 8-core compute nodes (Intel Nehalem 2.26 GHz), at
least 24GB of memory per node, all connected with fast infiniband network for parallel
communication. This is one of the very powerful features of the HEPMDB: it provides a
web interface to various ME generators which can then also be run directly on the HPC
cluster. This way, users can preform calculations for any model from the HEPMDB (in-
cluding their own models which they can upload), avoiding problems related to installing
the actual software, which can sometimes be quite cumbersome.

4. Cross check and validate models for different ME generators. We should note that similar
functionality is also provided by the FeynRules web validation framework [554] which
is also presented in these proceedings. However, the FeynRules web validation is mainly
geared towards comparing FeynRules models and can use its knowledge of the model
format to provide a highly automatized test procedure for those, while the HEPMDB
works in a more generic way and will provide access to more model formats at the price
of slightly less automatization. Also, one should stress that uploads and evaluations at the
HEPMDB are available to all users. This is an important new feature of the HEPMDB as
compared to the FeynRules website.

5. Collect predictions and specific features of various models in the form of a (sub)database
of signatures and perform comparisons of various model predictions with experimental
data. There are a lot of different aspects related to this problem, details of which are
outside the scope of the current short contribution. We would like to mention though,
that this task includes a comprehensive development of a database of signatures as well
as development of the format of presentation of these signatures. This format will be
consistent with the format which will be used by the experimentalists for the presentation
of the LHC data, discussed at the workshop in the context of the “Les Houches Recom-
mendations for the Presentation of LHC Results" activity.

6. Trace the history of model modifications (in case modifications take place), and makes
available all versions of the models. Through this application, we stress the importance

of reproducibility of the results coming from the HEPMDB or from a particular model
downloaded from the HEPMDB.

We would like to stress that the HEPMDB is an important project which has no analogy at the
moment. It is different from projects which sound quite similar but in fact serve a different
purpose. For example, the “Database of Numerical HEP scattering cross sections"
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(http://durpdg.dur.ac.uk/HEPDATA/REAC) collects various particle scattering process cross-
sections which are connected to experimental searches of different reactions. On the other hand
the “Signatures of New Physics at the LHC" web-site

(http://www.lhcnewphysics.org/) collects various BSM signatures, classifies them and the
related papers. The part of the HEPMDB related to signatures definitely has a lot in common
with “Signatures of New Physics at the LHC" but the global aim of the HEPMDB is generi-
cally different. The HEPMDB is aimed to provide an important connection between theory (in
the form of theoretical models which users can upload), phenomenology (in the form of cross
sections and distributions which users can evaluate at the HEPMDB) and experiment (in the
form of collections of model-specific signatures and simulated events which can be used by
experimental collaborations).

2 The current status of the HEPMDB

The HEPMDB project main page is presented in Fig. 21.1(a). At the moment the HEPMDB
allows the user to perform the following operations.

1. Find and download an existing HEP model from the database. The search engine checks
patterns in the following fields: Model, Authors, References, Abstract, Signatures and
Information (see Fig. 21.1(b)).

2. Upload a new model (upon user registration). The model can be uploaded in the format
of any ME generator. Also, a user can upload the model source in FeynRules or Lan-
HEP formats. An example of the model entries as well as the model history is given in
Fig. 21.1(c).

3. Perform the evaluation of cross sections for user-defined processes for the chosen model
from the HEPMDB and produce a corresponding LHE file with generated parton-level
events. This file becomes available for download once the process is finished. Currently,
the HEPMDB allows the user to perform these calculations (using the aforementioned
HPC) for CalcHEP and WHIZARD models only. An example of such an evaluation is
given in Fig. 21.1(d).

4. Update or add features and respective signatures specific to each model. These features
and signatures can be used in the future to distinguish the model from others and connect
it to the LHC signatures.

5. Keep track of model changes, providing reproducibility of the results obtained with pre-
vious versions of the models uploaded to the HEPMDB.

3 HEPMDB: conclusions and future prospects

The present stage of the HEPMDB is a first step towards realizing a systematic comparison of
various model predictions with experimental data and decrypting of the underlying theory.

The following improvements and additions will take place in the HEPMDB in the coming
months.

1. The LanHEP and FeynRules packages will be added to provide event generation from
model sources.

2. The MadGraph/MadEvent and CompHEP packages will be added.
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3. A systematic model validation process will be started and the respective pages will be
added.

4. The possibility to study events beyond parton level will be carefully considered, up to
detector simulation. One concrete possibility would be the chain
LHE events — HEPMC events — FASTSIM events (ROOT format). For the last step,
Delphes [375] seems a promising candidate.

5. The structure of the database of signatures will be extended to deal with correlated signa-
tures (i.e. whereby multiple signatures, or lack thereof, must be accounted for simultane-
ously).

6. The possibility to produce plots for various kinematic distributions will be added.

On the longer time scale (of the order of one year) we plan to install the MicrOMEGAs
package for evaluation of the dark matter relic density as well as to provide a possibility for
scans of various model parameter spaces. During this stage, a development of the format for
model predictions consistent with the format for presentation of the LHC data by experimen-
talists is planned. The question about including automatic tools for NLO evaluations is under
discussion and will be developed further at the later stages of the HEPMDB development.

To conclude, we hope that starting from the present stage, the HEPMDB development
will be boosted further via involvement of the HEP community. The HEPMDB is already a
convenient centralized storage environment for HEP models, and can accommodate, via web
interface to the HPC cluster, validation of models, evaluation of LHC predictions and event
generation and simulation. We think that in the near future the HEPMDB will also become a
powerful tool for isolation of the most successful theory in explaining the LHC data.
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