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LA PHYSIQUE DU HIGGS AU DELA DU MODELE STANDARD
Résumé

Le 4 Juillet 2012, la découverte d’'une nouvelle particule scalaire avec une masse de ~
125 GeV a été annoncée par les collaborations ATLAS et CMS. Une nouvelle ére s’annonce : celle
au cours de laquelle il faudra déterminer précisément les propriétés de cette nouvelle particule.
Cela est crucial afin d’établir si cette particule est bien la trace du mécanisme responsable
de la brisure de la symétrie du secteur électro-faible. Cela permettrait aussi de repérer tout
élément susceptible d’étre associé a une “nouvelle physique” dans le cas ol le mécanisme de
brisure ferait intervenir des ingrédients autres que ceux prédits par le Modeéle Standard. Dans
cette thése, nous avons essayé de comprendre et de caractériser jusqu’a quel point ce nouveau
champ scalaire est le boson de Higgs prédit par le Modéle Standard. Nous avons établi les
implications d’une telle découverte dans le contexte de théories supersymétriques et de modéles
décrivant la matiére noire. Dans une premiére partie consacrée au Modéle Standard de la
physique des particules, nous étudions aprés une courte introduction au domaine, le processus
de production d’une paire de bosons de Higgs au LHC. Un résultat majeur est que ce mode
de production permettra de mesurer le couplage trilinéaire du Higgs qui est un paramétre
essentiel & mesurer afin de reconstruire le potentiel du Higgs et donc représente la derniére
vérification a effectuer pour confirmer l'origine de la brisure spontanée de la symétrie électro-
faible. La deuxiéme partie traite des théories supersymétriques. Aprés une introduction au
sujet, un de nos importants résultats est d’avoir fortement contraint un certain nombre de
modéles supersymétriques aprés la découverte du boson de Higgs. Nous avons aussi introduit
une nouvelle approche qui permet aux physiciens expérimentateurs de rechercher de maniére
efficace les bosons de Higgs supersymétriques dans les expériences actuelles et futures du LHC.
La troisiéme partie concerne la matiére noire. Nous présentons des résultats qui établissent
d’importantes limitations sur des modéles ot la matiére noire interagirait avec le boson de
Higgs. Nous discutons aussi de scénarios alternatifs qui font intervenir de la matiére noire hors
équilibre avec le bain thermique. Dans un premier temps nous démontrons qu’il existe un lien
étroit entre la température de réchauffement de 'univers et le schéma de brisure du groupe
de jauge du Modéle Standard et dans un deuxiéme temps nous étudions la genése de matiére
noire par l'intermédiaire de nouveaux bosons Z’.

Mots-clefs : Modéle Standard, Boson de Higgs, Supersymétrie, LHC, Matiére noire.






Abstract

On the 41 of July 2012, the discovery of a new scalar particle with a mass of ~ 125 GeV
was announced by the ATLAS and CMS collaborations. An important era is now opening: the
precise determination of the properties of the produced particle. This is of extreme importance
in order to establish that this particle is indeed the relic of the mechanism responsible for the
electroweak symmetry breaking and to pin down effects of new physics if additional ingredients
beyond those of the Standard Model are involved in the symmetry breaking mechanism. In
this thesis we have tried to understand and characterize to which extent this new scalar field
is the Standard Model Higgs Boson and set the implications of this discovery in the context
of supersymmetric theories and dark matter models. In a first part devoted to the Standard
Model of particle physics, we discuss the Higgs pair production processes at the LHC and
the main output of our results is that they allow for the determination of the trilinear Higgs
self-coupling which represents a first important step towards the reconstruction of the Higgs
potential and thus the final verification of the Higgs mechanism as the origin of electroweak
symmetry breaking. The second part is about supersymmetric theories. After a review of the
topics one of our result is to set strong restrictions on supersymmetric models after the Higgs
discovery. We also introduce a new approach which would allow experimentalists to efficiently
look for supersymmetric heavy Higgs bosons at current and next LHC runs. The third part
concerns dark matter. We present results which give strong constraints on Higgs-portal models.
We finally discuss alternative non-thermal dark matter scenario. Firstly, we demonstrate that
there exists a tight link between the reheating temperature and the scheme of the Standard
Model gauge group breaking and secondly we study the genesis of dark matter by a Z’ portal.

Keywords : Standard Model, Higgs boson, Supersymmetry, LHC, Dark matter.
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Introduction 1

Introduction

In the last decades, the Standard Model of particle physics passed successfully the
experimental tests at colliders. Before the year 2012, one crucial piece was missing: the
Higgs boson. Since 1983 and the discovery of the massive W and Z gauge bosons, we
knew that the electroweak symmetry was broken, but the discovery of the Higgs boson
was necessary in order to check if the generation of mass relates on the spontaneous
electroweak symmetry breaking, the Higgs mechanism. On the 4" of July 2012, the
discovery of a new particle with a mass of ~ 125 GeV was announced by the ATLAS and
CMS collaborations. Many questions arise since this incredible experimental success,
among them: is it the Standard Model scalar Higgs boson? Is it a supersymmetric
Higgs boson i.e is it compatible with supersymmetric theories? Does it couple to the
dark matter i.e does it connect us with a new sector?

Is it the Standard Model Higgs boson? Part I is devoted to an overview of the Stan-
dard Model of particle physics. In Section 1 we will immerse in the paradigm of gauge
theories and shortly describe the construction of the electroweak theory. We will present
the concept of spontaneous symmetry breaking which motivates the elaboration of the
Higgs mechanism. Some of the properties of the scalar discovered by ATLAS and CMS
still need to be checked, but it is very likely to be the Higgs scalar boson. If it is so,
the Standard Model is complete and inside its framework it does not exist anymore
unknown parameter. This closes the first era of the probing of the mechanism that trig-
gers the breaking of the electroweak symmetry and generates the fundamental particle
masses. Another equally important era is now opening: the precise determination of the
properties of the produced particle. This is of extreme importance in order to establish
that this particle is indeed the relic of the mechanism responsible for the electroweak
symmetry breaking and, eventually, to pin down effects of new physics if additional
ingredients beyond those of the Standard Model are involved in the symmetry break-
ing mechanism. To do so, besides measuring the mass, the total decay width and the
spin—parity quantum numbers of the particle, a precise determination of its couplings
to fermions and gauge bosons is needed in order to verify the fundamental prediction
that they are indeed proportional to the particle masses.

Furthermore, it is of prime importance to measure the Higgs self-interactions. This
is the only way to reconstruct the scalar potential of the Higgs doublet field, responsible
for spontaneous electroweak symmetry breaking. Then in Section 2, we discuss the
various processes which allow for the measurement of the trilinear Higgs coupling. We
first evaluate the production cross sections for these processes at the Large Hadron
Collider (LHC) and discuss their sensitivity to the trilinear Higgs coupling. We then
discuss the various channels which could allow for the detection of the double Higgs
production signal at the LHC and estimate their potential to probe the trilinear Higgs
coupling.

Despite its enormous success, the Standard Model is widely believed to be an effec-
tive theory valid only at the presently accessible energies since it has several issues. For
example, it does not provide a true unification of the electroweak and strong interac-
tions. Furthermore, the Standard Model fails to explain dark matter, whose existence is
unambiguously proven by observational cosmology. In addition, the scalar Higgs mass is
highly unstable through radiative corrections: assuming the Standard Model to be valid
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up to a very large scale, like the Planck scale, it would require an incredible amount of
fine tuning between this scale and the bare Higgs mass in order to get a physical mass
of ~ 125 GeV. This asks for a mechanism to protect the Higgs mass and more generally
the electroweak scale. All those issues call for application of new physics beyond the
Standard Model.

Is it a supersymmetric Higgs boson? Part II is devoted to supersymmetric extension
of the Standard Model which is commonly assumed to be the most elegant way to ensure
gauge coupling unification, a dark matter candidate and naturalness of the electroweak
scale. In Section 3 we will motivate supersymmetry and give an introduction to its
theoretical structure in Section 4 . We will move on to the Minimal Supersymmetric
extension of the Standard Model (MSSM) that we will describe in details in Section 5
mainly focusing on the Higgs sector.

We will see in Section 6 that the ~ 125 GeV Standard Model like Higgs boson
discovered by ATLAS and CMS has extremely important consequences in the context of
the MSSM. We have shown during this PhD that several unconstrained and constrained
MSSM scenarios are now excluded, while the parameters of some others such as Split
or high-scale supersymmetry are severely restricted.

One of the main implications of the LHC discovery, together with the non-observation
of superparticles, is that the scale of supersymmetry-breaking might be rather high.
This previous fact led us to study in particular the rich low tan 8 region, in Section 7.
In Section 8 we will present a new model independent approach which would allow
experimentalists to efficiently look for supersymmetric heavy Higgs bosons at current
and next LHC runs.

Does it couple to the dark matter? Part III entirely deals with the dark matter issue.
In section 9 we review the basics concerning dark matter and the early universe. In
Section 10 we study the implications of a 125 GeV Standard Model like scalar for
Higgs-portal models of dark matter in a model independent way. Their impact on the
cosmological relic density and on the direct detection rates are studied in the context of
generic scalar, vector and fermionic thermal dark matter particles. Possible observation
of these particles in collider searches are discussed.

We also consider the process in which a Higgs particle is produced in association
with jets and we show that monojet searches at the LHC already provide interesting
constraints on the invisible decays of a 125 GeV Higgs boson. We also compare these
direct constraints on the invisible rate with indirect ones based on measuring the Higgs
rates in visible channels. We then discuss how the LHC limits on the invisible Higgs
branching fraction impose strong constraints on the dark matter scattering cross section
on nucleons probed in direct detection experiments.

An interesting alternative to the Higgs portal models is if the hidden sector contains
more than one U(1) groups. Consequently additional dim-4 couplings between the
massive U(1) fields and the hypercharge generally appear and the hidden vector fields
could play the role of dark matter. In Section 11 we study this hypercharge portal into
the dark sector.

The last two sections 12 and 13 are devoted to models where the dark matter particle
is not in kinetic equilibrium with the thermal bath as usually assumed. In the first
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one, we introduce a new mechanism that allows for gauge coupling unification, fixes
reasonably the value of the universe reheating temperature and naturally provides a
dark matter candidate. In the second section, we analyze the genesis of dark matter in
the primordial universe for representative classes of Z’-portals models.

Finally, we summarize the results which have been obtained during this PhD thesis.



INTRODUCTION




Part 1

The Standard Model of particle
physics

Summary

1 Introduction to the electroweak theory

1.1
1.2

1.3

14

Quantum electrodynamics or the paradigm of gauge theories . . . . .
Toward the electroweak theory . . . . . .. .. ... ... ... ...
1.2.1 Fermi theory of weak interactions . . . . . .. ... ... ...

1.2.2  Parity violation and the V' — A theory of charged weak inter-
actions . . . . ... L L

1.2.3 The intermediate vector boson theory of weak interactions . .
The electroweak theory . . . . . . . . . . ... ... L.
1.3.1 A short historical overview . . . . ... .. .. ... ... ..
1.3.2 Why SU2) xU)y 7 . . .o oo oo
1.3.3 Gauging the electroweak theory . . . . . .. .. ... ... ..
From spontaneous symmetry breaking to the Higgs mechanism

1.4.1 Spontaneous symmetry breaking and the Goldstone theorem

1.4.2 The Higgs mechanism . . . ... ... ... .. ........

2 The measurement of the Higgs self-coupling at the LHC

21
2.2

2.3

24

2.5

2.6

Preliminaries . . . . . . . . . ...
Higgs pairs at higher orders in QCD . . . . . .. ... ... ... ..
2.2.1 The gluon fusion process . . . . . . . . . . ... ... ... ..
2.2.2  The vector boson fusion process . . . . . . .. .. .. .. ...
2.2.3 The Higgs—strahlung process . . . .. ... ... ... ....
Cross sections and sensitivity at the LHC . . . ... ... ... ...
2.3.1 Theoretical uncertainties in the gluon channel . . . . . . . ..
The PDF and ag errors . . . . . . . . . . . . ... ... ...
2.4.1 VBF and Higgs—strahlung processes . . . .. .. ... .. ..
2.4.2 Sensitivity to the trilinear Higgs coupling in the main channels
Prospects at the LHC . . . . . . . .. ... ... .. ... ......
2.5.1 Kinematical distributionsof g¢g - HH . . . . . . .. ... ..
2.5.2 The bbyy decay channel . . . . ... ... .. .........
2.5.3 The bbr7 decay channel . . . . ... ... ... ........
2.5.4 The bbW*TW ™ decay channel . . .. ... ...........

Conclusions on the Higgs self-coupling measurement at the LHC

N 9 o O

O © o

10
11
13
13
13

17
17
20
20
22
24
28
29
30
33
36
38
38
39
43
44
46




6 INTRODUCTION TO THE ELECTROWEAK THEORY

1 Introduction to the electroweak theory

1.1 Quantum electrodynamics or the paradigm of gauge theories

If a physical free field in particle physics is invariant under a global symmetry then
an interacting theory is obtained by promoting the global symmetry to a local one
(defining the gauge group). This can be done by introducing new vector boson fields,
called the gauge fields, that interact in a gauge invariant way to the originally free
field. The Standard Model of particle physics has been built mostly from this gauge
principle since it is based on particle interactions invariant under the gauge group

SU(3)C X SU(Q)L X U(l)y

Let us consider a free Dirac fermion field ¢ with mass m and electric charge e, its
associated Lagrangian reads

Lp =(x)[@0 " —m)(x) . (1.1)

This Lagrangian is then invariant under a global U(1) transformation which modifies
the field as ¢ — €!9%) with @ the parameter of the induced global phase. This symme-
try invariance implies some conservation laws in accordance to the Noether’s theorem.
The U(1) symmetry is responsible for the conservation of the electromagnetic current
J, = y,eQi, and the electromagnetic charge eQ = [ d3zJy(x). If the parameter of the
transformation depends on the space-time (f(x)) then the transformation is not any-
more global but local and the previous Lagrangian is not anymore invariant under such
transformations. By introducing the interacting photon field A, (z) which transforms

under the U(1) gauge transformation as

Ay = A, — 20.60) . (1.2)
(&

one re-establishes the invariance which becomes local. Consequently, the Lagrangian
invariant under U(1) gauge transformations is the Quantum Electrodynamics (QED)
Lagrangian

_ 1 }
Lqoep = () (10D, —m)(z) — ZFW(x)F“ (x) (1.3)
where we have introduced the covariant derivative D, = 0, — ieQA, and the field

strength tensor F,, = 9,4, — 0,A, which has been useful to build the kinetic term
associated to the photon propagation. The new interaction term between the Dirac
fermion and the photon is YeQA,y*.

Some fermion fields, the quarks, are charged (called color) under an other gauge
symmetry group. The Quantum Chromo Dynamics (QCD) is a non abelian gauge
symmetry build on the group SU(3). QCD is the fondamental theory that describes the
strong interactions between quarks and gluons in a similar way that QED describes the
electromagnetic interactions between the electrons and photons. In the next discussions
we will mostly focus on an other gauge symmetry associated to the weak interactions.
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1.2 Toward the electroweak theory

A new weak strength interaction has been imagined in order to explain measurements
of long lifetimes in the decays of well known particles such as the neutron or the muon

n — (U)e p [r=920s],
pm o= (vPe)e”  [r,=22x107%]. (1.4)
These lifetimes are indeed much more longer than decays mediated by the electromag-

netic interaction, as for instance

™ = v [T =1071%] (1.5)
or the one involving the strong interaction as

A — 7p [T =10"%3]. (1.6)

We will shortly review the main theories elaborated to describe the weak interactions
before the formulation of the electroweak theory of the Standard Model, namely the
Fermi Theory, the Feynman and Gell-Mann V' — A theory and the Lee, Yang and Glashow
intermediate vector boson theory.

1.2.1 Fermi theory of weak interactions

In order to explain the neutron S-decay process n — v.e”p, Fermi introduced in 1934 a
theory with four-fermion interactions [1]

Gr
Liermi = ———= |py.nl| [ev*vel + h.c. 1.7
F NG [Pyun] [e7"ve] (L.7)
with p,n, e, v the fermion fields and the dimensional Fermi constant Gp = 1.167 X

107° GeV 2. Fermi contracted two vectorial currents, the hadronic current Jﬁhad)(x) =

p(x)y,n(z) and the leptonic current J;(Llep) (x) = e(x)y,ve(x), at the same space-time
point.

1.2.2 Parity violation and the V' — A theory of charged weak interactions

In 1956, Lee and Yang claimed that the weak interactions did not respect the parity sym-
metry (if the experimental apparatus is mirror-reversed the results are unchanged) [2].
This argument was motivated by the observation of Kaon decays in two distinct fi-
nal states with opposite parities K+ — 7frfr— and K+ — 7tx°. Parity violation
was observed a year later, in 1957, by Wu and collaborators [3] in the beta decay of
cobalt ®Co — 7,e %Ni* where they established that charged currents produce elec-
trons which are only left-handed and antineutrinos which are only right-handed. This is
a clear evidence of parity violation, and therefore, the charged weak current cannot be
only vectorial but should contain axial vector contribution J, = aV,, + 8A,. We remind
that vector and axial vector currents transform under parity transformation as

VI =y — (9", =)
A =9y = (=977, YY) (1.8)
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Thus, the product V,A* is not invariant under parity transformation so a current of
the form J, = aV, + fA,, will induce parity violation in the theory because of the
Lagrangian term Lp o J, I

The fact that the weak current couples only to the left-handed fermions and only to
the right-handed anti-fermions is a clear evidence of maximal parity violation that can
be obtained with

Jo=V,—A,. (1.9)

For example, the leptonic current reads in terms of the chiral fields
J!(fep) x V, — A, =Very,(1 —75)e =20, gy,er - (1.10)

In 1958, Feynman and Gell-Mann added to the Theory of Fermi the charged weak
current of the form V' — A in order to cure the parity non conservation issue [4]. The
Lagrangian for the two first generations is now

Gp

L ge.c. c.c.}

Ly_a= _\/EJ" (z)JeeTh(x)

J;'c' = QPe,R’YueL —+ Qp,u,R’yu,uL + QER’yudlL . (111)

An other anomaly concerned the ratio between the kaon (us) and the pion (ud) decay
rates and was experimentally measured around 1/20 and not 1 as naively expected. In
1963, Cabibbo had the idea to relate the weak interaction d-quark eigenstate (noted d’)
with the d-quark mass eigenstate noted d and the strange quark mass eigenstate noted
s [5]. He introduced the Cabibbo angle 6, through the rotation

d = cosf.d+ sinb.s . (1.12)
Then in the V' — A theory assuming 6. ~ 13 one can accommodate the previous anomaly

DK™ — pv,)  sin’6. 1

= N — . 1.13
I'(r= = pv,) cos?6, 20 (1.13)
The Fermi constant was determined by measuring the muon lifetime
19273
T (1.14)

Ty = ——— .
1 2.5
Gqu

However in 1973, the discovery of the neutral current [6] was not in agreement with the
V' — A theory which does not include any currents of this type. On the top of that the
V' — A theory is also non-renormalizable and violates unitarity. Thus this is a low energy
effective theory and it certainly needs more refinements.

1.2.3 The intermediate vector boson theory of weak interactions

The Intermediate Vector Boson theory (IVB) stipules that the weak interaction is medi-
ated through massive vector bosons. Charged vector bosons were introduced to explain
charged weak currents |7| and one neutral vector boson to explain the weak neutral
current [8].The Lagrangian of such interactions reads

g - g
L = L Jc.c.W+u JC'C'TW m JTL.C.TZ/}, 1.15
D (W g + L (115)
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with the weak angle 6, that will be discussed later on and the newly introduced neutral
current for a generic fermion f

T =gl fy (%) f+ ahf (1 +2%) f (1.16)

The current interactions are not local anymore due to the propagation of the vector
bosons. The neutral current discovery at CERN was a great success for this IVB theory.
Nevertheless this is still an effective theory which is non-renormalizable and violate
unitarity as the V — A theory. Furthermore, it does not include vector bosons self-
interactions. As we will see, non-abelian gauge theory will fix these major issues.

1.3 The electroweak theory
1.3.1 A short historical overview

In 1961, Glashow introduced the electroweak theory gauge group SU(2), x U(1)y [8].
His goal was to unify the weak interactions with the electromagnetic interactions in a
group which contains U(1),,,. His model already contains the four vector bosons W+, Z
and 7 obtained from the weak eigenstates. The W* and Z boson were not yet considered
as gauge bosons and their masses were just parameters. An important ingredient for the
electroweak theory is the Goldstone theorem which is largely due to the work of Nambu
in 1960, Goldstone in 1961, and by Goldstone, Salam and Weinberg in 1962 [9-11].
The theorem introduces scalar massless fields that emerge from spontaneous symmetry
breaking of global symmetries. The spontaneous symmetry breaking of local/gauge
symmetries, a necessary step in order to break the electroweak sector SU(2), x U(1)y,
was investigated starting the year 1964 by Higgs, Brout, Englert, Guralnik, Hagen and
Kibble [12-16]. This spontaneous breakdown of gauge symmetries is called the Higgs
mechanism and it was inspired from the work on superconductivity of Jona-Lasinio
and Nambu [17, 18] and those of Schwinger in 1962 [19] and Anderson in 1963 [20].
The modern formulation of the electroweak theory is the one of Weinberg in 1967 [21]
and Salam in 1968 [22] which makes use of the unification principle of Glashow |[§].
This Glashow-Weinberg-Salam theory or the Standard Model of particle physics is a
gauge theory based on the gauge symmetry of the electroweak interactions SU(2)y X
U(1)y.The massive gauge bosons result from the Higgs mechanism. In 1971, 't Hooft
proved the renormalizability of gauge theories without and with spontaneous symmetry
breaking [23,24]. The first strong evidence in favor of the SM was the discovery at
CERN of the weak neutral current in 1973 [6] allowing to measure the Weinberg angle
for the first time providing estimate for the weak gauge bosons masses. Ten years
later, in 1983, the UA1 and UA2 experiments at the SPS proton-antiproton collider at
CERN, which were leaded by Van der Meer and Rubbia, discovered directly the W= and
Z gauge bosons. Another characteristic of the SM is its three family duplication and
mixing between quarks. Indeed, as we have seen, Cabibbo introduced mixing between
the d and s quarks [5]. The partner of the strange quark in charged weak current, the
charm quark, ¢, was introduced by Bjorken and Glashow in 1964 [25]. In 1970, Glashow,
Iliopoulos and Maiani predicted the existence of the charm quark in order to suppress
Flavor (originally strangeness) Changing Neutral Currents, this is the GIM mechanism.
In 1974, the discovery of the J—W particle which is a ¢c bound state, proved the existence
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of the ¢ quark [26]. When one adds the discovery of the b quark [27] and the lepton
7 and v, [28] the three family generation is well established. The last piece, the top
quark, was discovered in 1994 [29-31]. Finally, the mixing between these three families
is given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [32] which introduces the
SM CP-violation phase.

For simplicity we will concentrate on the case of the first lepton family, namely e~ and
V.. As we have seen, for this family, the charged and neutral weak currents only involve
the left-handed component of the fields. Let us gather these left-handed components in
the same lepton doublet
_ VL
lL - ( er > )

I, = (v e). (1.17)

We can then write the charged currents derived above and some neutral weak currents
as

Jo = lvoils s,
JZ = ZLP)/,uoflLa
— 03
Iy = el (1.18)

where we have introduced the Pauli matrices o; defined as

01:<(1Jé) : 02:(3 _OZ> : 0—3:((1) _01) (1.19)

with the definition oy = (07 4 09)/2. In fact the three Pauli matrices (more exactly
T; = 0;/2) generate the SU(2) group transformations defined by its algebra

[O’i,O'j] = ieijkak (120)

with the Levi-Civita symbols €;;,. This new symmetry which concerns left-handed chiral
fields (that explains the notation SU(2);,) is associated (cf. Noether’s theorem) to three
conserved charges, called weak charges. The one associated to Jg is called the weak
isospin and is noted T3. Nevertheless, the neutral weak current we are considering is
not the physically known electromagnetic current neither the measured neutral current.
In order to unify the weak interactions with electromagnetism, Glashow introduces the
hypercharge U(1)y group associated to a new neutral current J}f and a new conserved
charge, the hypercharge Y. The electromagnetic group is then a subgroup of the elec-
troweak group SU(2), x U(1)y. Since U(1) commutes with SU(2), the electromagnetic
current simply reads

J = T3+ I (1.21)

and the electric charge, @), is linked to the weak charge T3 by the intermediate of the
hypercharge through the Gell-Mann-Nishijima like formula
Y

Q=Ti+ 7. (1.22)
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Knowing the expression of Jj’ and for example the physical current associated to the
photon A, Ji™, one can compute Z and afterwards the physical neutral current asso-
ciated to Z,, Ji“, which is a combination of J} and J)" orthogonal to J;™. The weak
angle parametrizes this rotation which can be written as

Y
Je = cos® 0, J;) — sin’® 0w7“ (1.23)

In full generality, one can write the neutral currents for all leptons and quarks of all the
generations as

o= > T fivfe
!

JZ = ZYfLE’Yqu + ZYfRE’YufR s
f f

T = QT fivuf+ Y Q Frvutr
f f

Jie = Zg£E’Yqu+ZQ{2f_R7ufR7 (1.24)
f f#v
; ; ; I — pf _ Of qin2 ' — _Of gin?
with weak chiral couplings defined as g; = T3 — @/ sin“0,, and g = —Q’ sin”0,,.

Consequently, we have everything to write the Lagrangian describing the electroweak
interactions

ﬁint = Eem + En.c. + ‘Cc.c. 5
Lom = eJmA,

g
ne = n.c. 7p ’

Lne c0s O, i

Loe = L (14 Jirw—) . (1.25)

V2

1.3.3 Gauging the electroweak theory

In the previous paragraph we used the symmetry group in order to write the interactions
of the electroweak sector. Nevertheless, the introduced bosons are not yet promoted to
gauge bosons. Let us gauge the electroweak theory, i.e upgrade SU(2), x U(1)y to a
local symmetry. One has to proceed as in any gauge theory, that is to say, replace the
field derivatives by the corresponding covariant derivatives. The electroweak covariant
derivative of a generic fermion f reads

a;

2

i Y
W, — zg'EBH) f (1.26)

D,f = (8# — 19
where W* are the three SU(2);, weak bosons and By, is the U(1)y hypercharge boson.
The terms which generate the electroweak interactions come, as usual, from fy*D, f

and one can recover easily the electroweak interaction Lagrangian of Eq.1.25. Finally
one obtains the full Electroweak Lagrangian by adding the fermion kinetic terms (which
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include gauge interactions), the boson kinetic terms (including boson self interactions),
the electroweak symmetry breaking terms and the Yukawa terms

Lsy = Ly+Lp+ Lewsp+ Ly , (1.27)
Ly = > ify"Duf,
I=lq
1. v 1 v
Lp = —-W W —-B,B" + (Larirp)

4 4

with B, the usual field strength associated to the U(1)y symmetry, and W/iu is the
field strength associated to the non-abelian SU(2);, group

Wi, =0W, - 0,W, + ge*WIW, . (1.28)

For completeness we should mention the Gauge Fixing (GF) procedure and the Faddeev
Popov (FP) terms. The SM Lagrangian is by construction invariant under SU(2), x
U(1)y gauge transformations and we recall the different fields transformations

fL — eiTiGi(a:) fL ’

fr = Jr,
W, — W;—;@Gi(x)—l—eijk@jWZf,
foo @y,
1
By = By=dala). (1.29)

Before discussing the two last Lagrangian contributions, notice that the physical
gauge bosons Wui, Z, and A, mass eigenstates are obtained from the interaction eigen-
states as follows

1
+ _ 1 2
Wu - % (Wu + Wu) )
Z, = cos OwWS —sin6,B, ,

A, = sin@,W; +cos,B, . (1.30)

By identification with our adopted approach before gauging the electroweak theory,
one finds g = ¢/sinf, and ¢’ = e/cosb,. Notice that the mass terms of the gauge
bosons M3 WHW,,, %M%Z“Z# and of fermions mff f are not present in Lp nor Ly
because there are not gauge invariant under the electroweak symmetry group: they
break the SU(2), x U(1)y gauge symmetry. The gauge boson masses will be generated
by the Electroweak Symmetry Breaking Lagrangian term and the fermion masses will
be generated by the Yukawa term. However these masses must be realized in a gauge
invariant way. We will now focus on the Spontaneous Electroweak Symmetry breaking
which can be performed by the Higgs mechanism that provides a gauge invariant mass

generation.
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1.4 From spontaneous symmetry breaking to the Higgs mecha-
nism

1.4.1 Spontaneous symmetry breaking and the Goldstone theorem

A physical system has a symmetry which is spontaneously broken if the interactions
controlling its dynamics has such a symmetry and its ground state does not. A crucial
implication of spontaneously symmetry breaking is the existence of massless modes. This
effect is stated by the Goldstone theorem [9-11|: "If a Theory has a global symmetry
of the Lagrangian which is not a symmetry of the vacuum then there must exist one
massless boson, scalar or pseudoscalar, associated to each generator which does not
annihilate the vacuum and has the same quantum numbers. These modes are referred
to as Goldstone bosons". In Quantum Field Theory, spontaneously symmetry breaking
is equivalent to the scenario where a field gets a non-vanishing vacuum expectation
value. However, the Goldstone theorem only applies for theories with spontaneously
global symmetry breaking, so it does not apply for gauge theories. The Brout-Englert-
Higgs mechanism (shortly the Higgs mechanism) is the realization of spontaneously
gauge symmetry breaking [12-16]. "The would-be Goldstone bosons associated to the
global symmetry breaking do not manifest explicitly in the physical spectrum but instead
they combine with the massless gauge bosons and as a result, once the spectrum of the
theory is built up on the asymmetrical vacuum, there appear massive vector particles.
The number of vector bosons that acquire a mass is precisely equal to the number of
these would-be Goldstone bosons".

We expect from the Higgs mechanism, when applied to the electroweak sector of
the Standard Model, to generate masses for the three gauge bosons W=, Z but not
for the photon ~. It will require three Goldstone bosons that will combine with three
massless bosons associated to the SU(2), x U(1)y symmetry. We should not forget that
the SM is invariant under this last group transformations, thus the Higgs mechanism
should preserve it. In addition, since only U (1), is not broken, the vacuum should never
break it. Let us now spontaneously break the electroweak symmetry, SU(2), xU(1)y —

U(1)em.

1.4.2 The Higgs mechanism

Let us consider ¢ as the field system which will ensure this breaking. If we want that
this breaking preserves Lorentz invariance then ® has to be a scalar field. A priori, if we
want the Lagrangian to be Hermitian ® should be a complex field. If we want to break
SU(2), x U(1)y with it, ® has to be charged under SU(2);, and U(1)y. The choices of
its quantum numbers and of its representation are various. However we can classify its
possible representations in two categories, one type will impose that ® will not transform
linearly under SU(2), x U(1)y, and the other type will ensure linear transformations.
For this second scenario, the minimal set up is one complex SU(2); doublet but a
priori a complex triplet or two complex doublets as in the Minimal Supersymmetric
extension of the Standard Model (that will be discussed in details in the following)
are possible. The non-vanishing vacuum expectation value, (0|®[0) # 0, should result
from the self-interaction of this field. Furthermore as we do not want to break U(1)ey,
only the electromagnetically neutral component of ® should get a non-vanishing vacuum
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expectation value. Obviously we do not want to spoil good features of gauge theories i.e
the nice high energy behavior and the renormalizability. Taking into account all these
requirements and simplifications, the breaking system will be a complex scalar field,
SU(2)., doublet with hypercharge Y = 1 written as

o — (?;) (1.31)

The Lagrangian which will break spontaneously the electroweak symmetry is the
following

Lewsp = (D,®) (D) —V(®), (1.32)
V(®) = —p20id 4+ (00)"

This choice of scalar potential introduces two parameters p and A. Requiring an ex-
tremum somewhere and more precisely a minimum energy state which defines the vac-
uum, offers two possibilities

e One trivial solution is to set (0|W|0) = 0 then the ground state is a global minimum
if (—p?) > 0. But this is not what we planned to do since the vacuum does not
break the SU(2), x U(1)y symmetry.

e The other solution, that we are looking for, occurs with

joreioy = (2 ) (1.33)

V2

with the extremum requirement that v = \/% . This implies that (—p?) < 0
and it leads to an infinite number of degenerate vacua distinguished by a complex
phase and all of them preserve U(1).,, and break SU(2), and U(1)y. As soon as a
particular phase is privileged i.e the vacuum is set, the breaking SU(2),xU(1)y —

U(1)ep occurs.

The physical particles result from small fluctuations of this field around its vacuum.
Because the U(1)e,, symmetry is preserved one can always performed a SU(2),, rotation
of the field ® (which corresponds to a particular gauge choice) and write it around its
vacuum as

o= (o) as

If we rotate also the weak boson interaction eigenstates to their mass eigenstates which
are defined by Eq.1.30, we can easily obtain their newly introduced mass terms by
looking at

2,2 1 2 2\,,2
(D,®)! (D*®)" > <—g ° )W;Wﬂ— + = (—(g +49 v

Z, 4" 1.

then we get the SM tree level mass My = gv/2 and My = \/¢> + g"*v/2. The two
scalar degrees of freedom that compose ¢ played the role of the Goldstone bosons and
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have been "eaten" by W and represent their longitudinal polarization i.e their mass.
The same process happens for one of the scalar component of ¢° relatively to Z. The
remaining scalar degree of freedom corresponds in our notation to the fluctuation H.
After that electroweak symmetry breaking happens the extra physical scalar, the Brout-
Englert-Higgs boson (in short the BEH boson or traditionally the Higgs boson) gets a
mass from the scalar potential

~V(®) D %(—2;ﬂ)]—]2 (1.36)

the tree level SM prediction is then M% = —2u?. The only missing ingredient is the
fermion masses. The fermions of the SM also couple to the Higgs field and these terms
are collected in the Yukawa Lagrangian of Eq.1.28 which reads

Ly = —Y,L®ep— Y,QPdr — Y, Q(ima®*)ug (1.37)

where we have for simplicity only written the first family Yukawa terms and we have
left out the CKM coefficients in the quark sector. When the Higgs field acquires a
non-vanishing v.e.v. its oscillations around the ground state will also produce massive
fermions. The Yukawa Lagrangian then reads

() () ()
— (\2) eHe — (%) dHd — (%) uHu (1.38)

with fermion masses me/q/y = e/d/uv/ V2, the second line corresponds to the Higgs-
fermion-fermion couplings.

Notice that at tree level, all the boson masses depend on v and their gauge coupling
g,q¢" and the fermion masses depend only on v and their Yukawa coupling. At the end
of the day, all the physical massive particles get a mass thanks to the Higgs mechanism.

For completeness we should also collect all the interaction terms with the Higgs field.
From the previous formulas we get (L% C Lepwss + Ly)

in m r
Cit = —=LfHT
w2 (Ve 4 L
W 2 2
1.5 v I,
+5 M2, 2" (§H +—5H >
M? M?
—THHS — 4—£H4 : (1.39)

The three first lines correspond to the Higgs couplings to fermion and gauge bosons.
We should mention that v is determined experimentally from p-decay, the identification
of the SM p-decay width to the predicted one in the V — A theory gives

GF g2 1
N T (1.40)
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Numerically v = (v2Gr)~/? ~ 246 GeV. Then the previous Higgs couplings with
fermions or gauge bosons are entirely proportional to the gauge coupling and the in-
teracting particle mass. The last line corresponds to the Higgs-self couplings, namely
the trilinear self-coupling and the quartic self-coupling. The self-coupling A is entirely
determined by the Higgs mass through the relation A = M3 /v?.

Now that the Higgs boson has been observed by the ATLAS and CMS experiments
at the LHC with a mass of &~ 125 GeV, this self-coupling is a priori known but it still
remains to be verified experimentally since Beyond the Standard Model physics should
modify it (examples of typical expected deviations are given in Ref. [33]). Therefore
the next important step would be to measure accurately the Higgs self-coupling in
order to establish the details of the electroweak symmetry breaking mechanism. The
determination of the Higgs self-coupling can be done by looking at processes where the
Higgs boson is produced in pairs.

In the following section, we discuss the various processes that allow for the measure-
ment of the trilinear Higgs coupling: double Higgs production in gluon fusion, vector
boson fusion, double Higgs—strahlung and associated production with a top quark pair.
We first evaluate the production cross sections for these processes at the LHC with
center—of-mass energies ranging from the present /s = 8 TeV to /s = 100 TeV, and
discuss their sensitivity to the trilinear Higgs coupling. We include the various higher
order QCD radiative corrections, at next-to-leading order for gluon and vector boson
fusion and at next-to-next-to-leading order for associated double Higgs production
with a gauge boson. The theoretical uncertainties on these cross-sections are estimated.
Finally, we discuss the various channels which could allow for the detection of the double
Higgs production signal at the LHC and estimate their potential to probe the trilinear
Higgs coupling.
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2 The measurement of the Higgs self-coupling at the
LHC

2.1 Preliminaries

A bosonic particle with a mass of about 125 GeV has been observed by the ATLAS and
CMS Collaborations at the LHC [34,35] and it has, grosso modo, the properties of the
long sought Higgs particle predicted in the Standard Model (SM) [12-14,21,36]. This
closes the first chapter of the probing of the mechanism that triggers the breaking of the
electroweak symmetry and generates the fundamental particle masses. Another, equally
important chapter is now opening: the precise determination of the properties of the
produced particle. This is of extreme importance in order to establish that this particle
is indeed the relic of the mechanism responsible for the electroweak symmetry breaking
and, eventually, to pin down effects of new physics if additional ingredients beyond
those of the SM are involved in the symmetry breaking mechanism. To do so, besides
measuring the mass, the total decay width and the spin—parity quantum numbers of the
particle, a precise determination of its couplings to fermions and gauge bosons is needed
in order to verify the fundamental prediction that they are indeed proportional to the
particle masses. Furthermore, it is necessary to measure the Higgs self-interactions.
This is the only way to reconstruct the scalar potential of the Higgs doublet field P,
that is responsible for spontaneous electroweak symmetry breaking, Rewriting the Higgs
potential in terms of a physical Higgs boson leads to the trilinear Higgs self-coupling
Ammm, which in the SM is uniquely related to the mass of the Higgs boson,

3M?
Ay = UH, (2.41)

This coupling is only accessible in double Higgs production [37-45]. One thus needs to
consider the usual channels in which the Higgs boson is produced singly [46-50], but
allows for the state to be off mass—shell and to split up into two real Higgs bosons.
At hadron colliders, four main classes of processes have been advocated for Higgs pair
production:

a) the gluon fusion mechanism, gg — HH, which is mediated by loops of heavy
quarks (mainly top quarks) that couple strongly to the Higgs boson [51-54,54];

b) the WW/ZZ fusion processes (VBF), q¢/ — V*V*q¢d — HHqq (V = W, Z),
which lead to two Higgs particles and two jets in the final state [52,55-59|;

¢) the double Higgs—strahlung process, ¢q¢ — V* — VHH (V = W, Z), in which the
Higgs bosons are radiated from either a W or a Z boson [60];

d) associated production of two Higgs bosons with a top quark pair, pp — ttH H [61].

As they are of higher order in the electroweak coupling and the phase space is small
due to the production of two heavy particles in the final state, these Standard Model
processes have much lower production cross sections, at least two orders of magnitude
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smaller, compared to the single Higgs production case . In addition, besides the di-
agrams with H* — H H splitting, there are other topologies which do not involve the
trilinear Higgs coupling, e.g. with both Higgs bosons radiated from the gauge boson or
fermion lines, and which lead to the same final state. These topologies will thus dilute the
dependence of the production cross sections for double Higgs production on the Aggy
coupling. The measurement of the trilinear Higgs coupling is therefore an extremely
challenging task and very high collider luminosities as well as high energies are required.
We should note that to probe the quadrilinear Higgs coupling, Aggpn = 3M% /v?, which
is further suppressed by a power of v compared to the triple Higgs coupling, one needs
to consider triple Higgs production processes [37-39,62-64]. As their cross sections are
too small to be measurable, these processes are not viable in a foreseen future so that
the determination of this last coupling seems hopeless.

In Refs. [42—-44], the cross sections for the double Higgs production processes and the
prospects of extracting the Higgs self-coupling have been discussed for the LHC with a
14 TeV center—of-mass (c.m.) energy in both the SM and its minimal supersymmetric
extension (MSSM) where additional channels occur in the various processes.

In the present section, we update the previous analysis. In a sense, the task is made
easier now that the Higgs boson mass is known and can be fixed to My ~ 125 GeV.
However, lower c.m. energies have to be considered such as the current one, /s = 8 TeV.
In addition, there are plans to upgrade the LHC which could allow to reach c.m. energies
of about 30 TeV [65] and even up to 100 TeV. These very high energies will be of crucial
help to probe these processes.

Another major update compared to Refs. [42-44] is that we will consider all main
processes beyond leading order (LO) in perturbation theory, i.e. we will implement the
important higher order QCD corrections. In the case of the gluon fusion mechanism,
g9 — HH, the QCD corrections have been calculated at next-to-leading-order (NLO)
in the low energy limit in Ref. [66]. They turn out to be quite large, almost doubling
the production cross section at /s = 14 TeV, in much the same manner as for single
Higgs production [67-73|. In fact, the QCD corrections for single and double Higgs
productions are intimately related and one should expect, as in the case of g9 — H,
a further increase of the total cross section by ~ 30% once the next-to-next-to-leading
(NNLO) corrections are also included [74-76].

It is well known that for single Higgs production in the vector boson fusion process
qq¢' — Hqq' there is no gluon exchange between the two incoming/outgoing quarks as the
initial and final quarks are in color singlet states at LO. Then the NLO QCD corrections
consist simply of the known corrections to the structure functions [77-79]. The same can
be said in the case of double Higgs production q¢ — H Hqq', and in this section we will
implement the NLO QCD corrections to this process in the structure function approach.
The NNLO corrections in this approach turn out to be negligibly small for single Higgs
production [80,81] and we will thus ignore them for double Higgs production.

In the single Higgs—strahlung process, q¢ — V* — V H, the NLO QCD corrections
can be inferred from those of the Drell-Yan process ¢¢ — V* [82-84]. This can be
extended to NNLO |74, 85,85, 86| but, in the case of ZH production, one needs to

!Notice that these cross sections might be different in Beyond the Standard Model physics. For an
example inside the framework of composite Higgs models see Ref. [45].
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include the gg initiated contribution, g9 — ZH [86-88| as well as some additional
subleading corrections [89]. The same is also true for double Higgs—strahlung and we
will include in this section the Drell-Yan part of the corrections up to NNLO. In the
case of ZH H final states, we will determine the additional contribution of the pentagon
diagram gg — ZH H which turns out to be quite substantial, increasing the total cross
section by up to 30% at /s = 14 TeV.

In the case of the pp — ttHH process, the determination of the cross section at LO
is already rather complicated. We will not consider any correction beyond this order
(that, in any case, has not been calculated) and just display the total cross section
without further analysis. We simply note that the QCD corrections in the single Higgs
case, pp — ttH, turn out to be quite modest. At NLO, they are small at /s = 8 TeV
and increase the cross section by less than ~ 20% at /s = 14 TeV [90-92]. We also
note that this channel is plagued by huge QCD backgrounds.

In addition, the electroweak radiative corrections to these double Higgs production
processes have not been calculated yet. Nevertheless, one expects that they are similar
in size to those affecting the single Higgs production case, which are at the few percent
level at the presently planned LHC c.m. energies [93-102] (see also Ref. [103] for a
review). They should thus not affect the cross sections in a significant way and we will
ignore this issue in our analysis.

After determining the K—factors, i.e. the ratios of the higher order to the lowest
order cross sections consistently evaluated with the value of the strong coupling g and
the parton distribution functions taken at the considered perturbative order, a next step
will be to estimate the theoretical uncertainties on the production cross sections in the
various processes. These stem from the variation of the renormalization and factorization
scales that enter the processes (and which gives a rough measure of the missing higher
order contributions), the uncertainties in the parton distribution functions (PDF) and
the associated one on the strong coupling constant «; and, in the case of the gg — HH
process, the uncertainty from the use of an effective approach with an infinitely heavy
virtual top quark, to derive the NLO corrections (see also Refs. [104,105]). This will
be done in much the same way as for the more widely studied single Higgs production
case [103,106].

Finally, we perform a preliminary analysis of the various channels in which the
Higgs pair can be observed at the LHC with a c.m. energy of /s = 14 TeV assuming
up to 3000 fb~! collected data, and explore their potential to probe the Ay coupling.
Restricting ourselves to the dominant gg — H H mechanism in a parton level approach?,
we first discuss the kinematics of the process, in particular the transverse momentum
distribution of the Higgs bosons and their rapidity distribution at leading order. We
then evaluate the possible cross sections for both the signal and the major backgrounds.
As the Higgs boson of a mass around 125 GeV dominantly decays into b—quark pairs with
a branching ratio of ~ 60% and other decay modes such as H — vy and H — WW* —
202y are rare [115,116], and as the production cross sections are already low, we will

2Early and more recent parton level analyses of various detection channels have been performed in
Refs. [107-112] with the recent ones heavily relying on jet—substructure techniques [113]. However, a
full and realistic assessment of the LHC to probe the trilinear coupling would require the knowledge
of the exact experimental conditions with very high luminosities and a full simulation of the detectors
which is beyond the scope of this section. Only the ATLAS and CMS Collaborations are in a position
to perform such detailed investigations and preliminary studies have already started [114].
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focus on the three possibly promising detection channels g9 — HH — bby~y, bbr7 and
bbW W =. Very high luminosities, O(ab™') would be required to have some sensitivity
on the A\ypyy coupling.

The rest of the section is organized as follows. Firstly, we discuss the QCD radia-
tive corrections to double Higgs production in the gluon fusion, vector boson fusion
and Higgs—strahlung processes (the ttH H process will be only considered at tree-level)
and how they are implemented in the programs HPAIR [117], VBFNLO [118] and a code
developed by us to evaluate the inclusive cross sections in Higgs—strahlung processes.
Secondly, we evaluate the various theoretical uncertainties affecting these cross sections
and collect at My = 125 GeV the double Higgs production cross sections at the various
LHC energies. We also study the sensitivity in the different processes to the trilinear
Higgs self-coupling. The third section will be devoted to a general discussion of the
channels that could allow for the detection of the two Higgs boson signal at a high—
luminosity 14 TeV LHC, concentrating on the dominant gg — HH process, together
with an analysis of the major backgrounds.

2.2 Higgs pairs at higher orders in QCD

Generic Feynman diagrams for the four main classes of processes leading to double Higgs
production at hadron colliders, gluon fusion, WW/ZZ fusion, double Higgs—strahlung
and associated production with a top quark pair, are shown in Fig. 1. As can be seen in
each process, one of the Feynman diagrams involves the trilinear Higgs boson coupling,
A = 3M% /v, which can thus be probed in principle. The other diagrams involve
the couplings of the Higgs boson to fermions and gauge bosons and are probed in the
processes where the Higgs particle is produced singly.

In this section we will discuss the production cross sections for the first three classes
of processes, including the higher order QCD corrections. We will first review the gluon
channel and then we will move on to the higher—order corrections in the weak boson
fusion and Higgs—strahlung channels.

2.2.1 The gluon fusion process

The gluon fusion process is — in analogy to single Higgs production — the dominant
Higgs pair production process. The cross section is about one order of magnitude larger
than the second largest process which is vector boson fusion. As can be inferred from
Fig. 1a) it is mediated by loops of heavy quarks which in the SM are mainly top quarks.
Bottom quark loops contribute to the total cross section with less than 1% at LO.

The process is known at NLO QCD in an effective field theory (EFT) approximation
by applying the low energy theorem (LET) [67—73,119-121] which means that effective
couplings of the gluons to the Higgs bosons are obtained by using the infinite quark
mass approximation. The hadronic cross section at LO is given by

X

T0 T

no= [ #rono=r9 [ Crtiis (5z), 242

with s being the hadronic c.m. energy, 7y = 4M3 /s, and fy the gluon distribution
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(a) gg double-Higgs fusion: g9 — HH

g —---H

g ----H

(c) Double Higgs-strahlung: ¢¢ — ZHH/W HH

DA et !

(d) Associated production with top-quarks: ¢q/gg — ttHH

g b >f5m<
- .\
q

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at
hadron colliders.

function taken at a typical scale up specified below. The partonic cross section at LO,
01,0, can be cast into the form

- GhaZ (,UR) AHHH U ? 2
5 — HH) = dt =L Fr+ F G
o10(99 ) /f_ 25620 | |3= 0+ idpry 2 T 0| TGl
(2.43)
where
§ M2 402
ty = -5 ( FAll— H) : (2.44)
S

with § and ¢ denoting the partonic Mandelstam variables. The triangular and box form
factors Fa, Fz and Gy approach constant values in the infinite top quark mass limit,

2 2
Fpn — 3 Fy— —3 Gy —0. (2.45)

The expressions with the complete mass dependence are rather lengthy and can be



22 THE MEASUREMENT OF THE HIGGS SELF-COUPLING AT THE LHC

found in Refs. [54,54] as well as the NLO QCD corrections in the LET approximation
in Ref. [66].

The full LO expressions for Fa, F; and GG are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces
the disagreement between the full NLO result and the LET result [46-50,67-73].

For the numerical evaluation we have used the publicly available code HPAIR [117] in
which the known NLO corrections are implemented. As a central scale for this process
we choose

po = pir = pir = Mpug , (2.46)

where My denotes the invariant mass of the Higgs boson pair. This is motivated by
the fact that the natural scale choice in the process gg — H is pg = Mpy. Extending
this to Higgs pair production naturally leads to the scale choice of Eq. (2.46). The mo-
tivation to switch to pp = 1/2 My in single Higgs production comes from the fact that
it is a way to acccount for the ~ +10% next-to—next-to-leading logarithmic (NNLL)
corrections [103,122-124] in a fixed order NNLO calculation. It also improves the per-
turbative convergence from NLO to NNLO [125]|. Still NNLO and NNLL calculations
for g9 — HH process are not available at the moment, not to mention an exact NLO
calculation that would be the starting point of further improvements. It then means that
there is no way to check wether these nice features appearing in single Higgs production
when using po = 1/2 My would still hold in the case of Higgs pair production when
using po = 1/2 Myy. We then stick to the scale choice of Eq. (2.46). The K-factor,
describing the ratio of the cross section at NLO using NLO PDFs and NLO «4 to the
leading order cross section consistently evaluated with LO PDFs and LO «, for this
process is

K ~ 2.0 (1.5) for /s =8 (100) TeV . (2.47)

2.2.2 The vector boson fusion process

The structure of the Higgs pair production process through vector boson fusion [55-58|
is very similar to the single Higgs production case. The vector boson fusion process can
be viewed as the double elastic scattering of two (anti)quarks with two Higgs bosons
radiated off the weak bosons that fuse. In particular this means that the interference
with the double Higgs—strahlung process q¢' — V*HH — qq' H H is negligible and this
latter process is treated separately. This is justified by the kinematics of the process
with two widely separated quark jets of high invariant mass and by the color flow of the
process. This leads to the structure function approach that has been applied with success
to calculate the QCD corrections in the vector boson fusion production of a single Higgs
boson [77-81]. Generic diagrams contributing at NLO QCD order are shown in Fig. 2.
For simplicity only the diagrams with the QCD corrections to the upper quark line are
shown. The calculation involving the second quark line is identical. The blob of the
vertex V'V HH is a shortcut for the diagrams depicted in Fig. 3, which include charged
currents (CC) with W= bosons and neutral currents (NC) with a Z boson exchange. As
can be seen only one of the three diagrams involves the trilinear Higgs coupling. The
other diagrams act as irreducible background and lower the sensitivity of the production
process to the Higgs self—coupling.
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Figure 2: Generic diagrams contributing to the NLO corrections to q¢ — HHqq'.
Shown are the LO diagram (upper left) and the NLO corrections for the upper quark
line. The blob of the VVHH vertex is a shortcut for the three diagrams shown in
Figs. 1b) and 3.

Figure 3: Diagrams contributing to the VVH H vertex.

We have calculated the NLO QCD corrections in complete analogy to the single
Higgs VBF process [78]|. The real emission contributions are given by a gluon attached
to the quark lines either in the initial or the final state and from the gluon—quark initial
state. As we are working in the structure function approach, the corrections of the
upper and lower quark lines do not interfere and are simply added incoherently. The
amplitudes have the following structure,

AHqu/ X T#ZV* Jqu/ (248)

pnev oo

where T}//,,. stands for the tensor structure of the diagrams depicted in Fig. 3 and Jg’q/
are the quark currents of the upper and lower lines, respectively, with four-momenta
q, ¢'. The calculation is done numerically using the Catani-Seymour dipole subtraction
method [126] to regularize the infrared divergencies. The formulae for the subtraction
terms as well as the finite corrections are identical to the ones for single Higgs VBF
production as only the quark currents are involved. They can be found in Ref. [78|.

We have implemented this calculation in the VBFNLO code [118] in which we have
provided the tensor structure depicted in Fig. 3 which has been calculated with Mad-
Graph [127]. Up to now the VBFNLO implementation only involves on-shell Higgs pairs.
We have found an increase of ~ +7% of the total cross section compared to the LO
result when using the central scale

Ho = pir = pip = Qy~, (2.49)
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with Qv+ being the momentum of the exchanged weak bosons (V* = W* Z*)3. This
result is in agreement with a previous calculation done in the context of the two Higgs
doublet model [128].

2.2.3 The Higgs—strahlung process

The production of a Higgs pair in association with a vector boson has been calculated for
the first time quite a while ago [60] and shares common aspects with the single Higgs—
strahlung process. The NLO corrections can be implemented in complete analogy to
single Higgs-strahlung [82-84|. We will update in this section the former results and
present the NNLO corrections to the WHH and ZHH inclusive production cross sec-
tions. These calculations have been implemented in a code which shall become publicly
available.

At LO the process pp — VHH (V = W, Z) is given by quark—antiquark annihilations
in s—channel mediated processes involving three Feynman diagrams, see Fig. 1c). As
can be seen only one of the three diagrams involves the trilinear Higgs coupling. The
sensitivity to this coupling is then diluted by the remaining diagrams. After integrating
over the azimuthal angle we are left with the following partonic differential cross section
with § being the partonic c.m. energy (see also Refs. [42-44]),

Aoty GEMy(al +vy) 1fC’2 N 1 y
dridzs 1149v2735(1 — pi2,) |8 O Apy (1 — oy + pog — p)

h 2 > ]
+ + 2 C + ~ 2.50
<1_x1+MH—/~bv 1— 29 + i — iy pv [3CHHH {z1 < 22} |( )

where we use of the following notation,

(2.51)

and the reduced couplings of the quarks to the vector bosons, a, = v, = V2 for V=w
and any quark ¢, a, = 1 and v, = 1 — 8/3sin’ Oy for ¢ =u,s and V = Z, ag = —1 and

3In order to stay within the perturbative regime a cut Qv+~ > 2 GeV has to be imposed, see Ref. [77].
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vg=—1+4/3 sin? @y for ¢ = d,c,band V = Z. The coefficients f; as well as Cyyp are

fo = w [(2—a1—22)* + 8],
fi = 22 (py —1+21) —dpg (1 —21) (1 — 21 + py — pyey — 4py)
v (v — 4pn) (1= 4pn) — i,
fo = Quv+ x4+ x2) [y (x1 + 20 — 1+ py — 8uy)
) (=) (1 )] (1 2 (1 )
+ (1= 21) (1= 22) [y + 1+ dpn (14 py)]
Hpgpy (1 + py + 4pm) + B,
foo = m(e =) (v +o1—1) = (L—22) (2 —21) (1 — 21 + pv)
2y (py +1 —4pg),

v ANHHH 2
5 +
My xi+xo—1+py —pug 1 =21+ pu — pv
1

+ +—.
=2+ pm —pv  pyv

C’HHH —

(2.52)

The coefficient Cypyy includes the trilinear Higgs coupling Ay pp.

In order to obtain the full hadronic section, the differential partonic cross section of
Eq. (2.50) is convoluted with the quark parton distribution functions, f,, f, taken at a
typical scale pp specified below:

T A A
o(pp — VHH) Z/ dT/ (z; 1%) fara <E’ ;LZF) ovup(§=71s), (2.53)

where s stands for the hadronic c.m. energy and 70 = (2Mpy + My)?/s. The total
partonic cross section gy gy has been obtained after the integration of Eq.(2.50) over
T1,T2.

The calculation of the NLO QCD corrections is similar to the single Higgs—strahlung
case. In fact, this process can be viewed as the Drell-Yan production pp — V* followed
by the splitting process V* — VHH. The off-shell vector boson can have any momen-
tum k? with (2Mpy + My)? < k% < 3. This factorization is in principle valid at all orders
for the Drell-Yan like contributions and leads, after folding with the PDF, to

o(pp — VHH) / dTZ ace /T/T dz 60 (z18)Aij(ij — V*) | (2.54)
with
" / fe i gy (5o) 2. (2.55)

In the expressions above ¢j stands for any initial partonic subprocess, A;; is the Drell-
Yan correction, z = k2/§ and 6"© stands for the LO partonic cross section of the process
qf — V* — VHH. At LO we have AZL]-O = 0ig0jg/70(1 — z). In Fig. 4 the generic
diagrams which contribute at NLO to the Drell-Yan process g¢ — V* are depicted.
The NLO QCD corrections increase the total cross section by ~ +17% at 14 TeV for
My =125 GeV.
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Figure 4: Feynman diagrams contributing to the NLO QCD corrections for Drell-Yan
production.
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Figure 5: Some Feynman diagrams contributing at NNLO QCD to Drell-Yan produc-
tion.

We have calculated the NNLO corrections, which have not been available so far, in
the same way except for the process involving a Z boson. In fact there are additional
contributions that are specific to the case of a Z boson, involving an effective Zgg
vertex. Similar to what is stated in Ref. [86] for the single Higgs production case, only
the specific gluon fusion initiated process will be of non—negligible contribution and will
be described below. Let us start with the NNLO QCD Drell-Yan contribution. Some
generic diagrams contributing to the NNLO corrections to q¢ — V* are shown in Fig. 5.
We apply the procedure as described by Eq. (2.54) and the expression is then given by

oNNO(pp - VHH) = 0™ + Aoyg/q + Aogy + Aoy +
AO'qq + AO'gg + 5VZAUgg—>ZHH7 (256)
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with dyz = 1(0) for V = Z(W) and

L qreal?
o0 = Z/ dr o 69 (rs),

dﬁqq/q
Aoy = ( ) /

qq

(i (222 0)
Aoy = :Z( )/1d7dd£;g X

[ oo (o (22) ag00).

1 d ij
Ao,y = ( ) £ / 6LO(,ZTS)A$}(2),
T0/T

i=q,q
i

(2 [ [ o

=
Qg
=4,q
as(MR) ! dL99 ALO
Aoy, = <—7r )/md — . (sz)AéQQ)(z),

1 dL99
AO_gg—)ZHH = / CZT?UQQHZHH(TS). (257)
70

Aoy =

The expressions for the coefficients A=12)(2) refer to the NLO and NNLO corrections,
respectively. As they are too lengthy to be reproduced here, we refer the reader to the
appendix B of Ref. [85] and to Ref. [74]. The expressions given there have to be rescaled
by a factor of (w/ay)’, and M = pup, R = pg. In our calculation we have included the
full CKM matrix elements in the quark luminosity as well as the initial bottom quark
contribution. We use the central scale

po = pir = pr = Mvyn , (2.58)
where My gy denotes the invariant mass of the VHH system.

The Drell-Yan NNLO QCD corrections Eq. (2.57) turn out to be very small. They
typically increase the cross section by a few percent at 14 TeV.

The last contribution Aoy, zmm, see diagrams in Fig. 6, is only present in the case
of Higgs pair production in association with a Z boson. It stems from the process
g9 — ZHH which is loop-mediated already at LO. Being of order o? it contributes to
the total cross section pp — ZHH at NNLO QCD. The process is mediated by quark
loops in triangle, box and pentagon topologies. In the latter two topologies, only top
and bottom quarks contribute as the Yukawa couplings to light quarks can be neglected.
At the LHC the contribution of the gluon fusion channel is substantial in contrast to
the single Higgs production case. Indeed, while in the latter the contribution is of order
~ +5% compared to the NNLO QCD Drell-Yan contribution, in the case of Higgs pair
production it contributes with ~ +20 - - -+ 30% depending on the c.m. energy. This en-
hancement can be explained by the additional pentagon topology which a) involves two
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Figure 6: Some generic diagrams contributing to gg — ZHH. For the triangle+box
topologies, only those involving the trilinear Higgs couplings are depicted.

top Yukawa couplings and b) softens the destructive interference between the triangle
and box diagrams that is present in the single Higgs production case. Furthermore, the
suppression by a power (a,/7)? is partly compensated by the increased gluon luminos-
ity at high energies. This explains why this channel, which has been calculated using
FeynArts/FormCalc [129-132], should be taken into account. It also implies that the
scale variation in pp — ZH H will be worse than in pp — W HH because of the O(a?)
gluon fusion mechanism appearing at NNLO.

2.3 Cross sections and sensitivity at the LHC

In this section we will present the results for the calculation of the total cross sections
including the higher—order corrections discussed in the previous section as well as the
various related theoretical uncertainties. We will use the MSTW2008 PDF set [133] as
our reference set. We choose the following values for the W, Z and top quark masses
and for the strong coupling constant at LO, NLO and NNLO,

My = 80.398 GeV, My = 91.1876 GeV, M, = 173.1 GeV,
alO(M2) = 0.13939, oNFO(M2) =0.12018, o NEO(MZ) = 0.11707.

The electromagnetic constant « is calculated in the G, scheme from the values of My,
and My given above. For the estimate of the residual theoretical uncertainties in the
various Higgs pair production processes we considered the following uncertainties:

1. the scale uncertainty, stemming from the missing higher order contributions and
estimated by varying the renormalization scale pg and the factorization scale g
in the interval %ug < pg, pr < 2uo with some restrictions on the ratio pg/pr
depending on the process;

2. the PDF and related ay errors. The PDFs are non—perturbative quantities fitted
from the data and not calculated from QCD first principles. It is then compulsory
to estimate the impact of the uncertainties on this fit and on the value of the
strong coupling constant a,(M%) which is also fitted together with the PDFs;

3. in the case of the gluon fusion process there is a third source of uncertainties
which comes from the use of the effective field theory approximation to calculate
the NLO QCD corrections, where top loops are taken into account in the infinite
top mass approximation and bottom loops are neglected.
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In the following we will present results for My = 125 GeV. Note that the results for
the total cross sections and uncertainties are nearly the same for My = 126 GeV. The
total cross sections at the LHC for the four classes of Higgs pair production processes
are shown in Fig. 7 as a function of the c.m. energy. For all processes the numerical
uncertainties are below the permille level and have been ignored. The central scales
which have been used are (ug = i = pio)

gg—HH _ a¢ —HHqq' @ —VHH _ ad/gg—ttHH 1
Ho = Mpymw, Mo = QV*, Ko = Myuu, Ko = Mt+§MHH-

(2.59)

o(pp — HH + X) [fb]

100

10

e qc—ll — WHHA
| |
0.1 , | | |
S » 75 100

Vs [TeV]

Figure 7: The total cross sections for Higgs pair production at the LHC, including higher-
order corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed),
Higgs-strahlung (blue/dotted), associated production with ¢t (violet/dotted with small

dots) — as a function of the c.m. energy with My = 125 GeV. The MSTW2008 PDF
set has been used and higher—order corrections are included as discussed in the text.

As can be inferred from the figure and also seen in Table 1 the largest cross section
is given by the gluon fusion channel which is one order of magnitude larger than the
vector boson fusion cross section. All processes are ~ 1000 times smaller than the
corresponding single Higgs production channels, implying that high luminosities are
required to probe the Higgs pair production channels at the LHC.

2.3.1 Theoretical uncertainties in the gluon channel

Theoretical uncertainty due to missing higher order corrections

The large K—factor for this process of about 1.5 — 2 depending on the c.m. energy
shows that the inclusion of higher order corrections is essential. An estimate on the size
of the uncertainties due to the missing higher order corrections can be obtained by a
variation of the factorization and renormalization scales of this process. In analogy to
single Higgs production studies [103,106] we have estimated the error due to missing
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Vs [TeV] UgngHH [fb] Utlj\IqI’JSHqu’ |£b] U%/\E%HH [fb] UflquiLgHH |tb] U(Ijqo gg—ttHH [fb]
8 8.16 0.49 0.21 0.14 0.21
14 33.89 2.01 0.57 0.42 1.02
33 207.29 12.05 1.99 1.68 7.91
100 1417.83 79.55 8.00 8.27 77.82

Table 1: The total Higgs pair production cross sections in the main channels at the LHC
(in fb) for given c.m. energies (in TeV) with My = 125 GeV. The central scales which
have been used are described in the text.

higher order corrections by varying pg, pp in the interval
1
SHo S fir = pr < 2410 - (2.60)

As can be seen in Fig. 8 we find sizeable scale uncertainties A* of order ~ +20%/—
17% at 8 TeV down to +12%/—10% at 100 TeV. Compared to the single Higgs production
case the scale uncertainty is twice as large [103,106]. However, this should not be a
surprise as there are NNLO QCD corrections available for the top loop (in a heavy
top mass expansion) in the process gg — H while they are unknown for the process
g9 — HH.

o(gg — HH) [fb]
NLO QCD, My — 125 GeV

1000

100 ¢

10

8 25 50 75 100
V5 [TeV]

Figure 8: Scale uncertainty for a scale variation in the interval %,uo < pur = pr < 2ug
in o(g9 — HH) at the LHC as a function of /s at My = 125 GeV. In the insert the
relative deviations to the results for the central scale pg = g = pp = Mpypy are shown.

2.4 The PDF and ag errors

The parametrization of the parton distribution functions is another source of theoretical
uncertainty. First there are pure theoretical uncertainties coming from the assumptions
made on the parametrization, e.g. the choice of the parametrization, the set of input
parameters used, etc. Such uncertainties are rather difficult to quantify. A possibil-
ity might be to compare different parameter sets, such as MSTW [133], CT10 [134],
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Figure 9: The NLO cross section o(g9g — HH + X) at the LHC as a function of the
cam. energy for My = 125 GeV, when using different NLO PDF sets. In the insert the
cross sections normalized to the cross section calculated with the MSTW PDF set are
shown.

ABM11 [135], GJRO08 [136], HERA 1.5 [137] and NNPDF 2.3 [138]. This is exemplified
in Fig. 9 where the predictions using the six previous PDF sets are displayed. As can be
seen there are large discrepancies over the whole considered c.m. energy range. At low
energies the smallest prediction comes from ABM11 which is ~ 22% smaller than the
prediction made with the MSTW set while at high energies ABM11 and MSTW lead
to similar results whereas the result obtained with the GJR08 set deviates by ~ —15%.
The CT10 predictions show about —5% difference over the whole energy range with
respect to the cross section obtained with MSTW while the HERA prediction starts
from lower values and eventually reaches the CT10 result. Finally the cross sections
calculated with the NNPDF set decrease over the energy range, starting from being
very similar to the MSTW result to reach at /s = 100 TeV the one calculated with
CT10.

Another source of uncertainty due to the PDF sets comes from the experimental
uncertainties on the fitted data. The so-called Hessian method, used by the MSTW
collaboration, provides additional PDF sets next to the best-fit PDF. Additional 2Nppg
sets reflect the 10 variation around the minimal y? of all Nppr parameters that enter
the fit. Using the 90% CL error PDF sets provided by the MSTW collaboration a PDF
error of about 6% is obtained for /s = 8 TeV. The uncertainty shrinks to ~ 2% for
/s =100 TeV.

In addition to the PDF uncertainties, there is also an uncertainty due to the errors
on the value of the strong coupling constant a,. The MSTW collaboration provides ad-
ditional PDF sets such that the combined PDF+ay uncertainties can be evaluated [139).
At NLO the MSTW PDF set uses

as(Mz) = 0.12018330122 (at 68% CL) or oo (at 90% CL) . (2.61)
As the LO process is already O(a?), uncertainties in «;, can be quite substantial.

The combined PDF and «y error is much larger than the pure PDF error. At 8 TeV
the PDF error of +5.8%/—6.0% rises to a combined error of +8.5%/—8.3%. At 33 TeV
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the rise is even larger — from the pure PDF error of +2.5%/—2.7% to the combined
PDF+a error of +6.2%/—5.4%.

There is also a theoretical uncertainty on «a, stemming from scale variation or am-
biguities in the heavy flavour scheme definition. The MSTW collaboration estimates
this uncertainty for o, at NLO to Aag(Myz) = £0.003 [139]. However this uncertainty
is already included in the scale uncertainty on the input data sets used to fit the PDF
and has been taken into account in the definition of the PDF+a;, uncertainty. Thus,
it does not have to be taken into account separately and the combined PDF+ay, error
calculated with the MSTW 2008 PDF set will be our default PDF+a; uncertainty.

However, even if all these uncertainties for the MSTW PDF set are taken into ac-
count, the different PDF set predictions do not agree. There might be agreement if also
uncertainties of the other PDF sets are taken into account, as done in Ref. [106] for
the case of single Higgs production. This means that the PDF uncertainty might be
underestimated, but this issue is still an open debate (see for example Ref. [140] for a
new discussion about theoretical issues in the determination of PDFs) and improvements
may come with the help of new LHC data taken into account in the fits of the various
PDF collaborations.

The effective theory approach

The last source of theoretical errors that we consider is the use of the LET for the
calculation of the NLO corrections. At LO it was found in Ref. [52] that for /s = 16
TeV the LET underestimates the cross section by O(20%). Furthermore this can be
even worse for different energies, not to mention the fact that the LET approximation
produces incorrect kinematic distributions [107-110]. The reason is that the LET is an
expansion in myq, > V5. Such an expansion works very well for single Higgs production,
since Vs = My (at LO) for the production of an on—shell Higgs boson whereas in Higgs
pair production we have

IMy <Vi</s. (2.62)

This means that for Higgs pair production my,, > Vs is never fulfilled for My =
125 GeV so that the LET approximation is not valid at LO [104].

At NLO, however, the LET approximation works much better in case the LO cross
section includes the full mass dependence. The reason is that the NLO corrections are
dominated by soft and collinear gluon effects. They factorize in the Born term and in
the NLO correction contributions, meaning that the K—factor is not strongly affected
from any finite mass effects. Based on the results for the single Higgs case [72] where the
deviation between the exact and asymptotic NLO results amounts to less than 7% for
My < 700 GeV, we estimate the error from applying an effective field theory approach
for the calculation of the NLO corrections to 10%.

Total uncertainty

In order to obtain the total uncertainty we follow the procedure advocated in
Ref. [141]. Since quadratic addition is too optimistic (as stated by the LHC Higgs
Cross Section Working Group, see Ref. [103]), and as the linear uncertainty might be
too conservative, the procedure adopted is a compromise between these two ways of
combining the individual theoretical uncertainties. We first calculate the scale uncer-
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Figure 10: The total cross section (black/full) of the process gg — HH + X at the
LHC for My = 125 GeV as a function of /s including the total theoretical uncertainty
(red/dashed). The insert shows the relative deviation from the central cross section.

tainty and then add on top of that the PDF+a, uncertainty calculated for the minimal
and maximal cross sections with respect to the scale variation. The LET error is even-
tually added linearly. This is shown in Fig. 10 where we display the total cross section
including the combined theoretical uncertainty. It is found to be sizeable, ranging from
~ +42%/—33% at 8 TeV down to ~ +30%/—25% at 100 TeV. The numbers can be
found in Table 2.

V5 [TeV] | o) Oy D] Scale [%] PDF [%| PDF+a, %] EFT [%]  Total [%]
8 8.16 +20.4 —16.6 +58 —6.0 +85 —-83  +10.0 +41.5 —33.3
14 33.89 +18.2 —14.7 439 —-40 +7.0 —-62  +10.0 +37.2 —29.8
33 207.29 +15.2 —124 425 —-2.7 462 —54  +10.0 +33.0 —26.7
100 1417.83 +12.2 —9.9 420 —-2.7 +6.2 —57  +10.0 +29.7 —24.7

Table 2: The total Higgs pair production cross section at NLO in the gluon fusion process
at the LHC (in fb) for given c.m. energies (in TeV) at the central scale up = ugr = Mypy,
for My = 125 GeV. The corresponding shifts due to the theoretical uncertainties from
the various sources discussed are shown as well as the total uncertainty when all errors
are added as described in the text.

2.4.1 VBF and Higgs—strahlung processes

We will not repeat the detailed description of the previous uncertainties in this subsec-
tion and only summarize how they affect the VBF and Higgs—strahlung inclusive cross
sections. In both channels, only the scale uncertainties and the PDF+ay errors are
taken into account, the calculation being exact at a given order.

The VBF channel
As stated previously, we use the central scale uy = pugr = pur = Qv+, that is the
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momentum transfer of the exchanged weak boson. Note that a cut of Qv+ > 2 GeV has
to be applied as stated in the previous section. The scale uncertainty is calculated in
exactly the same way as for the gluon fusion mechanism, exploring the range /2 <
LR, e < 219. We have checked that imposing the restriction 1/2 < pgr/pr < 2 does not
modify the final result. We obtain very small scale uncertainties ranging from ~ +2% at
8 TeV down to ~ £1% and even lower at 33 TeV as can be seen in Fig. 11 (left). This is
in sharp contrast with the 8% uncertainty obtained at LO at 8 TeV for example, which
illustrates the high level of precision already obtained with NLO QCD corrections.

The 90% CL PDF+a, uncertainties are calculated following the recipe presented
in the gluon fusion subsection. The PDF-+a, uncertainty dominates the total error,
ranging from +7%/—4% at 8 TeV down to +5%/—3% at 100 TeV.

, - — ‘ ‘ ‘
%01 o(qq' — HHqq') [fb] A %V olad — HHqq') [fb]
-0 | NLO QCD, My = 125 GeV A1 )| NLOQCD, My =125 GeV
‘ ‘ ' 11— :
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Figure 11: Scale uncertainty for a scale variation in the interval %ug < pg, pr < 2ug
(left) and total uncertainty bands (right) in 0(q¢’ — HHqq') at the LHC as a function
of \/s at My = 125 GeV. The inserts show the relative deviations to the cross section
evaluated at the central scale py = pur = pr = Qy-.

The total error has been obtained by adding linearly the scale and PDF+a, uncer-
tainties, given the small variation of the cross section with respect to the choice of the
scale. This process has a total theoretical uncertainty which is always below 10%, from
+9%/—6% at 8 TeV to +6%/—4% both at 33 and 100 TeV as can be read off Table 3.
The total uncertainty is displayed in Fig. 11 (right) as a function of the c.m. energy.
The QCD corrections drastically reduce the residual theoretical uncertainty.

The associated Higgs pair production with a vector boson

The cross section is calculated with the central scale g = ur = urp = My gy which is
the invariant mass of the W/Z + Higgs pair system. The scales are varied in the interval
to/2 < pr = pr < 2ug. The factorization and renormalization scales can be chosen
to be the same as the impact of taking them differently is totally negligible, given the
fact that the scale pg only appears from NLO on and that we have a NNLO calculation
which then reduces any non-negligible contribution arising from the difference between
renormalization and factorization scales. As noticed previously, the scale uncertainty
is expected to be worse in the ZH H channel because of the significant impact of the
gluon fusion contribution. This is indeed the case as we obtain a scale uncertainty below
+0.5% in the W H H channel whereas the uncertainty in the ZH H channel is A* ~ +3%
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Vs [TeV] Ug}ng [fb]  Scale [%] PDF (%] PDF+ag [%]  Total [%)]
8 0.49 +23 -20 452 —-44 467 —-44 490 —-64
14 2.01 +17 -1.1 +46 —-41 459 —-41 476 =51
33 12.05 +0.9 -05 +40 -3.7 +52 =37 +4+6.1 —-4.2
100 79.55 +1.0 =09 +35 —-32 452 —-32 462 —41

Table 3: The total Higgs pair production cross section at NLO in the vector boson
fusion process at the LHC (in fb) for given c.m. energies (in TeV) at the central scale
prp = pr = Qy+ for My = 125 GeV. The corresponding shifts due to the theoretical
uncertainties from the various sources discussed are also shown as well as the total
uncertainty when all errors are added linearly.

at 8 TeV and slightly more at higher energies to reach ~ £5% at 33 TeV, as can be seen
in Fig. 12 (left).

The total PDF-+ay, error that we obtain is very similar for the two channels W HH
and ZHH. Tt varies from ~ +4% at 8 TeV down to ~ +3% at 33 TeV, with a slightly
higher uncertainty at 100 TeV.

The total error has been obtained exactly as in the VBF case, given the very small
variation of the cross section with respect to the scale choice. It is dominated by the
PDF+a, uncertainty and amounts to +5%/—4% (+4%/—4%) at 8 (100) TeV in the
WHH channel and +7%/—5% (+8%/—8%) at 8 (100) TeV in the ZH H channel. The
total theoretical uncertainty in the Higgs—strahlung channels is less than 10%. The
numbers are given in Tables 4 and 5. The total uncertainty bands for the W HH and
ZHH channels are displayed in Fig. 12 (right).
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Figure 12: Scale uncertainty for a scale variation in the interval %Mo < ug, pr < 2u0
(left) and total uncertainty bands (right) in Higgs pair production through Higgs—
strahlung at NNLO QCD at the LHC as a function of /s for My = 125 GeV. The
inserts show the relative deviations to the cross section evaluated at the central scale

po = pr = pir = Myug.
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V5 [TeV] | oZNEQ [fb]  Scale [%)] PDF [%] PDF+as [%]  Total [%]
8 0.21 404 —0.5 443 —34 +43 —34 +47 —40
14 0.57 +0.1 —0.3 +3.6 —-29 +3.6 —-3.0 +3.7 -3.3
33 1.99 +0.1 —0.1 +29 -25 +34 -3.0 +35 -3.1
100 8.00 +0.3 —0.3 +2.7 —2.7 +3.8 -34 +42 -3.7

Table 4: The total Higgs pair production cross sections at NNLO in the ¢q¢ - WHH
process at the LHC (in fb) for different c.m. energies (in TeV) at the central scale
pr = pr = Mywgy for Mg = 125 GeV. The corresponding shifts due to the theoretical
uncertainties from the various sources discussed are also shown as well as the total
uncertainty when all errors are added linearly.

V5 [TeV] | oXREO [fb]  Scale [%)] PDF [%] PDF+as [%]  Total [%]
8 0.14 +3.0 —-22 +3.8 -30 +38 -30 +6.8 —53
14 0.42 +4.0 -2.9 428 -23 +3.0 —-2.6 +7.0 —5.5
33 1.68 +51 —4.1 +1.9 —15 +2.7 —26 +7.9 —6.7
100 8.27 +5.2 —4.7 +1.9 -21 +32 -32 +84 -8.0

Table 5: Same as Table 4 for Z H H production using the central scale up = ugp = Mzyg.

2.4.2 Sensitivity to the trilinear Higgs coupling in the main channels

We end this section by a brief study of the sensitivity of the three main channels to the
trilinear Higgs coupling that we want to probe. Indeed, as can be seen in Fig. 1, all
processes do not only involve a diagram with the trilinear Higgs couplings but also ad-
ditional contributions which then dilute the sensitivity. In order to study the sensitivity
within the SM, we rescale the coupling Ay gy in terms of the SM trilinear Higgs coupling
as Aggp = kA3, This is in the same spirit as the study done in Refs. [42-44] and
its goal is to give a way to estimate the precision one could expect in the extraction
of the SM trilinear Higgs coupling from H H measurements at the LHC. In particular
the variation of the trilinear Higgs coupling should not be viewed as coming from some
beyond the SM physics model and it should be noted that quite arbitrary deviations
of the trilinear Higgs couplings emerge from non-vanishing higher-dimension operators
starting with dimension 6.

In Fig. 13 the three main Higgs pair production cross sections are displayed as a
function of k for three different c.m. energies /s = 8,14 and 33 TeV. The left panels
show the total cross sections while the right panels show the ratio between the cross
sections at a given Agppy = KA} and the SM cross section with x = 1.

As can be seen, the most sensitive channel is by far the VBF production mode, in
particular for low and high values of k. The shapes of the cross sections with respect to
a variation of x are the same in all channels and at all energies with a minimum reached
at kK ~ —1, 2 and 3 for Higgs—strahlung, VBF and gluon fusion, respectively. The right
panels of Fig. 13 also show that the sensitivity decreases when /s increases. This is to
be expected as the diagrams involving the trilinear Higgs self-coupling are mediated by
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Figure 13: The sensitivity of the various Higgs pair production processes to the trilinear
SM Higgs self-coupling at different c.m. energies. The left panels display the total
cross sections, the right panels display the ratio between the cross sections at a given
K = Agmn /ANy and the cross sections at x = 1.

s-channel propagators which get suppressed with increasing energy, so that the relative
importance of these diagrams with respect to the remaining ones is suppressed.

Again it is important to note that the sensitivity tested here does not give information
on the sensitivity to Higgs self-couplings in models beyond the SM. It only tests within
the SM how accurately the respective Higgs pair production process has to be measured
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in order to extract the SM trilinear Higgs self-coupling with a certain accuracy. For
example the gluon fusion cross section has to be measured with an accuracy of ~ 50%
at /s = 8 TeV in order to be able to extract the trilinear Higgs self-coupling with an
accuracy of 50%, as can be inferred from Fig. 13 upper left. Similar discussions can be
found in Refs. [42-44,66].

2.5 Prospects at the LHC

As shown in the previous section, inclusive Higgs boson pair production is dominated by
gluon fusion at LHC energies. Other processes, such as weak boson fusion, q¢’ — q¢' HH ,
associated production with heavy gauge bosons, ¢q¢ — VHH (V =W, Z), or associated
production with top quark pairs, gg/qq — ttH H, yield cross sections which are factors of
10 — 30 smaller than that for gg — H H. Since at the LHC Higgs boson pair production
cross sections are small, we concentrate on the dominant gluon fusion process. In the
following, we examine channels where one Higgs boson decays into a b quark pair and
the other Higgs boson decays into either a photon pair, g¢g — HH — bby~, into a 7
pair, gg — HH — bbr7, or into an off-shell W boson pair, gg — HH — bbW*W*.
Following the Higgs Cross Section Working Group recommendations [103], we assume a
branching ratio of 57.7% for a 125 GeV Higgs boson decaying into b quarks, 0.228% for
the Higgs boson decaying into a photon pair, 6.12% for the Higgs boson decaying into
a 7 pair and 21.50% for the Higgs boson decaying into off-shell W* bosons.

At the time of the analysis, no generator existed for the signal process, but the
matrix element for Higgs pair production in the gluon fusion channel was available in the
Fortran code HPAIR [66,117]. In parallel to the approach used by the program described
in [142,143|, the HPAIR matrix element was added to Pythia 6 [144]. It has been checked
that the cross sections produced by HPAIR and by the Pythia 6 implementation are
consistent.

All tree-level background processes are calculated using Madgraph 5 [145]. Signal
and background cross sections are evaluated using the MSTW2008 parton distribu-
tion functions [133] with the corresponding value of «, at the investigated order in
perturbative QCD. The effects of QCD corrections are included in our calculation via
multiplicative factors which are summarized in the following subsections and have been
introduced previously for the signal cross sections.

2.5.1 Kinematical distributions of gg - HH

In this subsection the characteristic distributions of the gluon fusion process gg — HH
are studied for several observables. In Fig. 14, we show for each of the two final state
Higgs bosons the normalized distributions of the transverse momentum Pr g and the
pseudorapidity ny, as well as the invariant mass My, the helicity angle 67, which is
the angle between the off-shell Higgs boson, boosted back into the Higgs boson pair rest
frame, and the Higgs boson pair direction, and the rapidity ygg of the Higgs boson pair.
The distributions of each observable are shown for different values of the trilinear Higgs
coupling A/Agyr = 0 (green curve), 1 (red curve) and 2 (blue curve). We also include in
the plots the typical background ¢q§ — ZH coming from the Higgs boson itself (black
curve), the Z boson faking a Higgs boson.
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The Higgs bosons from inclusive Higgs pair production are typically boosted, as we
can see in the upper left plot of Fig. 14 where the Pr g distributions reach their maximum
for Pr g ~ 150 GeV. For A/Agp = 2, the triangle diagram interferes destructively with
the box diagram, which explains the dip in the Pr y distribution. This high transverse
momentum spectrum can also be interpreted in terms of the low pseudorapidity of the
two Higgs bosons which have a typical symmetric distribution with the maximum around
zero, see Fig. 14 upper right. The q¢ — ZH background has a completely different
topology with less boosted Higgs and Z bosons, Pr g,z ~ 50 GeV, with pseudorapidity
of order |np/7| ~ 2 as can be seen in the upper left and right plots of Fig. 14. The middle
left plot of Fig. 14 displays the distributions of the invariant mass of the Higgs boson pair.
For the signal the typical value is Mgy = 400 GeV to be compared to a lower value of
Mzy 2 250 GeV for the Z H background. Also note that an important depletion appears
in the signal for A/Agp; = 2 caused by the destructive interference between the triangle
and box contribution. Due to the Higgs boson scalar nature a known discriminant
observable is the angle 6%, [146]. The middle right plot in Fig. 14 shows that signal and
Z H background have similar distributions thus making this observable less discriminant
than others described before but still efficient for some specific backgrounds, as we will
see in the following. From the bottom plot of Fig. 14, it can be inferred that the rapidity
distribution of the Higgs pair is narrower for the signal than for the ZH background.

_ In the following the different decay channels HH — bbyy, HH — bbr7 and HH —
bbW W~ will be investigated in more detail.

2.5.2 The bbyy decay channel

In this subsection, the bbyy final state for the production of two Higgs bosons with
a mass of 125 GeV at /s = 14 TeV is investigated. FEarlier studies can be found
in Refs. [107-110]. The calculation of the signal, pp — HH — bbyy, is performed
as described above by incorporating the matrix element extracted from the program
HPAIR into Pythia 6. We include the effects of NLO QCD corrections on the signal
by a multiplicative factor, Knyro = 1.88, corresponding to a 125 GeV Higgs boson
and a c.m. energy of 14 TeV. Here we set the factorization and renormalization scales
equal to Myy. The generated background processes are the QCD process bbyy and
the associated production of a Higgs boson with a tt pair, ttH, with the Higgs boson
subsequently decaying into a photon pair and the top quarks decaying into a W boson
and a b quark, as well as single Higgs-strahlung Z H with the Higgs boson decaying into
vy and the Z boson decaying into bb. The QCD corrections have been included by a
multiplicative K—factor applied to the respective LO cross section. All K—factors are
taken at NLO except for the single Higgs—strahlung process which is taken at NNLO
QCD and the case of bbyy in which no higher order corrections are taken into account.
The various K—factors are given in Table 6 and taken from Ref. [103]. The factorization
and renormalization scales have been set to Mgy for the signal and to specific values
for each process for the backgrounds.

In this analysis, the signal and background processes are generated with exclusive
cuts. The basic acceptance cuts are motivated by the fact that the b quark pair and
the photon pair reconstruct the Higgs mass according to the resolutions expected for
ATLAS and CMS. Note that starting from this section all the plots include the decays
and the acceptance cuts specific to each final state.
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Figure 14: Normalized distributions of Pr g, ng, Myp, 0 5 and ygp for different values
of the trilinear Higgs coupling in terms of the SM coupling, A/Asy = 0, 1, 2.

In detail, we veto events with leptons having soft transverse momentum pr, >
20 GeV and with a pseudorapidity |, < 2.4 in order to reduce the ttH background.
Furthermore we also veto events with QCD jets prje > 20 GeV and with a pseudo-
rapidity |n;e:] < 2.4 to further reduce the t¢H background. We require exactly one b
quark pair and one photon pair. The b quark pair is restricted to have pr;, > 30 GeV,
Imp| < 2.4 and AR(b,b) > 0.4, where AR(b,b) denotes the isolation of the two b quarks
defined by the distance AR = /(An)? + (A¢)? in the pseudorapidity and azimuthal
angle plane (7, ¢). We consider the b-tagging efficiency to be 70%. The photon pair has
to fulfill pr, > 30 GeV, |n,| < 2.4 and AR(y,7) > 0.4. The two reconstructed Higgs
bosons, from the b quark pair and from the photon pair, have to reproduce the Higgs
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1/ do/dP, , [GeV]

V3 TeV| | HH bbyy tiH ZH
14 |188 1.0 110 133

Table 6: K-factors for gg — HH, bbyvy, ttH and ZH production at /s = 14 TeV [103].
The Higgs boson mass is assumed to be My = 125 GeV.

boson mass within a window of 25 GeV, 112.5 GeV < M;; < 137.5 GeV, and a window
of 10 GeV, 120 GeV < M,, < 130 GeV, respectively. We require additional isolations
between the b quarks and the photons being AR(vy,b) > 0.4.

Based on the distributions shown in Fig. 15, apart from the acceptance cuts we have
applied more advanced cuts for this parton level analysis. We first require the recon-
structed invariant mass of the Higgs pair to fulfill Mgy > 350 GeV. Furthermore we
remove events which do not satisfy Ppy > 100 GeV. We also constrain the pseudora-
pidity of the two reconstructed Higgs bosons, |ny| < 2, and the isolation between the
two b jets to be AR(b,b) < 2.5.
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Figur_e 15: Normalized signal and backgrounds distributions of Pry, Mpyy and Ry, in
the bby~y channel.

The results are collected in Table 7. The local decrease of the sensitivity between the
cut on My y and the cut on Pr j is explained by the fact that we accept to have a reduced
sensitivity locally during the chain of cuts in order to enhance the final significance. In
the case described in this section a cut on Pry alone reduces the sensitivity as does
a cut on ny alone, but the first cut actually improves the discrimination between the
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signal and the background in the pseudorapidity distribution, hence allowing for a larger
improvement when applying the ng cut just after the Pr g cut. Eventually all the cuts
allow for an improvement of the significance by two orders of magnitude, that is the
ratio of signal events S over the square root of background events B, S/ V/B. The final
value for S/ VB is 16.3 for an integrated luminosity of £ = 3000 fb~!, corresponding
to 51 signal events. Therefore this channel seems promising.

HH bbyy ttyy ZH S/B S/VB
Cross section NLO |[fb] 8.92x 1072  5.05 x 10° 1.39 3.33x 1071 1.77x107° 6.87 x 1072
Reconstructed Higgs from bs  4.37 x 1072 4.01 x 10> 870 x 1072 1.24x 1073 1.09x107* 1.20 x 107!
Reconstructed Higgs from vs  3.05 x 1072 1.78 248 x 1072 3.73x 107* 1.69 x 1072 1.24
Cut on Myg 2.73x 1072 3.74x1072 745x1073 128 x107* 6.07 x 107! 7.05
Cut on Pr g 233x 1072 3.74x1072 533x1073 1.18x107* 544 x 107! 6.17
Cut on ng 2.04x 1072 1.87x1072 3.72x1072 9.02x107® 9.06 x 10~* 7.45
Cut on AR(b,b) 1.71 x 1072 0.00 3.21 x 1072 7.44 x107° 5.21 16.34
“Detector level” 1.56 x 1072 0.00 8.75x 1072 8.74x 1073 8.92x 107! 6.46

Table 7: Cross section values of the HH signal and the various backgrounds expected
at the LHC at /s = 14 TeV, the signal to background ratio S/B and the significance
S/v/B for J£ =3000 fb~! in the bbyy channel after applying the cuts discussed in the
text.

A realistic assessment of the prospects for measuring the signal in the bbyy final
state depends mostly on a realistic simulation of the diphoton fake rate due to multijet
production, which is the dominant background in such an analysis. Our first parton
level study gives a rough idea of how promising the bbyy channel is.

In the following we perform a full analysis including fragmentation and hadronization
effects, initial and final state radiations by using Pythia 6.4 in order to assess more
reliably whether the promising features of this channel survive in a real experimental
environment. All the events are processed through Delphes [147], the tool which is used
for the detector simulation. For the jet reconstruction we use the anti-kp algorithm
with a radius parameter of R = 0.5. We still consider a b-tagging efficiency of 70%.
We keep the same acceptance cuts as before except for the transverse momentum of
the reconstructed b jet and photon which we increase up to prp/, > 50 GeV. We also
enlarge the window for the reconstructed Higgs boson coming from the b quark pair, by
requiring 100 GeV < M; < 135 GeV. We select events with exactly two reconstructed
b jets and two photons.

The final result is displayed in the last line of Table 7. The final significance S/ VB
for this simulation has decreased to 6.5 for an integrated luminosity of 3000 fb=!, cor-
responding to 47 events. Though low, the significance nevertheless is promising enough
to trigger a real experimental analysis as can be performed only by the experimental
collaborations and which is beyond the scope of this work.
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Vs |TeV] | HH bbr7  tt  ZH
14 |18 121 135 1.33

Table 8: K-factors for gg — HH, bbr7 [149], tt [150-162] and ZH production [103] at
\/s = 14 TeV. The Higgs boson mass is assumed to be My = 125 GeV.

2.5.3 The bbr7 decay channel

The bbr7 decay channel is promising for low mass Higgs boson pair production at the
LHC and has been previously studied in Refs. [107-111]. An important part of this
analysis will depend on the ability to reconstruct the b quark pair and the 7 pair. As
the real experimental assessment of such a reconstruction is beyond the scope of our
work we will perform in the following a parton level analysis, assuming a perfect 7
reconstruction*. The analysis thus represents an optimistic estimate of what can be
done at best to extract the trilinear Higgs self -coupling in the bbr7 channel.

We consider the two QCD-QED continuum background final states bbr7 and
bb7v, 70, calculated at tree-level. The bb7v, 77, final state background dominantly stems
from tt production with the subsequent top quark decays t — bW and W — 7v,.. We
also include backgrounds coming from single Higgs production in association with a Z
boson and the subsequent decays H — 77 and Z — bb or H — bb and Z — 77. The
effects of QCD corrections are included in our calculation via multiplicative K—factors
which are summarized in Table 8. All K—factors are taken at NLO except for the single
Higgs—strahlung process which is taken at NNLO QCD. The factorization and renor-
malization scales have been taken at Myy for the signal and at specific values for each
background process.

Concerning the choice of our cuts, we demand exactly one b quark pair and one
7 pair. The b quark pair is required to fulfill pr, > 30 GeV and || < 2.4. We
assume the b—tagging efficiency to be 70% and the T—tagging efficiency to be 50% and
we neglect fake rates in both cases. The 7 pair has to fulfill pr, > 30 GeV and
|| < 2.4. The reconstructed Higgs boson from the b quark pair is required to reproduce
the Higgs mass within a window of 25 GeV, 112.5 GeV < M,; < 137.5 GeV. The
reconstructed Higgs boson from the 7 pair needs to reproduce the Higgs mass within
a window of 50 GeV, 100 GeV < M, < 150 GeV or within a window of 25 GeV,
112.5 GeV < M, < 137.5 GeV, in a more optimistic scenario. In addition to these
acceptance cuts we also add more advanced cuts for this parton level analysis, based
on the distributions shown in Fig. 16 and in a similar way as what has been done in
the previous bbyy analysis. We first demand the invariant mass of the reconstructed
Higgs pair to fulfill Myy > 350 GeV. In addition, we remove events which do not satisfy
Pr g > 100 GeV. We do not use a cut on the pseudorapidity of the reconstructed Higgs
bosons in this analysis as it would reduce the significance.

The different results of our parton level analysis are summarized in Table 9. The
cuts allow for an improvement of two orders of magnitude in the significance S/ VB.
The final S/ VB is 6.71 for an integrated luminosity of £ =3000 fb~!, corresponding

4There have been improvements over the last years to reconstruct the invariant mass of a 7 pair. In
particular, the use of the Missing Mass Calculator algorithm offers very promising results [148]. It is
used by experimental collaborations at the LHC in the H — 77 search channel.
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Figure 16: Normalized distributions of Pr g, Myg and ng for signal and backgrounds
in the bbrT channel.

to 330 signal events. We then conclude that this channel is promising. In the last line we
reproduce our result for the optimistic requirement of 112.5 GeV < M, < 137.5 GeV
leading to the final significance S/v/B = 9.36 for an integrated luminosity of 3000
fb=!. Already for a planned mid-term integrated luminosity of 300 fb~! at 14 TeV the
expectations are promising with 33 signal events and a significance S/ VB = 2.96 in the
optimistic scenario.

2.5.4 The bbW W~ decay channel

The analysis in this channel is difficult as the leptonic W boson decays lead to missing
energy in the final state. Consequently, one of the two Higgs bosons cannot a prior:
be reconstructed equally well as the other Higgs boson, thus reducing our capability to
efficiently remove the background with the canonical acceptance cuts previously applied
in the other decay channels. This channel with one lepton plus jets final state has been
studied in [111,112]. We only consider here the decay W — (v, (¢ = e, ) with a
branching ratio of 10.8%.

We take into account the continuum background which contains all processes with
the bblv,lv, final states at tree-level, for example qq/gg — b*b* — vbZb — bbllZ with
the subsequent splitting Z — 1v,17,. We proceed in a similar manner as in the previous
analyses. We generate the signal and the backgrounds with the following parton-level
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HH bbr7 b1 TV, Uy ZH S/B S/\VB
Cross section NLO [fb] 2.47 299 x 10 817 x10° 246 x 10!  6.48 x 1075 6.93 x 10~*
Reconstructed Higgs from 7s 2.09 x 1071 8.35 x 10! 1.58 x 102 570 x 1071 8.63 x 107* 7.36 x 107!
Reconstructed Higgs from bs 1.46 x 1071 6.34 x 107! 143 x10' 3.75x1072 9.75 x 1073 2.07
Cut on Myy 1.30 x 107! 1.37 x 107! 1.74 1.26 x 1072 6.88 x 1072 5.18
Cut on Pr g 1.10x 107! 7.80x 1072 7.17x 107! 1.15x107% 1.36 x 107! 6.71
With 112.5 GeV < M,; < 137.5 GeV  1.10 x 107! 3.41 x 1072 3.76 x 107! 3.15x 102 2.67 x 10~} 9.37

Table 9: Cross section values of the of H H signal and the various backgrounds expected
at the LHC at /s = 14 TeV, the signal to background ratio S/B and the significance
S/ VB for J£ =3000 fb~" in the bbr7 channel after applying the cuts discussed in the
text.

cuts. We require that the b quarks fulfill pr, > 30 GeV and |n,| < 2.4. We consider the
b-tagging efficiency to be 70%. The leptons have to fulfill pr, > 20 GeV and |n| < 2.4.
The reconstructed Higgs boson from the b quark pair has to reproduce the Higgs boson
mass within a window of 25 GeV, 112.5 GeV < M,;; < 137.5 GeV. We also require
that the missing transverse energy respects E7* > 20 GeV.

As done in the previous subsections, we also add more advanced cuts for this par-
ton level analysis, based on the distributions shown in Fig. 17. The distributions on
the upper left of Fig. 17 correspond to the transverse mass of the lepton pair, being
defined as My = \/2p%fE555(1 — cos Ag(ER™*, £()), where A@(ER™* (() is the angle
between the missing transverse momentum and the transverse momentum of the dilep-
ton system. The distribution of the signal has an endpoint at the value of My. The
distributions on the upper right of Fig.17 represent the angle between the two leptons
projected on the transverse plane, A¢y,4,. The angle is reduced for the signal compared
to the broad distribution of the background. The last distributions on the bottom of
Fig. 17 display the projected missing transverse energy Emss = Emiss sin Ap(ER*s, ()
for Ag(ER*ss () < /2, where A¢(EX*s () is the angle between the missing trans-
verse momentum and the transverse momentum of the nearest lepton candidate. If
AG(ER=s 0) > 7/2, then Epss = Emiss The signal distribution is shifted to the left
compared to the background distribution.

We first require the transverse mass of the lepton pair to be Mr < 125 GeV. We
then remove events which do not satisfy A¢yse, < 1.2 and we also add a constraint on
the angle between the two leptons, A#y,, < 1.0. We demand the missing transverse
energy to fulfill B > 120 GeV and the projected energy to satisfy E7s* < 80 GeV.
Note that the E%”SS distribution displayed in Fig. 17 is obtained after the acceptance
cuts having been applied but before the advanced cuts. The cuts on My, Ay, s, Dby,
and E7*5 modify this distribution and explain why the E7s* cut, which would seem
not to be efficient, actually improves the significance.

The results for the LHC at /s = 14 TeV are summarized in Table 10. While the cuts
allow for an improvement of the significance S/ v/B by about one order of magnitude,
we are still left with a very small signal to background ratio. Thus, this channel using
the final states considered here is not very promising.
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Figure 17: Normalized distributions of Mz, A, and projected missing transverse
energy Emiss for signal and background channels in the bbl;vy, loy;, final states of the
bbW W~ channel.

HH bblyvy, lovy, S/B S/\B

Cross section NLO |[fb] 3.92x 1071 241 x10* 1.63x107° 1.38x 107!
Reconstructed Higgs from bs  6.18 x 1072 1.89 x 10>  3.27 x 1074 2.46 x 107!
Cut on My 6.18. x 1072 1.19x 10> 5.19x107* 3.10 x 107!
Cut on Ady, s, 537x 1072 6.96 x 10! 7.72x107* 3.53 x 107!
Cut on Ay, , 517x 1072 5.65x 100  9.15x 107% 3.77 x 1071
Cut on EIss 8.41x 1073 3.77x 107! 222x107? 7.50 x 1071
Cut on Ejss 459 x 107% 270 x 1072 1.70 x 107* 1.53

Table 10: Cross section values of the H H signal and the considered background expected
at the LHC at /s = 14 TeV, the signal to background ratio S/B and the significance
S/ VB for J£=3000 fb~! in the bbW W~ channel after applying the cuts discussed in
the text.

2.6 Conclusions on the Higgs self-coupling measurement at the
LHC

In this section we have discussed in detail the main Higgs pair production processes
at the LHC, gluon fusion, vector boson fusion, double Higgs-strahlung and associated
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production with a top quark pair. They allow for the determination of the trilinear Higgs
self-coupling Ay gy, which represents a first important step towards the reconstruction
of the Higgs potential and thus the final verification of the Higgs mechanism as the origin
of electroweak symmetry breaking. We have included the important QCD corrections at
NLO to gluon fusion and vector boson fusion and calculated for the first time the NNLO
corrections to double Higgs—strahlung. It turns out that the gluon initiated process to
Z H H production which contributes at NNLO is sizeable in contrast to the single Higgs-
strahlung case. We have discussed in detail the various uncertainties of the different
processes and provided numbers for the cross sections and the total uncertainties at
four c.m. energies, i.e. 8, 14, 33 and 100 TeV. It turns out that they are of the order of
40% in the gluon fusion channel while they are much more limited in the vector bosons
fusion and double Higgs—strahlung processes, i.e. below 10%. Within the SM we also
studied the sensitivities of the double Higgs production processes to the trilinear Higgs
self-coupling in order to get an estimate of how accurately the cross sections have to be
measured in order to extract the Higgs self—interaction with sufficient accuracy.

In a second part we have performed a parton level analysis for the dominant Higgs
pair production process through gluon fusion in different final states which are bby~y,
bbr7 and bbW W~ with the W bosons decaying leptonically. Due to the smallness of
the signal and the large QCD backgrounds the analysis is challenging. The bbW W~
final state leads to a very small signal to background ratio after applying acceptance and
selection cuts so that it is not promising. On the other hand, the significances obtained
in the bbyy and bbr7 final states after cuts are ~ 16 and ~ 9, respectively, with not
too small event numbers. They are thus promising enough to start a real experimental
analysis taking into account detector and hadronization effects, which is beyond the
scope of our work. Performing a first simulation on the detector level for the bbyy state
shows, however, that the prospects are good in case of high luminosities. Taking into
account theoretical and statistical uncertainties and using the sensitivity plot, Fig. 13,
the trilinear Higgs self-coupling Ay py can be expected to be measured within a factor of
two. In order to improve the precision of this measurement, one will certainly need new
experimental facilities. It has been reported [33] that a 50% measurement is expected
from HL-LHC and 13% from linear e~ e* colliders at 1 TeV. One would need even higher
collision energies to improve these last results, with CLIC achieving 10% at 3 TeV and
VLHC achieving 8% at 100 TeV.

These conclusions put an end to the first part of this thesis devoted to the study of
the Higgs boson within the Standard Model of particle physics. There are many reasons
to look for physics Beyond the Standard Model. We now turn to the most motivated
ones, the Supersymmetric Theories.
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3 Introduction to supersymmetry

3.1 A brief historical overview

In the 1960’s there was some effort to merge external symmetries such as Lorentz in-
variance with internal symmetries such as flavor isospin or SU(3) in order to extend
the Poincaré algebra with internal transformations. Nevertheless in 1967, Coleman and
Mandula [163] proved that it is impossible to combine these two kinds of symmetries
assuming only bosonic (integer spin) generators. However, in 1971, Gol’fand and Likht-
man [164| found a way to avoid this no-go theorem, extending the Poincaré algebra
with fermionic (half integer spin) generators. Supersymmetry was born. Few months
later, Ramond and both Neveu and Schwarz 165, 166] succeeded in includind fermions
in string theories, in order to explain the origin of baryons. These were the first two
dimensional supersymmetric models. Four dimensional supersymmetric fields theories
were introduced by Volkov and Akulov [167] in 1973, in a non-linear realization (they
attempted to apply supersymmetry to neutrinos, but it has been shown experimentally
that their theory did not describe correctly interactions at low energy). In the same
year, Wess and Zumino [168| proposed the first linear realization of a supersymmetric
field theory in four dimensions, which is now used in most model-building. Then, Wess,
Zumino, Iliopoulos and Ferrara [169,170] discovered that many divergencies, inherent
to some four-dimensional field theories, go away when we include supersymmetry. Su-
persymmetry became even more attractive thanks to this last feature. Later in 1976,
two independent groups, Freedman, van Nieuwenhuizen and Ferrara [171] on one side
and Deser and Zumino [172] on the other side, discovered by analogy with gauge the-
ories that local supersymmetry could include a description of the gravity, the so-called
supergravity.

As a consequence, phenomenological studies of supersymmetry have been extensively
studied and supersymmetric theories are nowadays considered as the most motivated
ones to look for physics Beyond the Standard Model.

3.2 Quadratic divergence and naturalness

Inspired by the fact that local supersymmetry deals with gravity, many theorists tried to
unify in supergravity models all the particles and interactions. Nevertheless, there is no
evidence for the supersymmetry breaking scale, and no one knows if the new supersym-
metric states (sparticles) should not be as heavy as the Planck scale, Mp ~ 10 GeV,
where one expects to describe gravity. This energy range is commonly accepted to be
the fundamental mass scale in physics, but it is attached to the so called mass hierarchy
problem : why Mp > My,?7 Since the Gravitational constant and the Fermi constant,
Gn/F, scale as 1/M12;,/W7 the latter interrogation translates into : why Gy < Gg ?
And again since in the atom the Newton potential is proportional to Gym?/r and the
Coulomb potential is proportional to e?/r, why the Newton potential is much smaller
than the Coulomb potential? A non-answer is because Mp > My, but why? One could
try to live with it, which means, assume that Mp > My, and accept our ignorance of
what is happening at very large energy scales. Doing so we can for example compute
the bare mass of the electron m®7y. When we start to include radiative corrections at
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one-loop level, the renormalized theoretical mass reads m”" = m® + dm, where dm is
the one-loop corrections. This new contribution is in fact divergent due to Ultra-Violet
(UV) singularities in loop integrals. dm contains a 1/e pole if we consider dimensional
regularization (D = 4 — 2¢). Clearly, the physical explanation of this divergence is
the non validity of our field theory at large energy since gravity is not incorporated.
We then absorb our ignorance into dm and m° which are infinite in order to make
m”°" finite, that is associated to an experimentally measured value. For the electron,
me® = m"" = m° + §m = 0.51 MeV. Thus we need an infinite fine tuning between the
bare mass and the loop corrections.

Nevertheless, we may avoid this infinite fine tuning issue if we trigger the scale
A which bounds the breakdown of our theory. This can be done if we replace our
dimensional regularization approach by a more physical one which introduces in the
loop integrals the cutoff scale A. So let us do that, still considering our example of the
electron. The correction to the electron mass, dmy, induced by photon loop as depicted
by Fig. 18(a) is
A A
Imp ~ / d*k— ~A+mpln — . (3.63)
k3 mpg
In fact we know that in the limit of zero mass, a new symmetry appears : chiral sym-
metry. Then the associated transformation 1) — exp(ia-ys)1) prevents mass terms from
being generated at loop level. So indeed chiral symmetry is broken but in such a way
that this symmetry is restored in the limit where all the fermion masses go to zero.
As a consequence, in this limit, we expect the one-loop mass to be zero, i.e the linear
divergence of Eq. (3.63) should not be there. Radiative corrections are continuously
connected to the chiral sector and consistency in the unbroken limit calls for a purely
logarithmic divergence. So dmprp ~ mplnA/mp and even for large values of A, loop
correction is of the order of mp, dmp < mp, so there is no infinite fine tuning. In that
sense, chiral symmetry protects fermion masses.

What about one-loop radiative correction to gauge boson masses? If we denote by
Mioop the mass of fermions and gauge bosons which propagate in the loops, as shown in
Fig. 18(b),(c), we can write the correction as

Sm? /Ad4k1 A +mj 1 A (3.64)
mg ~ 72 ™ Mygop N —— . :

¢ k2 toop Mioop
Again there is a symmetry which cancels the divergence, quadratic here. Gauge symme-
try, unbroken or spontaneously broken, guarantees that quadratic divergences vanish.

Problems start when we consider radiative corrections to the scalar masses, and for
example the Standard Model Higgs boson mass correction dm?%. Each one-loop diagram
allowed in the Standard Model, as the ones of Fig. 18(d)-(g), gives the same divergent
contributions than in the previous case of gauge bosons loop corrections, except there is
no particular symmetry which cancels the quadratic divergence, thus they remain and

A 2 A 4 1 AQ 2 A
myg ~ d k@ ~ + mloop In Woop (365)
If we set A ~ Mp, the 125 GeV Higgs boson mass becomes much smaller than the
quantum correction (in fact as soon as A 2 1 TeV). As we have seen, this is not an
important problem for renormalization theory since it is always possible to have an
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infinite fine tuning between the divergence and the bare mass. Nevertheless, this finely-
tuned cancellation would have to be repeated order by order in perturbation theory and
this feature is commonly assumed to be unnatural.

The hope is to protect naturally small boson masses m?% = dm? due to a symmetry
principle in analogy to gauge symmetry or chiral symmetry. This symmetry which
cancels quadratic divergence to scalar masses exists, this is supersymmetry. It exploits
the fact that fermion loop diagrams have an opposite sign contribution to the scalar
mass compared to the scalar loop diagrams. The one-loop quantum correction to the
Higgs mass due to fermion is

A2 A 1
6Om? = 8_752 { — A% 4 Gm%mm—p — 2m%] +0 (F) , (3.66)

to be compared to the scalar particle contribution which is

A A Y- A 1
(8),,2 _ S | _ A2 2 N As 2] A =
O¥my 602 [ A+ 2m51n(m5)} =k { 1+ 2ln<ms)} +0 <A2> (3.67)

Consequently, in a supersymmetric theory with twice more scalars than fermions and

with Yukawa couplings satisfying A\g = —\%, the Higgs boson mass quadratic divergences
vanish. Only remains logarithmic (naturally) small corrections
s )\2 A mg 1

The hierarchy and the naturalness problems are practically solved. In the case of exact
supersymmetry, mg = mp there is no divergence at all since the logarithmic divergences
also cancel.

(d)

Figure 18: One-loop quantum corrections to fermion, gauge boson and scalar mass.
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3.3 The gauge coupling unification

In the Standard Model all the interactions, strong, weak and electromagnetic are de-
scribed through a symmetry group which introduces a coupling constant. At the begin-
ning of this manuscript, when we introduced the electroweak theory, we have seen that
the weak interactions and the electromagnetic interactions are partially unified since the
electroweak interactions are described by the gauge group SU(2), x U(1)y but we still
need two coupling constants. In the paradigm of Grand Unified Theory (GUT), the SM
gauge group would be a subset of a higher symmetry (for example SU(5), SO(10) or
E(6)) realized at higher energies. In this framework all the SM gauge couplings could
converge toward a common value at high energies, this is the gauge coupling unification.

Gauge couplings are renormalized quantities consequently they run with the energy
scale. The running proceeds through quantum loop corrections and is described by the
Renormalization Group Equations. At the one-loop level, the evolution of the coupling
constants gsu(s)c, gsv(2), and gu(n, are given by

d 1
= —gx = —bxg} 3.69
PBx = 20x = 1o 5bx9x (3.69)
with ¢ = InQ), @ being the renormalization scale. Historically, the gy (1), coupling is
rescaled in order to match with the covariant derivative of the grand unification gauge

group SU(5) or SO(10) i.e gu(1), = +/5/3¢". The by coefficients are

41 19
(buyy» bsu),, bsu)e) = | == ——= =7 - (3.70)
100 6
It is useful to express the previous equations in terms of ax = g% /(4)
d bx
BX - EO‘X - _% (371)

In the left panel of Fig.11 we show the running of the SM coupling constants between the
weak scale and the Planck scale, and we note that there is no accidental unification of the
gauge couplings. However in the Minimal Supersymmetric extension of the Standard
Model the larger particle spectrum will induce new quantum loop effects and then
modifications of the SM gauge coupling runnings. Within the MSSM the by coefficients
read

33
(bu(1yy» bsu@), > bsu@)e) = (37 1, —3> : (3.72)

In the right panel of Fig.11 we show the running of the SM coupling constants between
the weak scale and the Planck scale in the framework of the MSSM and they do unify
at an energy scale, the GUT scale, of Mgyr ~ 2 x 10'6 GeV.

In the next part of this thesis we will come back to this Grand Unified Theory
paradigm in the context of Non-Thermal-Dark Matter (NETDM) model which has been
elaborated during this PhD thesis.

3.4 The dark matter

We should not close the motivation paragraph for supersymmetry without mentioning
its dark matter solution. Even if the dark matter subject will be largely covered in the
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Table 11: Standard Model gauge couplings running from the weak scale up to the Planck
scale within the SM (left) and within the MSSM framework (right).

next part, we should advocate here that Supersymmetric Theories offer interesting dark
matter candidates. The WMAP satellite measured that the baryonic luminous matter
represents only ~ 5% of the matter of the universe, ~ 23% being dark matter and the
remaining ~ 72% is what is called the dark energy. This dark matter component of the
universe could correspond to a new particle species which is electrically neutral, weakly
interacting and stable. Furthermore, in order to be compatible with the formation of
the Astrophysical structures as the galaxies, this particle should be relatively massive.
In the Minimal Supersymmetric extension of the Standard Model, if one imposes a new
conservation law being the R-parity (in order to ensure the proton stability) a natural
dark matter candidate arises. It corresponds to the Lightest Supersymmetric Particle or
LSP and it is a mixture of the superpartners of the weak bosons and the Higgs bosons,
it is called the neutralino. Even if it is the most popular supersymmetric dark matter
candidate we should also mention others as the sneutrino and the graviton in models of
supergravity.
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4 Theoretical structure of a supersymmetric theory

4.1 From symmetries in physics to the Poincaré superalgebra

For a given system, a symmetry is a group of transformations that leaves its Lagrangian
invariant. For example in electrodynamics the Dirac Lagrangian

Lp = ¢(x)(in" 0y — m)(x) (4.73)

is invariant under the U(1) global symmetry which acts on the vectorial space composed
by the physical states as follow

U(@) > (@) = e (), (4.74)
U(@) > ¥(e) = (). (4.75)
Here the global U(1) symmetry does not depend on the time-space, the symmetry is
called an internal symmetry. The reason why symmetries are crucial is that each con-
tinuous symmetry is associated to a conserved quantity (Noether theorem) and nature
follows many of them. Many systems respect rotational and translational symmetry in
our apparent three-dimensional space i.e their Lagrangian is invariant under the trans-
formation

Fo @ =ROVI+a (4.76)

—

with R(f) € SO(3) and @ is a translational vector. In quantum physics, a wave function
transforms under a spatial transformation R, as

R
r — 7
(Z) = Y(RT) = Rp(7) v Lo (4.77)
V(@) — V()
R
And more explicitly for a particular order of the transformations
B(T) = (F) = e8P 10T yy(7) (4.78)

with P and J generators respectively of the translations and the rotations which satisfy
the commutation relations

[Piv PJ] = 0,
i, ;] = ey
[P, J;] = iejiPr . (4.79)

But in fact we know that we can enlarge this last symmetry group. Quantum Field The-
ory is built on the Poincaré group which consists of mixture of Lorentz transformations
and translations defined by

= " = ot + W, + o (4.80)
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where now x# = (¢,Z) are the coordinates in the Minkowski space-time. In order to
fully define an arbitrary Poincaré transformation we need the following ingredients

- 3 boost parameters

. antisymmetric tensor : w* = —w"#
- 3 rotation angles

6 Lorentz parameters: {

4 translation parameters: a*

The Lorentz transformations involve six generators that we write in terms of an antisym-
metric tensor M?”. The translation involves four generators P”, one for each direction.
M?? is only, the generalization in four-dimensions of the angular momentum J and P?
is the natural generalization of the classical momentum. Of course, the explicit form of
the generators depends on the nature of the field they act on :

for 0 spin field : M?° = (2?07 — 2°0°), PP =40,
for 1/2 spin field : M?” = i(2°9° — 2°0°) + % [#,~7] PP = id” . (4.81)

We can write down the transformation (assuming here a specific ordering) of a field as

U(z) = U(z) = @ Fres" Moo (1) (4.82)
The Poincaré algebra is thus defined by the commutation relations between the gener-
ators M*° and P? and by the metric ¢ (with the (+, —, —, —) signature)
[PP,P°] = 0,
[M},LV7 Mpa] — _Z'(gule/a + gVO'MVp o gVO'MVp o gupMuU) ’
(PP, M"°] = i(¢?P° — g P"). (4.83)

Finally, what have we really done to enlarge our primordial symmetry group to the
Poincaré group? In fact, we have increased the number of dimension of our classical
three-dimensional vectorial space by introducing a fourth coordinate, the time ¢. In
doing so, we have enlarged the symmetry group of the spatial rotations and translations
composed of 6 generators to a symmetry group of 10 generators that take now into
account space and time. A natural question appears, could we enlarge this new sym-
metry group in order to find a more fundamental symmetry group respected by nature?
The symmetry can indeed be extended and it is exactly what gauge theories do. For
example, in the case of a SU(N) gauge group (N? — 1 generators noted T°), we can
write a gauge transformation as

U(@) = ¢ (2) = (). (4.84)

So, we can add these new generators to the Poincaré algebra but such an extension is
trivial since all the gauge generators commute with the Poincaré algebra generators

[Ta, Tb} — Z'fabcTc ’
[T MP°] = 0,
[T*, Pl = 0. (4.85)
This means that we can write the new extended symmetry group as the extended direct

product
Extended symmetry group = Poincaré group ® Gauge group (4.86)
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Such extensions are quite limited but not less successful to describe particle interactions.
Could we extend the Poincaré symmetry in a non trivial way, such that the added
generators do not commute with (i.e mix) with the Poincaré algebra ones? The Coleman-
Mandula no-go theorem [163| concludes that the most general Lie algebra of symmetries,
in interacting relativistic Quantum Field Theory, contains the Poincaré algebra (M7
and P,) in direct product with a finite number of Lorentz scalar operators (such as
those of a gauge symmetry). P?, M*” and T do not change the spin of the state they
act on, so they are bosonic type of generators. We can indeed imagine generators, ), ,
which change the spin of the state they act on by % These spinors would then introduce
supersymmetry transformation which turns a bosonic state into a fermionic state and
vice-versa, schematized by

Qa|boson) = |fermion),, @Q,|fermion)® = |boson) . (4.87)

These spinors are anticommutating since they follow the Fermi-Dirac statistics. Further-
more it is possible to avoid the Coleman-Mandula theorem by generalizing the notion
of a Lie algebra to include algebraic systems which are defined by usual Lie commu-
tators but also anticommutators: these new algebras are called graded Lie algebras or
superalgebras. This result constitutes the Haag-Lopuszanski-Sohnius theorem [173]. We
can then extend the Poincaré algebra in a non-trivial way assuming that we have one
Majorana spinor which respects the following superalgebra

{Qa, Qs = 20")apl -

{Qa, Qs} = {Qa, Qs =0,

[Qavpp] = 07

[M*,Qa] = —i(07), Qs , (4.88)

with 07 = (0*6” — 0¥6*) and o* the usual Pauli matrices.

We understand here, why supersymmetry is a nice candidate for physics beyond the
SM. It is the only way to increase the Poincaré symmetry as known to be respected by
nature. This is historically the first motivation for supersymmetry, the solution to the
hierarchy problem being a consequence.

In order to study the phenomenology of such theories we need to learn how to build
a Lagrangian which is invariant under supersymmetric transformations.

4.2 Superfields in superspace

Let us review what we have done so far. We have added the new supersymmetric gener-
ators Q. and Q, to enlarge the Poincaré algebra. By introducing these new generators
we automatically introduce new associate coordinates called Grassmann (anticommut-
ing) variables 6% and #%. So before the Poincaré algebra was the symmetry group of
the vectorial space composed of vectors that we call fields, and generically write ¢ (x)
with o = 2 quadri-vector. Now the super Poincaré algebra is the symmetry group of
the vectorial superspace of coordinate (z*,6%,0%) populated with vectors that we call

superfields, and that we generically write ®(x,0,6).

In order to build a supersymmetric invariant Lagrangian, we first need to find a
representation of the generators. Schematically {Q,Q} ~ P i.e Q? is a translation in
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space-time and thus it might be possible to express ) in terms of differential oper-
ators since P, = i0,. To make things clear, let us consider a pure supersymmetric
transformation

G(0,¢, Q) = ¢ Qattaqa) (4.89)

If we combine two of such transformations, we obtain, after using the Baker-
Campbell-Hausdorff formula

G(0,¢,0)G(0,0,0) = G(i¢o"0 — i0c"C,( + 0, + 0) (4.90)
This last supersymmetric transformation transforms the superspace as
(2,0,0) — (" +iCo"0 — i, +0,( +0) (4.91)

and transforms a vector of this superspace, a superfield, as

D(x,0,0) — e "0t H (1 0, h)
= O(z" 4 iCo"0 — i05"C, ¢ + 6, + ) (4.92)
if we make a Taylor expansion around (z, 6, 0)
D + (i€o"0 — 05" ()0, P + (*00® — (0% = D — i((*Qp + (L, QA) P (4.93)

We obtain by identification of the two sides what we were looking for, i.e differential
expressions of the fermionic charges

Qo = 0o — 045004 ,
Qd = —igd + Gaagdﬁu . (494)

We can expand the most general superfield ®(z,6,0) in # and 6

O(x,0,0) = C(z)+0¢(x) + _e’_qz’(x) + (09) F(x) + (00)F'(z) + 05" 0v,,(x)

+(00)0X () + (00)0X(z) + (00)(60)D(x) . (4.95)

Notice that any product of 6,0 which contains more than three #/6 terms vanishes
because of Grassmann variable properties ans as a consequence the expansion stops at
finite order. We have now everything to compute superfield transformation under the
previously defined supersymmetric operation

& = ®(iCo"d — i, (+,0,C +0) — D(0,6,0) ,
0@ = —i((Qu + (9N . (4.96)

As a remark, the newly introduced anticommuting numbers ¢,( (or 6,0) play an
important role since they allow to express the supersymmetric algebra entirely in terms
of commutators, we can re-write non commuting part of Eq. (4.88) as

C"Qu,CPQy] = 2¢°(0"),C" P,
[C°Qu("Qs] = |¢°QarC’Qy] = 0 (4.97)



60 THEORETICAL STRUCTURE OF A SUPERSYMMETRIC THEORY

Or in field theory, global continuous symmetry are generated by such transformation
6P = [C*Qu + (4 Q% D] (4.98)

and operators acting on the Hilbert space are linked to the differential operators in the
Heisenberg picture as

[CQu + G4 Q% @] = —i(("Qa + Q%)@ (4.99)
which would lead directly to the result of Eq. 4.96.

Coming back to our superfield, we see that the most general superfield contains :

e Four Weyl spinors : ¥, ¢, A and X\,
e Four scalar fields: C, F, F' and D,

e One vector field : v.

We will not use this supermultiplet as an elementary piece to build a supersymmetric
Lagrangian. Smaller particle content superfields might be used as chiral and vector
superfields.

4.2.1 Chiral superfieds

A left-handed chiral superfield y satisfies by definition the condition Dsx = 0, defining
the covariant derivative as B B
Dy = 04 —10%0t 0, . (4.100)

The most general left-handed chiral superfield can be expanded in function of x, 6§ and
0 as

X(x,0,0) = o(x) + V20(x) — i05"00,p(x) + %99@@[1(96)0“9

—%9855@“@@@) —00F(x) . (4.101)

Generically, it contains :

e One Weyl spinor : ¢

e Two scalar fields: ¢, F'

The spinor ¢ will be the left-handed quarks and leptons of the SM, and the new
scalar field ¢ will be their supersymmetric partners, the squarks and sleptons. We will
see later that the F' scalar field, which has an unusual mass dimension of two, is not
physical.

We can explicit the transformations of these new fields
bp = V2,
51/}01 = _\/§FC04 - i\/éUgaétd 1P
OF = —iv20,00"C = 8,(—ivV200"() . (4.102)



4.2 - Superfields in superspace 61

Without any surprises, the variation of the bosonic (fermionic) fields are proportional to
the fermionic (bosonic) fields. The scalar field F' has the particularity to be proportional
to a total derivative. Similarly, we can obtain right-handed chiral field as the hermitian
conjugate of the left-handed chiral field.

4.2.2 Vector superfields

In order to describe the gauge bosons of the SM, we also introduce the vector superfield
V. By definition it satisfies the supersymmetric invariant constraint

V(z,0,0) =VT(x,0,0) . (4.103)
We can expand it in terms of several constituent fields
V(z,0,0) = c(z) + i0k(z) — i0F(z) + 00" 0v,(z) + i(00)N () — i0ON'(z)
+ i000(\(z) + %a,m(x)a“) —i000(\(z) — %a“@um(x))

+ %999_0_(D(a:) — %8“@0(:6)) (4.104)

v is the vector field that we were looking for and represents gauge bosons in supersym-
metric prolongation of the SM. We also have scalar fields, ¢, N and D and fermion fields
k and A but only k is physical.

As in the case of the left-handed chiral superfield, the D-term has a total derivative
under supersymmetric transformation

6D = (oI N(x) + O\ ()¢ = 9,(CotM(x) + M(z)o"() . (4.105)

We will explain and use later this important feature.

4.2.3 Particles in superfields

Now, the classical particle physics fields are components of a superfield. Because it
contains too much component fields, we have constructed three different superfields
that verify three different constraint relations. We have obtained the left-handed chiral
superfield, the right-handed chiral superfield and the vector superfield.

If we want to expand, accordingly to supersymmetry, the Quantum Electro Dynamic
theory, we should promote the left (right)-handed electron field into a left (right)-handed
chiral superfield. By doing so, we automatically introduce the scalar partners called
selectrons. We promote also the photon field into a vector superfield which introduces
its fermionic partners, the photinos. A priori, we would need the following fields to write
a supersymmetric Lagrangian

Left-handed fermions: vy € xy =
Right-handed fermions: @f € XJ}

(oy, ¥

(y. ¥
Gauge bosons: v* €V = (v,
Higgs bosons: 5, € Y1 (n,
(o5,

ohEXL =
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As a remark, N = 1 supersymmetric theories keep the left-handed and the right-
handed fermions in separate superfields. For N > 1 theories the superfields embed
left-handed and right-handed fermions in a same supermultiplet: this is, a priori, a
difficulty to solve since these fields transforms differently under the gauge transformation
of SU(2).. Obviously it is still possible to break such realization in order to recover
N =1 supersymmetry at lower energy scale. This tells us why N = 1 supersymmetric
scenario are preferentially used in phenomenology.

We now derive a Lagrangian which is invariant under supersymmetric transforma-
tions.

4.3 A simple supersymmetric Lagrangian : The Wess-Zumino
model

As we have shown before, the F-term of a chiral superfield and the D-term of a vector
superfield transform under supersymmetry as themselves plus a total derivative. Obvi-
ously the action is not changed if the Lagrangian switches from a total derivative. Thus
using only D and F-terms we would be sure to have a supersymmetric invariant theory.

We will discuss how to build kinetic and interacting terms and build a Lagrangian
invariant under supersymmetric transformations with only one chiral superfield, thus
one scalar, one fermion and its conjugate field.

Kinetic terms for fermion and scalar fields

We first need terms like (9,¢)(0*¢)" which can only come from combinations of yy
term. This last is clearly a vector superfield since (xx')" = xx!. The kinetic term we
are looking for is in the D-term of xx, we get

Liin = / d*9d*0xix| = [Xz’X;'r]

0060
= FIF 4 0,0)(@0"9)! + 00" (0,0) = 5@)0™0 . (4.106)

As we were expecting it, the D-term contains the propagating term of both the scalar
field ¢ and the fermionic field .

Interacting terms between fermion and scalar fields

An important remark is that a product of left(right)-handed chiral superfield is a
left(right)-handed chiral superfield. On that basis, we introduce interactions between
component fields of chiral superfields through the superpotential which is defined as

1 1
Wxi) = aixi + 5 Mg XiX; + 3y YitkXiX i Xk (4.107)
with a;,m;; and y;;, some constants. The F-terms of this superpoptential lead to the
interacting lagrangian

(4.108)

00

Lo = [ EOW )+ [ POV = W0l + WD)
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We should notice that we cannot add to the superpotential terms with higher power
of x in order to keep renormalizability. In our example (the Wess-Zumino model) of a
single chiral superfield, the interacting Lagrangian reads

Lini = —aF —meF — %w@b — %gpgpF — %ap(w@b) + h.c. (4.109)

Previously we have stated that the F field was not physical, we notice here that we do
not have any kinetic term for this field. Using its Euler-Lagrange equation we can then
eliminate this auxiliary field.

Finally, we can express the total Lagrangian as
(Out)ot'p

Yy m m*y
—|m|*pp! — T@WW —(F¥ + =

and also in function of the superpotential which fixes all the masses (notice that scalar
and fermion fields share the same mass) and all the interactions

L= (00)(09)! + S0o" (0,0)

’ 2

l
2

PP + ggmw Y he) (4110)

L = @u)@) + 500"(0,0) — 5(00)"S
oW (p) |2 W () PWip) - -
_‘ 5|~ o Wi — WW . (4.111)

4.4 Supersymmetric gauge theories

Now that we have a supersymmetric description of matter fields we should generalize
the concept of gauge fields. As we have seen before, in order to include vector bosons
we will have to introduce vector superfields.

We first study a global U(1) symmetry and remark that the kinetic term of the Wess-
Zumino Lagrangian, [Xz‘X” _, studied previously is invariant under a global transfor-
0660

mation defined by y — x’ = ey, with A a real constant. This asset does not remain
correct if A depends on the coordinates of the superspace i.e the transformation is local.
In usual field theory it is possible to restore local gauge invariance by replacing partial
derivatives with covariant derivatives involving gauge fields. In our supersymmetric ap-
proach we proceed in a similar way. If we introduce a vector superfield which transforms
under the gauge transformation as

eV — e M (@) gV ir@) (4.112)
then the term yTe"y is locally gauge invariant. Finally we simply need to replace our
global invariant term, XiXI ., by [Xievxj»] __ to impose local gauge invariance in

0668 0660

addition to supersymmetry.

The last thing we should perform is to introduce the dynamics of the vector super-
fields. In a specific choice of gauge, which is the generalization of the unitarity gauge
and is called the Wess-Zumino gauge, the vector superfield reads

V = 00"0v,(z) + i(00)0\(z) — i(00)0\(z) + %(96)(55)D(:p) : (4.113)
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In this gauge, the physical fields remain: the gauge field v and the fermionic field (called
gaugino) A. The D-term, D, is the only non physical field which is still present. The
equivalent of the standard field strength tensor v,, = 0,v, — d,v, is defined (in the
abelian gauge theory case) through the following left-handed and right-handed chiral
superfields

1 - _.
W, = —Z(DdDa)DaV
W, = —i(DaDa)DdV : (4.114)

As seen before, the F-terms of WW,, and WW,, are supersymmetric. We can show
that they contain the kinetic terms of the vector fields and the fermion fields that we
were looking for

1

L= 4 (W Wa 90+W Wa éé)
1 ; - 1
= SD*- %(@A)aw + %Aa“(aMA) — " (4.115)

As in the chiral case, the auxiliary field D can be eliminated through its equation of
motion and contributes to the scalar potential without altering the definite positive asset
of the last one.

4.5 Complete supersymmetric Lagrangian

We now have everything to build the most general (renormalizable) supersymmetric La-
grangian which is invariant under a gauge group defined by [Ta, T/B} = i f*87T7. Notice
that up to now, we have worked with an abelian gauge group, but the generalization to
an non abelian group is straightforward. In all generality, we can write

1 -

L = 4([WaWa]99+[WaWa}

tr 29V
Xi ( )]XJ 0060

FIV O+ WG] (1.116)

éé)

We can also express this Lagrangian in terms of the component fields of the chiral
superfields x; = (s, 1;) and the vector superfields V,, = (v, \a)

1 ] _
L = _Zva,ﬂyvgwEAQO—#(D#AQ)M.C}

+(D“SOZ)T(D“Q01) + |:%¢ZO"U'(D“77Z;Z) + hC:| — [\/iigﬁiS\aTa’ijgoj — hC]

10°W (¢;)
| = by — hee| — V(s of 4.117
5 oty = he| = Vi) (4.117)
with the most general superpotential
1 1
W (i) = aip; + SMjpip; + S YiikPiPji Pk (4.118)

2 3
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with a;, m;; and y;;, determined by the gauge invariance. The scalar potential (for
completeness we have included the Fayet-Iliopoulos contributions 7, ) reads

1

Vigig)) = FIFi+ 5(Da)* =)

W (i)

i

2
1 2
T 2 Z (WITw‘j%‘ + %) (4.119)

i
and the covariant derivatives are

Dda = Ouda —igf*ug ), ,
Dugpi = augpz + igva,uTa,ij(pj s
Dby = 0 +1gvaTaijiby - (4.120)

We should keep in mind the key role played by the superpotential. Indeed it controls the
shape of the scalar potential which is of prime interest when we study the spontaneous
electroweak symmetry breaking.

4.6 Supersymmetry breaking

We just have seen that in case of exact supersymmetry, all the physical fields of a given
superfield have the same mass. Thus the newly introduced superpartners have the same
mass than their corresponding Standard Model particles. Since experimentally it has
not been observed accessible superpartners such as the selectron (scalar superpartner
of the electron) this means that if supersymmetry is realized in nature, it is broken.
We will then study how to break supersymmetry in order to give a larger mass to the
superpartners, which would explain why we do not observe them.

4.6.1 Spontaneous supersymmetry breaking

In the Standard Model we already encountered this kind of issue. Indeed gauge sym-
metries mean that associated vector bosons are massless which is experimentally not
the case. As we have already seen, this inconsistency is solved by the spontaneous
electroweak symmetry breaking meaning that the vacuum will stop to be invariant un-
der gauge symmetry even if the theory is still gauge invariant. Consequently, the gauge
bosons get their mass and “gauge symmetry is preserve”. One would also expect that the
supersymmetry is spontaneously broken, i.e at one energy scale, only the ground state
stops to be invariant under supersymmetry. If we look at the Hamiltonian associated
to a supersymmetric algebra

H = 1(QuQu +Qu@0) (4.121)

we realize that this operator is positive definite i.e for any state W, (V|H|W¥) > 0.
Therefore, any state |0) which satisfies (0|H|0) = 0 is necessarily a global vacuum
and satisfies Q,]0) = Q4|0) = 0, meaning the state is supersymmetric. Reciprocally,
if supersymmetry is exact, the vacuum |0) is invariant under supersymmetry which
implies Q,|0) = Q4|0) = 0 and then (0|H|0) = 0. Now, if we spontaneously break
supersymmetry the vacuum must have a non-vanishing energy @Q,|0) # 0 < (0|H|0) >
0, which means that if we neglect space-time dependent effects and fermion condensates,
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(0|H]0) = (0|V'|0) > 0, where V (¢, gpj) = F'F,+ 2(D,)? is the scalar potential that we
have previously obtained. In conclusion, spontaneous supersymmetry breaking can only
occur if all the F-terms and all the D-terms do not vanish simultaneously. A breaking
through F-terms is called the O’Raifeartaigh mechanism [174]|. A breaking through D-
terms is called the Fayet-Tliopoulos mechanism [175]. Only F-terms can spontaneously
break non-abelian gauge supersymmetric theories.

4.6.2 The Goldstone fermions problem and the supertrace constraint

We have just seen that in order to spontaneously break supersymmetry we need to break
fermionic generators (Q,]0) # 0), so in comparison with the Standard Higgs mechanism
one should expect the presence of Goldstone which are fermions. Indeed when scalars
get a non vanishing value in the vacuum, we can derive the mass matrix of the fermions
in the basis (15,1v/2)\,) looking at the fermions couplings

- 1 0*W
V2ig{0}) T ijthira — 20000, ( Yy + h.c.
k)
1 82W . * Ta . '
= —5( Wi V2 ) ( 06i9%i | () 909 1o ) ( .\/%JA )+h.c(4.122)
—9(07) T 0 Ve

However this fermion mass matrix also appears when we express the minimization con-
dition for the scalar potential

ov B *W
dp; &Pz‘a%

F/ = g(})TojiDa = 0 . (4.123)
(Pk)

Adding the fact that the superpotential is gauge invariant (F} [g(p])Th.i;] = 0) we get

the condition
02W * 1
_ k Ta ” 9
edes |y 90 T < g ) _ ( 8 ) - (4.124)
— () T 0 °

As a matter of fact, if supersymmetry is spontaneously broken, (F;, D,) # (0,0),
then the fermion mass matrix has a vanishing eigenvalue, and the corresponding
state, Vg = (F;){; — \/Lé)‘a is the Goldstone fermion (also called Goldstino), super-
symmetric version of the Goldstone boson. This massless fermion, if physical, would
be a huge problem. A possible solution would be to gauge supersymmetry, as done in
supergravity. Nevertheless these theories which incorporate gravity are not renormaliz-
able.

It also exists another strong constraint which disfavour spontaneously broken super-
symmetry. If we inspect the traces of the scalar, fermion and vector squared matrices
one can deduce the supertrace sum-rule formula

sTr [M?] = Tr [M§] — 2T [M3 5] + 3Tr [M?T] = —2¢*Tx(T,,) (D) (4.125)
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with the squared mass matrices defined by the following expressions

1 * o
= =g [Co M (F) (o) M (§) o]

0%V 9%V
2 _ Op; 00y, Op;Op,
Mo - 0’V 9’V

0p30¢py  Opi0p

(m)
M%aﬂ _ 292(@TTa)i(Tﬁ¢)i{<wm> . (4.126)

This sum-rule imposes that some superparticles are still unacceptably light, therefore
we conclude that it is not possible to break supersymmetry directly in the visible sector
(supposed to be a supersymmetric standard model). Generally, supersymmetry breaking
is assumed to occur at high energy in a hidden sector which couples to the visible sector
through messengers. The breaking is then mediated to the standard sector by effective
soft-terms at some (TeV 7) scale which affect the low energy theory through loop effects.

4.6.3 Mediation of supersymmetry breaking

In the following we will shortly review the most popular mechanisms used to break
supersymmetry in a hidden sector as Gravity Mediated Supersymmetry Breaking, Gauge
Mediated Supersymmetry Breaking and Anomaly Mediation Supersymmetry Breaking.

Gravity Mediation

When gravitational effects mediate the breaking of supersymmetry, we deal with
Gravity Mediation Supersymmetry Breaking. The hidden sector will be described by a
gauge singlet (gravitational) supermultiplet (X, 1y, Fix) which will trigger the breaking,
and a multiplet which contains the spin 2 graviton together with the spin 3/2 gravitino.
On the other side, the visible sector will be described by a set of chiral superfields
(i, i, ;). When the supersymmetry is not broken the graviton and the gravitino have
a vanishing mass. When the supersymmetry is spontaneously broken in the hidden
sector we have the analogue of the Higgs mechanism, which is called super-Higgs mech-
anism. The graviton gets a mass by absorbing the degree of freedom of the goldstino,
which is related to the vacuum expectation value of the auxiliary field Fly. In super-
gravity, we have to add to the superpotential, W = W, (p;) + W.(X) (we distinguish
the contribution from the visible sector and the one from the hidden sector), the Kéller
potential K = ¢fp;, + X*X. Here we have considered only diagonal kinetic terms for
the chiral superfields PK 6; This assumption is known as minimal supergravity

) 9o 00T
(mSUGRA). If we havssilﬁ?following relations in the vacuum
(X) = whMp, (W) = 2 M2, <68V)V(> — 2 Mp (4.127)
After imposing (V') = 0 we get
2’ + 2w ]? = 3|zf?,
KEol |z|elv /2 (4.128)

m =
3/2 My
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One can obtain the lower order in 1/Mp expansion of the scalar potential

I,k 2 ok
+(l‘ i —3)Wc+h.c.
(or) z

(4.129)
We see that in mSUGRA, myg/, is the only one relevant parameter which triggers the
supersymmetry breaking: all the soft-terms are related to this variable. We remark
that there is no gaugino mass in mSUGRA at tree-level. They appear with radiative
corrections and are proportional to ms/s.

ow,,
i

+m 2(,01@ +m SO Y

V:

(or)

Gauge Mediation

Supersymmetry might be broken through messengers which connect the hidden sec-
tor and the visible sector by gauge interactions. In Gauge Mediation Supersymmetry
Breaking (GMSB), the breaking scale is generally much smaller than the Planck scale
and the soft breaking terms will be entirely generated by radiative correction effects.
Basically, we introduce a set of chiral superfields charged under the Standard Model
gauge group (SU(3)c x SU(2)r, x U(1)y), ¢(q) which contain the quark-like fermion 1),
(1,) and the associated scalar, [(I) which contain the lepton-like fermion v, (¢;) and the
associated scalar. Because we have not discovered such species so far, they have to be
quite massive. We can accommodate this if they have couplings with a chiral superfield
which is a gauge singlet (we call it S) as

Win = Y45XaXq + yr5Xix1 (4.130)

where the scalar component of S and its auxiliary field have a non-vanishing value in
the vacuum i.e (S), (Fs) # 0. We then obtain mass terms for the fermion messengers

¢q7 ¢q7 ¢la ¢l

Ly = =y (S)gtg — yi(S)thith + hec. . (4.131)
and for the scalar messengers ¢, q, 1,
Vi = lua(S)F lal” + 1a*) + (S (17 + 11%)
—(Yq(Fs)qq + yi(Fs)ll + h.c.) (4.132)

We can then compute the eigenvalues of the several fermion, scalar mass matrices which
are obtained from the previous equations. As a consequence of supersymmetry breaking,
scalar and fermion masses inside a same messenger multiplet are shifted

Xat my, = yg(S)P, mg = yg(S)I” = lye(Fs)l ,
xeo my, =S mi =S £ lu(Fs)| . (4.133)
This mass-splitting will mediate supersymmetry breaking to the visible sector through

loop corrections which involve gauge couplings. The gauginos (fermion component of a
vector superfield) acquire a mass at one-loop

_ g (Fs)
7 4m(S)

The scalars of the visible sector do not have any correction at the one-loop level. The
first contributions arise at two-loops, the scalar masses are then

m2 =2 <<<FTS>>)2 [(Z‘—;)Q Cf + (Z‘—DQ C + <Z_71r>2 Cf’} (4.135)

(4.134)
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where Cf are the Casimir invariants of the considered gauge group.

Anomaly Mediation

Anomaly Mediation Supersymmetry Breaking (AMSB) occurs when supersymmetry
breaking is mediated to the visible sector through loop effects related to anomalous
rescaling violations. In particular gaugino masses are directly produced by this mecha-
nism.

4.6.4 Break supersymmetry, but softly

Up to now we have talked about spontaneous supersymmetry breaking in a hidden sector
which propagates to the visible sector. We should not forget that one of the main feature
of supersymmetric theory was to cure the problem of quadratic divergences as we have
seen previously. The breaking terms which arise in the standard sector should not spoil
the cancellation of quadratic divergences: such terms are called soft supersymmetry
breaking terms. In order to give a general form to these allowed soft terms, let us look
at the scalar potential at one loop in function of the cutoff of the theory, A

2

3272

oV = sTrM?(ip;) + sTrM*(p;) In (MQ(%)) (4.136)

6472 A2

where we reintroduce the definition given in Eq. (4.125), 4.126. If we do not want to
add any new divergent contributions to sTrM?2, here are the acceptable terms

e Scalar mass pu*% @i which gives a constant contribution to TrM3.

e Holomorphic polynomial function of scalar fields of the form V.5 = N; +
mT”QOiSOj + y;_J!kSOZ'QOjQOk + h.c. which only gives off-diagonal contributions to MZ.

¢ Gaugino mass —%M *$X,As which only gives constant contribution to TrM? /2
(contrary to chiral fermion mass terms).

Consequently, we can write the most general soft breaking Lagrangian as

i ijk

ij, . x i m Y Lo
['soft = /LQ’ ]@i@j + ()\ w; + 7901‘90]‘ + ?901'30]'80]@ + hC) — §M ﬁ)\a)\g(él.l?)'?)
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5 The Minimal Supersymmetric Standard Model

5.1 The Lagrangian of the MSSM

A supersymmetric version of the Standard Model has been motivated to naturally set
the electroweak scale compared to the Planck scale. The study of the spontaneous
supersymmetry breaking told us that new ingredients are needed and that a minimal
model can only be an effective description. The Minimal Supersymmetric Standard
Model is this effective description.

5.1.1 Field content

A first step is to promote each fermionic field of the Standard Model to a chiral superfield
identically charged under the gauge group (SU(3)¢ x SU(2)r, x U(1l)y). By doing
so, we introduce (in the same representation of the symmetry group) a new scalar
partner (a sfermion) to each quark and lepton, that we respectively call squark and
slepton. Similarly, each gauge boson of the Standard Model is promoted to a vector
superfield. Therefore we introduce (in the adjoint representation of the gauge group)
new fermionic partners (gauginos) to the gauge bosons. We call them gluinos in the case
of SU(3)¢, winos for SU(2);, and bino for U(1)y. We should specify that these new
fermions are Weyl spinors (or Majorana spinors in four-component notation) contrary
to Standard Model fermions which are Dirac spinors. Finally we promote the Higgs
boson to not one, but two chiral superfields. Indeed, in the Standard Model it is a
coincidence if we only need one Higgs doublet to give rise mass to up and down-type
components. This is because the fundamental representation of SU(2) coincides with its
adjoint, thus allowing to replace the first Higgs doublet by its conjugate, reducing the
a priori required number of Higgs doublets. This reduction is not anymore possible in
supersymmetry. Firstly, higgsinos (superpartners of the scalar Higgs) are also SU(2),
doublet with hypercharge £1. If we introduce only one of these two chiral superfields
we would not have anymore a vanishing chiral anomaly because of these new fermionic
contributions to it. With two Higgs supermultiplets which have opposite hypercharge
we keep a vanishing anomaly. Secondly, the fermionic mass terms originate from the
superpotential which has the property to be holomorphic i.e it does not depend on both
the Higgs field and its conjugate. Again we need two Higgs superfields that couple
separately to the up and down-type component, thus with opposite hypercharge. We
then have a larger Higgs sector with fermionic partners which will mix with some of the
gauginos to produce charginos and neutralinos. We summarize the situation by giving
the minimal particle content in Table 12 (for chiral supefields) and in Table 13 (for
vector superfields).

5.1.2 The Lagrangian

With our choice of minimal gauge group and of minimal field content, we can write the
associated Lagrangian. The kinetic part of these fields can be derived exactly as we have
done previously. We will focus here on the interacting part between matter fields of the
theory. The most general superpotential i.e at most cubic holomorphic function of the
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| Multiplet | Notation | scalar | spinor | (SU(3)c, SU(2)1,Uy (1)) |
Q (UL,dL) (UL,dL) §3727 %)
(s)quarks U i, uly (3,1, -3)
D dl, dly (3,1,3%)
L (7,¢1) (v.ec) (1,2,-1)
s)leptons ~
L H, (ht, hY) (ht, hY) (1,2,1)
h u tu uo Tt 7
iggs(inos) H, (hY, h7) (R9, ) (1,2,-1)

Table 12: Chiral superfields of the MSSM with their particle content. For simplicity we
do not write explicitly an additional family index

| Multiplet | Notation | spinor | vector [ (SU(3)c,SU(2).,Uy(1)) |
gluinos & gluons G g g (8,1,0)
winos & W-bosons W W Wwo | wt wo (1,3,0)
bino & B-boson B B B (1,1,0)

Table 13: Vector superfields of the MSSM with their particle content. For simplicity we
do not explicit their number index.

supermultiplets (higher terms lead to a non-renormalizable theory) invariant under the
SM gauge group is

W = IUHqu + yuU(QHu) - ydD(QHd) - yeE(L'Hd)
+ALE(L.L) + Ny D(L.Q) + Xy L.H, + Ny E(Hy.H,)
+ApUDD (5.138)

were we drop family and gauge indices. y,,yq4 and y., are the Yukawa 3 x 3 matrices and
the product of SU(2),, doublet “.” means A.B = € A; B; with € the Levi-Civita symbol.
The last two lines are problematic since they violate lepton and baryon numbers. They
lead to fast proton decay i.e serious problems. To enforce lepton and baryon conserva-
tion number by hand, a simple way is to introduce a quantum discrete multiplicative
symmetry called R-parity. It is defined in terms of the lepton number L, the baryon
number B and the spin, s, of the particle it acts on

R = (—1)k38+2s (5.139)

All the SM particles have R = 1 contrary to all their superpartners which have R = —1.
An important phenomenological feature is that sparticles are always pair produced, then
they always decay in a odd number of sparticles that ensures the lightest one (called
LSP) to be absolutely stable. Imposing this new discrete symmetry, we obtain the
following MSSM superpotential

WMSSM = ,LLHUHd + yuU<QHu) — ydD<QHd) — yeE<LHd) . (5140)

The first u-term is both a mass term for the Higgs doublets and a mixing mass term for
the higgsinos. The last terms include the generic Yukawa couplings for fermions, the new
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interactions between the fermions and sfermions and also new contributions to the scalar
potential. Finally, we have to introduce the soft supersymmetry breaking terms which
explicitly break supersymmetry. As we have seen before, they can be interpreted as
quadratically safe reminiscences of spontaneous symmetry breaking which has occurred
in a hidden sector after being mediated to the visible sector. In a model independent
way we can cast them in the following way

Mass terms for the gauginos (gluinos, winos and binos)

1 L .
~Lgugnos = 5 (Mggaga + MWW, + M,BB + h.c.> (5.141)

where M; are real numbers.

e Mass terms for the sfermions (f) denotes only the sparticle content of the super-
multiplet D)

_‘Csfermions - mZ}QTQ + m%R|aR|2 + m3R|d~R|2 + m%ﬁi + mlgR|l~R\2(5142)

where the squared mass parameters represent 3 x 3 Hermitian matrices in the
flavor space (here H, 4 represents only the scalar content).

e Mass and bilinear terms for the Higgs bosons
~Litiggs = m¥y HIH, +m% HHy+ Bu(H,.Hy+ h.c.) (5.143)
where mp, , and By are real numbers.

e Trilinear couplings between Higgs bosons and sfermions (here H,, /4 represents only
the scalar content)

_ﬁtril. = AuyuﬂR(QHu) + AdyddR(Q.Hd) + AlyllNR(Q-Hd) + h.c. (5144)

where A, 4/ and y,/q4, are 3 x 3 complex matrices in generation space.

The soft supersymmetry breaking Lagrangian is the sum of these four last terms

Esoft - Egauginos + Esfermions + EHiggs + Etril. (5145>

From our four hypotheses, namely minimal gauge group structure, minimal particle
content, minimal Yukawa interactions (R-parity) and minimal set of soft supersymme-
try breaking terms, we have defined the unconstrained MSSM. The soft supersymmetry
breaking Lagrangian adds 109 parameters to the 19 needed to describe the SM. Paradox-
ically to the aim of supersymmetry, supersymmetry breaking introduces a huge number
of arbitrary parameters. This leads to phenomenological incompatibilities such as Flavor
Changing Neutral Current (FCNC), unacceptable additional amount of CP-violation,
charge and color breaking minima. And needless to say that the parameter space needs
to be squeezed in order to perform viable phenomenological studies. We then come to
constrained MSSM (¢cMSSM).
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5.1.3 The constrained MSSM

Phenomenological MSSM
It is possible to reduce the number of soft supersymmetry breaking terms by doing
the following simplifications

e Suppress the new source of CP-violation (others than the one coming from the
CKM matrix) by imposing real soft terms,

e Suppress the FCNC at tree level by imposing diagonal mass matrices and trilinear
coupling matrices,

e Evade the K° — K° mixing constraint by imposing at low energy that masses and
trilinear coupling of the first and second generations are the same.

With these assumptions it remains only 20 parameters which are : the gaugino masses
M z3; first-second generation sfermion masses mg, may, mg., mj, mj, and trilinear
couplings A, Ag, A.; same thing for the third generation mg, mg,, m; ,mp, mz, and
Ay, Ap, Ar; the Higgs mass parameter my, , and the ratio of the vacuum expectation
values of the two Higgs doublet fields tan 8. This defines the phenomenological MSSM
(pMSSM).

mSUGRA

Most of the problems associated to the unconstrained MSSM disappear if the soft
supersymmetric breaking terms obey universal boundary conditions at the GUT scale.
We have already seen that generally one has to assume that supersymmetry is broken in
a hidden sector and that soft terms are the reminiscence of this breaking in our standard
sector. In the case of Minimal Supergravity scenario, mSUGRA, the soft breaking terms
arise and the supergravity interactions are flavor blind. Considering the unification scale
being Mgyt ~ 2x 10! GeV, unification boundary conditions in mSUGRA would consist
in unifying the gaugino masses

myy = Mi(Mgur) = Ma(Mgur) = Ms(Mgur) (5.146)
and also the scalar masses

mo = Mu,(Mcur) = Mu,(Mcur) = mg, (Meur) = Mag,(Maur) = mg, (Mcur)
mi (Maur) = m;, (Maur) (5.147)

as well as the trilinear couplings
Agéij = A;L]-(MGUT) = A;;ij(MGUT> = Aij(MGUT) . (5148)

In addition to these three universal parameters my/,, my and Ay the Higgs sector is
described by the Higgs mass parameter o and the bilinear coupling B. In fact these
two parameters can be traded with tan § and the sign of p (this exchange will become
clearer when we will detail the electroweak symmetry breaking process in the MSSM).
The mSUGRA model has then only few parameters which are : mg, my /2, Ao, tan 8 and
sign(p). All the soft breaking parameters at the weak scale are obtained from this last
set of parameters through the RGEs.
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In a next section, when we will address the implication of a 125 GeV Higgs on
supersymmetric models, we will come back to the mSUGRA scenario but also to other
famous constrained MSSM models as the Gauge Mediated and the Anomaly Mediated
Supersymmetry breaking alternatives.

But now let us focus on the Higgs sector of the MSSM and the electroweak symmetry
breaking mechanism of a two-Higgs doublet model.

5.2 The Higgs sector of the MSSM

5.2.1 Electroweak symmetry breaking: the MSSM Higgs potential

We have determined the full Lagrangian of the MSSM. We will discuss now the elec-
troweak symmetry breaking of the Higgs sector which occurs when the Higgs fields
acquire a vacuum expectation value (vev). As we have seen in the previous section, we
have two main contributions to the scalar potential: one is invariant under supersym-
metric transformation and come from the superpotential and the D-terms, the other
is not invariant and come from the soft breaking terms. Then we can write the first
contribution as

Vsusy = 12 (|Hul* + |Hdl?)

2 2
g 2 g
3 (|Hal” — [Hu?)” + ngiHuF
2
O (1, |1, (5149

where the first line corresponds to the F-term, the second line to the D-term associated
to the SU(2). gauge group and the third line to the D-term associated to the U(1)y
gauge group. The second main contribution coming from the soft breaking Lagrangian
can be written as

Viere = my HIH, +m}y H Hy+ Bu(H,.Hy + h.c.) . (5.150)

When the two Higgs doublet fields

i) m=(i)
H, = v ) H;= d 5.151
(5 ) = (5 (5:151)

will acquire a v.e.v., then the minimum of the scalar potential will have to break the
electroweak gauge group SU(2), x U(l)y down to U(1)en. At this minimum, in all
generality, we can perform a SU(2), rotation in order to recover the case where (h;") = 0.
In that situation, the minimization equation 0V/0h} = 0 at the minimum directly
implies that (h;) = 0 i.e we recover that U(1)ey is not broken. We are left with the
case where only the neutral components get a vev

<HU>:%(1?U>, (H@z%(%d) | (5.152)

v, and v, are real and positive numbers as By up to a U(1) rotation of the fields h?
and hY (the potential conserves CP at tree-level). We can write the two minimization
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. : % _ oV _
equations coming from 5hY = o0 =0 as
vev vev

|:mH3 +M2+ % (Ui_vg):| Uy, —BMUdIO,

[mHg N (vi — vﬁ)} vg — Bpv, =0 . (5.153)
In order to spontaneously break the electroweak symmetry, the Higgs potential has to
be bounded from below. For generic values of the vacuum expectation values v,, vg the
quartic term of Eq. (5.149) ensures that the potential is always stabilized. Nevertheless,
in the situation where v, = vg at the minimum the quartic term vanishes (we refer to
this case as the D-flat direction since the quartic term originates from the auxiliary D
fields). In this case, the minimization conditions Eq.(5.153) are always satisfied but in

order to bound the potential from below one has to verify the condition
my, +myy, +2u* —2Bu > 0. (5.154)

In order to have a spontaneous symmetry breaking we also have a second condition
coming from the fact that one eigenvalue of the mass matrix has to be negative, which

is equivalent to require a negative determinant of the Hessian matrix % and can
g J lvev
be written as ‘
2 2 0
+u —Bpu h
hox poe ) ( TH v 5.155
( u d )( —Bu m%{d—f‘/ﬁ hg ( )
This last condition reads
(miy, + 1*)(my, + p*) = (Bp)* < 0. (5.156)

An interesting remark is that the two conditions needed in order to have spontaneous
symmetry breaking, Eq. (5.153) and Eq. (5.156), cannot be simultaneously satisfied
if my = qud. Thus, in order to break the electroweak symmetry, we also need to
break supersymmetry. Therefore, radiative corrections through the supersymmetric
renormalization group equations drive the evolution of these two parameters from the
high scale where supersymmetry is supposed to be broken down to the eletroweak scale.
Since the Higgs doublet which gives mass to the up type quark strongly couples to the
top quark, m%{u is naturally pushed to much smaller values than m%{d The running
then triggers the electroweak symmetry breaking, this mechanism is commonly denoted
as radiative breaking of the symmetry [176-180]. In this framework, gauge symmetry
breaking could appear as more natural (elegant) in the context of the MSSM than in
the SM because we do not need to rely on the SM hypothesis ;% < 0, since we now rely

on loop effects.

Electroweak symmetry breaking leads to a mixing between SU(2), and U(1)y gauge
bosons which will acquire a mass in the same way than in the SM. After shifting the
neutral component of the scalar Higgs bosons by their vev h? Ja \%(Uu/d + RO / 2
we obtain the squared mass matrix of the neutral gauge bosons B, and Wj by only
considering the usual Higgs kinetic Lagrangian

Lew = D,HID"H, + D,HID"H, . (5.157)
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We can then link the mass matrix in the interaction basis (WE, B,) and in the mass
basis (Z,, A,) in the following way

v2 4 v3 @ —gq W3k 1 m% 0 Zu
G B”)(—gg’ g” )( B“) A A”)( o 0>(A“)’

and the link between the two basis is done by an orthogonal transformation defined as

A cosf, —sinb, W3k
( AF ) N ( sinf,, cosf, ) ( B+ ) (5.158)
with
/ 2 2N A2 2
COSQwE—g , sin@wz—g , mQZ: (vy + va)(9” + %) maqa=20.
/92 +g/2 /92 +gl2

4 Y

Concerning the charged weak bosons, the relation between the interaction and mass
basis and the physical eigenvalues corresponding to the W* masses are as follow

1 . 9°(vy +v3)
Afteward, defining the famous parameter
tan g = 24 — vsins (5.160)

v, vcospf

and using the relation we have just derived: (vZ+v?) = 4m%/(g? + ¢g"*), we can express
the extremum conditions Eq. (5.153) as

. m3;, sin 3% — m3; cos (3 _my
cos 2f3 2 7
(m%;, —m3;,) tan 26 + my sin 28

2

By = (5.161)

If mpy,, my, and tan B are known then the value of B and p up to its sign are determined.

5.2.2 The masses of the MSSM Higgs bosons

The W and Z bosons get their mass by eating the three Goldstone bosons, G* and
G°, out of the eight real degrees of freedom included in the two Higgs doublets. The
remaining degrees of freedom will give after mixing the five physical Higgs states. The
Higgs fields and their associated masses are obtained by diagonalizing the pseudoscalar,
the charged and the scalar Higgs mass matrices computed from the scalar potential

2 _ 1_0%*v
M(lb - 2 0H.,0H,

vev

Before diagonalizing these matrices, one should expand the two doublet scalar Higgs
fields around their vacuum into real component fields in the following way

1 ht 1 vy +hY+iP)
=5 (et an ) = (7 o152
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e Case of the CP-odd Higgs bosons
From the scalar potential we can extract the squared matrix in the interaction
basis

1 Bu_ Bpu PO
- PO PO tan 8 u . 1
Vo5 (A d><Bu Butanﬁ)(ﬂ?) (5:163)

In the mass basis, the eigenvalues are the neutral Goldstone bosons G (eaten by
the Z boson) and the physical CP-odd Higgs boson A. This mass basis is related
to the interaction basis through the following transformation

G\ [ cosf —sinf po
( A )_ < sinf cospf ) (PZ()) . (5.164)

2Bu
sin2f

The eigenvalues are

Mz, =0, Mj;= (5.165)

e Case of the charged Higgs bosons
From the scalar potential we can extract the squared matrix in the interaction
basis

Vo (kR (M2% +m2/)cos? B (M3 + mi,) cos Bsin 3 h,
u d (M2% +m?,)cosBsin3 (M3 +m%,)sin® 3 hy )

In the mass basis, the eigenvalues are the two charged Goldstone bosons G* (eaten
by W#) and the two physical charged Higgs H*. This mass basis is related to the
interaction basis through the following transformation

G*\ [ cosp —sinf h*
(Hi>_( sinf8 cosf3 )(h%) ’ (5.166)

The eigenvalues are

MZ: =0, Mpe=M3+mj, (5.167)

e (Case of the CP-even Higgs bosons
From the scalar potential we can extract the squared matrix in the interaction
basis

Vo 1( R m%sin® B+ M3 cos? 3 —(m% + M3) cos Bsin 3 h
g\ uw T —(m% + M3)cos Bsin 3 m% cos? B+ M?2sin? 3 ny )

In the mass basis, the eigenvalues are the lightest neutral Higgs boson, h, and
the heaviest neutral Higgs boson, H. This mass basis is related to the interaction
basis through the following transformation

h cosa —sina hg
( H ) N ( sina  cosa ) ( h?i ) : (5.168)

[Mi +my F \/(Mf, +m%)? — 4M3%m? cos? 26} (5.169)

The eigenvalues are

1
MS/H = 5
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with the mixing angle « given by

M?% — m? M2 +m?
20 = —cos2B—2—2  sin20q = —sin2f—A—2 5.170
cos 2a CoS BMQ Y7 sin 2« sin BMIZJ—M,f’ ( )
or equivalently by
1 M?2 4+ m? s
= —arctan | tan2f—4—~2 ——<a<0. 5.171
« 2arcan(an ﬁMA mZ), g Sas ( )

Consequently the Higgs spectrum of the MSSM can be described by only two pa-
rameters at tree level (tan 5 and My for example). There are also strong constraints,
namely : My+ > my, My > max(myz, M,), and the one concerning the lightest Higgs
boson

My, < min(mgz, M4)| cos 28| < my . (5.172)

This last upper bound is in contradiction with the recent observation of a 125 GeV
SM Higgs boson. Nevertheless, the lightest Higgs boson can receive large quantum
corrections most especially through top quark and squark loop effects. We will study
this point in detail later in this same part.

5.2.3 Supersymmetric particle spectrum

The sfermion masses in the MSSM

The left and right-handed sfermions have a mass term coming from the soft super-
symmetry breaking Lagrangian (Lggermions in Eq. (5.142)). The same Lagrangian also
introduces trilinear interactions (L in Eq. (5.144)) that mix left and right-handed
sfermion states. In the interaction basis the sfermion mass matrix for a given sfermion
generation f ( fr, fL) can be arranged in the form

2 2 X
M2 = ( Myt mpAs ) (5.173)

with the various entries given by

m%L = m;‘; + (13L Qfsl%v) m3 s

Xf = Af— (tanﬁ)

Iy 3L being the associated third component of the isospin and @Q; the associated charge.

The current eigenstates f; and fg are turned into the mass eigenstates f; and f» after
diagonalization using a 2 x 2 rotation matrix of angle

A B (5.175)
—smﬁf CoS 9];

The sfermion masses and the mixing angle are given by

1
mi, = mit; [miL +mpg F \/ (mip —m%g)? +4miX7 |, (5.176)

. 2mef m%L mQRR
2 = ———+ 20; = —LL LR 5.177
SIn 20 7 N R R COS 20 7 o R— ( )

f1 f2 fi mf2
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The fermion masses in the MSSM
Concerning the SM leptons and quarks the situation is exactly the one of the SM i.e
their mass matrices have to be diagonalized in the flavor space

mit = It mil

=Ye© Vu, ff/vua mgf/ = ygflvd (5178)

= Yu

Nevertheless, the up and down-type masses are now generated by two distinct v.e.v. :
v, and vy.

We will now concentrate on the spectrum of the new MSSM fermions, namely the
gauginos and higgsinos.

At tree-level the gluino mass receives a soft mass term from Lgauginos it Eq. (5.141)

Because of electroweak symmetry breaking winos and bino will mix with the higgsi-
nos. Separating the neutral and charged states, we firstly focus on the neutral fields.

The mass matrix of the neutral states in the (—iB, —ilWs, Y, h%) basis reads

M, 0 —mygsinf,cos B mysinb, sin
0 My my cosf,cos B —myzcosb,sin [
My = .
—mysinf,cos S mzcosb, cos [ 0 — I
mysinf,sin 8 —my cos b, sin 3 — 0

The previous matrix is real and symmetric, therefore it can be diagonalized by a unitarity
matrix N
T _ .
N'MyN~' = diag(myo, myg, M9, Myo) . (5.180)

The resulting mass eigenstates x? are called the neutralinos. If x? (usually taken as
the lightest one) is the Lightest Supersymmetric Particle (LSP), it is also stable due to
R-parity. It embodies a serious dark matter candidate.

The mass matrix of the charged states ¢t = (—iW*, ht) and ¢~ = (=W~ h;) mix
through the mass matrix o~ Mie™ with

My V2myy sin 15}
= 181
Ma V2myy cos B i (5.181)
M. is diagonalized by two unitarity matrices U and V,
UMVt = diag(m,z, m,z) (5.182)

where the eigenstates xi and xi are called the charginos and their mass read (intro-
ducing the shorthand notation cos = cos203)

1 1
m?y = - (M22 + 2 2miy F (M3 — p2)? + dmiy (miy c5g + My + p° 4 2Mopisag)] 2)

Xijp 2

We have derived the masses of the different particles of the MSSM. We now study
their couplings with the Higgs bosons.
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5.2.4 The couplings of the MSSM Higgs bosons

The Higgs couplings to vector bosons
The expressions of the couplings between the Higgs fields and the gauge bosons in the
MSSM are obtained from the usual Higgs kinetic Lagrangian

Lyw = D,H!D"H, + D,HD"H, (5.183)

after making explicit the covariant derivative and performing the canonical rotation of
the scalar and vector fields in order to recover the physical fields. We will only write
here the trilinear couplings which will be useful for our analysis in the next sections.
One can find the full list of these couplings including the one of the form H;H;V,V,
in Refs. [48,181]. We introduce in the following trilinear couplings the abbreviations

gz = g/ cosby, and gw =g

WIWSh o igwmwsin(B — a)gu, , W, W, H @ igwmw cos(f — a)gu
ZuZyh o iggmgsin(f — a)gu . ZuZyH i oigzmygcos(B — a)gu (5.184)

WEH*h : ig—WCOSB—Oz +p WiHiH::I:i@sinﬁ—a +9
p Fi%g p+o) , W, 5 P+
g
Wi H*A 7W( + '),
ZyhA +7008(ﬂ a)p+p), . ZHA: —731H(5—04)(p+p')u
Z,HYH —%cos29w(p+p)# . v HYH  —ie(p+ ), (5.185)

Some of these couplings are expressed in terms of the two angles § and «, we can easily
write them in function of the physical masses with the formula

M2(mZ MQ)

cos’ (B — a) = MM — MD)

(5.186)

The Higgs couplings to fermions
The MSSM Higgs bosons couplings to fermions can be derived from the superpotential
through

‘CYukawa = -3 Z (sz (9(1) aq) w]L ) . (5187)

Plugging in the superpotential of Eq. (5.140) and using the chiral projector
Prr= %(1 + %), we can re-write the Yukaka Lagrangian of a given fermion genera-
tion as

Lvuawa = —Ao (WPLuH) — aPLdH}) — Ny (dPL,dH] — dPpuHy ) + h.c.(5.188)

After EWSB, the fermion masses are generated. They are linked to the fermion Yukawa
interaction and to the corresponding Higgs vev as shown by the two expressions
2m,, 2
Ay = V2o V2 (5.189)

vsin 7 "% veosfp
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Finally, rotating the fields H, and Hy in their physical state, one can get the following
Yukawa Lagrangian

Lyvukawa = — mu [au(H sin o + h cos a) — itrysu A cos 3]
vsin 3

_ [dd(H cos a — hsina) — idysd Asin ]
v cos [

My,

+%Vud [H+u <tan5(1 —5) + matan B(1 + 75)) d + h.c}5.190)

where, in the case of the quarks, V4 is the CKM matrix element. The Higgs couplings
to fermions are then given by

Ghuu — Z%C(.)SOZ ) GHuu — Z%S%na 5 GAuu = % COtﬁ’}/g,
v sinf v sinf v
My sin a My COS (¢ m
Ghad = —i—2 ; GHad = i—2 . Gadd = — tan Bs
cos f3 cos 3 v
G L V[ (1 4 ) + g tan B(1 — 75)]
, -V, myg tan -
H-ud \/ﬁv d tan g V5 d V5
) m
Guiwa = ———Vi[—=(1— t 1 5.191
H+tad V2o ud[tanﬁ( v5) + mgtan S(1 4 vs)] ( )

At this stage we can make several remarks which might be useful to proceed. The
pseudoscalar boson, A, has the same tan 5 dependence as the charged Higgs bosons, H=.
Thus their couplings to up-type quark (basically the top quark) are suppressed at high
tan 5 and are enhanced at low tan S (this might lead to an interesting phenomenological
signature as we will see in the following). On the contrary, for their couplings to down-
type quark (basically the b quark) their couplings are enhanced at high tan 8 and are
suppressed at low tan 5. It will be very convenient for our next discussions to normalize
the couplings of the MSSM neutral CP-even Higgs bosons to their SM one

G = g = sn(B— )+ cot feos(f —a)

it = oo = sin(3 - ) ~ tan B eos( — ).

IHuw = zig — cos(f — a) — cot Bsin(f — a)

JHid = zz:g — cos(B — a) + tan Bsin(8 — a) . (5.192)

The Higgs self-couplings
The couplings between three or four Higgs boson fields are obtained from the scalar
potential by performing successive derivatives

\ PV
ijk A A AL )
8HZ8H]8H;€ <h2>=vu/ﬁ,(h2)=vd/\/§v<hf/d>:0
o'V
Nijki ) (5.193)
OH;0H;0H0H, <hg>:vu/ﬂ,(hg):vd/\/i,wj/d):o
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and expressing the Higgs states in linear combinations of the physical states h, H, A, H*.

The neutral Higgs boson trilinear couplings can be written, in units of \g = —im?% /v,
as
Mnn = 3cos2asin(f + a) ,
Agnn = 2sin2asin(f + a) — cos2acos(f + «) ,
Aggr = 3cos2acos(f+ a),
Awpn = —2sin2acos(f + o) — cos2asin(f + ) ,
Agaa = —cos2fcos(f+ a),
Ahaa = cos2Bsin(f+a) . (5.194)

The trilinear couplings involving the H* bosons, Agg+p- and A\yg+ -, are related to
those involving the pseudoscalar Higgs boson with contributions proportional to the
couplings of the neutral CP-even Higgs boson to electroweak bosons

Agg+r- = —cos2Bcos(B+ )+ 2¢2 cos(f — ) = Agaa+ 2¢2guvy
Mptra- = cos2Bsin(B+ )+ 2¢2 sin(B — a) = Apaa + 262 gnvy - (5.195)

The quartic couplings among the MSSM Higgs bosons are quite numerous and can be
found in Ref. [182]. The quadrilinear couplings between h or H bosons, in units of
Ao/v = —im% /v?, are

/\hhhh = )\HHHH = ?)COS2 200 . (5196)

The Higgs couplings to sfermions

The couplings between the MSSM Higgs bosons to superpartners of fermions come
from three different contributions : from the F and D-terms in the superpotential and
from the trilinear soft supersymmetry breaking terms (L. in Eq. (5.144))

gog = W;LWRQTC@WRQ (5.197)

with the 2 x 2 matrices Cpzy which summarize in a compact way the couplings of the
physical Higgs bosons to the squark interaction eigenstates and R7 is the rotation matrix
associated to the mass basis. These coupling matrices are given by

(@) s ke s st (Al s
qq §mq(Aq3(f + ps3) _Qqs%/vm% sin(8 + a) + m?ﬁ‘f 7
O (]g’L — Qqs%/v) m% cos(B + ) + mgrg %mq(Aqrf + prd)
Haq smg(Agri + prs) Qqsyymy cos(B + o) +mir] )
Cre — 0 q —3my [+ Ag(tan 5)_2153]
1 imy [+ Ag(tan 8) =25 ] 0 ’
o 1 mitanf +m cot B —miysin28  mg (Agtan B + p) (5.198)
H=1b V2 my, (A cot B+ p) m, mg(tan 5 + cot 5) )’ '
with the coefficients rqf//g and sqffg defined by
cos v " sin o sin o COS (v
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In the case of the Higgs boson couplings to sleptons we have just to consider the
down-type squark case (with m; = m,). At least in the case of the stop and sbottom
squark these couplings can be large since they involve terms respectively proportional
to m2,m;A; and mytan 3; this last term can be strongly enhanced for large values of
tan 8. In the limit M4 > my, the lightest CP-even Higgs boson couples to the stops
through a simple expression given by (normalized by g/my)

2 1 1
ght~1t~2 = COs 2/8 Sin 20tm2z lgs%ﬁ/ - Z:| —+ 5 COS 20tmtXt ,

1 2 1
gni 5, = COS 2Bm2Z |:§ COS2 Qt — 58%/[/ COS 28t:| + m? + 5 sin 29tmtXt s

1 2 1
Ohiyi, = COS 26m2Z {5 sin? 6, — gs%,v cos 294 + mf —3 sin 26,m, X . (5.200)
For sufficiently large mixing, the coupling of the lighter h Higgs to the lighter stop is
strongly enhanced and can be larger than its coupling to the top quark.

5.3 Radiative corrections in the Higgs sector of the MSSM
5.3.1 Upper bound on the lightest Higgs boson mass

As we have seen until now, the MSSM has an extended Higgs sector compared to the SM,
which can be described with a few parameters at tree-level and in addition its spectrum
is quite constrained. More specifically, we have demonstrated that the lightest neutral
CP-even Higgs boson is expected to have a mass below the Z boson mass. We approach
this upper bound M;, ~ mz when M4 > myz and |cos2f| ~ 1 which imply large
values of tan 5 (6 ~ 7/2). In the particular case where the pseudoscalar Higgs boson is
heavy (which will be analyzed in details in the following), M4 > my, the mixing angle «
approaches the value a ~ —m/2 which has a great impact because the reduced coupling
of the lightest CP-even Higgs boson to fermions tends to one i.e h is SM-like : we call
this regime the decoupling limit. This lightest MSSM Higgs boson with a mass near my
should have been discovered already at LEP2. However, as it has been already presented
in the beginning of this part devoted to supersymmetry, quantum loop effects may push
upward its mass well above its tree-level upper bound. These radiative corrections
would then explain why LEP2 has not observed the lightest CP-even Higgs state. In
fact the SM-like h state has a significant coupling with the top quark and also to its
associated supersymmetric scalar, the stop. So we are expecting potentially large loop
effects which should be included in the MSSM Higgs sector description. These quantum
loop corrections are quite simple to evaluate in the limits M4 > my , tan > 1 and
we also assume that the stop quarks are degenerated in mass i.e m;, = m;, and they
do not mix i.e X; = A; — pcotan § < Mg where we define the supersymmetric scale
Mg = m/Q If we also make the hypothesis that M, < m;, m; then we can
neglect the external momentum of its self-energy and in conclusion we can make use of
the loop diagrams that we have already computed in Fig. 18(d)-(g), adapting them to
the stop and top loops. We just need to include the tadpole contributions to the mass at
one-loop, represented in Fig. 19. These tadpole terms can be arranged in the following
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expression

3A2 A A
5M}3‘tadpoles - _4_7Tt2 |:7ntg In <E~) - m? In (_> :| (5201)

Adding this new contribution to the one derived from Eq. (3.68), one gets the following
radiative correction estimate at one-loop
M3

3v?

SM2 =
Consequently radiative corrections grows quadratically with the top quark mass and
logarithmically with the stop masses. So corrections can be extremely large and push
upward the h mass from my to M;"** ~ 140 GeV. This is the reason why LEP2 did not
discovered the h boson state.
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Figure 19: Tadpole contributions to the lightest Higgs boson mass at one—loop.

5.3.2 Radiative corrections on the MSSM Higgs masses

First, as an important remark, we should clarify the meaning of the physical Higgs
mass when we incorporate radiative corrections. We defined the on-shell mass as the
momentum squared which makes the corrected inverse propagator vanish i.e

¢ — M+ 5(¢*) =0. (5.203)

The correction, noted $(¢?) here, corresponds to the loop self-energy improvement.

The main quantum loop effects involve the third generation of quarks and squarks
through their Yukawa interaction. Thus, the parameters of interest are those which
control the physical masses of the third generation squarks after mixing. We recall that
for a given flavor of the left and right handed quark, ggr, qr,, there is an associated squark
in the interaction basis, ¢r,qr. The physical mass eigenstates, ¢i, g2, are obtained by
diagonalizing the mass matrix which mix ¢, and gz with each other. We basically get
the matrix written in Eq. (5.174) where the parameters which trigger the mixing are,
for the heavier quark generation,

Xip = Ay — pcot 8 (5.204)

So, the main ingredients that will enter the radiative corrections are the mass terms
myg, mrr, mrr the trilinear terms A;, A, and the Higgsino mass term p in addition to
tan 8 which already enters at tree-level.
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The calculations of the radiatively corrected Higgs masses in the MSSM have been
important topics over several years. It exists three main methods to improve the theoret-
ical prediction for the lighter MSSM boson h mass. One is to proceed by diagrammatic
calculations, one other by renormalization group methods and the last one by effective
potential methods.

Diagrammatic methods

The technique is to calculate the loop self energy diagrams. The first calculation
including the one-loop O(A\?m?) correction was done in Ref. [183-186]. Thus underlining
the importance of loop effects on the tree-level upper bound, a huge theoretical effort has
followed. The full one-loop calculations which include all the supersymmetric particle
contributions, the b quark contribution and the contributions of the vector bosons have
been realized in Refs. [187-191|. The logical next step was to compute the two-loop
effects that now introduce the strong coupling. A partial two-loop results have been
obtained in Refs. [192-194].

Renormalization group methods

This technique is that of Renormalization Group Evolution. When the supersymmet-
ric scale, Mg, is well above the electroweak scale, we set the quartic Higgs coupling at
the supersymmetric scale to the value

A Ms) = 3—12 cos? 28 (9*(Ms) + g*(Ms)) . (5.205)

The mass of h is canonically computed from its quartic coupling at the electroweak scale,
which is obtained by running down A(Mg) through the SM RGEs. These techniques
provide an efficient method for identifying the most important contributions to the
radiatively corrected Higgs masses [184,195-203|.

Effective potential methods
The effective potential has been calculated at one-loop in Refs. [183,185,195,204-208|
and at two-loops in Refs. [209-213].

We give now an idea of this effective potential method at one-loop.

5.3.3 The one-loop effective potential approach

In this section we calculate the leading one-loop radiative corrections to the Higgs h
in the framework of the effective potential. We will first consider the simpler situation
where the stop masses are degenerate. Afterwards, we will include contributions from
the mixing between the stops.

We start by writing the one-loop scalar potential at a generic scale )
Vi) = vO(@Q +ovi(Q),

sV(Q) = ! sTrM*(h) (m’vggh)—;) : (5.206)

where we note here, M, the mass matrix depending on the Higgs field.
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Radiative corrections without stop mixing

In a first step, let us start by adding the one-loop stop correction when m; = mg, =
m;. The mass of the top quark and the mass of the stops depends on the Higgs field
through the relations

my = )\f‘th ;

m; = N|RS]P 4+ m?. (5.207)

m is the supersymmetric soft breaking mass term and we neglect the D-terms since they
are multiplied by gauge electroweak couplings. Then, we only consider the propagation
of the top quark and of the degenerated stops in the loop of Eq. 5.206. Paying attention
to the correct multiplying factors we end up with

MR 3
CO2IR012)2 | g 2l 9
(-oerepy? [m 252 -

B 2
1672

(A2 |hul® +m?)?
Q2

(5.208)
Obviously in the case of exact supersymmetry radiative corrections vanish. Having now
a different scalar potential, in order to compute the lighter Higgs boson mass one should
perform exactly what we have done previously i.e minimize the scalar potential so that
the electroweak symmetry occurs and compute the scalar mass. Here since there is no
mixing between the stops only one of the two equations Eq. (5.153) is altered, the one
corresponding to 9V/OhY = 0. Furthermore we introduce in this extremum constraint
a dependence on the generic scale () which will be absorbed, after renormalization, by
My, . Afterwards, we can compute the second derivative of the one-loop improved scalar
potential that gives the scalar mass squared matrix. Again, rotating and developing the
Higgs doublet fields around their vev, one find logically modification only in the (2,2)
entry (corresponding to the H, field). We get the following positive correction

0
V7 (@)

1 + (AZ|R2)? 4+ m?)? |In

222 2
AMyy — SNy M (5.209)
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Radiative corrections with stop mixing
We now introduce a non vanishing mixing between ¢ and ¢, by introducing a nonzero
X;. The stop mass eigenvalues now depend on both h and h)

1
m: = MN|Rh2)? + 3 <m§L +m; F \/(me —m )? + 4N Ak — ,uh%*P) . (5.210)

tiyo

The associated one-loop contributions to the effective potential is

3 217,012\2 )‘2|h2|2 3 4
3272 <_2()‘t|hu| ) ln? - 5 m

+mj (h) lln m%ih) — g]) : (5.211)

1) _
5V+t,fl/2 (Q) -

The two minimization conditions dV/dh? s¢ = 0 are modified and the second derivative
to the one-loop potential give the 2 X 2 correction mass matrix

2 2
AMy, - AM, ) (5.212)
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(5.213)

The masses of the neutral CP-even Higgs bosons will now depend on these loop
corrections terms AM,;.

Beyond the one-loop corrections

In the same way we can include the one loop bottom quark and sbottom contributions.
Adding also the leading two-loop logarithmic corrections, corresponding to O(Af, A\),
we obtain the compact expressions [201-203,214]

A2 M?2 M2 M?2
AM?, ~ —pPa? s [1 + ¢ ln ( S)] ila? [1 4+ ¢121n <—S)} ,
1 t 327278 m2 b32 2° m2

Ajv? M2 A2 M?2
2 ~ m t 2 S
AMiy = DT (6 — za,)s5 [1 +caln (m )} + i ab32 355 [1 + c52ln (—m2 )] :

t t

A% M2 1 M2
AMSQ ~ 8 851 (W) |:1 + §C21 In (H%):|

)\41}2 M2 /\4 2 M2
12 — 1 1 S| - grte?_ g2 g ] )
+32 QSB:ctat( xtat){ + co n(m%ﬂ i 397 5 S { + Coo n<m% ,

(5 214)
where sg = sin 3, ¢z = cos 3, and the coefficients ¢;; are:
Cij = 392 , (5.215)
(tn,t127t21>t227t31,t32) = (127 —4,6,—10,9, —7) and (bn, bi2, b, b22,b31,b32) =

(—4,12,2,18,—1,15). Here M2 = %(m%l + mt22) is the average squared top squark mass.
Egs. (5.214) have been derived under the assumption that |m - m~ |/(m2 + m? )<L
The A./\/l2 depend also on the MSSM parameters A;, A, and p that enter the off- dlagonal

top- squark and bottom-squark squared-mass matrices. We employ the following nota-
tion: 1 = p/Mg, ay = Ay/Mg, ap = Ap/Ms and z, = X /M.

We finish here our description of the MSSM Higgs sector. We have all the needed
ingredients in order to address the implications of the LHC Higgs searches for super-
symmetric models.
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6 Implications of a 125 GeV Higgs for supersymmetric
models

6.1 Context setting

The ATLAS and CMS collaborations had released the preliminary results of their search
for the Standard Model Higgs boson at the LHC on almost 5 fb~! data per experiment
with a center of mass energy of 7 TeV [215,216]. While these results were not sufficient
for the two experiments to make any conclusive statement, the reported excess of events
over the SM background at a mass of ~ 125 GeV offered a tantalising indication that
the first sign of the Higgs particle might be emerging. A Higgs particle with a mass of
~ 125 GeV would be a triumph for the SM as the high—precision electroweak data are
hinting since many years to a light Higgs boson, My < 160 GeV at the 95% confidence
level [217,218]. As it has been confirmed later, the ATLAS and CMS results have far
reaching consequences for extensions of the SM and, in particular, for supersymmetric
theories. As we have seen, the latter are widely considered to be the most attractive
extensions as they naturally protect the Higgs mass against large radiative corrections
and stabilize the hierarchy between the electroweak and Planck scales. Furthermore,
they allow for gauge coupling unification and the lightest SUSY particle is a good dark
matter candidate; see Refs. [181,219] for a review.

In the minimal SUSY extension, the MSSM [181, 219], two Higgs doublet fields
are required to break the electroweak symmetry, leading to the existence of five Higgs
particles: two CP—even h and H, a CP-odd A and two charged H* particles [47, 48].
Two parameters are needed to describe the Higgs sector at the tree-level: one Higgs
mass, which is generally taken to be that of the pseudoscalar boson My, and the ratio
of vacuum expectation values of the two Higgs fields, tan 3, that is expected to lie in
the range 1 < tanf < 60. At high M4 values, M4 > My, one is in the so—called
decoupling regime in which the neutral CP—even state h is light and has almost exactly
the properties of the SM Higgs particle, i.e. its couplings to fermions and gauge bosons
are the same, while the other CP-even state H and the charged Higgs boson H* are
heavy and degenerate in mass with the pseudoscalar Higgs particle, My ~ Mpy+ ~ M 4.
In this regime, the Higgs sector of the MSSM thus looks almost exactly as the one of
the SM with its unique Higgs particle.

There is, however, one major difference between the two cases: while in the SM the
Higgs mass is essentially a free parameter (and should simply be smaller than about
1 TeV), the lightest CP—even Higgs particle in the MSSM is bounded from above and,
depending on the SUSY parameters that enter the radiative corrections, it is restricted
to values [47,48,220,221]

M ~ My| cos 23| + radiative corrections < 110—135 GeV (6.216)

Hence, the requirement that the A boson mass coincides with the value of the Higgs
particle “observed” at the LHC, i.e. M}, ~ 125 GeV, would place very strong constraints
on the MSSM parameters through their contributions to the radiative corrections to the
Higgs sector.

In this section, we discuss the consequences of such a value of M, for the MSSM.
We first consider the unconstrained or the phenomenological MSSM [222] in which
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the relevant soft SUSY-breaking parameters are allowed to vary freely (but with some
restrictions such as the absence of CP and flavour violation) and, then, constrained
MSSM scenarios such as the minimal supergravity model, mSUGRA [223-226|, gauge
mediated, GMSB [227-231] and anomaly mediated, AMSB [232-234], supersymmetry
breaking models. We also discuss the implications of such an M} value for scenarios
in which the supersymmetric spectrum is extremely heavy, the so—called split SUSY
[235-237] or high-scale SUSY [238] models.

In the context of the phenomenological MSSM, we show that some scenarios which
were used as benchmarks for LEP2 and Tevatron Higgs analyses and are still used at
the LHC [239] are excluded if M} ~ 125 GeV, while some other scenarios are severely
restricted. In particular, only when the SUSY-breaking scale is very large and the
mixing in the stop sector significant that one reaches this M), value. We also show that
some constrained models, such as the minimal versions of GMSB and AMSB, do not
allow for a sufficiently large mass of the lighter Higgs boson and would be disfavored if
the requirement M), =~ 125 GeV is imposed. This requirement sets also strong constraints
on the basic parameters of the mSUGRA scenario and only small areas of the parameter
space would be still allowed; this is particularly true in mSUGRA versions in which one
sets restrictions on the trilinear coupling. Finally, in the case of split or high—scale
SUSY models, the resulting Higgs mass is in general much larger than M, ~ 125 GeV
and energy scales above approximately 10°-10% GeV, depending on the value of tan j3,
would also be disfavored.

6.2 Implications in the phenomenological MSSM

The value of the lightest CP—even Higgs boson mass M;"** should in principle depend on
all the soft SUSY-breaking parameters which enter the radiative corrections [220,221].
In an unconstrained MSSM, there is a large number of such parameters but analyses can
be performed in the so—called pMSSM [222], in which CP conservation, flavour diagonal
sfermion mass and coupling matrices and universality of the first and second generations
are imposed. The pMSSM involves 22 free parameters in addition to those of the SM:
besides tan f and M4, these are the higgsino mass parameter p, the three gaugino
mass parameters My, M, and Msj, the diagonal left— and right-handed sfermion mass
parameters mys (5 for the third generation sfermions and 5 others for the first/second

generation sfermions) and the trilinear sfermion couplings Ay (3 for the third generation
and 3 others for the first/second generation sfermions). Fortunately, most of these
parameters have only a marginal impact on the MSSM Higgs masses and, besides tan 8
and My, two of them play a major role: the SUSY breaking scale that is given in terms
of the two top squark masses as Mg = ,/m; Mz, and the mixing parameter in the stop
sector, X; = A; — pcot 3.

The maximal value of the h mass, M;"* is then obtained for the following choice of
parameters:

i) a decoupling regime with a heavy pseudoscalar Higgs boson, M4 ~ O(TeV);

i1) large values of the parameter tan g, tan 8 2 10;
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i11) heavy stops, i.e. large Mg and we choose Mg = 3 TeV as a maximal value®;

iv) a stop trilinear coupling X; = V/6Mg, the socalled maximal mixing scenario
[239].

An estimate of the upper bound can be obtained by adopting the maximal mixing
scenario of Ref. [239], which is often used as a benchmark scenario in Higgs analyses. We
choose however to be conservative, scaling the relevant soft SUSY—-breaking parameters
by a factor of three compared to Ref. [239] and using the upper limit tan 5 ~ 60:

tan3 =60, Mg=My=3TeV, A, = A, =6 Mg,

Mibencn My ~2M; = |u| = tMg, M;=08Ms. (6:217)

For the following values of the top quark pole mass, the MS bottom quark mass,
the electroweak gauge boson masses as well as the electromagnetic and strong coupling
constants defined at the scale My, including their 1o allowed range [218],

my = 172.9 + 1, my(my) = 4.19 + 0.02, M, = 91.19 + 0.002, My, = 80.42 £ 0.003 [in GeV]

a(M32) =1/127.916 + 0.015, a,(M%) = 0.1184 £ 0.0014

we use the programs Suspect [240] and Softsusy [241] which calculate the Higgs and
superparticle spectrum in the MSSM including the most up-to-date information (in
particular, they implement in a similar way the full one-loop and the dominant two—
loop corrections in the Higgs sector; see Ref. [242]). One obtains the maximal value of
the lighter Higgs boson, M;"** ~ 134 GeV for maximal mixing. Hence, if one assumes
that the particle observed at the LHC is the lightest MSSM Higgs boson h, there is
a significant portion of the pMSSM parameter space which could match the observed
mass of M}, =~ 125 GeV in this scenario. However, in this case either tan $ or the SUSY
scale Mg should be much lower than in Eq. (7.228).

In contrast, in the scenarios of no-mixing A; ~ A, ~ 0 and typical mixing A; ~
Ay = Mg (with all other parameters left as in Eq. (7.228) above) that are also used as
benchmarks [239], one obtains much smaller M;™* values than compared to maximal
mixing, M ~ 121 GeV and M;"** ~ 125 for, respectively, no-mixing and typical
mixing. Thus, if M}, ~ 125 GeV, the no-mixing scenario is entirely ruled out, while only
a small fraction of the typical-mixing scenario parameter space, with high tan 5 and Mg
values, would survive.

The mass bounds above are not yet fully optimised and M;"** values that are larger
by a few (1 or 2) GeV can be obtained by varying in a reasonable range the SUSY
parameters entering the radiative corrections and add an estimated theoretical uncer-
tainty® of about 1 GeV. To obtain a more precise determination of M in the pMSSM,
we have again used the programs Softsusy and Suspect to perform a flat scan of the
pMSSM parameter space by allowing its 22 input parameters to vary in an uncorrelated

5This value for Mg would lead to an “acceptable” fine-tuning and would correspond to squark masses
of about 3 TeV, which is close to the maximal value at which these particles can be detected at the 14
TeV LHC.

6The theoretical uncertainties in the determination of M}, should be small as the three-loop correc-
tions to Mj, turn out to be rather tiny, being less than 1 GeV [243]. Note that our M values are
slightly smaller than the ones obtained in Ref. [242] (despite of the higher Mg used here) because of
the different top quark mass.

(6.218)
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Figure 20: The maximal value of the h boson mass as a function of X;/Mg in the pMSSM
when all other soft SUSY-breaking parameters and tan 3 are scanned in the range Eq. (6.219)
(left) and the contours for 123< M), <127 GeV in the [Mg, X;| plane for some selected range
of tan 3 values (right).

way in the following domains:

1 <tanf <60, 50 GeV < My <3 TeV, -9 TeV < Ay <9 TeV,
50 GeV <mjf ,mj , My <3 TeV, 50 GeV < My, My, |u| < 1.5 TeV.  (6.219)

We have discarded points in the parameter space that lead to a non—viable spectrum
(such as charge and colour breaking minima which imposes the constraint A;/Mg < 3)
or to unrealistic Higgs masses (such as large (mg/mg, ,)* terms that spoil the radiative
corrections to Mj, [242]). We select the Higgs mass for which 99% of the scan points
give a value smaller than it. The results are shown in Fig. 20 where, in the left-hand
side, the obtained maximal value of the 2 boson mass M;"** is displayed as a function of
the ratio of parameters X;/Mg. The resulting values are confronted to the mass range

123 GeV < M, < 127 GeV (6.220)

where the upper limit corresponds to the 95% confidence level bound reported by the
CMS collaboration [215,216|, once the parametric uncertainties from the SM inputs
given in Eq. (6.218) and the theoretical uncertainties in the determination of M, are
included. Hence, only the scenarios with large X;/Mg values and, in particular, those
close to the maximal mixing scenario A,/Mg ~ /6 survive (see also Refs. [244, 245]).
The no—mixing scenario is ruled out for Mg < 3 TeV, while the typical mixing scenario
needs large Mg and moderate to large tan 8 values. We obtain M;"**—=136, 123 and 126
GeV in, the maximal, zero and typical mixing scenarios, respectively”.

The right-hand side of Fig. 20 shows the contours in the [Mg, X;| plane where
we obtain the mass range 123 GeV < M, < 127 GeV from our pMSSM scan with
X;/Mg < 3; the regions in which tan 5 < 3,5 and 60 are highlighted. One sees again
that a large part of the parameter space is excluded if the Higgs mass constraint is
imposed®.

"We have checked that the program FeynHiggs [246] gives comparable values for M, within ~ 2
GeV which we consider to be our uncertainty as in Eq. (6.220).

8Note that the M 2% values given above are obtained with a heavy superparticle spectrum, for which
the constraints from flavour physics and sparticle searches are evaded, and in the decoupling limit in
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6.3 Implications for constrained MSSM scenarios

In constrained MSSM scenarios the various soft SUSY-breaking parameters obey a
number of universal boundary conditions at a high energy scale such as the GUT scale,
thus reducing the number of basic input parameters to a handful. These inputs are
evolved via the MSSM renormalisation group equations down to the low energy scale Mg
where the conditions of proper electroweak symmetry breaking (EWSB) are imposed.
The Higgs and superparticle spectrum is calculated, including the important radiative
corrections. Three classes of such models have been introduced previously:

— The minimal supergravity, mSUGRA, model [223-226], in which SUSY-breaking
is assumed to occur in a hidden sector which communicates with the visible sector only
via flavour-blind gravitational interactions, leading to universal soft breaking terms.
Besides the scale Mgyt which is derived from the unification of the three gauge coupling
constants, mSUGRA has only four free parameters plus the sign of u: tan S defined at
the EWSB scale and mg, my /2, Ag which are respectively, the common soft terms of all
scalar masses, gaugino masses and trilinear scalar interactions, all defined at Mqgyr.

— The gauge mediated SUSY-breaking, GMSB, model [227-231] in which SUSY—
breaking is communicated to the visible sector via gauge interactions. The basic pa-
rameters of the minimal model are, besides tan § and sign(u), the messenger field mass
scale Mg, the number of SU(5) representations of the messenger fields Nyess and the
SUSY-breaking scale in the visible sector A. To that, one adds the mass of the LSP
gravitino which does not play any role here.

— The anomaly mediated SUSY-breaking, AMSB, model [232-234] in which SUSY—
breaking is communicated to the visible sector via a super-Weyl anomaly. In the minimal
AMSB version, there are three basic parameters in addition to sign(u): tan g, a universal
parameter myg that contributes to the scalar masses at the GUT scale and the gravitino
mass UZYOR

In the case of the mSUGRA scenario, we will in fact study four special cases:

— The no-scale scenario with the requirement mgy ~ Ay ~ 0 [248-251|. This model
leads to a viable spectrum compatible with all present experimental constraints and
with light staus for moderate m;/, and sufficiently high tan § values; the mass of the
gravitino (the lightest SUSY particle) is a free parameter and can be adjusted to provide
the right amount of dark matter.

— A model with my ~ 0 and Ay ~ —}lml /2 which, approximately, corresponds to the
constrained next-to-MSSM (cNMSSM) [252-254| in which a singlet Higgs superfield is
added to the two doublet superfields of the MSSM, whose components however mostly
decouple from the rest of the spectrum. In this model, the requirement of a good singlino

which the h production cross sections and the decay branching ratios are those of the SM Higgs boson.
However, we also searched for points in the parameter space in which the boson with mass ~ 125 GeV is
the heavier CP-even H° boson which corresponds to values of M4 of order 100 GeV. Among the ~ 10°
valid MSSM points of the scan, only ~ 1.5 x 10~* correspond to this scenario. However, if we impose
that the H cross sections times branching ratios are compatible with the SM values within a factor
of 2 and include the constraints from MSSM Higgs searches in the 777~ channel, only ~ 4 x 1072 of
the points survive. These are all excluded once the b — sy and By — puTu~ constraints are imposed.
A detailed study of the pMSSM Higgs sector including the dark matter and flavour constraints as well
as LHC Higgs and SUSY search limits is presented in Refs. [245,247].



6.3 - Implications for constrained MSSM scenarios 93

dark matter candidate imposes tan 5 > 1 and the only relevant free parameter is thus

— A model with Ay &~ —mg which corresponds to a very constrained MSSM
(VCMSSM) similar to the one discussed in Ref. [255] for input values of the By pa-
rameter close to zero.

— The non—universal Higgs mass model (NUHM) in which the universal soft SUSY—
breaking scalar mass terms are different for the sfermions and for the two Higgs doublet
fields [256-259]. We will work in the general case in which, besides the four mSUGRA
basic continuous inputs, there are two additional parameters? which can be taken to be
My and p.

In contrast to the pMSSM, the various parameters which enter the radiative cor-
rections to the MSSM Higgs sector are not all independent in constrained scenarios as
a consequence of the relations between SUSY breaking parameters that are set at the
high—energy scale and the requirement that electroweak symmetry breaking is triggered
radiatively for each set of input parameters which leads to additional constraints. Hence,
it is not possible to freely tune the relevant weak—scale parameters to obtain the maxi-
mal value of M), given previously. In order to obtain a reliable determination of M;"**
in a given constrained SUSY scenario, it is necessary to scan through the allowed range
of values for all relevant SUSY parameters.

Following the analysis performed in Ref. [242], we adopt the ranges for the input
parameters of the considered mSUGRA, GMSB and AMSB scenarios:

mSUGRA: 50 GeV <my <3 TeV, 50 GeV <myp <3TeV, [Ag] <9 TeV;
GMSB: 10 TeV < A < 1000 TeV, 1 < Myess/A < 101, Niess = 1
AMSB: 1 TeV <mgj, < 100 TeV, 50 GeV <mg < 3 TeV.

Moreover, in the three cases we allow for both signs of u, require 1 < tan § < 60 and,
to avoid the need for excessive fine-tuning in the EWSB conditions, impose an additional
bound on the weak-scale parameters, i.e. Mg = Mgwsp = /mz,m;, < 3 TeV.

Using the programs Softsusy and Suspect, we have performed a full scan of the
GMSB, AMSB and mSUGRA scenarios, including the four options “no-scale”, “cN-
MSSM”, “VCMSSM” and “NUHM?” in the later case. Using the SM inputs of Eq. (6.218)
and varying the basic SUSY parameters of the various models in the ranges described
above, we have determined the maximal M) value in each scenario. The results for
M;"* are shown in Fig. 21 as a function of tan 3, the input parameter that is common
to all models. The highest M, values, defined as that which have 99% of the scan points
below it, for any tan § value, are summarised in Table 14; one needs to add ~ 1 GeV to
take into account the uncertainties in the SM inputs Eq. (6.218).

In all cases, the maximal M), value is obtained for tan # around 20. We observe that
in the adopted parameter space of the models and with the central values of the SM
inputs, the upper h mass value (rounded to the upper half GeV) is M = 121 GeV
in AMSB, i.e. much less that 125 GeV, while in the GMSB scenario one has M =

9 This scenario corresponds to the NUHM2 discussed e.g. in Ref. [255]; the model NUHM1 also
discussed in Refs. [255-259] and which has only one additional parameter is simply a special case of
our NUHM scenario.
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model | AMSB | GMSB | mSUGRA || no-scale | cNMSSM | VCMSSM | NUHM
Mprex 121.0 121.5 128.0 123.0 123.5 124.5 128.5

Table 14: Maximal h° boson mass (in GeV) in the various constrained MSSM scenarios
when scanning over all the input parameters in the ranges described in the text.
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Figure 21: 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 S for the various constrained

MSSM models.

121.5 GeV. Thus, clearly, the two scenarios are disfavoured if the lightest CP—even Higgs
particle has indeed a mass in the range 123 < M), < 127 GeV. In the case of mSUGRA,

we obtain a maximal value M;"** = 128 GeV and, thus, some parameter space of the
model would still survive the M, constraint.

The upper bound on M), in these scenarios can be qualitatively understood by con-
sidering 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
Mg. 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) as can be seen from
Fig. 20. 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 ms/, 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 |Ap] < 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 and the higher upper bound on M), in the pMSSM is not reached.

In turn, in two particular cases of mSUGRA that we have discussed in addition,
the “no—scale” and the “approximate cNMSSM” 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 scenarios involve small values of
Ag at the GUT scale, Ay =~ 0 for no-scale and Ay =~ —}lmI/Q for the c NMSSM. One
then obtains A; values at the weak scale that are too low to generate a significant stop
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Figure 23: Contours in which 123 < M), < 127 GeV, resulting of a full scan of the mSUGRA
parameter but for particular choices of the inputs Ag (left) and mg (right). The lower bound
from LHC searches of SUSY strongly interacting particles in the fully hadronic channel with 1
fb~! data [260] is shown by a continuous line.

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, those leading to the M;*** value) if we impose 123 < M), < 127 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, M), ~ 124.5 GeV can be reached as |Ag| can be large
for large mg, Ay = —my, allowing at least for typical mixing.
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Finally, since the NUHM is more general than mSUGRA as we have two more free
parameters, the [tan 3, M}| area shown in Fig. 21 is larger than in the mSUGRA case.
However, since we are in the decoupling regime and the value of M, does not matter
much (as long as it is larger than a few hundred GeV) and the key weak—scale parameters
entering the determination of My, i.e. tan 5, Mg and A; are 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.

In the case of the “general” mSUGRA model, we show in Figs. 22 and 23 some
contours in the parameter space which highlight some of the points discussed above.
Following Refs. [261-263] where the relevant details can be found, constraints'® from the
LHC in Higgs [247] and superparticle searches [260] and the measurement of By — putpu~
as well as the requirement of a correct cosmological density as required by WMAP have
been implemented. We use the program SuperIso Relic [264,265| for the calculation
of dark matter relic density and flavour constraints.

6.4 Split and high—scale SUSY models

In the preceding discussion, we have always assumed that the SUSY-breaking scale is
relatively low, Mg < 3 TeV, which implies that some of the supersymmetric and heavier
Higgs particles could be observed at the LHC or at some other TeV collider. However, as
already mentioned, this choice is mainly dictated by fine—tuning considerations which are
a rather subjective matter as there is no compelling criterion to quantify the acceptable
amount of tuning. One could well have a very large value of Mg which implies that,
except for the lightest A boson, no other scalar particle is accessible at the LHC or at
any foreseen collider.

This argument has been advocated to construct the so—called split SUSY scenario
[235-237| in which the soft SUSY—-breaking mass terms for all the scalars of the theory,
except for one Higgs doublet, are extremely large, i.e. their common value Mg is such
that Mg > 1 TeV (such a situation occurs e.g. in some string motivated models, see
Refs. [266-268]). Instead, the mass parameters for the spin—% particles, the gauginos
and the higgsinos, are left in the vicinity of the EWSB scale, allowing for a solution
to the dark matter problem and a successful gauge coupling unification, the two other
SUSY virtues. The split SUSY models are much more predictive than the usual pMSSM
as only a handful parameters are needed to describe the low energy theory. Besides the
common value Mg of the soft SUSY-breaking sfermion and one Higgs mass parameters,
the basic inputs are essentially the three gaugino masses Mj, My, M3 (which can be
unified to a common value at Mgyt as in mSUGRA), the higgsino parameter p and
tan 3. The trilinear couplings Ay, which are expected to have values close to the EWSB
scale, and thus much smaller than Mg, will in general play a negligible role.

Concerning the Higgs sector, the main feature of split SUSY is that at the high scale
Mg, the boundary condition on the quartic Higgs coupling of the theory is determined

10 All the points in Fig. 4 correspond to the decoupling regime of the MSSM Higgs sector and, hence, to
an h boson with SM cross sections and branching ratios. Furthermore, as the resulting SUSY spectrum
for M; =1254+2 GeV is rather heavy in constrained scenarios, one obtains very small contributions to

(9 — 2)#-
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by SUSY:

A Msg) = % [6*(Ms) + ¢*(Ms)] cos*28 . (6.221)
where g and ¢ are the SU(2) and U(1) gauge couplings. Here, tan ( is not a parameter
of the low-energy effective theory: it enters only the boundary condition above and
cannot be interpreted as the ratio of two Higgs vacuum expectation values. In this case,
it should not be assumed to be larger than unity as usual and will indeed adopt the
choice 1/60 < tan 8 < 60.

If the scalars are very heavy, they will lead to radiative corrections in the Higgs sector
that are significantly enhanced by large logarithms, log(Mgwss/Ms), where Mpwsp is
the scale set by the gaugino and higgsino masses. In order to have reliable predictions,
one has to properly decouple the heavy states from the low-energy theory and resum the
large logarithmic corrections; in addition, the radiative corrections due to the gauginos
and the higgsinos have to be implemented. Following the early work of Refs. [235-237],
a comprehensive study of the split SUSY spectrum has been performed in Ref. [269];
see also Ref. [270] that appeared recently. All the features of the model have been
implemented in the Fortran code SuSpect upon which the numerical analysis presented
here is based.

One can adopt an even more radical attitude than in the split SUSY case and assume
that the gauginos and higgsinos are also very heavy, with a mass close to the scale Mg;
this is the case in the so—called high—scale SUSY model [238|. Here, one abandons
not only the SUSY solution to the fine-tuning problem but also the solution to the dark
matter problem by means of the LSP and the successful unification of the gauge coupling
constants. However, there will still be a trace of SUSY at low energy: the matching of
the SUSY and the low—energy theories is indeed encoded in the Higgs quartic coupling
A given by Eq. (6.221). Hence, even if broken at very high scales, SUSY would still lead
to a “light” Higgs boson whose mass will contain information on Mg and tan f3.

The treatment of the Higgs sector of the high—scale SUSY scenario is similar to
that of split SUSY: one simply needs to decouple the gauginos and higgsinos from the
low energy spectrum (in particular remove their contributions to the renormalisation
group evolution of the gauge and Yukawa couplings and to the radiative corrections
to the h boson mass) and set their masses to Mg. We have adapted the version of
the program Suspect which handles the split SUSY case to also cover the case where
My, =~ My =~ Mj =~ |pu| = Mg. Using this program, we have performed a scan in the
[tan 3, M| plane to determine the value of M, in the split SUSY and high-scale SUSY
scenarios. The values given in Eq. (6.218) for the SM input parameters have been
adopted and, in the case of split SUSY, we have chosen Mgwsp ~ /| Mau| ~ 246 GeV
for the low scale. The results are shown in Fig. 24. In this figure M), is displayed as a
function of Mg for selected values of tan 8 in split and heavy—scale SUSY.

As expected, the maximal M), values are obtained at high tan 8 and Mg values and,
at the scale Mg ~ 10'% GeV at which the couplings g and ¢’ approximately unify in the
split SUSY scenario, one obtains M), ~ 160 GeV for the higher tan 8 = 50 value'*. We

1 Our result is different by a few GeV from that given in Ref. [270] as the gaugino/higgsino two
loop RGEs were used in that reference while we include only the one-loop RGEs, and different choices
for scales have been adopted. This points to sizable theoretical uncertainties that we are presently
analysing.
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Figure 24: The value of M}, as a function of Mg for several values of tan 8 = 1,2,5,50 in the
split SUSY (left) and high-scale SUSY (right) scenarios.

do not include the error bands in the SM inputs which would lead to an uncertainty of
about 2 GeV on M}, mainly due to the 1 GeV uncertainty on the top quark mass. In
addition, we have assumed the zero—mixing scenario as the parameter A; is expected to
be much smaller than Mg; this approximation might not be valid for Mg values below
10 TeV and a maximal mixing A,/Mg = v/6 would increase the Higgs mass value by
up to 10 GeV at Mg = O(1 TeV) as was discussed earlier for the pMSSM. In the high—
scale SUSY scenario, we obtain a value M, ~ 142 GeV (with again an uncertainty of
approximately 2 GeV from the top mass) for high tan  values and at the unification
scale Mg ~ 10" GeV as in Refs. [238,270]. Much smaller M, values, in the 120 GeV
range, can be obtained for lower scales and tan 3.

Hence, the requirement that the Higgs boson mass is in the range 123 < M, < 127
GeV imposes strong constraints on the parameters of these two models. For this Higgs
mass range, very large scales are needed for tan 5 &~ 1 in the split (high-scale) SUSY
scenario, while scales not too far from Mg~10* GeV are required at high tan 3. Thus,
even in these extreme scenarios, SUSY should manifest itself at scales much below Mgyt

if My, ~ 125 GeV.

6.5 Status of supersymmetric models after the 125 GeV Higgs
discovery

In conclusion, we have shown that in the phenomenological MSSM, strong restrictions
can be set on the mixing in the top sector and, for instance, the no—mixing scenario
is excluded unless the supersymmetry breaking scale is extremely large, Mg > 1 TeV,
while the maximal mixing scenario is disfavored for large Mg and tan 3 values.

In constrained MSSM scenarios, the impact is even stronger. Several scenarios, such
as minimal AMSB and GMSB are disfavored as they lead to a too light h particle.
In the mSUGRA case, including the possibility that the Higgs mass parameters are
non—universal, the allowed part of the parameter space should have large stop masses
and Ay values. In more constrained versions of this model such as the “no-scale” and
approximate “cNMSSM” scenarios, only a very small portion of the parameter space is
allowed by the Higgs mass bound.
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Finally, significant areas of the parameter space of models with large Mg values
leading to very heavy supersymmetric particles, such as split SUSY or high—scale SUSY,
can also be excluded as, in turn, they tend to predict a too heavy Higgs particle with
My, z 125 GeV.

One of the main implications of the LHC discovery of a Higgs boson with a mass
M, =~ 125 GeV is that the scale of supersymmetry-breaking in the MSSM might be
rather high, M¢ > M. In the next section, we consider the high Mg regime and study
the spectrum of the extended Higgs sector of the MSSM, including the LHC constraints
on the mass and the rates of the observed light h state. In particular, we show that in
a simplified model that approximates the important radiative corrections, the unknown
scale Mg (and some other leading SUSY parameters) can be traded against the measured
value of Mj. One would be then essentially left with only two free parameters to describe
the Higgs sector, tan 8 and the pseudoscalar Higgs mass M4, even at higher orders. The
main phenomenological consequence of these high Mg values is to reopen the low tan
region, tan f < 3-5, which was for a long time buried under the LEP constraint on the
lightest A mass when a low SUSY scale was assumed. We show that, in this case, the
heavier MSSM neutral H/A and charged H* states can be searched for in a variety
of interesting final states such as decays into gauge and lighter Higgs bosons (in pairs
on in mixed states) and decays into heavy top quarks. Examples of sensitivity on the
[tan 3, M 4] parameter space at the LHC in these channels will also be discussed.
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7 The MSSM Higgs sector at a high Mg sy: reopening
the low tan S regime and heavy Higgs searches

7.1 Motivations

The Higgs observation at the LHC with a mass of approximately 125-126 GeV first gave
support to the MSSM in which the lightest CP—even h boson was predicted to have a
mass less than ~ 130 GeV [220,242,271]. An annoying problem is that the measured
mass value is too close to the predicted upper limit on M), in the MSSM, suggesting
that the SUSY scale is rather high, Mg 2 1 TeV; as we have just seen it in our previous
discussion. The fact that Mg is large is backed up by direct SUSY particle searches,
which set limits of the order of 1 TeV for the strongly interacting superparticles [272]. In
addition, with the precision measurements of its couplings to fermions and gauge bosons,
the Higgs state looked more and more SM-like, as no significant deviations from the
SM expectation is presently observed [272]. Although this had to be expected since, as
is the case in many extended Higgs sectors, there is a decoupling limit [273] in which all
the heavier Higgs particles decouple from the SM spectrum and one is left only with the
lightest h state which has almost the SM properties, this is again unfortunate. Tests
of the properties of the observed Higgs state have to be pursued with more accuracy in
order to pin down small deviations from the SM prediction.

An equally important way to probe the MSSM is to search for the direct manifes-
tation of the heavier H, A and H* states. These searches are presently conducted by
the ATLAS and CMS collaborations in the regime where tan 3, the ratio of the vac-
uum expectations values of the two Higgs fields, is very large, tan f = vy /vy 2 5-10,
which significantly enhances the Higgs production rates at the LHC. The regime with
low tan 3, tan 8 < 3-5, is ignored, the main reason being that if the SUSY scale should
not exceed Mg ~ 3 TeV to have a still acceptable fine-tuning in the model [274], the
h mass is too low and does not match the observed value. More precisely, this tan 8
region was excluded by the negative Higgs searches that were performed at the ancestor

of the LHC, the LEP collider [275].

In this section, we reopen this low tan [ region by simply relaxing the usual assump-
tion that the SUSY scale should be in the vicinity of 1 TeV. In fact, many scenarios with
a very large scale Mg have been considered in the recent years, the most popular ones
being split-SUSY [235-237] and high—scale SUSY [238| which have been detailed in the
previous section. In these constructions, the SUSY solution to the hierarchy problem is
abandoned and the masses of all the scalars of the theory (and eventually also those of
the spin—% superparticles in high—-scale SUSY) are set to very high values, Mg > M.
Hence, all the sfermions and Higgs bosons are very heavy, except for a light SM-like
Higgs boson whose mass can be as low as Mj, =~ 120 GeV even if tan 3 is very close
to unity. In fact, for this purpose, the scale Mg needs not to be extremely high, for
instance close to the unification scale as in the original scenarii of Refs. [235-238|, and
values of Mg of order 10 to 100 TeV would be sufficient.

In addition, one may assume that only the sfermions are very heavy and not the
Higgs particles, as it would be the case in non—universal Higgs models where the soft—
SUSY breaking mass parameters for the sfermion and the two Higgs doublet fields are
disconnected [255-259]. One would have then a scenario in which the entire MSSM
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Higgs sector is kept at the electroweak scale, while the sfermions are pushed to the high
scale. Such scenarios are also being considered [276-278| and they might occur in many
theoretical constructions.

A first important aspect that we will address now is the treatment of the radiative
corrections in the Higgs sector and the derivation of the superparticle and Higgs spec-
trum in these high scale scenarios. It is well known that for Mg values in the multi-TeV
range, the MSSM spectrum cannot be obtained in a reliable way using the usual RGE
codes that incorporate the higher order effects [240,241,279,280]: one has first to de-
couple properly the heavy particles and to resum the large logarithmic contributions.
Such a program has been performed in the case where M4 ~ Mg > M, and the results
have been implemented in one of the RGE codes [269]. In the absence of such a tool for
Mg > M, ~ My (that is under development [281]), we will adopt the simple approach
where the radiative corrections in the Higgs sector are approximated by the dominant
contribution in the top and stop sector, which involves the logarithm of the scale Mg
and the stop mixing parameter [183,185,186]. We will show that, in this approach,
the situation simplifies to the extent that one can simply trade the dominant radiative
correction against the actual value of the mass of the lighter A boson that has been
measured at the LHC to be M}, ~ 126 GeV. An approach that is similar in spirit has
also been advocated in Ref. [282,283].

One would then deal with a very simple post—h discovery model in which, to a very
good approximation, there are only two input parameters in the Higgs sector, M4 and
tan § which can take any value (in particular low values tan f ~ 1 and M4 ~ 100 GeV
unless they are excluded by the measurements of the h properties at the LHC) with the
mass M}, fixed to its measured value. If one is mainly concerned with the MSSM Higgs
sector, this allows to perform rather model-independent studies of this sector.

We should note that while the working approximation for the radiative corrections to
Higgs sector is important for the determination of the correct value of Mg (and eventu-
ally some other supersymmetric parameters such as the mixing in the stop sector), it has
little impact on Higgs phenomenology, i.e. on the MSSM Higgs masses and couplings.

The reopening of the low tan 3 region allows then to consider a plethora of very
interesting Higgs channels to be investigated at the LHC: heavier CP—even H decays
into massive gauge bosons H — WW, ZZ and Higgs bosons H — hh, CP-odd Higgs
decays into a vector and a Higgs boson, A — hZ, CP—even and CP-odd Higgs decays
into top quarks, H/A — tt, and even charged Higgs decay H* — Wh. Many search
channels discussed in the context of a heavy SM Higgs boson or for resonances in some
non—-SUSY beyond the SM (new gauge bosons or Kaluza—Klein excitations) can be used
to search for these final states. A detailed discussion of the Higgs cross sections times
decay rates in these process is made in this section and an estimate of the sensitivity that
could be achieved at the present /s = 8 TeV run with the full data set is given. These
processes allow to cover a large part of the parameter space of the MSSM Higgs sector
in a model-independent way, i.e. without using the information on the scale Mg and
more generally on the SUSY particle spectrum that appear in the radiative corrections.

The rest of this part is organised as follows. In the next section, we discuss the
radiative corrections in the Higgs sector when M), is used as input and their impact on
the Higgs masses and couplings. Afterwards, we summarize the various processes for
Higgs production and decay in the high and low tan 3 regions and then, their implications
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for the MSSM parameter space. We will also discuss the important new heavy Higgs
channels that can be probed at the LHC at low tan 3.

7.2 The Higgs sector of the MSSM in the various tan 5 regimes

In this section, we review the theoretical aspects of the MSSM Higgs sector with some
emphasis on the properties of the Higgs particles in the low tan § regime, 1 < tan g < 3,
which contrary to the high tan § regime, has not received much attention in the litera-
ture.

7.2.1 The radiatively corrected Higgs masses

Let us begin by recalling a few basics facts about the MSSM and its extended Higgs
sector. In the MSSM, two chiral superfields with respective hypercharges —1 and +1
are needed for the cancellation of chiral anomalies and their scalar components, the two
doublet fields H; and Hs,, give separately masses to the isospin —% and —i—% fermions in
a SUSY invariant way. After spontaneous symmetry breaking, the two doublet fields
lead to five Higgs particles: two CP—even h, H bosons, a pseudoscalar A boson and two
charged H* bosons [48,182].

The Higgs sector should be in principle described by the four Higgs boson masses
and by two mixing angle a and [, with o being the angle which diagonalises the mass
matrix of the two CP—even neutral h and H states while 8 is given in terms of the
ratio of vacuum expectation values of the two Higgs fields Hy and Hs, tan 8 = vy /v;.
However, by virtue of SUSY, only two parameters are needed to describe the system at
tree—level. It is common practice to chose the two basic inputs to be the pseudoscalar
mass M4, expected to lie in the range between My and the SUSY breaking scale Mg,
and the ratio tan /3, which is expected to take values in the range [284]

1 < tanf < my/my = 60 (7.222)

with 7, and 7y, the running top and bottom quark masses in the MS renormalisation
scheme evaluated at a scale close to the SUSY scale M.

At tree-level, the CP—even h boson mass is then bound to be lighter than the Z
boson, M}, < min(Mz, M4)|cos28| < My, while the heavier H and H* boson have
masses that are comparable to that of the A state if M4 = M. Likewise, the mixing
angle a can be written in compact form in terms of M, and tan 3. If the mass My
is large compared to the Z boson mass, the so called decoupling limit [273] that we
will discuss in some detail here, the lighter h state reaches its maximal mass value,
M, ~ My|cos2p|, the heavier CP—even and CP-odd and the charged Higgs states
become almost degenerate in mass, My ~ M, ~ Mpy+, while the mixing angle «

becomes close to a = § — 3.

As is well known this simple pattern is spoiled when one includes the radiative
corrections which have been shown to be extremely important [183, 185,186,190, 193,
194,201, 203, 212, 213, 220, 242, 243,271, 285|. Once these corrections are included, the
Higgs masses (and their couplings) will, in principle, depend on all the MSSM param-
eters. In the phenomenological MSSM (pMSSM) [222], defined by the assumptions
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that all the soft-SUSY breaking parameters are real with the matrices that eventually
describe them being diagonal (and thus, there is no new source of CP or flavor viola-
tion) and by the requirement of universal parameters for the first and second generation
sfermions, the Higgs sector will depend on, besides M, and tan 3, 20 additional pa-
rameters: the higgsino mass parameter p; the bino, wino and gluino mass parameters
M, My, Mj; the first /second and third generation left— and right—handed sfermion mass
parameters mg, Mag, Mg, My, M, and meg, mg,, M, My, Mz; and finally the (common)
first /second and third generation trilinear A,, A4, A. and Ay, Ay, A, couplings'?.

Fortunately, only a small subset of these parameters has a significant impact on
the radiative corrections to the Higgs sector. At the one loop level, the by far domi-
nant correction to the Higgs masses is originating from top and stop loops and grows
like the fourth power of the top quark mass, logarithmically with the stop masses and
quadratically with the stop trilinear coupling. The leading component of this correction

reads' [183, 185, 186]
3m;} MZ X} X?
=———|log— +—5 (11— 7.223

‘ 2202 sin? 3 {og m? +M§ 12 M2 ( )

where 7, is again the running MS top quark mass to account for the leading two-loop
QCD and electroweak corrections in a renormalisation group (RG) improvement (some
higher order effects can also be included) [201,203]. We have defined the SUSY-breaking
scale My to be the geometric average of the two stop masses Mg =, /m; my,; this scale
is generally kept in the vicinity of the TeV scale to minimize the amount of fine tuning.
We have also introduced the stop mixing parameter X; = A; — pucot 3, that we define
here in the DR scheme, which plays an important role and maximizes the radiative
correction when

X, = V6 Mg : maximal mixing scenario (7.224)

while the radiative corrections is smallest for a vanishing X; value, i.e. in the no mixing
scenario X; = 0. An intermediate scenario is when X; is of the same order as the SUSY
scale, X; = Mg, the typical mixing scenario. These scenarios have been often used in the
past as benchmarks for MSSM Higgs studies [288] and have been updated recently [289].

The e approximation above allows to write the masses of CP—even Higgs bosons in
a particularly simple form

1 M?2M? 29 M2 si 2 Ve 5
Ml%,H:§(Mi+M§+E) 1:F\/1_4 ZM?7 cos? 20 + e(M3sin® 5 + MZ cos? )

(M3 + MZ +¢)?

] (7.225)

In this approximation, the charged Higgs mass does not receive radiative corrections,
the leading contributions being of O(am?) and one can still write the tree-level relation
Mp+ = /M3 + M3,. For large values of the pseudoscalar Higgs boson mass, the CP—

even Higgs masses can be expanded in powers of M2/M3 to obtain at first order

M2 cos® B M2 sin? B + e cos? 3
M2 MaxMzoo a2 20 2 1 cMz _ Mz
y (M3 cos® 23 + esin” 3) +M§(M§+esin25) e
M2 : 22 2
ME MaZMzopp2 g g 2250 Ai; ccos” p } (7.226)
A

12 The first/second generation couplings have no impact in general and can be ignored in practice,
reducing the effective number of free inputs of the pMSSM, from 22 to 19 parameters.
13Note the typographical error for this equation in Ref. [48] which translated to Refs. [191,286,287].
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and indeed, in exact decoupling M4/My — oo, one would have My =M= My+ for
the heavier Higgs states and, for the lighter h boson, the well known relation

My=MP™ =/ M3 cos? 28+ esin® 3 (7.227)

In view of the large value M), =~ 126 GeV of the observed Higgs state at the LHC, it is
clear that some optimization of the various terms that enter the mass formula Eq. (7.227)
with the radiative correction Eq. (7.223) is required. As was discussed in many instances
including Refs. [191,286,287], one needs: i) to be close to the decoupling limit M, > My
and to have significant tan 5 values that lead to | cos 25| — 1 to maximize the tree-level
mass and, i) to be in the maximal mixing scenario X, = +/6Mg with the largest
possible value of the SUSY-breaking scale Mg to maximize the radiative corrections.
As the other SUSY-breaking parameters do not affect significantly the M;"** value, one
can fix them to some value. For instance, one can make the choice [289]

max | M2 ~ 2M1 = |,u‘ = %MS, M3 = mqi = %mg = 1'5M5'7 Al = 0,
Mhpench my = ims = Mg, A, = A, = A, (7.228)
where mg, and m; are the common first/second sfermion SUSY-breaking masses and
A; their trilinear couplings. Alternatively, one can perform a scan of these parameters in
a reasonable range which should change the resulting value of M;"** in the DR scheme

only by a few GeV in general.

In the case of a not too large SUSY scale, Mg < 3 TeV, the numerical analyses of
the MSSM Higgs sector can be performed with RGE programs [240,241,279,280| such
as Suspect which include the most relevant higher order radiative corrections in the
calculation of the Higgs and superparticle masses (and their couplings). In particular,
for the Higgs sector, the full set of one—loop radiative corrections which include also the
sbottom and stau loop corrections that are important at high tan 5 values [190] and the
dominant two—loop QCD and electroweak corrections [212,213,285] are incorporated in
the DR scheme; the dominant three-loop corrections are also known [243] but they are
quite small and they can be neglected.

One should compare the results with those obtained with the program FeynHiggs
[246] which incorporates the radiative corrections at the same level of accuracy but in
the on-shell renormalisation scheme [193,194|. In most cases, one obtains comparable
results but in some scenarios, the difference in the values of M) can be as large as 3
GeV. We will thus assume, as in Ref. [289], that there is a AM; ~ 3 GeV uncertainty
on the determination of the h mass in the MSSM and that the value M; = 126 GeV of
the particle observed at the LHC corresponds to a calculated mass within the pMSSM
of

123 GeV < M, < 129 GeV (7.229)

This uncertainty includes the parametric uncertainties of the SM inputs, in particular
the MS b-quark mass and the top quark pole mass mm,(my) = 4.7 GeV and mP® =
173.2+1 GeV [290]. In the latter case, it is assumed that the top quark mass measured
at the Tevatron, with the uncertainty of 1 GeV, is indeed the pole mass. If the top
mass is instead extracted from the top pair production cross section, which provides a
theoretically less ambiguous determination of mfc’le, the uncertainty would be of order

3 GeV [291]. Including also the experimental error in the M), measurement by ATLAS
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and CMS, M, = 125.7 + 0.4 GeV, the possible calculated mass value of the h boson
in the MSSM can be extended to the much wider and admittedly rather conservative
range 120 GeV < M), <132 GeV.

7.2.2 The low tan § regime

The previous discussion assumed a not too high SUSY-breaking scale, Mg < 3 TeV,
in order not to have a too large fine-tuning in the model. However, in many scenarios,
values of Mg in the 10 TeV range and even beyond have been considered, with a most
popular one being the split-SUSY scenario [235-237,270]. Indeed, as the criterion to
quantify the acceptable amount of tuning is rather subjective, one could well have a
very large value of Mg which implies that no sfermion is accessible at the LHC or at any
foreseen collider, with the immediate advantage of solving the flavor and CP problems
in the MSSM by simply decoupling these states. The mass parameters for the spin—%
particles, the gauginos and the higgsinos, can be kept close to the electroweak scale,
allowing for a solution to the dark matter problem and a successful gauge coupling
unification, the two other SUSY virtues. The SUSY solutions to these two remaining
problems are abandoned if one takes the very extreme attitude of assuming that the
gauginos and higgsinos are also very heavy, with a mass close to the scale Mg, as is the
case of the so—called high-scale SUSY models [238,270].

In all these these SUSY scenarios, there is still a light particle, the h boson, which
can have a mass close to 126 GeV for a given choice of parameters such as Mg and
tan §; see for instance Refs. [191,270]. The other Higgs particles are much heavier as
the pseudoscalar Higgs mass is very often related to the mass scale of the scalar fermions
of the theory, M4 ~ Mg. However, this needs not to be the case in general, in particular
for Mg values not orders of magnitude larger than 1 TeV. Even, in constrained minimal
Supergravity-like scenarios, one can assume that the soft SUSY-breaking scalar mass
terms are different for the sfermions and for the two Higgs doublets, the so—called non—
universal Higgs mass models [255-259] in which the mass M, is decoupled from Mg.
Scenarios with very large values of Mg and values of M4 close to the weak scale have
been advocated in the literature [276-278|, while models in which one of the soft SUSY—
breaking Higgs mass parameters, in general My, , is at the weak scale while Mg is large
are popular; examples are the focus point scenario [292-294| and the possibility also
occurs in M /string theory inspired scenarios [267,295-297].

Hence, if one is primarily concerned with the MSSM Higgs sector, one may be rather
conservative and assume any value for the pseudoscalar Higgs mass M, irrespective of
the SUSY scale Mg. This is the quite “model-independent" approach that we advocate
and will follow in this part: we take M4 as a free parameter of the pMSSM, with values
ranging from slightly above 100 GeV up to order Mg, but make no restriction on the
SUSY scale which can be set to any value.

Nevertheless, in scenarios with Mg > 1 TeV, the Higgs and SUSY mass spectrum
cannot be calculated reliably using standard RGE programs as one has to properly
decouple the heavy states from the low-energy theory and resum the large logarithmic
corrections. A comprehensive study of the split SUSY spectrum has been performed
in Ref. [269] and the various features implemented in an adapted version of the code
SuSpect. However, this version does not include the possibility Mg > M4 2 My that is
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of interest for us here. A comprehensive and accurate description of the high Mg scenario
in the MSSM in the light of the h discovery, including the possibility of a Higgs sector at
the weak scale, is under way [281]. In the meantime, we will use the e approximation of
Eq. (7.223) to describe the radiative corrections in our high Mg scenario which should
be a good approximation for our purpose. In particular, for M, > M, we have verified
that our results are in a relatively good agreement with those derived in the more refined
approach of Ref. [269].

Let us now discuss the magnitude of the SUSY scale that is needed to make small
tan $ values viable. We make use of the program Suspect in which the possibility
Mg > 1 TeV is implemented [269] and which includes the full set of radiative corrections
(here we assume the maximal mixing X; = \/GMS scenario and we take 1 TeV for the
gaugino and higgsino masses). In Fig. 25, displayed are the contours in the plane
[tan B, Mg]| for fixed mass values M, = 120,123,126, 129 and 132 GeV of the observed
Higgs state (these include the 3 GeV theoretical uncertainty and also a 3 GeV uncertainty
on the top quark mass).

50 T
Mp =114 GeV —
My =120 GeV —
My =123 GeV —
My, = 126 GeV
Mp = 129 GeV
My, = 132 GeV

10

tang3

t

103 104 10° 106 107
Ms [GeV]

Figure 25: Contours for fixed values M, = 120,123,126,129 and 132 GeV in the
[tan B, M| plane in the decoupling limit My > My; the “LEP2 contour" for M, = 114
GeV is also shown.

From the figure, one concludes that values of tan 5 close to unity are possible and
allow for an acceptable M) value provided the scale Mg is large enough. For instance,
while one can accommodate a scale Mg ~ 1 TeV with tan § ~ 5, a large scale Mg ~ 20
TeV is required to reach tan § =~ 2; to reach the limit tan 8 = 1, an order of magnitude
increase of Mg will be needed. Outside the decoupling regime, the obtained Mg for a
given M), value will be of course larger. For completeness, we also show the contour
for the mass value M;, = 114 GeV, the 95% confidence level limit obtained at LEP2 on
a SM-like Higgs boson; it illustrates the fact that values down to tan ~ 1 are still
allowed by this bound provided that Mg 2 10 TeV. The implications of this feature will
be discussed later.

In the rest of this section, we will thus consider situations with the MSSM Higgs
sector at the weak scale and the only requirement that we impose is that it should be
compatible with the LHC data and, in particular, with the mass and production rates
of the Higgs boson that has been observed. The requirement that M} ~126 GeV, within
the theoretical and experimental uncertainties, will be turned into a requirement on the
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parameters that enter the radiative corrections and, hence, on the scale Mg and the
mixing parameter X;, for given values of the two basics inputs M4 and tan 3.

7.2.3 The Higgs couplings and the approach to the decoupling limit

Let us now turn to the important issue of the Higgs couplings to fermions and gauge
bosons. These couplings strongly depend on tan 8 as well as on the angle o (and hence
on My); normalized to the SM Higgs couplings, they are given in Table 15. The A
boson has no tree level couplings to gauge bosons as a result of CP-invariance, and
its couplings to down—type and up—type fermions are, respectively, proportional and
inversely proportional to tan . This is also the case for the couplings of the charged
Higgs boson to fermions, which are admixtures of mytan 8 and m,cot 5 terms and
depend only on tan 5. For the CP-even Higgs bosons h and H, the couplings to fermions
are ratios of sines and cosines of the angles o and (; the couplings to down (up) type
are enhanced (suppressed) compared to the SM Higgs couplings for tan 5 > 1. The
two states share the SM Higgs couplings to vector bosons as they are suppressed by
sin(f — «) and cos(f8 — «), respectively for h and H. We note that there are also
couplings between a gauge and two Higgs bosons which in the case of the CP—even
states are complementary to those to two gauge bosons gpaz X gng+w- X ggvy and
vice versa for h <> H; the coupling g,g+w- has full strength.

9dau 9%dd Jovv 94z / JoH+W-

cosa/sinff | —sina/cosf | sin(f — ) | o cos(f — «)

sina/sinf | cosa/cosf | cos(f— ) | o sin(f — «)
cotf3 tan 3 0 x 0/1

| S| e

Table 15: The couplings of the neutral MSSM Higgs bosons, collectively denoted by &,
to fermions and gauge bosons when normalized to the SM Higgs boson couplings.

These couplings are renormalized essentially by the same radiative corrections that
affect the CP—even neutral Higgs masses. In the € approximation discussed above, the
one—loop radiatively corrected mixing angle a will indeed read

M3 + M
M3 — M2 + ¢/ cos2f3

tan 2a = tan 23 (7.230)

This leads to corrected reduced h, H couplings to gauge bosons that are simply g,y =
sin(f — &) and gyyy = cos(f — @) and similarly for the couplings to fermions.

The decoupling limit is controlled by the V'V coupling of the heavier CP-even Higgs
boson, gpyvy = cos(8 — &), which vanishes in this case, while the hV'V coupling g7, =
1 — g%y = sin?(3 — @) becomes SM-like. Performing again an expansion in terms of
the pseudoscalar Higgs mass, one obtains in the approach to the decoupling limit!*

2
Ma>M 1Mz .
gavyv A—>Z X———Z sin4f —

€ .

14We thank Nazila Mahmoudi for discussions and help concerning these limits.
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where, in the intermediate step, the first term is due to the tree—level contribution and
the second one to the one-loop contribution e. Concentrating first on the tree-level
part, one realises that for large values of tan f and also for values very close to unity,
the decoupling limit is reached more quickly. Indeed the expansion parameter involves
also the factor sin 44 which becomes in these two limiting cases

sin4f =

dtan f(1 — tan® §) { —4/tan§ for tanf>1 (7.232)

(14 tan? 3)? 1 —tan? S for tanf ~ 1

Hence, in both the tan 3 > 1 and tan 3 ~ 1 cases, the ggyy coupling that controls
the decoupling limit M%/M?% — 0, is doubly suppressed. The radiatively generated
component, if one recalls that the one-loop correction in Eq. (7.223) involves a 1/ sin? 3
term which makes it behave as —e/M3 x cot 3, also vanishes at high tan 8 values. This
leads to the well known fact that the decoupling limit ggyvy — 0 is reached very quickly
in this case, in fact as soon as My 2 M;"**. Instead, for tan 8 ~ 1, this radiatively
generated component is maximal. However, when both components are included, the
departure from the decoupling limit in the coupling ggyy for a fixed M4 value occurs
when sin4( ~ —1, which corresponds to 5 = 37/8 and hence to the value tan 5 ~ 2.4.

Similarly to the HV'V case, one can write the couplings of the CP—even Higgs states
to isospin 3 and —3 fermions in the approach to the decoupling limit MZ /M3 < 1 as

Ma>Mz

huu — 7 14+ xcotp —1

Ghdd Mazllz Y tanf — 1

JHuu sz —cotf+x — —cotf
Mpa>Mz

9Hdd — +tanf+yxy — +tanpf

with the expansion parameter x oc 1/M3 is the same as the one given in Eq. (7.231).
In the M4 > My regime, the couplings of the h boson approach those of the SM Higgs
boson, gnruu ~ graqa =~ 1, while the couplings of the H boson reduce, up to a sign, to those
of the pseudoscalar Higgs boson, ¢ruu & Gawe = cot § and gpqq &~ gaqq = tan 5. Again,
as a result of the presence of the same combination of M%sin43 and esin 2/ factors in
the expansion term y of all couplings, the limiting values are reached more quickly at
large values of tan $ but the departure from these values is slower at low tan (.

In Fig. 26, we display the square of the H couplings to gauge bosons and fermions as
a function of tan 8 for M4 = 300 GeV. Again the maximal mixing scenario is assumed
and Mg is chosen in such way that for any tan g value, one has M, = 126 GeV. At such
A masses, the couplings of the lighter A boson to all particles deviate little from unity
even for small tan § values and in this case too one can consider that we are already in
the decoupling regime. Nevertheless, the coupling of the heavier H boson to V'V states
is still non—zero, in particular at low tan 3. The H coupling to ¢t pairs states (as well
as the A coupling) is significant at low tan 3 values, g%, = 0.1 for tan 3 < 3. It even

Y

becomes larger (and the Hbb coupling smaller) than unity for tan 5 < 1.2.

This demonstrates that the heavier H/A/H* bosons can have sizable couplings to
top quarks (and to massive gauge bosons for H outside the decoupling regime) if tan 3
values as low as ~ 3 are allowed. In fact, the H/A/H% couplings to top quarks o< cot
are larger that the couplings to bottom quarks o tan § for values tan 5 ~ /m;/my S 7
and this value should be considered as the boundary between the high and low tan
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regimes. With more refinement, one can consider three tan 5 regimes: the high regime
with tan § 2 10, the intermediate regime with 5 < tan 8 < 10 and the low regime with
tan 8 < 5.

10
Hdd
Mj = 300 GeV
| L My =126 GeV 7
I
LT
0.01 f
0.001 ‘
1 2 | 10
tang

Figure 26: The squared couplings of the heavier CP—even H state to gauge bosons and
fermions as a function of tan g for M, = 300 GeV. The SUSY scale is chosen so that
My, =126 GeV.

There are two important remarks which should be made before closing this section.
The first one is that besides the € correction, there are additional one-loop vertex cor-
rections which modify the tree—level Higgs—fermion couplings [298,299]. In the case of
b—quarks in the high (and eventually intermediate) tan § regime, they can be very large
in the b—quark case as they grow as my tan 5. The dominant component comes from the
SUSY—-QCD corrections with sbottom—gluino loops that can be approximated by

20,
Ay ~ 5, WM tan (3 /max(m;, mgl,m?yz) (7.233)
In the decoupling limit M4 > My, the reduced bb couplings of the H, A states read
Ay
~ ~t 1-— 7.234
GHbb = G Abb an f3 { 1x AJ ( )

In the case of the lighter h boson, the hbb couplings stay SM-like in this limit in principle,
but slightly outside the decoupling limit, there is a combination of SUSY parameters
which realises the so—called “vanishing coupling" regime [288] in which @ — 0 and hence
Iy K 1.

The second remark concerns the trilinear Hhh coupling which will be needed in our
analysis. In units of M2 /v, this coupling is given at tree-level by [182]

Agnn & 2sin 2asin(f + a) — cos 2 cos(f + ) (7.235)
Again, to include the radiative corrections in the e approximation, one needs to

perform the change o« — @; however, in this case, there are also direct vertex corrections
but they can be still described by the e parameter. One obtains in this approach [38,42]

Ma>Myz 3

AHhh 2 {\/(M,% — esin? B)(M2 — M? + esin® ) + esin Bcos 3| (7.236)
Z

At high—tan (3, the trilinear coupling vanishes Ayp, — 0 while for small and intermediate
tan [ values it stays quite substantial as a result of the large e corrections.
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7.3 Higgs decays and production at the LHC
7.3.1 The high and intermediate tan S regimes

The production and decay pattern of the MSSM Higgs bosons crucially depend on tan 3.
In the LHC run up to now, i.e. with center of mass energies up to /s = 8 TeV, only
relatively large tan 3 values, tan § 2 5-10 which correspond to the high and intermediate
regimes, are probed in the search of the neutral H/A and the charged H* bosons. In the
high tan 8 regime, the couplings of these non—-SM like Higgs bosons to b quarks and to
7 leptons are so strongly enhanced, and the couplings to top quarks and massive gauge
bosons so suppressed, that the pattern becomes rather simple.

A first simplifying feature is that the decoupling regime in which the lighter h boson
attains its maximal mass M value for a given SUSY parameter set'® and has SM—
couplings already at M4 2 M;"** for tan 8 2 10. In this case, the heavier CP-even H
boson has approximately the same mass as the A boson and its interactions are similar.
Hence, the spectrum will consist of a SM-like Higgs h = Hgy and two pseudoscalar
(like) Higgs particles, ® = H/A. The H* boson will also be approximately degenerate
in mass with the ¢ states and the intensity of its couplings to fermions will be similar.

An immediate consequence will be that the h boson will precisely decay into the
variety of final states and will be produced in the various channels that are present in
the SM. These decay and production processes have been studied in detail at various
places, see Ref. [47] for a detailed review and Refs. [103,106] for updates. We will discuss
the implications of these channels for the properties of the state observed at the LHC
in the next section.

In the case of the heavier neutral ® = H/A bosons, the decay pattern is very
simple: the tf channel and all other decay modes are suppressed to a level where their
branching ratios are negligible and the ® states decay almost exclusively into 777~
and bb pairs, with branching ratios of BR(® — 7577) ~ m2/[3m2(Ms) + m?] ~ 10%
and BR(® — bb) ~ 90%. The charged Higgs particles decay into H* — v, final
states with a branching fraction of almost 100% for H* masses below the tb threshold,
Mpy+ < my —my, and a branching ratio of only ~ 10% for masses above this threshold.
The by far dominant channel in the latter case is H* — tb which occurs with a ~ 90%
probability for the same reason as above.

Concerning Higgs production in the high tan 8 regime, the enhancement of the b—
quark couplings makes that only processes involving this quark are important for the
® = H/A states. In the dominant gluon fusion production channel, gg— ®, one should
take into account the b—quark loop which provides the largest contribution (in contrast
to the SM where the top quark contribution largely dominates) and in associated Higgs

15The present discussion holds in the case where the h boson is the SM-like state which implies
My z Mj"**. At low My values, the role of the CP—even h and H states are reversed: it is H which
is the SM-like particle H = Hgy and h would correspond to the pseudoscalar—like Higgs particle.
However, the possibility that the H state is the observed particle at the LHC is ruled out by present
data [287]. A special case would be My ~ M;™*, which is called the intense coupling regime in
Ref. [300,301] and which leads to mass degenerate h, H, A states with comparable couplings to fermions;
as the h and H states are close in mass, one has the same phenomenology as in the decoupling limit
where H has the same properties as A [106]. Again, this scenario is strongly disfavored by present
data [287].
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production with heavy quarks, bb final states and hence the processes gg/qq — bb + @,
must be considered. The latter processes are equivalent to the bb — @ channels when no—
additional b—quark in the final state is present, if one considers the b—quark as a massless
parton and uses heavy quark distribution functions in a five active flavor scheme [302].

Hence, except for the gg — ® and bb — ® fusion processes, all the other production
channels are irrelevant in the high tan § regime, in particular the vector boson fusion and
the Higgs—strahlung channels, that are absent for A and strongly suppressed for H. In
both cases, as Mg > my, chiral symmetry holds and the cross sections are approximately
the same for the CP—even H and CP—odd A bosons. The cross section for gg — @ is
known up to next—to—leading order in QCD [72] and can be calculated using the program
HIGLU [117,303|. The bb — & rate is instead known up to NNLO in QCD [304-306]
and its evaluation can be made using the programs bb@nnlo or SUSHI [307|. Note that
for associated H/A production with two tagged b—quarks in the final states that can be
used, one should instead consider the process gg/qq — bb + ® which is known up to
NLO QCD [308,309]; they leading order cross section can be obtained using the program
QQH [117].

The most powerful search channel for the heavier MSSM Higgs particles at the LHC
is by far the process

pp— gg+bb— & — 777 (7.237)

The precise values of the cross section times branching fraction for this process at the
LHC have been recently updated in Refs. [103,106] and an assessment of the associated
theoretical uncertainties has been made. It turns out that these uncertainties are not
that small. They consist mainly of the scale uncertainties due to the missing higher
orders in perturbation theory and of the combined uncertainty from the parton distri-
bution functions and the strong coupling constant «,. When combined, they lead to a
total theoretical uncertainty of 20-30% in both the gg — ® and bb — ® channels'6. We
will assume here for the combined gg + bb — ® channel a theoretical uncertainty of

Ao (pp— @) x BR(®—77) = £25% (7.238)

in the entire Mg range probed at the LHC and for both /s = 8 and 14 TeV.

Besides the QCD uncertainty, three other features could alter the rate o(pp — ® —
77) in the MSSM and they are related to the impact of the SUSY particle contributions.
We briefly summarise them below and some discussions are also given in Refs. [287,310].

While the CP-odd A state does not couple to identical squarks as a result of CP—
invariance, there is a H¢;q; coupling in the case of the H state which allows squarks,
and mainly top and bottom squarks, to contribute to the gg — H amplitude at leading
order (there are NLO contributions [311-314| for both the Hgg and Agg amplitudes via
gluino exchange but they should be smaller). However, as squarks do not couple to the
Higgs bosons proportionally to their masses, these contributions are damped by powers
of Thé for Mg < Qmé and, at high tan 3. the b—loop contribution stays largely dominant.

161t was advocated in Ref. [106] that there are two additional sources of uncertainties related to the
b—quark mass which should be considered: the one in the gg — ® process due to the choice of the
renormalization scheme for m; and the parametric uncertainty. These could significantly increase the
total uncertainty. We will however, ignore this complication and retain the “official" estimate of the
error given in Ref. [103].
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These SUSY contributions are thus expected to be small and can be neglected in most
cases.

A more important effect of the SUSY sector is due to the one—loop vertex correction
to the ®bb couplings, A, of eqs. (8.3-7.234), which can be large in the high tan 3 regime
as discussed previously. However, in the case of the full process pp — ® — 7777, this
correction appears in both the cross section, o(®) oc (1 + A;)~2, and in the branching
fraction, BR(77) = T'(® — 77)/[(1 + Ay) 2['(® — bb) +'(® — 77)], which involves the
A, correction above in the denominator. Hence, in the cross section times branching
ratio, the A, corrections largely cancels out and for BR(77) &~ 10%, one obtains

_ 1
o(gg +bb — @) x BR(® — 77) ~ ¢ x BR x (1 — SAb) (7.239)

Hence, one needs a very large A, term (which, one should recall, is a radiative
correction and should be small, for a recent discussion, see for instance Ref. [315]), of
order unity or more, in order to alter significantly the pp — ® — 77 rate!”.

Finally, there is the possibility that there are light SUSY particles with masses
m < %Mq> which lead to the opening of SUSY decay channels for the H/A states that
might reduce the ® — 77 branching fraction. For Mg < 1 TeV, the only possibilities for

these superparticles seem to be light neutralinos and charginos (x) and light sleptons (¢).
These decays have been reviewed in Ref. [48| and they have been found to be in general
disfavored in the high tan § regime as the ® — bb + 77 decays are so strongly enhanced
that they leave little room for other possibilities. Only in a few special situations that
these SUSY decays can be significant. For the decays ® — xyx, it is the case when
i) all x = ng and xY, channels are kinematically open or i7) if only a subset of x
particles is light, they should be mixtures of gauginos and higgsinos to maximize the
®\y couplings. Both scenarios should be challenged by the present LHC constraints'®.
In the case of sleptons, only the decays into light 7 states could be important; while the
decay A — 717 is forbidden by CP—invariance, the decays H — 7171 and H/A — 717y
can have substantial rates at high tan 8 when the ®77 coupling is enhanced. However,
again, at these large tan 3 values, the ® — bb and ® — 77 decays are extremely
enhanced and leave little room for competition.

Thus, only in the unlikely cases where the decay H — 7;7; has a branching rate
of the order of 50%, the squark loop contribution to the gg — H process is of the
order 50%, or the A, SUSY correction is larger than 100%, that one can change the
pp — ® — 77 rate by &~ 25%, which is the level of the QCD uncertainty. One thus
expects o(pp — ) x BR(® — 77) to be extremely robust and to depend almost
exclusively on M, and tan (.

Two more processes are considered for the heavier MSSM neutral Higgs bosons at

17In any case, if one insists to take this A, correction into account in the constraint on the [tan 3, M 4]
plane that is obtained from the pp — ® — 77 rate, one could simply replace tan 8 by tan 8/(1+A,;/10).
A contribution Ay ~ 1 will change the limit on tan 8 by only 10%, i.e. less than the QCD uncertainty.

8The searches of charginos and neutralinos in the same-sign lepton and tri-lepton topologies at the
LHC are now probing significant portions of the gaugino—higgsino parameter space and they exclude
more and more the possibility of light x states [316-319]. This is particularly true for mixed gaugino—
higgsino states in which the ®xx couplings are maximised: the lead to a large gap between the lightest
and the next-to-lightest x masses and hence a large amount of missing energy that make the searches
more effective.
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high tan 8. The first one is pp — ® — ptp~ for which the rate is simply o(pp—® — 77)
rescaled by BR(® — pu)/BR(® — 77) = m? /m? ~ 4 x 107%. The rate is much smaller
than in the 77 case and is not compensated by the much cleaner uu final state and the
better resolution on the invariant mass. Searches in this channel have been performed
in the SM Higgs case [320,321]| and the sensitivity is very low. In addition, there is the
process in which the H/A bosons are produced in association with two b—quark jets and
decay into bb final states and searches in this channel have been performed by the CMS
collaboration with the 7 TeV data [322]. However, the sensitivity is far lower than in
the 777~ channel.

Thus, the pp — ® — 777~ search for the neutral Higgs bosons provides the most
stringent limits on the MSSM parameter space at large tan 8 and all other channels are
weaker in comparison and provide only cross checks. We will thus concentrate on this
process in the rest of our discussion of the high tan £ regime.

A final remark needs to be made on the charged Higgs boson. The dominant H*
search channel at present energies is in H* — 7v final states with the H* bosons
produced in top quark decays for masses not too close to Mg+ = m;—my ~ 170 GeV

pp — tt with t > H'b — 10b (7.240)

This is particularly true at high tan 8 values when the ¢ — H b branching ratio which
grows with m? tan® 3, is significant. For higher H* masses, one should rely on the
three-body production process pp — tbH* — tbrv which leads to a cross section that
is also proportional to tan? 3, but the rates are presently too small. Hence, processes
beyond t — bH™ can be considered only at the upgraded LHC.

7.3.2 The low tan  regime

The phenomenology of the heavy MSSM A, H, H* bosons is richer at low tan /3 and
leads to a production and decay pattern that is slightly more involved than in the high
tan 0 regime. Starting with the production cross sections, we display in Fig. 27 the
rates for the relevant H/A/H®* production processes at the LHC with center of mass
energies of /s = 8 TeV and /s = 14 GeV assuming tan S = 2.5. The programs
HIGLU [303], SUSHI [307] and those of Ref. [117] have been modified in such a way that
the radiative corrections in the Higgs sector are calculated according to what has been
seen previously and lead to a fixed M), = 126 GeV value. The MSTW set of parton
distribution functions (PDFs) [133] has been adopted. For smaller tan  values, the
cross sections for the various processes, except for pp — H/A + bb, are even larger as
the H/A couplings to top quarks and the HV'V coupling outside the decoupling limit
are less suppressed.

Because of CP invariance which forbids AV'V couplings, the pseudoscalar state A
cannot be produced in the Higgs-strahlung and vector boson fusion processes. For
M, 2z 300 GeV, the rate for the associated pp — ttA process is rather small, as is
also the case of the pp — bbA cross section which is not sufficiently enhanced by the
Abb  tan 8 coupling. Hence, only the gg — A fusion process with the dominant ¢—
quark and sub-dominant b—quark loop contributions included provides large rates at low
tan [3.
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The situation is approximately the same for the CP—even H boson: only the gg — H
process provides significant production rates at relatively high values of My, My =2 300
GeV, and low tan 3, tan 8 < 5. As in the case of A, the cross section for pp — ttH
is suppressed compared to the SM case while the rate for pp — bbH is not enough
enhanced. However, in this case, the vector boson fusion pp — Hqq and Higgs-strahlung
processes q¢ — HW/HZ are also at work and have production rates that are not too
suppressed compared to the SM at sufficiently low My values, My < 200-300 GeV and
tan 0 ~ 1.

100
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Figure 27: The production cross sections of the MSSM heavier Higgs bosons at the
LHC with /s = 8 TeV (left) and /s = 14 TeV (right) for tan 5 = 2.5. Only the main
channels are presented. The higher order corrections are included (see text) and the
MSTW PDFs have been adopted.

Hence, for M, 2 300 GeV, the only relevant production process is gg — ® with
the dominant contribution provided by the heavy top quark loop. In this case, one can
include not only the large NLO QCD corrections [67,68,323|, which are known in the
exact case 72|, but also the NNLO QCD corrections [74-76, 122, 324] calculated in a
effective approach with m; > Mg which should work in practice for Mg < 300 GeV but
can be extended to higher masses.

For the charged Higgs boson, the dominant production channel in the low tanf
regime is again top quark decays, t — HTb, for Mpy+ < 170 GeV. Indeed, for tan 8 < 5,
the m;/ tan 3 component of the H*tb coupling becomes rather large, leading to a signifi-
cant t — H*b branching ratio. For higher H* masses, the main process to be considered
is gg/qq — H¥tb [325-329]. As in the case of pp — bb®, one can take the b-quark as
a parton and consider the equivalent but simpler 2 — 2 channel gb — H*t. One ob-
tains an accurate description of the cross section if the renormalisation and factorisation
scales are chosen to be low, ugp = upr ~ %(MH:N: + my) in order to account for the large
NLO QCD corrections [330]; the scales uncertainties are large though, being of order
20% [103|. Additional sources of H* states for My= < 250 GeV are provided by pair
and associated production with neutral Higgs bosons in ¢g annihilation as well as H+H ™~
pair and associated H*WT production in gg and/or bb fusion but the rates are very
small [331].
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Figure 28: The decay branching ratios of the heavier MSSM Higgs bosons A (left), H
(center) and H¥ (right) as a function of their masses for tan 3 = 2.5. The program
HDECAY [115,116] has been used with modifications so that the radiative corrections
lead to M; = 126 GeV.

Let us turn to the decay pattern of the heavier MSSM Higgs particles which can be
rather involved in the low tan § regime. In this case, as the couplings of the H/A bosons
to b—quarks are not very strongly enhanced and the couplings to top quarks (and gauge
bosons in the case of the H state) not too suppressed, many interesting channels appear.
The branching fractions for the H/A/H* decays are shown in Fig. 28 as functions of their
masses at tan § = 2.5. They have been obtained using the program HDECAY [115, 116]
assuming large Mg values that lead to a fixed M}, = 126 GeV value. The pattern does
not significantly depend on other SUSY parameters, provided that Higgs decays into
supersymmetric particles are kinematically closed as it will be implicitly assumed in the
following'®, where the main features of the decays are summarised in a few points.

— Sufficiently above the ¢ threshold for the neutral and the tb threshold for the
charged Higgs bosons, the decay channels H/A — tt and H* — tb become by far
dominant for tanf < 3 and do not leave space for any other decay mode. Note that
these decays have also significant branching fractions below the respective kinematical
thresholds [332-334]. Tt is especially true for the charged Higgs state for which BR(H ™ —
th) 2 1% for My+ ~130 GeV.

— Below the ¢t threshold, the H boson can still decay into gauge bosons H —
WW and ZZ with rather substantial rates as the HV'V couplings are not completely
suppressed.

— In the window 2M,;, < My < 2my, the dominant decay mode for tan 8 < 3 turns
out to be the very interesting channel H — hh channel. As discussed earlier, the Hhh
self-couplings given in Eq. (7.236) is significant at low tan £ values.

— If allowed kinematically, i.e. for M4 2 M), + Mz GeV, the CP-odd Higgs boson

19Tn fact, even in this low tan 3 case, the tt decays for sufficiently large masses are so dominant that
they do not lead to any significant quantitative change if SUSY particles are light. In addition, being
not enhanced by tan 3, the A, correction has no impact in this low tan 8 regime.
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can also decay into hZ final states with a significant rate below the ¢t threshold as the
AZh coupling (that is the same as the HV'V coupling) is substantial. Nevertheless, the
A — 77 channel is still important as it has a branching fraction above &~ 5% up to
My = 2my.

— In the case of the charged Higgs state, there is also the channel H™ — Wh which
is important similarly to the A — hZ case. Note that for Mg+ < 170 GeV, the decay
H*™ — ¢5 that is usually considered only in two—Higgs doublet models and the very
interesting flavor changing mode H+ — cb have rates that are at the percent level. All
these exotic channels have larger branching ratios, above =~ 10%, for tan 8 values close
to unity.

7.3.3 The case of the h boson

Assuming the lighter h boson to be the 126 GeV Higgs observed at the LHC, we now
briefly mention its production and decay rates.

In the left-hand side of Fig. 29, we display the cross sections for the relevant Higgs
production channels at the LHC with /s = 8 TeV as a function of M4 at tan § = 2.5.
Again, the radiative corrections in the e approach are such that M, is fixed to 126
GeV. Shown are the rates for the gluon fusion gg — h, vector boson fusion qq — hqq,
Higgs-—strahlung qqg — hW, hZ as well as associated pp — tth processes. The relevant
higher order QCD corrections are implemented and the MSTW set of PDFs has been
adopted. The rates can be very different whether one is in the decoupling limit M4 ~ 1
TeV where the h couplings are SM-like or at low M4 values when the h couplings are
modified.

The variation of the branching ratios compared to their SM values, which correspond
to their MSSM values in the decoupling limit, are displayed as a function of M, for
tan f = 2.5 in the right-hand side of the figure. Sown are the branching fractions for
the decays that are currently used to search for the SM Higgs boson, i.e. the channels
h — bb, 7, ZZ, WW, ~v~. Again, large differences compared to the SM can occur at low
to moderate M4 values.

The data collected so far by the ATLAS and CMS collaborations on the observed
126 GeV Higgs particle should thus put strong constraints on the parameters tan g and
My.

7.4 Present constraints on the MSSM parameter space
7.4.1 Constraints from the h boson mass and rates

We start this section by discussing the impact of the large amount of ATLAS and CMS
data for the observed Higgs state at the LHC on the MSSM parameter space. We will
assume for definiteness that the h boson is indeed the observed particle as the possibility
that it is the H state instead is ruled out by the LHC data [287].

A first constraint comes from the measured mass of the observed state, M), ~ 126
GeV. As discussed previously and in several other instances such as Ref. [191], in the



7.4 - Present constraints on the MSSM parameter space 117

10 ¢ ] 1.6 £
14 F

tanf = 2.5
M, =126 GeV |

—_
[N
T

5 B
2 0
& —_— Z 1}
) &
T 01k a8
& )
2 2 06
o Vs=8TeV ggh —— 0
hqq
0.01 ¥ tan@ = 2.5 bbh — 0.4 F
My =126 GeV " 02
tth g
0001 1 1 1 1 O 1 1 1 1 1
140 200 400 600 800 1000 140 200 300 400 600 800 1000
M, [GeV] M, [GeV]

Figure 29: The production cross sections of the lighter 4 boson at the LHC with /s = 8
TeV (left) and the variation of its decay branching fractions compared to the SM values

(right) for tan 8 = 2.5. Again, the radiative corrections in the Higgs sector are such
that M, = 126 GeV.

phenomenological MSSM, this large M), value indicates that the radiative corrections in
the Higgs sector are maximised. If the scale My is close to 1 TeV as dictated by natu-
ralness arguments, this implies that one is in the decoupling regime (and hence, dealing
with a SM-like Higgs particle) with intermediate to high—tan 8 values and maximal stop
mixing. If the SUSY scale is pushed to Mg ~ 3 TeV, the highest acceptable value from
fine-tuning adopted in many analyses such that of Refs. [286,287], a smaller mixing in
the Higgs sector and values of M4 of order of a few hundred GeV can be made possible.
However, tan 8 values in the low regime, tan 8 < 3-5 cannot be accommodated as they
lead to M), < 123 GeV and even to M, < 120 GeV, which is the lowest value that can
be reached when including the theoretical and the top-quark mass uncertainties in the
calculation of Mj,.

To obtain an acceptable value of M}, in the low tan g regime, one needs to push Mg
to the 10 TeV domain or higher. In the approach that we are advocating here, in which
the radiative corrections in the MSSM Higgs sector are implemented in the rather simple
(but not completely inaccurate) approximation where only the leading RGE improved
one-loop correction of Eq. (7.223) is taken into account, one can trade the (unknown)
values of Mg and the mixing parameter X; with the (known) value of the Higgs mass
M. In other words, for each set of tan 8 and M, inputs, one selects the e radiative
correction that leads to the correct mass M; = 126 GeV. The LHC constraint on the
mass of the observed Higgs state is then automatically satisfied. We emphasize again
that for the large SUSY scales that are needed for the low tan 3 regime, tan 5 < 3, the
MSSM spectrum cannot be calculated in a reliable way using the usual versions of the
RGE programs such as Suspect.

A second constraint comes from the measurement of the production and decay rates
of the observed Higgs particle. The ATLAS and CMS collaborations have provided the
signal strength modifiers pxx, that are identified with the Higgs cross section times
decay branching ratio normalized to the SM expectation in a given H — X X search
channel. For the various searches that have been conducted, h — ZZ, WW, ~v~, 7T and
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bb with the entire set of data collected in the runs at /s = 7 TeV and 8 TeV, i.e. ~ 5
fb~ and ~ 20 fb~! (with the exception of h — bb which has been analyzed only with 17
fb~! of the 7+8 TeV data) [335-345]. These various channels that have been measured
are used to constrain the couplings of the h state and, hence, the [tan 3, M 4] parameter
space.

Rather than performing a complete fit of the ATLAS and CMS light Higgs data
including all the signal strengths, we will simply use the most precise and cleanest
observable in this context: the signal strength 7 in the search channel h — ZZ. As
recently discussed in Refs. [346,346] (to which we refer for the details), this channel is
fully inclusive and does not involve the additional large theoretical uncertainties that
occur when breaking the cross section of the dominant production process gg — h into
jet categories®. In addition, contrary to the global signal strength i, it does not
involve the channel h — ~v which, at least in the ATLAS case, deviates from the SM
prediction and might indicate the presence of new contributions (such as those of light
charginos?) in the Ay~ loop. The combination of the ATLAS and CMS data in the ZZ
channel gives, pizz = 1.104+0.2240.20 where the first uncertainty is experimental and the
second one theoretical. Following Ref. [106], we assume a total theoretical uncertainty
of A™ =420% and, since it should be considered as a bias, we add it linearly to the
experimental error. This gives a lower limit on the h — ZZ signal strength of piz, 2 0.62
at 68%CL and puzz 2 0.4 at 95%CL.

In the MSSM case, the signal strength will be given by pzz=0(h)xBR(h— Z7Z)/
o(Hsm) x BR(Hgm — ZZ) and will be thus proportional to combinations of reduced h
coupling squared to fermions and gauge bosons, g7, X g2,/ G-+~ The fact that pzz can
be as low at 0.4 at 95%CL means that we can be substantially far from the decoupling
limit, g%+ & 0.1, with not too heavy H/A/H* states even at low tan 3.

In Fig. 30, we have scanned the [tan §, M 4] parameter space and delineated the
areas in which the 68%CL and 95%CL constraints on uzz are fulfilled. We observe
that indeed, the entire range with M, < 200 GeV for most value of tan 3 is excluded at
the 95%CL. With increasing tan 3, the excluded M, values are lower and one recovers
the well known fact that the decoupling limit is reached more quickly at higher tan g
values. In most cases, we will use this indirect limit of M4 < 200 GeV prior to any
other constraint (except for illustrations in the H* case where the low mass range will
be kept).

7.4.2 Constraints from the heavier Higgs searches at high tan

As discussed previously, the most efficient channel to search for the heavier MSSM Higgs
bosons is by far H/A production in gg and bb fusion with the Higgs bosons decaying into
7 lepton pairs, pp — ® — 7777, Searches for this process have been performed by the
ATLAS collaboration with ~ 5 fb~! data at the 7 TeV run [343,344] and by the CMS
collaboration with & 5 + 12 fb~! data at the 7 TeV and 8 TeV runs [345]. Upper limits
on the production times decay rates of these processes (which, unfortunately, have not

20For instance, the signal strengths in the 77 and WW channels are obtained by considering the
g9 — H + 0j,15 and/or the vector boson fusion categories. The signal strength ppyw provides the
same information as p1zz, while the measurement of the signal strengths in the h — bb and h —
77~ channels are not yet very accurate. Hence, using only the h — ZZ channel should be a good
approximation.
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Figure 30: The [tan 5, M,] parameter space of the MSSM in which the signal strength
in the h — ZZ search channel is not compatible with the LHC data on the rates of the
observed h boson at the 68%CL (green), 95%CL (yellow) and 99%CL (blue).

given by the collaborations) have been set and they can be turned into constraints on the
MSSM parameter space which, in the Higgs sector, corresponds to the [tan 5, M 4] plane.

In Fig. 31, we display the sensitivity of the CMS ® — 77 analysis in the [tan 3, M 4]
plane. The excluded region, obtained from the observed limit at the 95%CL is drawn
in light blue. The solid line represents the median expected limit which turns out to be
weaker than the observed limit. As can be seen, this constraint is extremely restrictive
and for values M4 < 250 GeV, it excludes almost the entire intermediate and high tan
regimes, tan § 2 5. The constraint is of course less effective for a heavier pseudoscalar
Higgs boson, but even for M4 = 400 GeV the high tan 8 2 10 region is excluded and
one is even sensitive to large values M, =~ 700 GeV for tan 8 2 50.

There are, however, some caveats to this exclusion limit as discussed previously. The
first one is that there is a theoretical uncertainty that affects the Higgs production cross
section times decay branching ratios which is of the order of +25% when the gg — ®
and bb — ® cross sections are combined. If this theoretical uncertainty is included when
setting the limit in the [tan 3, M4| plane, as shown by the dashed contours around the
expected limit in Fig. 31, the constraint will be slightly weaker as one then needs to
consider the lower value of the o(pp— ®)xBR(® — 7777) rate predicted by theory.

The second caveat is that the CMS (and ATLAS) constraint has been given in a
specific benchmark scenario, the maximal mixing scenario with the choice X,/Mg = /6
and the value of the SUSY scale set to Mg = 1 TeV; the other parameters such as the
gaugino and higgsino masses and the first/second generation fermion parameters that
have little impact can be chosen as in Eq. (7.228). However, as was previously argued,
the pp — ® — 77 cross section times decay branching fraction is very robust and,
hence, the exclusion limit is almost model independent. It is altered only very mildly
by the radiative corrections in the MSSM Higgs sector, in particular by the choice of
the parameters Mg and X; (this is especially true if these parameters are to be traded
against the measured values of Mj).

In fact, the exclusion limit in Fig. 31 can be obtained in any MSSM sce-
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nario with the only assumption being that SUSY particles are too heavy to affect
o(pp — ®) x BR(® — 77) by more than 25%, which is the estimated theoretical un-
certainty. Even in the case of light SUSY particles, it is very hard to make that
stop/sbottom squarks contribute significantly to the gg — H production processes,
or to have a significant A, correction to the ®bb coupling which largely cancels out as
indicated by Eq. (8.3), or to have a substantial change of the & — 77 fraction due to
light SUSY particles that appear in the decays.

Thus, the limit for the pp — 777~ searches is robust with respect to the SUSY
parameters and is valid in far more situations and scenarios than the “MSSM M;"**
scenario" that is usually quoted by the experimental collaborations. We thus suggest to
remove this assumption on the benchmark scenario (in particular it adopts the choice
Mg = 1 TeV which does not allow low tan § values and which starts to be challenged by
direct SUSY searches), as the only relevant assumption, if any, should be that we do not
consider cases in which the SUSY particles are too light to alter the Higgs production
and decay rates. This is a very reasonable attitude if we are interested mainly in the
Higgs sector.
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Figure 31: The [tan 3, M 4] plane in the MSSM in which the pp — H/A — 777~ (light
blue) and ¢ — bH™ — brv (dark blue) search constraints using the CMS data are
included (observed limits). The solid contour for the pp — 77 mode is for the median
expected limit and the two dashed ones are when the QCD uncertainties on the rates
are included.
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Another constraint on the MSSM Higgs sector?! is the one from charged Higgs
searches in the H~ — 7v final states with the H* bosons produced in top quark decays,
t — H*b — 7vb. Up to now, the ATLAS and CMS collaborations have released results
only with the ~ 5 fb™! collected at /s = 7 TeV [347-349]. We have also delineated in
Fig. 31 the impact on the [tan 8, M A] parameter space of the CMS 95%CL observed
limits in this channel.

As can be observed, the constraint is effective only for values M4 < 150 GeV which
correspond to a light H" state that could be produced in top quark decays. The search
is sensitive to the very high tan 3 region which is completely excluded by the 77 search,

2A search has also been performed by the CMS collaboration based on the 7 TeV data in the channel
pp — Pbb — bbbb [322]. This search is much less sensitive than the 77 search even if one extrapolates
the expected limits to the same amount of data. We will thus ignore it in our study.
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that is performed with much more data though. However, even if the comparison is
made for the same amount of data, the pp — ® — 77 search is by far more sensitive.

Note that contrary to the pp — 777~ case, the limits at high tan 8 from the process
pp — tt with ¢ — bH+ — brv might be more model dependent. Indeed, while SUSY
decays might not be important as the small My« value leaves little room for light
sparticles (and the high tan 8 values would suppress these decays anyway), the effect
of the Ay corrections might be larger as there is no cancellation between production
and decay rates. Nevertheless, the H* limit is effective only for M, < 150 GeV values
excluded by the h data. We keep this H* constraint though, as it is also valid in
two-Higgs doublet models.

7.4.3 Extrapolation to the low tan  region and the full 748 data

A very important remark is that in our version of the constraints in the [tan 3, M,]
plane of Fig. 31, we have removed the region excluded by the bound on the h mass,
My 2 114 GeV from negative Higgs searches at LEP2, which is also usually displayed
by the experimental collaborations. In the usual benchmark scenario, this constraint
excludes the entire low tan g regime, tan 8 < 3, and at low M4 ~ 100 GeV, tan 3 values
up to tan 8 =~ 10.

A first reason for removing the “LEP exclusion" region is that it is now superseded
by the “observation" constraint 123 GeV < M, < 129 GeV (once the theoretical and ex-
perimental uncertainties are included) which is by far stronger. In fact, as was discussed
in Ref. [286], if the benchmark scenario with Mg = 1 TeV and maximal stop mixing is
to be adopted, the entire range tan 8 < 5 and tan 8 2 20 for any M4 value would be
excluded simply by requiring that 123 GeV < M), < 129 GeV (and the excluded regions
would be completely different for other Mg and X; values as also shown in Ref. [286]).

A second reason is that the LEP2 M, constraint and even the constraint
M, 2 123 GeV can be simply evaded for any value of tan # or M4 by assuming large
enough Mg values as discussed previously. This will then open the very interesting low
tan 8 region which can be probed in a model independent way by Higgs search chan-
nels involving the H, A, H* bosons, including the t — bHT — brv channel discussed
previously.

Indeed, the branching fraction for the decay ¢t — bH™ is also significant at low tan 3
values, when the component of the coupling gyp+ that is proportional to m;/tan
becomes dominant. On the other hand, the branching fraction for the decay H* — 7v
stays close to 100%. Hence, the rates for pp — tt with t — bH ™ — brv are comparable
for tan # ~ 3 and tan 3 ~ 30 and the processes can also probe the low tan [ region.
This is exemplified in Fig. 32 where the t — bH+ CMS median expected and observed
limits obtained with the 7 TeV data are extrapolated to the low tan § region. As can be
seen, the region tan 5 < 2 is excluded for M4 <140 GeV (this region can also be probed
in the H™ — ¢35 mode).

In fact, as is shown in the lower part of Fig. 32, even the channel pp — & — 77 is
useful at low tan 5. Indeed, for tan 8 values close to unity, while the bb — ® process
becomes irrelevant, the cross sections for the gg — ® process becomes very large, the
reason being that for tan 8 ~ 1 the couplings ge; o m;/tan 5 are significant and the
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Figure 32: The [tan $, M 4] plane in the MSSM in which the pp — H/A — 777~
(light blue) and ¢ — bH' — brv (dark blue) observed limits using the CMS data are

extrapolated to low tan 5. The solid contours in the 77 and 7v cases are for the expected
limits.

dominant top quark loop contribution becomes less suppressed compared to the SM. On
the other hand, at least in the case of the pseudoscalar A, the branching ratio for the
777 decay stays significant for M, values up to the tf threshold as shown in Fig. 28.
Hence, the production times decay rate for g9 — A — 77 stays large and the CMS
search limit is effective and excludes tan 8 values close to 1, for pseudoscalar masses up
to M4 =~ 350 GeV.

One would get a better feeling of the power of these constraints at low tan 3 values
(and in the charged Higgs case also at high tan /3), if the present limits in the pp — 77
and t — bH™ — brv channels are extrapolated to the full set of data collected in the
2011 and 2012 LHC runs. This is shown in Fig. 33 where the median expected CMS
limits in the two search channels are extrapolated to an integrated luminosity of 25 fb=1,
assuming that the limits simply scale like the square-root of the number of events.

The gain in sensitivity is very significant in the H* case as the gap between the
present CMS limit with the ~ 5 fb~! of the 7 TeV data and the expected limit with
the additional ~ 20 fb~! data at 8 TeV is large (there is an additional increase of the
pp — tt production cross section from /s = 7 TeV to 8 TeV). In the case of the pp — 77
channel, the increase of sensitivity is much more modest, not only because the gap from
the 17 fb~! data used in the latest CMS analysis and the full 25 fb~! data collected up
to now is not large but, also, because presently the observed limit is much stronger than
the expected limit.

Hence, these interesting low tan 8 areas that were thought to be buried under the
LEP2 exclusion bound on M), are now open territory for heavy MSSM Higgs hunting.
This can be done not only in the two channels pp — 777~ and t — DH™ — brv above
(and which were anyway used at high tan §) but also in a plethora of channels that have
not been discussed before (or at least abandoned after the LEP2 results) and to which
we turn now.
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Figure 33: The [tan 3, M4] plane in the MSSM in which the pp — H/A — 77~ and
t — bH'Y — bty CMS expected limits are extrapolated to the full 7+8 TeV data with
~ 25 fb~1. The present observed limits are still shown in blue.

7.5 Heavy Higgs searches channels at low tan 8

We come now to the main phenomenological issue of this part: the probe at the LHC of
the low tan 3 region for a not too heavy pseudoscalar A state??. We stress again that this
region can be resurrected simply by allowing a large SUSY scale Mg which removes the
LEP2 M), 2 114 GeV constraint (and now the LHC mass constraint M, ~ 126 GeV).
We show that several channels discussed in the case of a high mass SM Higgs or in
scenarios beyond the SM can be used for the search of the MSSM H, A and H* bosons.

7.5.1 The main search channels for the neutral H/A states

The H - WW, ZZ channels

These are possible only for the heavier H boson (because of CP invariance there are
no VV couplings for A) with masses below the t¢ threshold where the branching ratios
for the decays H — WW and H — ZZ are significant; see Fig. 28. The H — WW
process is particularly useful in the region 160 < My < 180 GeV where the branching
ratio is close to 100%. In both cases, the gg — H production process can be used but,
eventually, vector boson fusion can also be relevant at the lowest tan § and My possible
values.

The search modes that are most useful at relatively low My values, should be the
pp — H — ZZ — 4* and pp - H — WW — 2(2v channels that have been
used to observe the SM-like light h boson (as the mass resolution of the H — WW
channel is rather poor, one has to subtract the observed signal events in the low mass
range, My < 160 GeV) and to exclude a SM-like Higgs particle with a mass up to 800
GeV [338,340]. When the two processes are combined, the sensitivity is an order of

22This issue has been discussed in the past and a summary can be found in Section 3.3.2 of Ref. [48]. It
has been also addressed recently in Ref. [310] (where, in particular, a feasibility study of the H — hh and
A — hZ modes at \/s=14 TeV is made). Recents analyses of heavier MSSM Higgsses at intermediate
and high tan 3 can be found in Refs. [282,283,350-352].
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magnitude larger than for the SM Higgs for masses below 400 GeV and one can thus
afford a substantial reduction of the couplings ggy and ggyy which should allow to
probe tan 3 values significantly higher than unity?®. At high H masses, My 2 300 GeV,
one could also add the pp — H — ZZ — 202q,2v2q,202v and pp — H - WW — (v2q
channels to increase the statistics, as done in a recent study by the CMS collaboration
[354].

There is one difference with the SM Higgs case though. While in the SM, the Higgs
particle has a large total width at high masses as a result of the decays into longitudinal
W/Z bosons which make it grow as M ?{SM, the MSSM H boson remain narrow as the
coupling ggvy is suppressed. In fact, all MSSM Higgs particles will have a total width
that is smaller than ~ 3 GeV for tan § ~ 3 and masses below 500 GeV. The smaller total
width in the MSSM can be rather helpful at relatively high H masses as, for instance,
it allows to suppress the continuum ZZ background by selecting smaller bins for the
invariant mass of the ZZ system in the signal events. Issues like the interference of the
signal and the gg — V'V backgrounds will also be less important than in the SM.

The H/A — tt channels

This search channel has not been considered in the case of the SM Higgs boson for
two reasons [47]. The first one is that for My, = 350 GeV, the Hoy — WW,ZZ
channels are still relevant and largely dominate over the Hgy — tt decay channel which
has a branching fraction that is less than 20% in the entire Higgs mass range (the reason
being again that the partial widths for Hgy — V'V grow as M IEEISM while for Hey — tt
it grows only like Mpy,,). The other reason is that the continuum ¢¢ background was
thought to be overwhelmingly large as it had to be evaluated in a large mass window
because of the large Higgs total width (in addition, the events from Hgy — t¢ produce
a dip—peak structure in the gg — ¢t invariant mass spectrum that was unobservable for
a large total width).

The situation in the MSSM is very different. First, as mentioned previously, the total
width for heavy H and A states are much smaller, less than < 20 GeV for any tan g 2 1
value for My 4 < 500 GeV and grow (almost) linearly with the Higgs masses beyond
this value. One can thus integrate the ¢t continuum background in a smaller invariant
mass bin and significantly enhance the signal to background ratio. A second feature is
that contrary to the SM case, the branching ratios for the H/A — tt decays are almost
100% for tan 8 < 3 as soon as the channels are kinematically open (this is particularly
true for A where even below the threshold, the three-body decay A — tt* — tbW is
important).

The only disadvantage compared to the SM is that the production cross section
could be smaller. In the MSSM, the only relevant process in the low tan g regime for
Mg 2 350 GeV is gg — ® with the dominant (almost only) contribution being due to
the top quark loop. The latter is suppressed by the square of the coupling gg;; o< 1/ tan g
if tan S is not close to unity. However, in the MSSM, one has to add the cross sections of

23The ATLAS collaboration has recently analyzed heavy H production in a two—Higgs doublet model
in the channel H — WW — evuv with 13 fb=! data collected at /s = 8 TeV [353]. Unfortunately,
this analysis cannot readily be used as the limit on the cross section times branching fraction has not
been explicitly given and the results are displayed in terms of cos(a) (and not cos(8 — @) which would
have corresponded to the HWW coupling) which does not allow an easy interpretation in the MSSM.
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both the H and A states. In addition, the loop form factors in the pseudoscalar A and
scalar H/Hgy cases are different and, as can been seen from Fig. 27, the gg — ® cross
section is larger in the pseudoscalar Higgs case when the same top Yukawa coupling is
assumed.

In toto, the situation for H/A — ¢t will certainly be more favorable for the MSSM at
low tan § than in the SM. While there was no search for the SM Higgs in this channel, the
ATLAS [355] and CMS [356] collaborations have looked for heavy resonances (such as
new Z' gauge bosons in extended gauge models or Kaluza—Klein excitations in scenarios
with extra space-time dimensions) that decay into ¢t pairs with the data collected at
the 7 TeV run. The lepton+jets final state has been studied in the topology where the
top quarks are highly boosted which allows a good discrimination from the continuum
tt background [357] (the ATLAS and CMS collaborations searches assume resonance
masses My 2 700 GeV to benefit from this topology). Limits on the cross sections times
branching ratios have been set, corresponding to roughly o, ~ 0.7 pb for a resonance
with a mass of 1 TeV and a narrow width, 'y &~ 1072My; (which is more or less the
case of the MSSM H/A states at tan 5§ ~ 3). A lower (higher) cross section is needed
at larger (smaller) resonance mass when the top quarks are (not) sufficiently boosted
and, at My ~ 500 GeV, one needs o, &~ 3 pb which approximately corresponds to an
increase with 1/M32.

The A — Zh channel

As discussed earlier, the gg — A production cross section is very large at low tan
values: it is higher than for the SM Higgs boson at tan 8 = 1 (as the form factor for
the ggA amplitude is larger than in the scalar Higgs case) and is suppressed only by a
factor g4,, o< 1/tan?3. On the other hand, in the range M) + Mz < M4 < 2my, the
branching ratio for the decay A — hZ is large for tan 8 &~ 3 and largely dominant for
tan § ~ 1. In the mass window M, = 210-350 GeV, the production times decay rate

for the process gg — A — hZ should be thus very high in the low tan S region.

The hZ final state has been searched for in the SM in the Higgs-strahlung process,
qq — Z* — Zh with the Z boson decaying into leptons or neutrinos, Z — (¢~ vv
and the h boson decaying into bb final states [341,342]. The significance of the signal
is strongly increased by looking at boosted jets when the Higgs has a large transverse
momentum [113]. In the CMS analysis with 17 fb™! of the 2011 and 2012 data [342], a
signal strength g4, =~ 1.5 has been found in the Z — v and Z — (¢~ channels with
a large error bar. Very roughly, one can assume that the additional events from the
A — Zh channel should be observed if they exceed this sensitivity when extrapolated
to include the full 2012 data.

One should note that the information from the pp — Zh search in the SM provides
only a lower limit for the sensitivity as in the present case one can benefit from the fact
that the invariant mass of the four fermion final state (without neutrinos) which should
peak at the value M4 will further suppress the continuum background, in particular the
Z + bb events. However, as h is originating from the decay of the state A which should
not be very heavy, it has not enough transverse momentum to strengthen the boosted
jet techniques that allow to isolate the h — bb signal from the QCD background.
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The H — hh channel

The channel pp — H — hh is similar to A — hZ: it has very large production rates
in the low tan 8 regime in the mass range 250 GeV < My < 350 GeV when the decay
channels H — hh is kinematically open and the H — tf mode is closed; the gg — H
cross section should be substantial in this area of the parameter space.

If the dominant h — bb decay is considered, the signal topology has some similarities
with that of the process gg — bb + A/H which was discussed here as being one of the
main MSSM Higgs processes at high tan § and searched for by the CMS collaboration
with the 7 TeV data [322]. However, the kinematical behavior is very different and in the
signal events, one can use further constraints, My, ~ M, and My, =~ My (see Ref. [310]
where a characterization of this channel has been made). In fact, the H — hh channel
has more similarities with double production of the SM-like Higgs boson, gg — hh,
which is considered for the measurement of the Higgs self-coupling a the 14 TeV LHC
with a high luminosity. This process has been revisited recently [111,358,359] and it has
been shown that the final state channels bb77 and bbyy would be viable at /s = 14 TeV
and £ 2 300 fb~!. Because the h — v decay is too rare, only the first process could
be considered at /s = 8 TeV with 25 fb~! data. Note that here again, one could use
the reconstructed H mass constraint, My = My, to further suppress the continuum
background.

7.5.2 Expectations for the LHC at 8 TeV

It is obvious that a truly reliable estimate of the sensitivity on the heavy neutral MSSM
Higgs bosons in the various channels discussed before can only come from the ATLAS
and CMS collaborations. We will nevertheless attempt in this section to provide a very
rough estimate of the achievable sensitivities using present searches conducted for a
heavy SM Higgs and in beyond the SM scenarios. The very interesting results that
could be obtained would hopefully convince the experimental collaborations to conduct
analyses in this area.

Following the previous discussions, our working assumptions to derive the possible
sensitivities in the various considered search channels are as follows:

— H — WW, ZZ: we will use the recently published CMS analysis of Ref. [354] that
has been performed with the ~ 10 fb~! data collected in the 748 TeV runs and in which
all possible channels H — ZZ — 4¢,202v,205j,2vjj and H — WW — 202v, {vjj have
been included and combined. In the entire range My = 160-350 GeV, where the SM
Higgs boson almost exclusively decays into WIW or ZZ states, we will assume the cross
section times decay branching ratio upper limit that has been given in this CMS study,

— H/A — tt: we will make use of the ATLAS [355] and CMS [356] searches at /s = 7
TeV for new Z' or Kaluza—Klein gauge bosons that decay into ¢t pairs in the lepton-+jets
final state topology. Considering a small total width for the resonance, limits on the
cross sections times branching ratio of ~ 6,3 and 0.75 pb for a resonance mass of,
respectively, 350, 500 and 1000 GeV are assumed. This is equivalent to a sensitivity
that varies with 1/M2 that we will optimistically assume to also cover the low mass
resonance range.

— A — hZ: we will use the sensitivity given by ATLAS [341] and CMS [342] in their
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search for the SM Higgs-like strahlung process pp — hZ with h — bb and Z — 0, v,
o/o™ = 2.8 with 17 fb~! data at \/s = 7+ 8 TeV (we will include the error bar).
This should be sufficient as, in addition, we would have on top the constraint from the
reconstructed mass in the £¢bb channel which is not used in our analysis.

— H — hh: we will use the analysis of the process gg — hh in the SM performed
in Ref. [111,358| for the 14 TeV LHC that we also scale down to the current energy
and luminosity. The final state bbr7 final state will be considered, with the assumption
that the cross section times branching ratio should be larger than ¢ x BR ~ 50 fb for
illustration.

The results are shown in Fig. 34 with an extrapolation to the full 25 fb~! data of the
7+8 TeV LHC run. Again, we assumed that the sensitivity scales simply as the square
root of the number of events. The sensitivities from the usual H/A — 777~ channel is
also shown. The green and red areas correspond to the domains where the H — V'V and
H/A — tt channels become constraining with the assumptions above. The sensitivities
in the H — hh and A — hZ modes are given by, respectively, the yellow and brown
areas that peak in the mass range M A = 250-350 GeV visible at very low tan [ values.
We refrain from extrapolating to the LHC with 14 TeV c.m. energy.

The outcome is impressive. These channels, in particular the H — V'V and H/A —
tt processes, are very constraining as they cover the entire low tan /3 area that was
previously thought to be excluded by the LEP2 bound up to M4 ~ 500 GeV. Even
A — hZ and H — hh are visible in small portions of the parameter space at the
upgraded LHC.
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Figure 34: The estimated sensitivities in the various search channels for the heavier
MSSM Higgs bosons in the [tan 8, M4] plane: H/A — 777~ (light blue), H — WW +
Z7 (green), H/A — tt (red), A — hZ (brown) and H — hh (yellow). The projection
is made for the LHC with 7+8 TeV and the full 25 fb~! of data collected so far. The
radiative corrections are such that the lightest h mass is M), = 126 GeV.
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7.5.3 Remarks on the charged Higgs boson

We close this discussions with a few remarks on the charged Higgs boson case. First of
all, the production rates are very large only for My+ < 170 GeV when the H* state
can be produced in top decays. In this case, the decay channel H* — 7v is always
substantial and leads to the constraints that have been discussed earlier and which are
less effective than those coming from H/A — 77 searches at high tan 3. In the low
tan 3 region, two other channels can be considered: H™ — ¢5 that has been studied by
the ATLAS collaboration in a two—Higgs doublet model with the 7 TeV data [360, 361|
and H* — cb. The branching ratio for the latter channel is significant for tan 3 < 3
and has been obtained by assuming the same CKM angles as in the SM, in particular
Vep & 0.04 [290]. This channel, if observed would thus allow to check some of the CKM
matrix elements in the charged Higgs sector.

Finally, the processes t — H*b at low mass and pp — btH* at high mass with
H* — Wh can have large rates at sufficiently low tan 3. The cross section times
branching fraction is displayed in Fig. 35 in the [tan 5, M,] plane for a 14 TeV c.m.
energy. Shown are the contours with 0 x BR = 1,5 and 10 fb which, for a luminosity
of 300 fb~! would correspond to a small number of events. We will not perform an
analysis for this particular final state. We simply note that the final state topology,
pp — tbH* — tbWh resembles that of the pp — tth process that is considered as a
means to measure the htt Yukawa coupling and which is considered to be viable at 14
TeV with a high luminosity.

Hence, even for the charged Higgs bosons, there are interesting search channels which
can be considered if the low tan [ region is reopened.
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Figure 35: The production cross sections times decay branching ratio at the LHC with
Vs = 14 TeV for the process pp — tbH~ + tbH ™ with H* — hW= in the [tan 3, M 4]
plane. The contours are for some (rough estimates of) limiting values of o x BR.

7.6 Conclusions about heavy Higgs searches in the low tan/j
region

After the observation of the 126 GeV SM-like Higgs boson by the ATLAS and CMS
collaborations, the next challenge at the LHC should be to search for new phenomena
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beyond the SM. This can be done not only by refining the precision determination of the
properties of the observed Higgs particle to pin down small deviations of its couplings
from the SM expectations, but also by looking for the direct production of new states.

In this part, we have considered the production of the heavier H, A and H* bosons
of the MSSM at the LHC, focusing on the low tan /3 regime, tan § < 3-5. We have
first shown that this area of the MSSM parameter space, which was long thought to
be excluded, is still viable provided that the SUSY scale is assumed to be very high,
Mg =z 10 TeV. For such Mg values, the usual tools that allow to determine the masses
and couplings of the Higgs and SUSY particles in the MSSM, including the higher
order corrections, become inadequate. We have used a simple but not too inaccurate
approximation to describe the radiative corrections to the Higgs sector, in which the
unknown scale Mg and stop mixing parameter X, are traded against the measured h
boson mass, M, ~ 126 GeV. One would then have, to a good approximation, only two
basic input parameters in the MSSM Higgs sector even at higher orders: tan 5 and M4,
which can take small values, tan 8 ~ 1 and M4 = O(200) GeV, provided that Mg is
chosen to be sufficiently large.

In the low tan 8 region, there is a plethora of new search channels for the heavy
MSSM Higgs bosons that can be analyzed at the LHC. The neutral H/A states can be
still be produced in the gluon fusion mechanism with large rates, and they will decay
into a variety of interesting final states such as H — WW,ZZ, H — hh, H/A — tt,
A — hZ. Interesting decays can also occur in the case of the charged Higgs bosons, e.g.
H* — hW, 5, cb. These modes come in addition to the two channels H/A — 77~ and
t — bH™ — brv which are currently being studied by ATLAS and CMS and which are
very powerful in constraining the parameter space at high tan S values and, as is shown
here, also at low tan 3 values.

We have shown that already with the current LHC data at /s = 7+8 TeV, the area
with small tan 8 and M4 values can be probed by simply extrapolating to the MSSM
Higgs sector the available analyses in the search of the SM Higgs boson at high masses
in the WW and ZZ channels and the limits obtained in the ¢t channels in the search
for high-mass new gauge bosons from extended gauge or extra-dimensional theories.
The sensitivity in these channels will be significantly enhanced at the 14 TeV LHC run
once 300 fb~! data will be collected. In the absence of any signal at this energy, the
[tan 3, M 4] plane can be entirely closed for any tan 8 value and a pseudoscalar mass
below M4 &~ 500 GeV. Additional and complementary searches can also be done in the
charged Higgs case in channels that have not been studied so far such as H™ — Wh
but we did not analyze this issue in detail.

Hence, all channels that have been considered for the SM Higgs boson in the high
mass range, plus some processes that have been considered for other new physics
searches, can be recycled for the search of the heavier MSSM Higgs bosons in the low
tan # regime. For instance, many of these MSSM Higgs processes could benefit from
the current searches of multi-lepton events with missing energy in SUSY theories. As
in all channels we have W, Z and additional h bosons in the final states, multileptons
and missing energy are present in most of the topologies. One could then use the direct
searches for SUSY particles such as charginos and neutralinos to probe also the MSSM
heavier Higgs states.

All this promises a very nice and exciting program for Higgs searches at the LHC
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in both the present and future runs. One could then cover the entire MSSM parameter
space: from above (at high tan ) by improving the H/A — 77 searches but also from
below (at low tan 3) by using the WW, ZZ, tt, .. searches. The coverage of the [tan 3, M 4]
plane will be done in a model independent way, with no assumption on Mg and possibly
on any other SUSY parameter?*. The indirect information from the lighter Higgs mass
will be included as well as the information from the Higgs couplings, as the sensitivity
regions cover also that which are excluded from the measurement of the h properties at

the LHC.

One can of course use these channels in other extensions of the SM. An example would
be SUSY extensions beyond the MSSM where M) can be made large enough without
having large Mg values; this is the case of the NMSSM where the maximal M), value
can be obtained at tan f ~ 2 [254,362-364]. Another example would be a non-SUSY
two—Higgs doublet model where there is more freedom in the parameters space and all
channels analyzed here and even some more could be relevant; discussions along these
lines have already started [352,353,365-369]. The numerous search channels discussed
in this section might allow to probe in a more comprehensive manner the extended
parameter space of these models.

In the next section, we will introduce and discuss into detail a new version of the
MSSM i.e the post Higgs MSSM model [370,371].

24This approach is orthogonal to that of Ref. [289] in which specific benchmark scenarios with fixed
SUSY parameters (which might need to be updated soon) are proposed. We note that for all the
proposed benchmarks scenarios [289], the SUSY scale is fixed to Mg = 1 or 1.5 TeV which excludes
the low (and possibly intermediate) tan 8 regime and, hence, the possibility of discussing the processes
analysed here.
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8 The post Higgs MSSM scenario

We analyze here the MSSM that we have after the discovery of the Higgs boson at
the LHC, the hMSSM (habemus MSSM?), i.e. a model in which the lighter h boson
has a mass of approximately 125 GeV which, together with the non-observation of
superparticles at the LHC, indicates that the SUSY—breaking scale Mg is rather high,
Mg = 1 TeV. We first demonstrate that the value M; ~ 125 GeV fixes the dominant
radiative corrections that enter the MSSM Higgs boson masses, leading to a Higgs sector
that can be described, to a good approximation, by only two free parameters. In a second
step, we consider the direct supersymmetric radiative corrections and show that, to a
good approximation, the phenomenology of the lighter Higgs state can be described by
its mass and three couplings: those to massive gauge bosons and to top and bottom
quarks. We perform a fit of these couplings using the latest LHC data on the production
and decay rates of the light h boson and combine it with the limits from the negative
search of the heavier H, A and H™ states, taking into account the current uncertainties.

8.1 Introduction

In the MSSM at tree level, the masses of Higgs particles and their mixings are described
by only two parameters usually chosen to be the ratio of the vacuum expectations values
of the two doublet fields tan 5 =v,/v, and the mass M4 of the pseudoscalar Higgs boson.
However, as is well known, the radiative corrections play a very important role as their
dominant component grows like the fourth power of the top quark mass, logarithmically
with the supersymmetry breaking scale Mg and quadratically with the stop mixing
parameter A;; see e.g. Refs. [183,185,186,186,201,203,271].

The impact of the Higgs discovery is two—fold. On the one hand, it gives support to
the MSSM in which the lightest Higgs boson is predicted to have a mass below ~ 130
GeV when the radiative corrections are included [183,185,186,186,201,203,271]. On the
other hand, the fact that the measured value M, ~ 125 GeV is close to this upper mass
limit implies that the SUSY-breaking scale Mg might be rather high. This is backed up
by the presently strong limits on supersymmetric particle masses from direct searches
that indicate that the SUSY partners of the strongly interacting particles, the squarks
and gluinos, are heavier than ~ 1 TeV [316-319]. Hence, the MSSM that we currently
have, and that we call h(MSSM (habemus MSSM?) in the subsequent discussion, appears
to have M, ~ 125 GeV and Mg = 1 TeV.

It was pointed out in Refs. [282, 283, 372| that when the information M, = 125
GeV is taken into account, the MSSM Higgs sector with solely the dominant radiative
correction to the Higgs boson masses included, can be again described with only the
two free parameters tan $ and M4 as it was the case at tree-level. In other words, the
dominant radiative corrections that involve the SUSY parameters are fixed by the value
of Mj,. In this section, we show that to a good approximation, this remains true even
when the full set of radiative corrections to the Higgs masses at the two-loop level is
included. This is demonstrated in particular by performing a full scan on the MSSM
parameters that have an impact on the Higgs sector such as for instance tan # and the
stop and sbottom mass and mixing parameters. The subleading radiative corrections
are shown to have little impact on the mass and mixing of the heavier Higgs bosons
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when these SUSY parameters are varied in a reasonable range.

Nevertheless, there are also possibly large direct SUSY radiative corrections that
modify the Higgs boson couplings and which might alter this simple picture. Among
such corrections are, for instance, the stop contribution [373-376] to the dominant Higgs
production mechanism at the LHC, the gluon fusion process gg — h, and to the im-
portant decay into two photons h — v, and the additional one-loop vertex corrections
to the h couplings to b—quarks that grow with tan [298]. In the most general case,
besides M}, seven couplings need to be considered to fully describe the properties of
the observed h boson: those to gluons, photons, massive gauge bosons, t,b,c quarks
and 7 leptons. However, we show that given the accuracy that is foreseen at the LHC,
a good approximation is to consider the three effective couplings to t,b quarks and to
V = W/Z bosons, ¢, ¢, and cy, as it was suggested in Ref. [377]. Following the ap-
proach of Ref. [346,378,379] for the inclusion of the current theoretical and experimental
uncertainties, we perform a fit of these three couplings using the latest LHC data on
the production and decay rates of the lighter A boson and the limits from the negative
search of the heavier H, A and H* MSSM states.

The best fit points to low values of tan 8 and to M4 values of the order of 500 GeV,
leading to a spectrum in the Higgs sector that can be fully explored at the 14 TeV LHC.

8.2 Post Higgs discovery parametrization of radiative correc-
tions

In the MSSM, the tree-level masses of the CP—even h and H bosons depend on My,
tan  and the Z boson mass. However, many parameters of the MSSM such as the
SUSY scale, taken to be the geometric average of the stop masses Mg = /m; my,, the
stop/sbottom trilinear couplings A;;, or the higgsino mass 4 enter Mj and My through
radiative corrections. In the basis (Hy, H,), we recall that the CP—even Higgs mass
matrix can be written as:

2 2 2 2
2 _ ar2 Cg —3pCp 2 S —358Cp AMy, AMi,
Mg = My ( —S3Cp S% ) + My ( —S3C3 c% ) + ( AMZ, AM3, (8.241)

where we introduced the radiative corrections by a 2 x 2 general matrix AM%. One
can then easily derive the neutral CP even Higgs boson masses and the mixing angle «
that diagonalizes the h, H states®®, H = cos aH}+sin «H. and h = — sin « H) +cos o H

1
My = 5(M3+ M3+ AME + AME, F /M) + M} — 2M30Meys +C)  (3.242)

2
2AM?2Z, — (M? + M?2
tana = 5 5 5 M122 (M + 4Z>85 - — (8.243)
AM3) — AM3, + (M3 — M3)cap + /Mi + My — 2M3MZcqs + C

C= 4AM%2+(AM%1 _AM§2)2_2(M31_M§)<AM%1 _AM222)C25_4<M3+M%>AM%2525

In previous analyses [282,283,372|, we have assumed that in the 2 X 2 matrix for the
radiative corrections, only the AM?3, entry which involves the by far dominant stop—top

25 A different definition for the mixing angle o, namely o — % — «, has been adopted in Refs. [282,
283,377|.
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sector correction, is relevant, AM3, > AM3?,, AM3,. This occurs, for instance, in the
so—called e approximation [183,185,186,186] and its refinements [201,203| that are given
in Eq. (5.214). In this case, one can simply trade AM3, for the by now known Mj, using

MG (M3 + M7 — Mji) — MEMGc3,

AM;3, = 8.244
2 M%c% - Mis% — M? ( )
In this case, one can simply write My and « in terms of My, tan 5 and My,:
M?{ _ (Mf,+M§—Mﬁg(gdgc%jgﬁs%g—MgMgcgﬁ
hMSSM : paceMass M (8.245)
a= —arctan( (Mg +M,)epss >
M%c%+M{24s%fM,2L

In this section, we will check the validity of the AM?, = AM3, = 0 approximation.
To do so, we first consider the radiative corrections when the subleading contributions
proportional to u, A; or A, are included in the form of Eqs. 5.214, that is expected to
be a good approximation [271,285], and in which one has AM?%, # AM3, # 0.

As a first step we only consider the stop-top sector corrections which enter the A./\/lfj
terms and confront in Fig. 36, the values of AM?,, AM:Z, to AM3, for three different
scenarios with M4 =300 GeV (i.e. before the onset of the decoupling regime M 4> My):
Mg =3 TeV and tan f=2.5, Mg=1.5 TeV and tan =5, Mg=1 TeV and tan 5 = 30.
The parameter A, is adjusted in order to accommodate a light Higgs boson with a mass
M, = 126 £+ 3 GeV, including an expected theoretical and experimental uncertainty of
3 GeV [191,289,380]. One observes that for reasonable p values, one obtains naturally
AME, AME, < AM3,.

We have verified that the situation is not very different if the corrections in the
sbottom sector are also included: assuming A, = A;, we also obtain the hierarchy
AM?2 AM2, < AM3, for u < 3 TeV even for tan 3 = 30 where contributions o
(i tan 8 become important.
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Figure 36: The entries AM?, (solid), AM3, (dashed), and AM3, (dotted-dashed lines) of
the radiative corrections matrix as functions of pu with a fixed M4 =300 GeV for three different
(Mg, tan 3) sets and A; such that it accommodates the mass range M = 123-129 GeV.

Taking into account only the dominant top—stop radiative corrections in the approx-
imations of Eqs. 5.214, Fig. 37 displays the mass of the heavy CP-even Higgs state
(left) and the mixing angle « (right) as a function of x4 when AM?3, and AM?, are
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set to zero (dashed lines) and when they are included (solid lines). We have assumed
the same (Mg, tan ) sets as above and for each value of 1, we calculate “approximate"
and ‘exact" My and « values assuming M, = 126 + 3 GeV. Even for large values of the
parameter p (but p < 3 TeV), the relative variation for My never exceeds the 0.5% level
while the variation of the angle a is bounded by Aa < 0.015. Hence, in this scenario
for the radiative corrections, the approximation of determining the parameters My and
a from tan 3, M4 and the value of M}, is extremely good. We have again verified that it
stays the case when the corrections in the sbottom sector, with A, = A;, are included.
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Figure 37: The mass of the heavier CP—even H boson (left) and the mixing angle « (right) as a
function of p with (solid lines) and without (dashed) the off-diagonal components components
for M4=300 GeV and three (Mg, tan ) sets. A; is such that M =123-129 GeV and A, =0.

We should note that for higher M4 values, M4 2 300 GeV, the approximation is even
better as we are closer to the decoupling limit in which one has My =M, and a= 7 — 3.

Lower values, M, < 300 GeV, are disfavored by the observed h rates [283,372] as seen
later.

In order to check more thoroughly the impact of the subleading corrections AM?%,,
AM?,, we perform a scan of the MSSM parameter space using the program SuSpect
[240, 242] in which the full two—loop radiative corrections to the Higgs sector are im-
plemented. For a chosen (tan3,M,) input set, the soft-SUSY parameters that play
an important role in the Higgs sector are varied in the following ranges: |u| < 3 TeV,
| Ay, Ap] < 3Mg, 1 TeV< M3<3 TeV and 0.5 TeV< Mg<3 TeV (= 3 TeV is the scale up
to which programs such as SuSpect are expected to be reliable). We assume the usual
relation between the weak scale gaugino masses 6M; =3Ms;= M3 and set A,, Ay, A, =0
(these last parameters have little impact).

We have computed the MSSM Higgs sector parameters all across the parameter
space selecting the points which satisfy the constraint 123 < Mj, <129 GeV. For each of
the points, we have compared the Higgs parameters to those obtained in the simplified
MSSM approximation, AM?, = AM?2,=0, with the lightest Higgs boson mass as input.
We also required M}, to lie in the range 123-129 GeV, but allowed it to be different from
the one obtained in the “exact" case AM3,, AM?, # 0.

For the mass My and the angle «, we display in Fig. 38 the difference between the
values obtained when the two possibilities AM3 = AMZ, =0 and AM?,, AM2, #0
are considered. This is shown in the plane [Mg, X;] with X; = A; — pcot 5 when all
other parameters are scanned as above. Again, we have fixed the pseudoscalar Higgs
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mass to M4 =300 GeV and used the two representative values tan 8 = 5 and 30. We
have adopted the conservative approach of plotting only points which maximize these
differences.
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Figure 38: The variation of the mass My (left) and the mixing angle « (right), are shown
as separate vertical colored scales, in the plane [Mg, X;] when the full two loop corrections
are included with and without the subleading matrix elements AM?; and AM?,. We take
Ms =300 GeV, tan8 = 5 (top) and 30 (bottom) and the other parameters are varied as
described in the text.

In all cases, the difference between the two My values is very small (in fact, much
smaller than the total decay width I'yy), less than a few percent, while for « the difference
does not exceed ~ 0.025 for low values of tan S but at high tan g values, one can
reach the level of ~ 0.05 in some rare situations (large values of p, which enhance the
ptan B contributions). Nevertheless, at high enough tan 3, we are far in the decoupling
regime already for M4 2 200 GeV and such a difference does not significantly affect the
couplings of the h and H bosons which, phenomenologically, are the main ingredients.

Hence, even when including the full set of radiative corrections up to two loops, it is
a good approximation to use Eqgs. (8.245) to derive the parameters My and « in terms
of the inputs tan 3, M4 and the measured value of M. In the case of the charged Higgs
boson mass, the radiative corrections are much smaller for large enough M, and one
has, at the few percent level (which is again smaller than the total H* decay width),
My« ~ \/M?% + M2, except in very rare situations?® [381].

26The physics of the charged boson, i.e the production and decay rates, can be accurately described
by tan 8, M+ (and eventually « if the subleading processes involving the h state are also considered).
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8.3 Determination of the h boson couplings in a generic MSSM

A second important issue is the MSSM Higgs couplings. In principle and as discussed
earlier, knowing two parameters such as the pair of inputs [tan 3, M 4] and fixing the
value of M), to its measured value, the couplings of the Higgs bosons, in particular h, to
fermions and gauge bosons can be derived, including the generally dominant radiative
corrections that enter in the MSSM Higgs masses. Indeed, in terms of the angles 5 and
«, one has for the reduced couplings (i.e. normalized to their SM values) of the lighter
h state to third generation t,b fermions and gauge bosons V =W/Z,

COS (v sin «

&) =sin(f—a), = S5 )= —

However, outside the regime in which the pseudoscalar A boson and some supersym-
metric particles are very heavy, there are also direct radiative corrections to the Higgs
couplings not contained in the mass matrix of Eq. (8.241). These can alter this simple
picture.

— (8.246)

First, in the case of b—quarks, additional one-loop vertex corrections modify the
tree-level hbb coupling: they grow as mputan § and are thus very large at high tan .
The dominant component comes from the SUSY-QCD corrections with sbottom—gluino

loops that can be approximated by Ay = 2a,/(3m) x pimg tan §/max(mg, m? . m? ) [298].

Outside the decoupling regime, the hbb coupling receives the possibly large correction

M

ey~ c) x [1—Ay/(1+ Ay) x (1+cotacotB)] with tana AxMz —1/ tan 5(8.247)

which would significantly alter the partial width of the decay h — bb that is, in principle,
by far the dominant one and, hence, affect the branching fractions of all other decay
modes.

In addition, the htt coupling is derived indirectly from the gg — h production cross
section and the h — 77 decay branching ratio, two processes that are generated via
triangular loops. In the MSSM, these loops involve not only the top quark (and the W
boson in the decay h — ~7) but also contributions from supersymmetric particles, if
they are not too heavy. In the case of the gg — h process, only the contributions of stops
is generally important. Including the later and working in the limit M; << my, mg, my,,
the hgg amplitude can be (very well) approximated by the expression [373-375|

2

) x |1+ (mtg1 + mth — (A —pcota) (A + ptan ) ) (8.248)

t
2.2
4m£1m£2

which shows that indeed,  contributions can be very large for sufficiently light stops and

in the presence of large stop mixing. In the h — v decay rate, because the t, electric
charges are the same, the hit coupling is shifted by the same amount as above [376].

If one ignores the usually small b contributions in the gg — h production and h — v

decay processes (in the latter case, it is suppressed by powers of the b electric charge
e;/e} = 1 in addition) as well as the contributions of other SUSY particles such as

charginos and stau’s in the h — ~v decay rate®’, the leading corrections to the htt

2TThe chargino contribution cannot exceed the 10% level even for very favorable gaugino-higgsino
parameters [376], while the 7 contributions are important only for extreme values of tan and pu
[382,383].
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vertex can be simply accounted for by using the effective coupling given in Eq. (8.248);
see e.g. Ref. [283].

Note that in the case of associated production of the h boson with top quarks,
99/qq — hitt, it is the parameter ¢} which should be considered for the direct htt
coupling. However, for the time being (and presumably for a long time), the constraints
on the h properties from this process are very weak as the cross section has very large
uncertainties.

One also should note that the couplings of the h boson to 7 leptons and charm quarks
do not receive the direct corrections of respectively Eqgs. (8.247) and (8.248) and one
should still have ¢, = ¢} and ¢, = ¢). However, using ¢, or ¢}, in this case has almost no
impact in practice as these couplings appear only in the branching ratios for the decays
h — c¢ and 777~ which are small, below 5%, and the direct corrections cannot be very
large (these are radiative corrections after all). One can thus, in a first approximation,
ignore them and assume that c. = ¢, and ¢, = ¢,. Note that BR(h — ¢¢) cannot be
measured at the LHC while the h — 777~ rate is presently measured only at the level
of 40% or so.

Another caveat is that possible invisible decays (which at present are probed directly
only for rates that are at the 50% to 100% level [384]), can also affect the properties of
the observed h particle. However, a large invisible rate implies that the neutralinos that
are considered as the lightest SUSY particles, are relatively light and couple significantly
to the h boson, a situation that is rather unlikely (if the LSP is very light, 2myo S M,
it should be mostly bino-like and, hence, has very suppressed couplings to the Higgs
bosons that prefer to couple to mixtures of higgsinos and gauginos; see for instance
Refs. [376,385-387]). Notice that we will study the Higgs invisible decays into more
detail in the next part of this thesis.

In the case of large direct corrections, the Higgs couplings cannot be described only by
the parameters  and « as in Eq. (8.246). One should consider at least three independent
h couplings, namely ¢, = ¢, ¢, = ¢, and ¢y = ¢}, as advocated in Ref. [377]. This is
equivalent to exclude the h — 77 data from the global fit which, in practice, has no
significant impact as the experimental error on the signal strength in this channel is
presently large. Note that a future determination of the theoretically clean ratio of the
bb and 77~ signals in pp — AV gives a direct access to the A, correction outside the
decoupling regime [346,378,379|.

To study the h state at the LHC, we thus define the following effective Lagrangian,
Ly = cv goww h W:W_# + cv gnzz h ZgZO‘u (8249)
— G Y hELtR — Ct Ye h(_jLCR — Cp Yp h[_?LbR — Cp Yr h7_'LTR -+ h.c.

where Yy cpr = Mycpr/v are the SM Yukawa coupling constants in the mass eigenbasis
(L/R indicates the fermion chirality and we consider only the heavy fermions that have
substantial couplings to the Higgs boson), gnww = 2M3, /v and gnzz = M%/v are the
electroweak gauge boson couplings and v is the Higgs vacuum expectation value.

We present the results for the fits of the Higgs signal strengths in the various channels
px >~ o(pp — h) x BR(h — XX)/o(pp = h)sm X BR(h — X X)sm (8.250)

closely following the procedure of Ref. [346,378,379] but in the case of the phenomeno-
logical MSSM. All the Higgs production/decay channels are considered and the data
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Figure 39: Best-fit regions at 68%CL (green, left) and 99%CL (light gray, right) for the Higgs
signal strengths in the three-dimensional space [c, ¢p, cyy]. The three overlapped regions are
associated to central and two extreme choices of the theoretical prediction for the Higgs rates.

used are the latest ones using the full ~ 25 fb~! statistics for the vy, ZZ, WW channels
as well as the i — bb and 77 modes for CMS, but only ~ 17 fb™' data for the ATLAS

fermionic channels.

We have performed the appropriate three-parameter fit in the three-dimensional
space®® [c1, ey, cv], assuming ¢, = ¢; and ¢; = ¢, as discussed above and of course the
custodial symmetry relation ¢y = ¢y =cz which holds in supersymmetric models. The
results of this fit are presented in Fig. 39 for ¢, ¢, ¢y > 0, as motivated by the super-
symmetric structure of the Higgs couplings (there is also an exact reflection symmetry
under, ¢ = —c or equivalently § — 3 + m, leaving the squared amplitudes of the Higgs
rates unaffected). Again following Refs. [346,378,379], we have treated the theoretical
uncertainty as a bias and not as if it were associated to a statistical distribution and
have performed the fit for values of the signal strength fu;|exp[1£ A/ pilen] with the the-
oretical uncertainty Ap;/ ;| conservatively assumed to be 20% for both the gluon and
vector boson fusion mechanisms (because of contamination) and ~ 5% for h production
in association with V' = W/Z [103,106].

The best-fit value for the couplings, when the ATLAS and CMS data are combined,
is ¢; = 0.89, ¢, = 1.01 and ¢ = 1.02 with x? = 64.8 (x* = 66.7 in the SM).

In turn, in scenarios where the direct corrections in Eqs. (8.247)-(8.248) are not
quantitatively significant (i.e. considering either not too large values of ptan 8 or high
stop/sbottom masses), one can use the MSSM relations of Eq. (8.246) to reduce the
number of effective parameters down to two. For instance, using ¢; = cosa/sin 3
and ¢y = sin(f — a), one can derive the following relation, ¢, = —sina/cosf =
(1 —eyer)/(ey — ). This allows to perform the two-parameter fit in the plane [cy, ¢].
Similarly, one can study the planes [cy, ¢;] and [¢q, ¢p]. The two-dimensional fits in these
three planes are displayed in Fig. 40. As in the MSSM one has a € [—7/2,0] and

ZHiggs coupling fits have been performed most often in the [cy,cf] parameter space with ¢y =
¢ = Cp.... Fits of the LHC data in SUSY scenarios including also the NMSSM can be found in

Refs. [286,287,388-393] for instance.
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tan 3 € [1, ~ 50], one obtains the following variation ranges: ¢ € [0,1], ¢; € [0,v/2] and
cp > 0.

We also show on these figures the potential constraints obtained from fitting ratios
of the Higgs signal strengths (essentially the two ratios R,, = py/pzz and R, =
-/ piww ) that are not or much less affected by the QCD uncertainties at the production
level [346,378,379|. In this two-dimensional case, the best-fit points are located at
(¢, = 0.88, ¢y = 1.0), (¢ = 0.97, ¢y = 1.0) and (¢; = 0.88, ¢, = 0.97). Note that
although for the best—fit point one has ¢, < 1, actually ¢, 2 1 in most of the 1o region.
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Figure 40: Best-fit regions at 68%CL (green) and 99%CL (light gray) for the Higgs signal
strengths in the planes [c;, cy] (left), [cp, cv] (center) and [, ¢p] (right). The theoretical uncer-
tainty on the Higgs signal strengths is taken into account as a bias. The best-fit contours at
68%CL (dashed) and 99%CL (dotted) from the fit of signal strength ratios are superimposed
as well. The SM points are indicated in red and the best-fit points in blue.

Alternatively, using the expressions of Eq. (8.246), one can also realize a two-
parameter fit in the [tan 3, a| plane*. However, using the expressions of Eq. (8.245) for
the mixing angle o and fixing M, to the measured value M, ~ 125 GeV, one can perform
a fit in the plane [tan 3, My]. This is shown in the left-hand side of Fig. 41 where the
68%CL, 95%CL and 99%CL contours from the signal strengths only are displayed when,
again, the theoretical uncertainty is considered as a bias. We also display the best-fit
contours for the signal strength ratios at the 68%CL and 95%CL. The best-fit point for
the signal strengths when the theoretical uncertainty is set to zero, is obtained for the
values tan =1 and M4 =557 GeV, which implies for the other parameters, when the
radiative corrections entering the Higgs masses and the angle o are derived using the
information M; = 125 GeV : My = 580 GeV, Myx+ = 563 GeV and o = —0.837 rad.
Regarding this best-fit point, one should note that the y? value is relatively stable all
over the 1o region shown in Fig. 41.

It is interesting to superimpose on these indirect limits in the [tan /3, My] plane, the
direct constraints on the heavy H/A/H* boson searches performed by the ATLAS and
CMS collaborations as shown in the right-hand side of Fig. 41. As discussed in Ref. [372]
(see also Ref. [310]), besides the limits from the A/H — 777~ and to a lesser extent
t — bH™ — brv searches which exclude high tan 8 values and which can be extended

29This corresponds in fact to the case of a two-Higgs doublet model in which the direct corrections
are expected to be small in contrast to the SUSY case: one can then parametrise the couplings of the
h boson, that are given by Eq. (8.246), by still two parameters « and 8 but with the angle o being a
free input.
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to very low tan § as well, there are also limits from adapting to the MSSM the high
mass SM Higgs searches in the channels*® H — WW and ZZ as well as the searches
for heavy resonances decaying into ¢ final states that exclude low values of tan 8 and
M. For values 250 < M4 < 350 GeV, only the intermediate tan 8 ~ 2-10 range is still
allowed.
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Figure 41: Left: best-fit regions at 68%CL (green), 95%CL (yellow) and 99%CL (light gray)
for the Higgs signal strengths in the plane [tan 8, M4]; the best—fit point is shown in blue
and the theoretical uncertainty is taken into account as a bias as in the previous figures. The
best-fit contours at 1o (dashed) and 20 (dotted) for the signal strength ratios are also shown.
Right: we superimpose on these constraints the excluded regions (in red, and as a shadow when
superimposed on the best-fit regions) from the direct searches of the heavier Higgs bosons at
the LHC following the analysis of Ref. [372].

8.4 Conclusion concerning the hMSSM

We have discussed the hMSSM, i.e. the MSSM that we seem to have after the discovery
of the Higgs boson at the LHC that we identify with the lighter h state. The mass
M;, ~ 125 GeV and the non—observation of SUSY particles, seems to indicate that the
soft-SUSY breaking scale might be large, Mg 2 1 TeV. We have shown, using both
approximate analytical formulae and a scan of the MSSM parameters, that the MSSM
Higgs sector can be described to a good approximation by only the two parameters
tan f and M, if the information M), = 125 GeV is used. One could then ignore the
radiative corrections to the Higgs masses and their complicated dependence on the
MSSM parameters and use a simple formula to derive the other parameters of the Higgs
sector, oo, My and Mpy=.

In a second step, we have shown that to describe accurately the h properties when
the direct radiative corrections are also important, the three couplings ¢;, ¢, and ¢y are

30At low tan 3, channels such as A — hZ and H — hh need also to be considered [372]. In the
latter case, special care is needed in the treatment of the trilinear Hhh coupling as will be discussed in
Ref. [394].
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needed besides the h mass. We have performed a fit of these couplings using the latest
LHC data and taking into account properly the theoretical uncertainties. In the limit
of heavy sparticles (i.e. with small direct corrections), the best fit point turns out to be
at low tan 8, tan S~ 1, and with a not too high CP-odd Higgs mass, M4 ~ 560 GeV.

The phenomenology of this particular point is quite interesting. First, the heavier
Higgs particles will be accessible in the next LHC run at least in the channels A, H — ¢t
and presumably also in the modes H — WW,ZZ as the rates are rather large for
tan ~ 1. This is shown in Fig. 42 where the cross sections times decay branching
ratios for A and H are displayed as a function of tan 8 for the choice M4 = 557 GeV
for /s = 14 TeV. Further more, the correct relic abundance of the LSP neutralino can
be easily obtained through x%x! — A — t¢ annihilation by allowing the parameters p
and M; to be comparable and have an LSP mass close to the A-pole, m o ~ %M A-
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Figure 42: The cross section times branching fractions for the A (left) and H (right) MSSM
Higgs bosons at the LHC with /s = 14 TeV as a function of tanf for the best—fit mass
My = 557 GeV and with My, = 125 GeV. For the production, we have taken into account only
the gluon and bottom quark fusion processes and followed the analysis given in Ref. [372].

We will now turn to the third chapter of this thesis that focusses on dark mater.
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9 The early universe

In 1933, Zwicky analyzed the motion of the galaxies inside the Coma cluster and obtained
the first evidence in favor of the existence of a new form of matter. This exotic matter
would not emit luminous radiation and for this reason it has been called dark matter.
Afterwards, several observations have confirmed the presence of dark matter in our
universe. In this section, we will first introduce the main astrophysical and cosmological
evidences for dark matter. Secondly, we will talk about the thermal history of the
universe and we will define some tools in order to quantify the dark matter abundance.
We will finish by mentioning the astrophysical technics used to look for the dark matter.

9.1 Dark matter evidences
9.1.1 Astrophysical evidences

Galactic rotation curves

Inside galaxies the stars orbit around the center. Their velocity distribution, v(r), can
be reconstructed as a function of the distance to the galactic center r. In the framework
of the Newtonian mechanics, if one knows the mass distribution p, one could predict the
gravitational potential ® and then the velocity distribution via the following equations

Ad(r) = 4nGnp(r),
0
2
vi(r) = raré(r) : (9.251)
However, this mass distribution is not directly observable, but it seems reasonable to
make the hypothesis that the mass distribution is related to the luminosity distribution,
Pram (1) o< 1(r). We then obtain the velocity distribution corresponding to the observed
luminous matter, that we call vj,n. A problem arises when one tries to compare the
luminous matter velocity distribution vy, (r) with the stars velocity distribution v(r).
Introducing M (r), the mass inside the sphere of radius r, we can rewrite the luminous
velocity distribution as
G NM (7")

; (9.252)

Vlam (1) =

So beyond the visible matter, when M (r) does not depend on r anymore, one would
expect Vpm o 1/4/r. Looking at Fig.43, the flatness at large radius of the line (fitting
the experimental data) means that the stars rotate much faster than expected at large
r. This apparent disagreement can be explained if one assumes the existence of a halo
of non visible matter, that we will call dark matter (DM), with a mass profile M (r) o r
(or a density profile p o< 1/1?).

Gravitational lensing

In General Relativity (GR), matter induces a curvature of space-time. The light
waves are then deflected by this modification. This phenomena is known as gravitational
lensing. Since the deflection angle is proportional to the mass of the astrophysical object
which curves the space-time, this is a good method to estimate the matter distribution
of such objects that one can compare to their dust and gas distribution. A compelling
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Figure 43: Rotation curve of the galaxy NGC 6503. Lines correspond to the contribution
of the interstellar gas, or the disk of visible matter or the halo of dark matter. Taken
from [395]

evidence of dark matter came with the weak lensing observations of the Bullet galaxy
cluster 1E 0657-56 [396] by the Hubble Space Telescope. This bullet cluster is made of
two colliding smaller clusters. Weak lensing effects allow to draw the mass distribution
(in green contours in Fig.44). Visible matter distribution can be estimated by X-rays
(colored area in Fig.44). By looking at the Fig.44, one can see a clear separation between
the two matter distributions. The visible matter is slowed down due to the collision while

56'
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Figure 44: Weak lensing distribution of the Bullet cluster (green contours) and X-rays
matter distribution (colored area) .Taken from [396].

the would be dark matter is not (weak interacting behaviour).
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9.1.2 Cosmological evidences

The Friedmann law
In General Relativity, the Einstein equation establishes the relation between curvature
of the space-time and the matter properties at a given point by

1
G = Ruy — 5 Rgu = 8GN T, (9.253)

where R, is the Ricci tensor, R = R, the Ricci scalar, g, the time-space metric and
T, the energy-momentum tensor. The Friedmann-Lemaitre-Robertson-Walker (FLRW)
metric is the most general solution of the Einstein’s GR equations under the assumption
that the universe is homogeneous and isotropic. This postulate means it exists a defi-
nition of time for which all directions are equivalent. Inside this metric the space-time
distance reads

dr?

ds? = dt? — a®(t) | ———
5 a’(t) 1—Fkr2

+ r%(df? + sin® d¢?) (9.254)
where (7,60, ¢) are the spherical coordinates and k the comoving spatial curvature pa-
rameter (when & = —1/0/1 the space-time is open/flat/closed) and a(t) is the universe
scale factor. The most general energy-momentum tensor in such an homogeneous and
isotropic universe has to be

p 0 0 0
™", = 8 7 _Op 8 (9.255)
00 0 —p

with p the energy density and p the pressure of the cosmological fluid. The first Einstein
equation is then

L\ 2
o = <9> :8”GNp—£ (9.256)

a 3 a?

where H is called the Hubble parameter and the dot means time derivative. This last
equation is the famous Friedman law and gives the expansion rate of the universe. The
Einstein’s GR equation also implies Bianchi identities and especially the first one (7f;,)
which is the equation of energy conservation. In the FLRW model it reads

) a
p= —35(/) +p). (9.257)
At this stage one can distinguish two important situations:

e Matter is ultra-relativistic (radiation domination)
In that case the particle velocity generates pressure and we know from statistical
thermodynamics that an ultra relativistic gas has an equation of state p = p/3.

p= —4%,0 = pocat. (9.258)



9.1 - Dark matter evidences 149

e Matter is non-relativistic (matter domination)
In that situation the negligible kinetic energy implies p = 0, then

a
p=-3-p = poxa’. (9.259)
a
A non-relativistic fluid dilutes slower than an ultra-relativistic one.

Einstein also noticed that a simple geometric term could be added to its equation
without violating any principle

G+ Agy = 87mGNT ), (9.260)
This constant A is equivalent to an homogeneous fluid with the energy-momentum tensor

A
Frepe 0 0 0

A 0 2 0 0
" — — 8GN
T, S 0 0 815 0 (9.261)
TGN A
0 0 0 e
This fluid respects the equation of state p = —p = ﬁ, note the unusual sign. This

new term in the Einstein equation is interpreted as a vacuum energy or a fluid which
accelerate the expansion of the universe, it is the so-called Dark-Energy.

We can now rewrite the Friedmann law including all the different contributions to
the homogeneous cosmological fluid

. 87TGN
3

with pg/a the radiation/matter density.

H2

A
Iy 9.262
. (9.26)

k
(pr+par) = 5+

If we take the Friedman equation, evaluated today, and divide it by HZ (the subscript
0 means "evaluated today"), we obtain the matter budget equation

Qr+Qy — Qe +Qr =1, (9.263)
where we define
Op = %PRO )
Qu = %PMO )
k
Qyn = 3LH§ . (9.264)

Assuming a flat universe (k = 0) as it seems experimentally the case, we get
Qr+Qu+ Oy =1 (9.265)

In conclusion, the evolution of the universe can be described in terms of the four cos-
mological parameters Qg/a/a, Ho. The Friedmann equation would then allow us to
extrapolate the scale factor a(t) at any time. We can understand now why the main
purposes of observational cosmology is to measure these four parameters.



150 THE EARLY UNIVERSE

The Cosmic Microwave Background

We have seen previously that it exists astrophysical evidences for dark matter. How-
ever, we cannot extract from it an estimation of the total amount of dark matter. This
quantity can be measured by looking at the anisotropies of the Cosmic Microwave Back-
ground (CMB). The detected quantities are photons which have decoupled from the mat-
ter in the primordial universe, the so-called matter-radiation decoupling. The existence
of the CMB was predicted by Gamow and Teller in 1948 and was experimentally discov-
ered only in 1965 by Penzias and Wilson. The first observations of the CMB spectrum
has been done by the Cosmic Background mission (COBE) in 1989. In 2001, COBE was
followed by the Wilkinson Microwave Anisotropy Probe (WMAP). In 2009, the Planck
spacecraft was launched and it delivered its data in March 2013. Their interpretation
allow to measure the cosmological parameters with the highest precision. The tempera-
ture spectrum of the CMB follows extremely precisely a black body law with an average
temperature of 2.725 K. This radiation is homogeneous and isotropic, however, there are
small fluctuations (67/T = 0.01%0). An analysis of these CMB anisotropies puts strong
constraints on the cosmological parameters. In the case of the ACDM model considering
the latest Planck results [397] (we quote here the 68% confidence limits combining the
Planck+WP-+highL likelihood with the Planck lensing and BAO likelihoods) the curva-
ture of the universe is to a good approximation equal to zero, Qyoh? = —0.000570 00
with h? = 0.6780 £ 0.0077. The universe is mainly filled by dark energy which drives
the acceleration of its expansion, Q,h? = 0.6924:0.010. The baryonic matter represents
only a small fraction of the matter budget, Q,h? = 0.02214 4 0.00024, since most of the
matter is unknown, i.e accounts for dark matter: Qpauh? = 0.1187 £ 0.0017.

9.2 Thermal history of the universe and thermal relics
9.2.1 From a cold big bang to the hot big bang scenario

The pioneers who have considered the far past of the universe (near the initial sin-
gularity), have firstly assumed that the expansion of the universe was dominated by
pressureless matter (component of galaxies) since the beginning. This assumption cor-
responds to the Cold Big Bang scenario, since under this hypothesis matter was really
dense in the early universe (pas(t) oc a(t)™3). At that time, matter consisted of a gas of
electrons and nucleons. As soon as the density fell down to a critical value nuclei were
formed through nuclear reactions, this corresponds to the nucleosynthesis. In the Cold
Big Bang framework, nucleosynthesis is not satisfactory because heavier elements are
much more produced compared to hydrogen. This is in contradiction with astrophysical
observations which tell us that clouds of gas and stars contain a lot of hydrogen. In
order to reconcile nucleosynthesis with experiments, one has to modify the kinematics
of the nuclear reactions. This can be done by modifying the expansion rate of the uni-
verse by supposing that during the nucleosynthesis, radiation density of the photons
was dominating (pr(t) o< a(t)~*). This scenario where radiation density dominates at
early time before the matter density domination era is called the Hot Big Bang sce-
nario. Before nucleosynthesis occurred, the photons were interacting with an extremely
small mean-free-path, then having a Brownian motion in a particle gas. The pho-
tons were then maintained in thermal equilibrium with the background gas and formed
a black-body which has a well defined spectrum associated to a precise temperature
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(Planck law). After nucleosynthesis, matter was a gas of electrons and nuclei. When
the density decreases, since they interact electromagnetically, they combined into atoms,
this transition is called recombination. Afterwards, photons did not interact anymore
with charged particles, the gas being filled of neutral atoms, then their mean-free-path
severely increased and basically photons travelled freely from the recombination epoch
until now. Thus the photon black-body spectrum stays the same (E) ~ T ~ 1/()\) but
as the photon wavelength A(t) o< a(t) then the black-body spectrum is shifted towards
smaller temperatures. The first measurement of this homogeneous radiation (CMB)
that was performed by Penzias and Wilson (that we have talked before) was a very
strong evidence for the Hot Big Bang scenario.

9.2.2 Quantum thermodynamics

Even if the whole universe can be described by its gravitational forces, one may need to
study its particle content at high temperature. Thermodynamics is then needed. In the
FLRW universe, the homogeneity and isotropy assumptions enforce that the phase-space
distribution function of a given species A inside the cosmological fluid can be written
only as a function of the momentum modulus and time f4(p,t). For such species, the
general expressions of the number density (n4), energy density (pa) and pressure (pa)
are the following

9 3
) = 225 [ @onaint).

9 3
palt) = s [ dBasain).
nalt) = oo [ drdepaw. (9.266)

where g4 is the number of quantum degrees of freedom and E4 = /p? + m? the energy
of the particle. Each species interact, or not, then these previous densities evolve, or
not. Their interactions can be represented by a set of reactions A + B <> C' + D, with
the particular case of elastic scattering A + B — A + B. Generically the evolution
of each species is obtained by resolving the Boltzmann equation of the form df4/dt =
F(fa, B, fo, fp). We will focus on this important point after discussing the possible
equilibriums namely thermal and chemical equilibriums.

9.2.3 Equilibriums

Thermal equilibrium

Because of the correlation between temperature and average kinetic energy, the ther-
mal equilibrium is associated to the kinetic equilibrium. Two species A and B which
have frequent interactions (A + B — A + B) , thus randomly exchanging momentum,
reach a kinetic/thermal equilibrium. So we can define a temperature in the thermody-
namical sense "= 0U/0S| as being the variation of the internal energy relatively to
the entropy, when all others macroscopic observables are kept the same. The thermal
distribution for a given species A reads

== 9.267
fA eEATMA 1 ( )
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where 114 is the chemical potential of the species which contains the effect of the balance
between all the inelastic reactions involved in the fluid. The case (+1) is for fermions
which obey at quantum level the Fermi-Dirac statistics and (—1) is for bosons which obey
the Bose-Einstein statistics. In the classical limit, where particles are non-relativistic,
the quantum behavior is negligible and one recover the Maxwell-Boltzmann approxima-
tion fa &~ e~ (FPa—1a)/T  Tywo extremal cases will be useful in our following studies, the
relativistic and non-relativistic particle limits.

e In the limit of high temperature where the mass is negligible, T' > m 4, particles
are ultra-relativistic and one can compute both the number and energy density
and the pressure with the simplified formulas (we assume p4 < T and m4 = 0)

€3 3 1 (for boson)
A= ?QAT % 3/4 (for fermion)

7T29 T o { 1 (for boson)
294

Pa = 7/8 (for fermion) ’

Pa = ZpPA, (9.268)

where £(z) is the Riemann zeta function (£(3) ~ 1.202).

e In the limit of low temperature where the mass is not anymore negligible, T' < m 4,
particles are non-relativistic and one can compute the number, energy density and
the pressure with the formulas (for both fermions and bosons)

mAT 3/2 _(ma—p4)
E =

pPA = Many,
pa = Tna. (9.269)

In the realistic case where py < 7', the number density of non-relativistic particles is
exponentially suppressed regarding the relativistic case. Then, in a thermal plasma the
number density mostly come from relativistic particles.

Thermal decoupling

During thermal equilibrium the interaction between particles A and B is represented
through a thermally averaged cross-section velocity product (ov). The scattering rate
of A over B is I'ayp = np/a(ov). These particles are in the thermal equilibrium when
their interaction rate is sufficiently large. Quantitatively I' 4, has to be bigger than the
Hubble constant H which is the expansion factor of the universe. When I'y/p < H, the
universe expansion has sufficiently diluted the particles so that the probability that A
and B interact within a time comparables to the age of the universe is negligible. So
these stable and non-interacting particles are decoupled and their distribution is frozen
(being the same to the one of their last scattering). They are just following the universe
expansion.

Chemical equilibrium
If it exists an inelastic scattering reaction of the type A + B <+ C'+ D then in any
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comoving volume the number of particles of a given species, n4a?, is not conserved: con-
servation laws do not apply for number density but for quantum numbers, for example
the electric charge number. These quantum numbers are the equivalent, at quantum
level, of the chemical potentials which are thermodynamic quantities defined when there
are conserved charges in the system. Classically, the chemical potential is the variation
of the internal energy that one needs to extract/introduce a particle (all other things
being equal) i.e g = OU/ON|,. Consequently, when the reaction is frequent enough
the relative number density of particles is not aleatory and must follow the chemical
equilibrium condition

pa+ pp = pe + fip (9.270)

Usually, each conserved quantum number is associated with a non-vanishing chemical
potential. For instance, the photon which does not carry any conserved charge has
iy = 0. This implies for example p, = —pe looking at the reaction e™ + e~ — 2. An
important consequence of chemical equilibrium is that a vanishing asymmetry ny — n
implies a vanishing chemical potential g4 = 0. As an example, for leptons, the fact that
it exists a conserved charge, pp # 0 means that an asymmetry is present.

Chemical decoupling

When the reaction which defines the chemical equilibrium is not sufficiently frequent,
the concerned particles chemically decouple. We should note that these particles can
still be in thermal equilibrium. In that situation the evolution of their number density is
given by a simplified Boltzmann equation which will be studied in details in the following
subsection.

9.2.4 Entropy conservation in the thermal bath

For a system in thermal equilibrium (with small chemical potentials) of internal energy
U = pV, V being the comoving volume (o a?), the second Law of thermodynamics
reads

dU = pdV + Vdp = TdS — PdV . (9.271)

Remembering the energy conservation equation (Eq.9.257) and writing it in terms of
the covolume, we get

dp  lav

=——— P). 272
7 vt h) (9.272)
Combining these two last equations, one obtains
dsS
— =0. 9.273
o (9.273)

Considering now the density of entropy defined by s = S/V, we can rewrite the Eq.9.271

as
(Ts—p— P)% =dp—Tds . (9.274)

Since the energy and entropy density depend only on the temperature in thermal equi-
librium then we get the important result

s=C"— (9.275)
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The entropy density of the cosmological fluid is then dominated by the relativistic com-
ponents. For a relativistic species the entropy density reads

4 2
L A" 94 s { 1 (for boson) (9.276)

7/8 (for fermion)

For the whole plasma, it is convenient to write the entropy density as if it was due
to photons only. The degeneracy factor g, is then replaced by an effective one which
includes all the different particles existing at a given temperature

42
Splasma<T) = Eh* (T)T,? ’
3 3
2{: g (T 7 }E: gr (T
b=rel. bos. v f=rel. fer. v

For next sections it will be also convenient to introduce a similar expression for the
energy density of the plasma

7T2

Pplasma(T) = 1_59*(T)T747
4 4
a (T 7 gr (T
(T) = LN i) S i 2
9:(T) Z 2 (Tv) +8 Z 2 (T’Y (9.278)
b=rel. bos. f=rel. fer.

The entropy density conservation implies h*Tfa?’ = constant. So as long h, remains con-
stan x 1/a. Nevertheless, as soon as one particle species becomes non-relativistic
tant, T, oc 1/a. Nevertheless, ticl b lativistic,

h, diminishes so T, varies as ), oc 1/ h'*1/a.

9.2.5 Dark matter abundance and thermal relic

The well-tempered dark matter

What about dark matter in the thermal history of the universe? Dark matter, as we
have seen is non-baryonic, is characterized by its kinetic energy at the instant where it
decouples from the thermal bath.

We talk about Hot Dark Matter (HDM) when after decoupling the DM is still rela-
tivistic ("hot"). Neutrinos which could be thought as the natural SM candidate for DM
is one example. At high temperature neutrinos are in thermal and chemical equilibrium
with the plasma through weak interactions (e~ <» ve™, v <> e"et ...). The collision
rate of neutrinos with the primordial plasma is of the order

I, =~ n,{ov) ~ GET° . (9.279)

On the other hand at the radiation-dominated era the expansion was driven by the
energy density (H? = @ p). Thus, if we consider the main contribution which comes
from photons,
3 2 2
o=\ oy~ 1
P P
the neutrinos decouple from the thermal bath when I'. = H, that defines the decoupling
temperature T}

(9.280)

~1/3

Ty~ (GpMp) " ~ 1MeV (9.281)
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So when the thermal bath was at this temperature of 1 MeV, the neutrinos were rela-
tivistic and this is in disagreement with the generic size of the gravitational structures.
HDM is in strong disagreement with astrophysical observations.

We talk about Cold Dark Matter (CDM) when the DM is non-relativistic at the
decoupling period. It is favoured by observations and most of the DM candidates of
BSM models fall into this category. The most famous example are neutralinos from
supersymmetric models and heavy sterile neutrinos.

Otherwise we talk about Warm Dark Matter (WDM) which is an intermediate situ-
ation. It concerns dark matter particles which interact more weakly than neutrinos, are
less abundant, and have a mass of a few keV (the “warm” denomination comes from the
fact that the dark matter candidate has lower thermal velocities than massive neutrinos).
The sterile neutrinos and the gravitinos are the most famous WDM candidates [398|.

In our next discussion, we will focus on thermally produced CDM, i.e DM candidate
that is non-relativistic during the decoupling epoch. One can compare the number
density of non-relativistic DM compared to the case where it would have been relativistic

NR 3/2 m
Npm ~ eul%M (mDM> o I%JV[ (9.282)
nk T

DM

So in the realistic case where ppys is not huge, the non-relativistic species in thermal
equilibrium are exponentially suppressed (Boltzmann suppressed) with respect to that
of relativistic one. This would explain why the DM population in the primordial time
is significantly reduced.

Generically, when a particle species decouples from the chemical equilibrium the
particle production/annihilation must be followed by the Boltzmann equation.

The Boltzmann equation

The Einstein energy conservation equation describes how the energy density evolves
with time and how it reflects the effects of the metric. For a matter domination era
(p o< n with n the number density) we have

a d d
)= -3-p=a>—(pa®)=0=a3—(na®)=0. 9.283
p —p=a o (pa’) ™"~ (na’) (9.283)
The Boltzmann equation generalizes this last conservation equation by including the
interactions of the considered particle species with the thermal bath. Let us study the
Boltzmann equation on a generic process 1 + 2 <+ 3 + 4. The number density of the
species 1 satisfies

1 d(mia?)

. d L
o =+ 3Hm /H D (2m)*) (py + pr — ps — pa) IM[?

27)22F;
X [fafs(L £ fi)(L £ f2) — fifa(1 £ f3)(1 £ £4)](9.284)

where H = a/a, f; is the phase space density distribution of species i; (+) applies to
bosons and (—) applies to fermions. We have assumed CP invariance meaning M =
Miio 314 = Msig 112 A second well justified simplification is the usage of the
Maxwell-Boltzmann statistics for all species instead of the Bose-Einstein one for bosons
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and the Fermi-Dirac one for fermions. Thus 1+ f; ~ 1 and f;(E;) ~ e~ (Bimm)/T for
all species in kinetic equilibrium. We also introduce the equilibrium number density
through the relation n; = e/Tnf?. We recall the definition of the thermally averaged
cross section in the Maxwell-Boltzmann approximation

d’p; _B4E
lov) = S /H 2r22E, (2m)* 0 (p1 + po — ps — pa) IM[P e T (9.285)
We end-up with the simplified Boltzmann equation
- eq e n3ny ninog
n1 + 3Hny = n{'ns?(ov) {ngqniq — nlqngq] (9.286)

We now focus on a particle species that has lost its chemical equilibrium so that one
needs to solve its Boltzmann equation in order to compute its relic density.

Cold dark matter Freeze-out

We consider a generic scenario where the DM (noted y) particles annihilate into two
light particles (noted a) through xy — aa. Assuming that a and a are in kinetic and
chemical equilibrium leads to n,n; = n¢ng’. On the contrary y and Y are chemically
decoupled but still preserve their kinetic equilibrium. With the hypothesis n, = ny we
obtain an extremely simple Boltzmann equation

ity + 3Hn, = (ov) [nS? —nZ] . (9.287)

To get ride of the Hubble parameter we use the comobile density Y, = n,/s. The
entropy conservation in a comoving volume gives SYX = n, + 3Hn,, which transforms
the Boltzmann equation in

Yy = s(ov) [V Y]] | (9.288)

which can be written in function of x = m, /T as

dy, A
Cx = Syeovy (9.289)
) 2 o (ov)

15 N H@=1)

The typical behavior of the solution can be seen in Fig.45. At a typical value, o, the
DM yields departure from equilibrium. In many models zro ~ O(20) and the current
yield is estimated as YX0 ~ zro/A. Then, when the temperature becomes negligible
compared to the DM mass its yield decreases because only the DM annihilation process
is occurring. Nevertheless, when DM interactions with the thermal bath are slower than
the universe expansion rate, the DM decouples from the thermal bath, we call this the
DM freeze-out. Since this moment to now, its yield remains nearly constant and the
only reminiscence that we get from it, is a relic density which reads

2mXY;?

2p
=L
= pe 3.6 x 1079GeV (9.290)
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Figure 45: Dark matter comoving number density evolutions as a function of its mass
over the temperature. Taken from [399].

An important remark is that the more DM annihilation cross-section is important, the
less nowadays DM relic density is big. A Weakly Interacting Massive Particle (WIMP)
with a mass at the weak scale could get the expected (from cosmological observations)
relic density, this is the famous WIMP miracle.

We now switch to the astrophysical searches for dark matter. We will mostly describe
direct detection searches because we will use their bounds on different phenomenological
models in the next sections.

9.3 Astrophysical dark matter detection
9.3.1 Direct detection

Since dark matter interacts very weakly with baryonic matter, it could be around us
but we just do not "see" it. Direct Detection methods try to observe recoil of nuclei
due to interaction with WIMP particles. Even if the interaction rate is extremely small,
sufficiently massive detector during long exposure time should distinguish some DM
signal from the background. The scattering between DM and ordinary matter might
be of two different types. In the case of elastic scattering the WIMP only gives a recoil
energy to the nuclei which is of order of tens of keV. In case of inelastic scattering, that is
less frequent than the elastic one, the WIMP excites the electronic orbitals of the atom
and eventually ionizes it. So one can also measure nuclei recoil but it is now associated
with a desexcitation of the atom via the emission of a photon. Several methods can be
used in order to measure the energy recoil of a nuclei, amongst them we can cite the
observation of phonons, scintillation and ionization. One can estimate the number of
collisions per unit of time, N, measured by the experiments as

N =~ nynyoy_n(vy) (9.291)

where n,,y are the local densities of dark matter/nuclei, o,_, is the cross-section
between WIMP and nucleus and (v,) is the average velocity of the WIMPs. The
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WIMP-nucleus cross-section is composed of different contributions, one part is spin-
independent (comes from scalar-scalar and vector-vector couplings) and the other part
is spin-dependent (comes from axial couplings). Generally, the spin-dependent contri-
bution is smaller and especially for nuclei with a vanishing total nuclear spin i.e an even
number of protons and neutrons. However, WIMPs hit protons and neutrons of the
nucleus (and more precisely quarks). One can relate the WIMP-nucleus cross-section to
the WIMP-proton cross-section by the following relation

A 2
Oy = (“ N ) - (9.292)
Hp
where py/, = % is the reduced mass of the system Nucleus/proton-WIMP, the

atomic number A being the number of nucleons. After some work, the events rate (per
unit of time and detector mass) can be expressed as

dN Ox—NTlx 2/0O foy) 5
= X2 - XF(E, 2 d%v 9.293
5. W, (E) oy oy ( )

where F' is the nuclei form factor, f the WIMPs velocity distribution and vy, (E,) =
,/”;Z—? is the minimum velocity to transfer the amount of energy E, to the nuclei.

Assuming that the WIMP velocities follow a Maxwell-Boltzmann distribution we simply
obtain

my Er

(E,)%e >~ (9.294)

dN Ux—N”XF
dE, /T

where vy &~ 220km /s is the velocity of the sun relative to the galactic center. We see that
the majority of events appear at low energy of recoil due to the Boltzmann suppression.
Lowering the threshold energy of the experiment is consequently of most importance in
order to detect light dark matter particles. As an example, for a 100 GeV WIMP hitting
the Xenonl00 detector experiment (100 kg of Xenon(A=131)) with a rate of 1 pb, one
expects b events per day.

9.3.2 Indirect detection

The indirect detection of dark matter consists in observing the disintegration products
of the dark matter through annihilation or co-annihilation. These decay products could
reach the Earth through cosmic rays. Then looking at the galactic center, where the
dark matter density is very important, indirect detection experiments try to distinguish
known signatures of astrophysical sources from potential DM signal.

In the next section we will study a minimal extension of the Standard Model in order
to accommodate dark matter, this is the so called Higgs-portal model.
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10 Higgs—portal dark matter

We study the implications of the LHC Higgs searches i.e a 125 GeV SM like scalar for
Higgs-portal models of dark matter in a rather model independent way. Their impact
on the cosmological relic density and on the direct detection rates are studied in the
context of generic scalar, vector and fermionic thermal dark matter particles. Possible
observation of these particles at the planned upgrade of the XENON experiment as well
as in collider searches will be discussed in our following discussions.

10.1 Implications of LHC searches for Higgs—portal dark matter
10.1.1 Goals setting

In this subsection, we study the implications of these LHC results for Higgs-portal
models of dark matter. The Higgs sector of the SM enjoys a special status since it allows
for a direct coupling to the hidden sector that is renormalizable. Hence, determination
of the properties of the Higgs boson would allow us to gain information about the hidden
world. The latter is particularly important in the context of dark matter since hidden
sector particles can be stable and couple very weakly to the SM sector, thereby offering a
viable dark matter candidate [400]. In principle, the Higgs boson could decay into light
DM particles which escape detection [401]. However, given the fact that the ATLAS
and CMS signal is close to what one expects for a Standard Model-like Higgs particle,
there is little room for invisible decays. In what follows, we will assume that 10% 3!
is the upper bound on the invisible Higgs decay branching ratio, although values up to
20% will not change our conclusions.

We adopt a model independent approach and study generic scenarios in which the
Higgs-portal DM is a scalar, a vector or a Majorana fermion. We first discuss the
available constraints on the thermal DM from WMAP and current direct detection
experiments, and show that the fermionic DM case is excluded while in the scalar and
vector cases, one needs DM particles that are heavier than about 60 GeV. We then derive
the direct DM detection rates to be probed by the XENON100-upgrade and XENON1T
experiments. Finally, we discuss the possibility of observing directly or indirectly these
DM particles in collider experiments and, in particular, we determine the rate for the
pair production of scalar particles at the LHC and a high-energy ete™ collider.

10.1.2 The models

Following the model independent approach of Ref. [403], we consider the three possi-
bilities that dark matter consists of real scalars S, vectors V' or Majorana fermions y
which interact with the SM fields only through the Higgs-portal. The stability of the
DM particle is ensured by a Z, parity, whose origin is model-dependent. For example,
in the vector case it stems from a natural parity symmetry of abelian gauge sectors with

31More accurate upper limits can be find in Refs. [390,402]
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minimal field content [404]. The relevant terms in the Lagrangians are

1 1 1
ALg = —§m§52 - ZASS‘* - ZAhSSHU%*2 :

1 1 1
ALy = GmpVaVi b A (VaVE 4 vy HTHV, VY,

2 4
1 1A
ALy = —§mf>2X — Z%HTHXX . (10.295)

Although in the fermionic case above the Higgs—DM coupling is not renormalizable, we
still include it for completeness. The self-interaction terms S* in the scalar case and the
(V,V#)? term in the vector case are not essential for our discussion and we will ignore
them. After electroweak symmetry breaking, the neutral component of the doublet field
H is shifted to H° — v + h/\/§ with v = 174 GeV and the physical masses of the DM
particles will be given by

1
Mé% = mfg -+ —)\hssvz s

2
1

M‘2/ = m%/ =+ 5)\hvvv2 s
1A

My =m; + éhTffzﬂ . (10.296)

In what follows, we summarize the most important formulas relevant to our study.
Related ideas and analyses can be found in [405-429] and more recent studies of Higgs-
portal scenarios have appeared in [430-436].

The relic abundance of the DM particles is obtained through the s—channel annihi-
lation via the exchange of the Higgs boson. For instance, the annihilation cross section
into light fermions of mass My, is given by

<O_S v > — )\}QLSSme'erm 1
ferm ¥ 167 (4M§ _ mi)2 )
(oY ) = AR v e 1
ferm “r 487 (4M‘2/ _ m%)Q ’
)\2 m2 M2 2
(Oh ) = Lo ZF (10.207)

32r A2 (4MF-m2)?’

where v, is the DM relative velocity. (The cross section for Majorana fermion anni-
hilation was computed in [437] in a similar framework.) We should note that in our
numerical analysis, we take into account the full set of relevant diagrams and channels,
and we have adapted the program micrOMEGAs [438-440] to calculate the relic DM
density.

The properties of the dark matter particles can be studied in direct detection experi-
ments. The DM interacts elastically with nuclei through the Higgs boson exchange. The
resulting nuclear recoil is then interpreted in terms of the DM mass and DM-nucleon
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cross section. The spin-independent DM-nucleon interaction can be expressed as [403]

o3l = 12}%554 my fx ’
mm; (Mg + my)?

oSl = 12%\/\/4 my fx 7
mmy, (My + my)?
st Mg MM

= 10.2
Of-N 4 N2mi (My 4+ my)?’ (10:298)

where my is the nucleon mass and fy parameterizes the Higgs—nucleon coupling. The
latter subsumes contributions of the light quarks (f;) and heavy quarks (fy), fv =
S fr+3x 237 fr. There exist different estimations of this factor and in what follows
we will use the lattice result fy = 0.326 [441] as well as the MILC results [442] which
provide the minimal value fy = 0.260 and the maximal value fy = 0.629. We note
that the most recent lattice evaluation of the strangeness content of the nucleon [443]
favors fy values closer to the lower end of the above range. In our numerical analysis,
we have taken into account these lattice results, which appear more reliable than those
extracted from the pion—nucleon cross section.

If the DM particles are light enough, Mpy < %mh, they will appear as invisible decay
products of the Higgs boson. For the various cases, the Higgs partial decay widths into
invisible DM particles are given by

h—SS 647Tmh
i Ay v, By My My
Wy = A (14— 12—
PEVVT 256m Mt mz o m )
2 2 3
e Mgty (10.209)
I 32mA2 ‘

where Bx = /1 —4M%/m?. We have adapted the program HDECAY [115] which

calculates all Higgs decay widths and branching ratios to include invisible decays.

10.1.3 Astrophysical consequences

The first aim of our study is to derive constraints on the various DM particles from the
WMAP satellite [444,445] and from the current direct detection experiment XENON100
[446,447], and to make predictions for future upgrades of the latter experiment, assuming
that the Higgs boson has a mass m;, = 125 GeV and is approximately SM-like such that
its invisible decay branching ratio is smaller than 10%; we have checked that increasing
this fraction to 20% does not change our conclusions.

In Fig. 46, we delineate the viable parameter space for the Higgs-portal scalar DM
particle. The area between the two solid (red) curves satisfies the WMAP constraint
Qpah? = 0.111 £ 0.012 (WMAP 5-year Mean and its 2-¢ intervals [445]) 32, with the
dip corresponding to resonant DM annihilation mediated by the Higgs exchange. We
display three versions of the XENON100 direct DM detection bound corresponding to

32Notice that the recent constraint coming from Planck [397] does not significantly change our results.
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the three values of fy discussed above. The dash-dotted (brown) curve around the
Higgs pole region represents BR™ = 10% such that the area to the left of this line is
excluded by our constraint BR™ < 10%. The prospects for the upgrade of XENON100
(with a projected sensitivity corresponding to 60,000 kg-d, 5-30 keV and 45% efficiency)
and XENONIT are shown by the dotted lines.
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Figure 46: Scalar Higgs-portal parameter space allowed by WMAP (between the solid red curves),
XENON100 and BR™ =10% for m;, =125 GeV. Shown also are the prospects for XENON upgrades.

We find that light dark matter, Mpy S 60 GeV, violates the bound on the invisible
Higgs decay branching ratio and thus is excluded. This applies in particular to the case
of scalar DM with a mass of 5-10 GeV considered, for instance, in Ref. [427]. On the
other hand, heavier dark matter, particularly for Mpy 2 80 GeV, is allowed by both
BR™ and XENON100. We note that almost the entire available parameter space will
be probed by the XENON100 upgrade. The exception is a small resonant region around
62 GeV, where the Higgs—DM coupling is extremely small.

In the case of vector Higgs-portal DM, the results are shown in Fig. 47 and are
quite similar to the scalar case. WMAP requires the Higgs—DM coupling to be almost
twice as large as that in the scalar case. This is because only opposite polarization
states can annihilate through the Higgs channel, which reduces the annihilation cross
section by a factor of 3. The resulting direct detection rates are therefore somewhat
higher in the vector case. Note that for DM masses below my, /2, only very small values
vy <O(1072) are allowed if BR™ < 10%.

Similarly, the fermion Higgs-portal results are shown in Fig. 48. We find no param-
eter regions satisfying the constraints, most notably the XENON100 bound, and this
scenario is thus ruled out for \pp/A 2 1073

This can also be seen from Fig. 49, which displays predictions for the spin—
independent DM-nucleon cross section og; (based on the lattice fy) subject to the
WMAP and BR™ < 10% bounds. The upper band corresponds to the fermion Higgs-
portal DM and is excluded by XENON100. On the other hand, scalar and vector DM
are both allowed for a wide range of masses. The dark matter results from 225 live
days of XENON100 data [448] exclude the vectorial DM mass region above 1my, up to
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Figure 47: Same as Fig. 1 for vector DM particles.
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Figure 48: Same as in Fig.1 for fermion DM; Ap,zs/A is in GeV ™'

~ 200 GeV. Apart from a very small region around %mh, this parameter space will be
probed by XENON100-upgrade and XENONI1T. The typical value for the scalar ogy is
a few times 107 pb, whereas og; for vectors is larger by a factor of 3 which accounts for
the number of degrees of freedom. However, since the XENON100 limit has been su-
perseded by the LUX results [449] the allowed regions for the scalar, vector and fermion
candidates have been slightly reduced (for a recent discussion see Ref. [450]).

10.1.4 Dark matter production at colliders

The next issue to discuss is how to observe directly the Higgs-portal DM particles at
high energy colliders. There are essentially two ways, depending on the Higgs versus
DM particle masses. If the DM particles are light enough for the invisible Higgs decay
to occur, Mpy S %mh, we have seen that the astrophysical constraints are weak in that
region but the Higgs cross sections times the branching ratios for the visible decays will
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Figure 49: Spin independent DM-nucleon cross section versus DM mass. The upper band (3) cor-
responds to fermion DM, the middle one (2) to vector DM and the lower one (1) to scalar DM. The
solid, dashed and dotted lines represent XENON100, XENON100 upgrade and XENON1T sensitivities,

respectively.

be altered, providing indirect evidence for the invisible decay channel. In the case of the
LHC, a detailed analysis of this issue has been performed in Refs. [425,426] for instance
and we have little to add to it. Nevertheless, if the invisible Higgs branching ratio is
smaller than ~ 10%, its observation would be extremely difficult in view of the large
QCD uncertainties that affect the Higgs production cross sections, in particular in the
main production channel, the gluon fusion mechanism gg — h [103,106]. In fact, the
chances of observing indirectly the invisible Higgs decays are much better at a future
eTe™ collider. Indeed, it has been shown that, at y/s ~ 500 GeV collider with 100 fb~!
data, the Higgs production cross sections times the visible decay branching fractions
can be determined at the percent level [48,451,452].

The DM particles could be observed directly by studying associated Higgs produc-
tion with a vector boson and Higgs production in vector boson fusion with the Higgs
particle decaying invisibly. At the LHC, parton level analyses have shown that, although
extremely difficult, this channel can be probed at the 14 TeV upgrade with a sufficiently
large amount of data [453,454] if the fraction of invisible decays is significant. A more
sophisticated ATLAS analysis has shown that only for branching ratios above 30% that
a signal can be observed at /s = 14 TeV and 10 fb~! data in the mass range m;, = 100
250 GeV [455,456]. Again, at a 500 GeV eTe™ collider, invisible decays at the level of a
few percent can be observed in the process ete™ — hZ by simply analyzing the recoil
of the leptonically decaying Z boson [48,451,452].

If the DM particles are heavy, Mpy 2 %mh, the situation becomes much more diffi-
cult and the only possibility to observe them would be via their pair production in the
continuum through the s—channel exchange of the Higgs boson. At the LHC, taking
the example of the scalar DM particle S, three main processes can be used: a) double
production with Higgs—strahlung from either a W or a Z boson, q¢ — V* — V SS with
V =W or Z, b) the WW/ZZ fusion processes which lead to two jets and missing en-
ergy qq — V*V*qq — SSqq and c¢) the gluon—gluon fusion mechanism which is mainly
mediated by loops of the heavy top quark that couples strongly to the Higgs boson,
gg — h* — SS.

The third process, gg — S5, leads to only invisible particles in the final state, unless
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some additional jets from higher order contributions are present and reduce the cross
section 67,68, 72| and we will ignore it here. For the two first processes, following
Refs. [38,42,44] in which double Higgs production in the SM and its minimal supersym-
metric extension has been analyzed, we have calculated the production cross sections.
The exact matrix elements have been used in the ¢qg — ZS5S, WSS processes while in
vector boson fusion, we have used the longitudinal vector boson approximations and
specialized to the W W + Z;Z; — SS case which is expected to provide larger rates
at the highest energy available at the LHC i.e. /s=14 TeV (the result obtained in this
way is expected to approximate the exact result within about a factor of two for low
scalar masses and very high energies); we give now the analytical expressions.

The differential cross section for the pair production of two scalar particles in asso-
ciation with a Z boson, ete™ — ZSS, after the angular dependence is integrated out,
can be cast into the form (v = 174 GeV):

do(ete” — ZS5S)  GLM%v* (a2 + 0?)
dzida, 384v/273s (1 — puz)?

where the electron—Z couplings are defined as a. = —1 and 0, = —1 + 4sin? Oy, Tio =
2F12/+/s are the scaled energies of the two scalar particles, x3 = 2—x1 — x5 is the scaled
energy of the Z boson; the scaled masses are denoted by u; = M?/s. In terms of these
variables, the coefficient Z may be written as

z_1 pz (a3 + 8uiz)

41— x5+ pz — )

Ao Z (10.300)

(10.301)

The differential cross section has to be integrated over the allowed range of the 1, 2
variables; the boundary condition is

2(1 — 21 — @g + 2ug — puz) + 122
Vat —dpsy/x3 — dps

For the cross section at hadron colliders, i.e. for the process q¢ — ZSS one has to
divide the amplitude squared given above by a factor 3 to take into account color
sum /averaging, replace e by ¢ (with a, = 2I3, v, = 213 — 4¢, sin” y, with I3 and e, for
isospin and electric charge) and the center of mass energy s by the partonic one §; one has
then to fold the obtained partonic cross section with the quark/antiquark luminosities.
The extension to the g — WSS case (with a, = v, = v/2) is straightforward.

<1. (10.302)

For the vector boson fusion processes, one calculates the cross sections for the 2 — 2
processes V;V;, — SS in the equivalent longitudinal vector boson approximation and
then fold with the V;, spectra to obtain the cross section of the entire processes ete™ —
SSU and qq — qqSS; see Refs. 38,42, 44| for details. Taking into account only the
dominant longitudinal vector boson contribution, denoting by By ¢ the V, .S velocities in
the center of mass frame, §'/2 the invariant energy of the V'V pair, the corresponding
cross section of the subprocess V,V;, — SS reads

. GpMyv' ,  Bs [L+8F 1
o = — —
VeV Ars M9 By |1 — B2 (5 — M2)

2

(10.303)

The result obtained after folding with the vector boson spectra is expected to approxi-
mate the exact result within about a factor of two for low scalar masses and very high
energies.
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As can be seen from Fig. 61 where the cross sections are shown as a function of Mpy
for Apss = 1, the rates at /s = 14 TeV are at the level of 10 fb in the WW +ZZ — SS
process for M, < 120 GeV and one order of magnitude smaller for associated production
with W and Z bosons. Thus, for both processes, even before selection cuts are applied
to suppress the backgrounds, the rates are small for DM masses of order 100 GeV and
will require extremely high luminosities to be observed.
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Figure 50:  Scalar DM pair production cross sections at the LHC with /s = 14
TeV as a function of their mass for Ayss = 1 in the processes pp — ZS5S, WSS and
pp — W*W*+2*7* — SSqq.

Again, the chances of observing DM pair production in the continuum might be
higher in the cleaner environment of e*e™ collisions. The two most important production
processes in this context, taking again the example of a scalar DM particle, are ete™ —
ZSS that dominates at relatively low energies and ete™— Z*Z*ete™ —ete™SS which
becomes important at high energies. The rate for W fusion is one order of magnitude
larger but it leads to a fully invisible signal, eTe™ — W*W*vv—vSS. Following again
Refs. [38,42,44], we have evaluated the cross sections for ete™ — Z5S at /s = 500 GeV
(the energy range relevant for the ILC) and for Z;Z;, — SS at /s = 3 TeV (relevant for
the CERN CLIC) and the results are shown in Fig.51 as a function of the mass Mg for
Anss = 1. One observes that the maximal rate that one can obtain is about 10 fb near
the Higgs pole in ZSS production and which drops quickly with increasing Mg. The
process ZZ — SS becomes dominant for Mg 2 100 GeV, but the rates are extremely
low, below = 0.1 fb.

For more details concerning dark matter pair production at hadron and lepton col-
liders much more details can be find in the appendix A.

10.1.5 Status of Higgs—portal dark matter

We have analyzed the implications of the recent LHC Higgs results for generic Higgs-
portal models of scalar, vector and fermionic dark matter particles. Requiring the
branching ratio for invisible Higgs decay to be less than 10%, we find that the DM-
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Figure 51:  Scalar DM pair production cross sections at eTe™ colliders as a function
of the DM mass for A\jss = 1 in the processes ete™ — ZSS at /s = 500 GeV and
Z7Z — SS at \/s =3 TeV.

nucleon cross section for electroweak—size DM masses is predicted to be in the range
107 — 1078 pb in almost all of the parameter space. Thus, the entire class of Higgs-
portal DM models will be probed by the XENON100-upgrade and XENONIT direct
detection experiments, which will also be able to discriminate between the vector and
scalar cases. The fermion DM is essentially ruled out by the current data, most notably
by XENON100. Furthermore, we find that light Higgs-portal DM Mpy < 60 GeV
is excluded independently of its nature since it predicts a large invisible Higgs decay
branching ratio, which should be incompatible with the production of an SM-like Higgs
boson at the LHC. Finally, it will be difficult to observe the DM effects by studying
Higgs physics at the LHC. Such studies can be best performed in Higgs decays at the
planned ete™ colliders. However, the DM particles have pair production cross sections
that are too low to be observed at the LHC and eventually also at future ete™ colliders
unless very high luminosities are made available.

We now consider the process in which a Higgs particle is produced in association
with jets and show that monojet searches at the LHC already provide interesting con-
straints on the invisible decays of a 125 GeV Higgs boson. We also compare these direct
constraints on the invisible rate with indirect ones based on measuring the Higgs rates
in visible channels. In the context of Higgs portal models of dark matter, we then
discuss how the LHC limits on the invisible Higgs branching fraction impose strong
constraints on the dark matter scattering cross section on nucleons probed in direct
detection experiments.
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10.2 Direct detection of Higgs-portal dark matter at the LHC

The existence of a boson with a mass around My = 125 GeV is now firmly established
[457,458|. The observed properties of the new particle are consistent with those of the
Standard Model Higgs boson [390,402]. Nevertheless, it is conceivable that the Higgs
particle may have other decay channels that are not predicted by the SM. Determining
or constraining non-standard Higgs boson decays will provide a vital input to model
building beyond the SM.

10.2.1 Motivations

A very interesting possibility that is often discussed is a Higgs boson decaying into
stable particles that do not interact with the detector. Common examples where Higgs
particles can have invisible decay modes include decays into the lightest supersymmetric
particle [47,48] or decays into heavy neutrinos in the SM extended by a fourth generation
of fermions [459,460|. In a wider context, the Higgs boson could be coupled to the
particle that constitutes all or part of the dark matter in the universe. In these so-called
Higgs portal models [400,405-408,427,430-433,461] that we have studied in the previous
subsection, the Higgs boson is the key mediator in the process of dark matter annihilation
and scattering, providing an intimate link between Higgs hunting in collider experiments
and the direct search for dark matter particles in their elastic scattering on nucleons. In
fact, the present LHC Higgs search results, combined with the constraints on the direct
detection cross section from the XENON experiment [446|, severely constrain the Higgs
couplings to dark matter particles and have strong consequences on invisible Higgs decay
modes for scalar, fermionic or vectorial dark matter candidates [462].

At the LHC, the main channel for producing a relatively light SM-like Higgs boson is
the gluon—gluon fusion (ggF) mechanism. At leading order (LO), the process proceeds
through a heavy top quark loop, leading to a single Higgs boson in the final state,
g9 — H [463|. At next-to-leading order (NLO) in perturbative QCD, an additional jet
can be emitted by the initial gluons or the internal heavy quarks, leading to gg — Hg
final states [67,68,72,464| (additional contributions are also provided by the gg — Hgq
process). As the QCD corrections turn out to be quite large, the rate for H+1 jet is
not much smaller than the rate for H40 jet. The next-to-next-to-leading order (NNLO)
QCD corrections [74-76, 122, 324, 465|, besides significantly increasing the H 40 and
H+1 jet rates, lead to H+2 jet events. The latter event topology also occurs at LO
in two other Higgs production mechanisms: vector boson fusion (VBF) q¢ — Hqq and
Higgs-strahlung (VH) q¢ — HW/HZ — Hqq which have rather distinct kinematical
features compared to the gluon fusion process; for a review, see Refs. [47,48|

Hence, if the Higgs boson is coupled to invisible particles, it may recoil against
hard QCD radiation, leading to monojet events at the LHC. The potential of monojets
searches to constrain the invisible decay width of a light Higgs boson has been pointed
out before [466,467]. In this subsection we update and extend these analyses. We place
constraints on the Higgs invisible rate defined as

o(pp — H) x BR(H — inv.)
o(pp — H)su '
We will argue that the existing monojet searches at the LHC [468,469] yield the con-

PP

mv

(10.304)
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straint R}, < 1. The constraint is much better than expected. Indeed, early stud-
ies [453-455,470-472], focusing mainly on the VBF production channel, concluded that
observation of invisible Higgs decays was only possible at the highest LHC energy,
Vs = 14 TeV, and with more than 10 fb~! data. Bounds on invisible Higgs based on the
1 fb~! monojet search in ATLAS [473] were studied in Refs. [466,467|, where a weaker

limit of RP? < 4 was obtained for M; ~ 125 GeV.

On one hand, the constraint at the level R ~ 1 means that the monojet searches
cannot yet significantly constrain the invisible Higgs branching fraction if the production
rate of the 125 GeV Higgs boson is close to the SM one. In fact, in that case much
stronger constraints follow from global analyses of the visible Higgs decay channels,
which disfavor BR(H — inv.) > 0.2 at 95% confidence level (CL) for SM-like couplings
[388,390]. However, in models beyond the SM, the Higgs production rate may well be
enhanced, and in that case the monojet constraints discussed here may become relevant.
In this sense, our results are complementary to the indirect constraints on the invisible

branching fraction obtained by measuring visible Higgs decays.

In the next step, we discuss the connection between the Higgs invisible branching
fraction and the direct dark matter detection cross section. We work in the context
of Higgs portal models and consider the cases of scalar, fermionic and vectorial dark
matter particles (that we generically denote by ) coupled to the Higgs boson. To keep
our discussion more general, the Higgs—yx couplings are not fixed by the requirement of
obtaining the correct relic density from thermal history®?. In each case, the LHC con-
straint BR(H — inv.) can be translated into a constraint on the Higgs boson couplings
to the dark matter particles. We will show that these constraints are competitive with
those derived from the XENON bounds on the dark matter scattering cross section on
nucleons®*. We discuss how future results from invisible Higgs searches at the LHC and
from direct detection experiments will be complementary in exploring the parameter
space of Higgs portal models.

In the next section, we present our analysis of invisible Higgs production at the LHC.
We estimate the sensitivity to the invisible Higgs rate of the CMS monojet search using
4.7 b1 of data at /s = 7 TeV [469]. We also study the constraints from the recent
ATLAS monojet search using 10 fb™! of data at /s = 8 TeV [468]. In the following
section we discuss the interplay of the monojet constraints on the invisible Higgs decays
and the indirect constraints from the global analysis of the LHC Higgs data. We show
that a portion of the theory space with a large Higgs invisible branching fraction favored
by global fits is excluded by the monojet constraints. We then move on to discuss the
implications for Higgs portal dark matter models and the complementarity between dark
matter direct detection at the LHC and in XENON. In the last section we present short
conclusions.

33Instead, we assume that one of the multiple possible processes (e.g. co-annihilation, non-thermal
production, s—channel poles of particles from another sector) could arrange that the dark matter relic
abundance is consistent with cosmological observations.

34We note that the process gg — H — xx for dark matter y production at the LHC is an important
component of the (crossed) process for dark matter scattering on nucleons, gx — gy [474].
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10.2.2 Monojet constraints on the invisible width

In this section we estimate the sensitivity of current monojet searches at the LHC to a
Higgs particles that decays invisibly. We rely on the searches for monojets performed
by CMS using 4.7 fb~! of data at 7 TeV center of mass energy [469]. The basic selection
requirements used by CMS are as follows:

e at least 1 jet with p}, > 110 GeV and || < 2.4;
e at most 2 jets with p}, > 30 GeV;

e no isolated leptons;

A second jet with pjf above 30 GeV is allowed provided it is not back-to-back with the
leading one, A¢(j1, j2) < 2.5. Incidentally, this is advantageous from the point of view of
invisible Higgs searches, as Higgs production at the LHC is often accompanied by more
than one jet; vetoing the second jet would reduce the signal acceptance by a factor of ~ 2.
The CMS collaboration quotes the observed event yields and expected SM background
for 4 different cuts on the missing transverse momentum: p=ss > 250, 300, 350, 400 GeV.
These events are largely dominated by the SM backgrounds, namely Z-jets, where the
Z boson decays invisibly, and W+jets, where the W boson decays leptonically and
the charged lepton is not reconstructed. In particular, with 4.7 fb~! data, the CMS
collaboration estimates the background to be 7842 + 367 events for p'ss > 250 GeV.

A Higgs boson produced with a significant transverse momentum and decaying to
invisible particles may also contribute to the final state targeted by monojet searches.
In Fig. 52, we show the fraction of Higgs events produced at the parton level in the ggF
and VBF processes with pl'#° above a given threshold, assuming My = 125 GeV. One
observes that about 0.5% of ggF events are produced with pi %8 > 250 GeV, while for
the VBF production processes that fraction is larger by a factor of ~ 3. In 4.7 fb™!
data at /s = 7 TeV this corresponds to about 500 events, assuming the SM production
cross sections. This suggests that if an invisible Higgs boson is produced with rates that
are comparable or larger than that of the SM Higgs boson, the monojet searches may
already provide meaningful constraints.

In order to estimate the sensitivity of the CMS monojet search to the invisible Higgs
signal, we generated the pp — H +jets — invisible+jets process. We used the program
POWHEG [475,476| for the ggF and VBF channels at the parton level, and Madgraph
5 [145] for the VH channels. Showering and hadronization was performed using Pythia
6 [144] and Delphes 1.9 [147] was employed to simulate the CMS detector response.
We imposed the analysis cuts listed above on the simulated events so as to find the signal
efficiency. As a cross-check, we passed (Z — vv) + jets background events through the
same simulation chain, obtaining efficiencies consistent within 15% with the data—driven
estimates of that background provided by CMS.

The signal event yield depends on the cross section in each Higgs production channel
and on the Higgs branching fraction into invisible final states. Thus, strictly speaking,
the quantities that are being constrained by the CMS search are®® k% and R defined

mv mv

35 Assuming custodial symmetry, R¥Y! = RVBF = RV

mv mv nv*
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Figure 52: The fraction of events with Higgs transverse momentum above a given thresh-
old for the ggF (red circles) and VBF (blue squares) production modes. The distribu-
tions were obtained at NLO using the program POWHEG [475|. In the case of ggF, the
simulations included the finite quark mass effects [476], and we find good agreement
with the NNLO distribution obtained using the program HRes [465] (black line).

as

_—_— o(g9 — H) x BR(H — inv) ]
Rll’lV - 0-(gg_>H>SM ) (0305)

lo(qq — Hqq) + o(qq — VH)] x BR(H — inv)
o(qq — Hqq)sm +0(q7 — VH)su

RV

mv

Currently available data do not allow us to independently constrain R£2 and R .

Thus, for the sake of setting limits, we assume that the proportions of ggF, VBF and
VH rates are the same as in the SM, and we take the inclusive cross sections to be
o(g9g — H)sm = 15.3 pb, 0(q¢ — Hqq)sm = 1.2 pb and o(q¢ — HV)sy = 0.9 pb
[103,106]. With this assumption, after the analysis cuts the signal receives about 30%
contribution from the VBF and VH production modes, and the rest from ggF; thus
CMS constrains the combination RY. ~ 2RES + s RY,

mv mv mv-*

Our results are presented in Table 16. We display the predicted event yields N2

1nv7

NY. in, respectively, the ggF and VBF+VH channels for the four CMS pss cuts.3°

For convenience, we also reproduce the expected AN oo and observed ANgE 95% CL
limits on the number of extra non-SM events quoted by CMS in Ref. [469] for each cut.
Comparing N8 + N with ANgse, it is straightforward to obtain 95% CL expected
and observed limits on R}, corresponding to each cut reported in Table 16. We find
the best expected limit RY? < 2.1 for the p#s > 250 GeV cut. The observed limit
is better than the expected one thanks to an O(lo) downward fluctuation of the SM
background, and we find R> < 1.6 at 95% CL for that cut. A stronger limit on Rp.

can be derived by binning the number of events given in Table 16 into exclusive bins,
and then combining exclusion limits from all four p# bins. Assuming Gaussian errors,

one can recast the limits on the number of non-SM events as AN = AN+ ANy, with
AN} = AN;SO;S - ANS;’;", AN;, = ANS;;"/L%, where 7 = 1...4 indexes the ppiss

bins. Invisible Higgs decays Would produce an excess of events 0 N Z(RP ) in all the bins.

mv

36 Note that we did not consider the theoretical uncertainties on the cross sections [103,106] and the
efficiencies of the pr cuts which, although significant, are currently smaller than the experimental ones.
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Assuming in addition small correlations between the errors in various bins, we can thus
construct a global x? function, x? = > [AN; — SN (R? )2 /[AN7,]? so as to constrain
R® . Using this procedure we obtain

v’

R <110 at 95% CL. (10.306)

mv

Following the same procedure, we can also constrain separately RS2 and R, assuming

i inv?

only the ggF or only the VBF+VH Higgs production mode is present. We find R3S < 2.0

mv

(when VBF and VH are absent) or RY < 4.0 (when ggF is absent) at 95% CL.

mv

pr=(GeV] | NI | Ny | ANGG | ANggy, | exp. R | obs. RiT
250 | 250 | 110 | 779 | 600 2.1 1.6
300 | 110 | 50 | 325 | 368 2.1 2.3
350 46 | 25 | 200 | 158 2.8 2.2
400 22 | 13| 118 | 9 3.4 2.7

Table 16: Limits on the on the invisible Higgs rate RI® . The event yields are given for
each reported p cut of the CMS monojet search, separately for the ggF and VBF+VH
production modes, assuming the SM Higgs production cross sections in these channels
and BR(H — inv) = 100%. We also give the expected and observed 95% CL limits on
the number of non-SM events reported by CMS [469], which allow us to derive 95%CL
expected and observed limits on RY?

mv '’

We also study the impact of the ATLAS monojet search [468] with 10 fb™! at /s =
8 TeV. ATLAS defines 4 search categories: SR1, SR2, SR3, SR4 with similar cuts on
the visible jets as discussed above for the CMS case, and with the missing energy cut
piss > 120, 220, 350, 500 GeV, respectively. In Table 17 we give the 95% CL limits on
the invisible rate deduced from the number monojet events reported by ATLAS for each
of these categories. We find the best expected limit RY? < 1.7 using the p=iss > 220 GeV

mv —

cut, while the best observed limit is REY < 1.4 using the p > 500 GeV. Unlike in the

CMS case, combining ATLAS exclusion limits from different p** bins does not improve

the limit of RPP

mnv*

pPs[GeV] | NEE NY | ANpy, | exp. REE | obs. RIY
120 5694 1543 | 12820 3.5 4.4
220 904 286 1030 1.7 1.6
350 110 45 171 2.2 3.3
500 15 9 73 6.0 1.4

Table 17: Predicted event yields Ny, (assuming BR(H — inv) = 100%), the 1o back-
ground uncertainty ANpy,, and the expected and observed 95% CL limits on the invis-
ible Higgs rate R’ for each reported missing energy cut in the 8 TeV 10 fb ~! ATLAS

monojet search [468|. The event yields are given separately for the ggF and VBF+VH
production modes, assuming the SM Higgs production cross sections in these channels.
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10.2.3 Monojet vs. indirect constraints on invisible decays

In this section we discuss the interplay between the monojet constraints on the invisible
Higgs decays and the indirect constraints from the global analysis of the LHC Higgs
data [272,477|. Assuming the Higgs is produced with the SM cross section, the monojet
constraints on the invisible branching fraction are not yet relevant. However, in models
beyond the SM the Higgs production rate can be significantly enhanced, especially in the
gluon fusion channel. One well known example is the case of the SM extended by the 4th
generation of chiral fermions where the gg — H cross section is enhanced by an order of
magnitude. In that class of models a large invisible width may easily arise due to Higgs
decays to the 4th generation neutrinos, in which case the monojet constraints discussed
here become very important. More generally, the ggF' rate can be enhanced whenever
there exist additional colored scalars or fermions whose mass originates (entirely or
in part) from electroweak symmetry breaking. In a model-independent way, we can
describe their effect on the ggF rate via the effective Higgs coupling to gluons:

AL = %HGZVGW, (10.307)

where ¢y, can take arbitrary real values depending on the number of additional colored
species, their masses, their spins, and their couplings to the Higgs. Furthermore, given
the small Higgs width in the SM, 'y gas ~ 10~%my, a significant invisible width i iny ~
'y sy may easily arise even from small couplings of the Higgs to new physics, for
example to massive neutrinos or to dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branching fraction Br;,,, which is allowed
to take any value between 0 and 1. In Fig. 53 we plot the best fit region to the LHC Higgs
data in the Bry,,-c,, parameter space. For the SM value ¢y, = 0 an invisible branching
fraction larger than ~ 20% is disfavored at 95% CL. When ¢, > 0, the global fit
admits a larger invisible branching fraction, even up to Bri,, ~ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived in this subsection are weaker
then the indirect constraints from the global fits, when the latest Higgs data are taken
into account [388,390].

10.2.4 Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson decays is a constituent of dark matter
in the universe, the Higgs coupling to dark matter can be probed not only at the LHC
but also in direct detection experiments. In this section, we discuss the complementarity
of these two direct detection methods. We consider the generic Higgs-portal scenarios,
that have been presented above, in which the dark matter particle is a real scalar, a real
vector, or a Majorana fermion, y = S, V, f [404,423,462,479,480|. We recall that the
relevant terms in the effective Lagrangian in each of these cases are

1 1 1
ALg=—-m%S® — —AsS* — ~NussH'HS?
2 4 4
1 1 1
ALy = ém%/vuvu—i—Z/\\/(VMVM)2+Z)\11VVHTHVMVM’
1 1A
ALy =—gmpff — S HUHSf +he.. (10.308)

The partial Higgs decay width into dark matter I'(H — xx) and the spin-independent

X—proton elastic cross section 0%, can be easily calculated in terms of the parameters
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Figure 53: 68% CL (light green) and 95% CL (dark green) best fit regions to the com-
bined LHC Higgs data. The black meshed region is excluded by the monojet constraints
derived in this part, while the red meshed region is excluded by the recent ATLAS
Z 4+ (H — MET) search [478].

of the Lagrangian, and we refer to Ref. [462] for complete expressions. For the present
purpose, it is important that both I'(H — xx) and aii, are proportional to )‘%ixx;
therefore, the ratio r, = I'(H — xx)/ a% depends only on the dark matter mass M, and
known masses and couplings (throughout, we assume the Higgs mass be My =125 GeV).
This allows us to relate the invisible Higgs branching fraction to the direct detection
cross section:

~ (H — xx) s
BRYY = = XP 10.309
ST T o) TR ol 10:509

with T3M the total decay width into all particles in the SM. For a given M, ., the above
formula connects the invisible branching fraction probed at the LHC to the dark matter-
nucleon scattering cross section probed by XENON100. For m, < M, < %M 1, and
assuming the visible decay width equals to the SM total width T3M = 4.0 MeV [115],
one can write down the approximate relations in the three cases that we are considering,

O.SI
Sp
mv ~ <: I)
BRs™ = 10 Gev | 2 a3
10 GeV _TSp
400( G ) n (10,9pb)
(%)
. 10— 9pb
]E3 I{}Il‘f ~
A

_ M 2 CTSI
4x 107 () + <1ofv91;)b>
oS
. (45)
BRIV o~ =
347+ (285

Thus, for a given mass of dark matter, an upper bound on the Higgs invisible branching
fraction implies an upper bound on the dark matter scattering cross section on nucleons.

(10.310)
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In Fig. 54 we show the maximum allowed values of the scattering cross section, assuming
the 20% bound on BRi;V, as follows from indirect constraints on the invisible width
discussed in the previous section. Clearly, the relation between the invisible branching
fraction and the direct detection cross section strongly depends on the spinorial nature
of the dark matter particle, in particular, the strongest (weakest) bound is derived in
the vectorial (scalar) case.

In all cases, the derived bounds on ai}, are stronger than the direct one from

XENONI100 in the entire range where M, < %MH In other words, the LHC is cur-
rently the most sensitive dark matter detection apparatus, at least in the context of
simple Higgs-portal models (even more so if x is a pseudoscalar, as in [481]). This con-
clusion does not rely on the assumption that the present abundance of y is a thermal
relic fulfilling the WMAP constraint of Qpy = 0.226 [482], and would only be stronger
if y constitutes only a fraction of dark matter in the universe. We also compared the
bounds to the projected future sensitivity of the XENON100 experiment (corresponding
to 60,000 kg-d, 5-30 keV and 45% efficiency).

Of course, for M, > %M , the Higgs boson cannot decay into dark matter®”, in
which case the LHC cannot compete with the XENON bounds.
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Figure 54: Bounds on the spin-independent direct detection cross section U% in Higgs
portal models derived for My = 125 GeV and the invisible branching fraction of 20 %
(colored lines). The curves take into account the full M, dependence, without using
the approximation in Eq. 10.310. For comparison, we plot the current and future direct
bounds from the XENON experiment (black lines).

10.2.5 Conclusions about the invisible Higgs

We have shown that monojet searches at the LHC already provide interesting limits on
invisible Higgs decays, constraining the invisible rate to be less than the total SM Higgs
production rate at the 95% CL. This provides an important constrain on the models
where the Higgs production cross section is enhanced and the invisible branching frac-
tion is significant. Monojets searches are sensitive mostly to the gluon—gluon fusion

37Tn this case, one should consider the pair production of dark matter particles through virtual Higgs
boson exchange, pp— H*X — xxX. The rates are expected to be rather small [462].
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production mode and, thus, they can also probe invisible Higgs decays in models where
the Higgs coupling to the electroweak gauge bosons is suppressed. The limits could
be significantly improved when more data at higher center of mass energies are col-
lected, provided systematic errors on the Standard Model contribution to the monojet
background can be reduced.

We also analyzed in a model-independent way the interplay between the invisible
Higgs branching fraction and the dark matter scattering cross section on nucleons, in
the context of effective Higgs portal models. The limit BR;,, < 0.2, suggested by
the combination of Higgs data in the visible channels, implies a limit on the direct
detection cross section that is stronger than the current bounds from XENON100, for
scalar, fermionic, and vectorial dark matter alike. Hence, in the context of Higgs-portal
models, the LHC is currently the most sensitive dark matter detection apparatus.

We now switch from the Higgs—portal model to another alternative accounting for
dark matter. If the hidden sector contains more than one U(1) groups, additional dim-4
couplings (beyond the kinetic mixing) between the massive U(1) fields and the hyper-
charge generally appear. These are of the form similar to the Chern—Simons interactions.
We study now the phenomenology of such couplings including constraints from labora-
tory experiments and implications for dark matter. The hidden vector fields can play
the role of dark matter whose characteristic signature would be monochromatic gamma
ray emission from the galactic center. We show that this possibility is consistent with
the LHC and other laboratory constraints, as well as astrophysical bounds.
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11 The hypercharge portal into the dark sector

11.1 Introduction

The existence of new physics structures beyond those of the Standard Model is moti-
vated, among other facts, by the puzzles of dark matter and inflation. The minimal way
to address these problems is to add a “hidden” sector containing the required SM—singlet
fields. The existence of the hidden sector can also be motivated from the top—down view-
point, in particular, by realistic string models [483,484|. Such a sector can couple to the
SM fields through products of gauge—singlet operators, including those of dimension 2
and 3. In this section, we study in detail the corresponding couplings to the hypercharge

field.

Let us define the “hidden sector” as a set of fields which carry no SM gauge quantum
numbers. Thus a “portal” [408] would be an operator that couples the SM fields to such
SM singlets. Let us consider the minimal case: suppose that the relevant low energy
degrees of freedom in the dark sector are those of a Weyl fermion y, or a massive vector
V,, or a real scalar S (one field at a time). Then the lowest, up to dim-4, dimension
operators that couple the SM to the hidden sector are given by

O, =V Hy+h.c.,
Oy = F,, FV 1

03 = @Z’YM<1 + aij/}/B)\Ijj VH + h.c. s
Oy=H'HV,V*+ 3 H'iD,H V* + h.c.

Os=H'H S*>+ s H'H S . (11.311)

Here W, is a lepton doublet; FL and F ;f, are the field strength tensors for hypercharge
and V), respectively; ¥; is an SM fermion with the generation index 4; D, is the covariant
derivative with respect to the SM gauge symmetries, and «;, 5, us are constants. Note
that a particular version of operator Os is induced by O, after diagonalization of the
vector kinetic terms.

An attractive feature of such an extension of the Standard Model is that it can offer
viable dark matter candidates as well as provide a link to the inflaton sector. In par-
ticular, a sufficiently light “right—handed neutrino” yx is long-lived and could constitute
warm dark matter [485]. Also, a massive vector V, (or a scalar S [400]) can inherit a Z,
symmetry from hidden sector gauge interactions, which would eliminate terms linear in
V,, and make it a stable cold dark matter candidate [404]. Finally, the Higgs coupling
H'H S? to the inflaton S would be instrumental in reconciling metastability of the
electroweak vacuum with inflation [486].

In this section, we explore a more general dimensional-four-hypercharge coupling
to the hidden sector, when the latter contains multiple U(1)’s. In this case, a Chern—
Simons—type coupling becomes possible [487-491]. If such a coupling is the only SM
portal into the hidden sector, the lightest U(1) vector field can play the role of dark
matter. The trademark signature of this scenario is the presence of monochromatic
gamma-ray lines in the photon spectrum inside the galactic center. We analyze general
experimental constraints on the Chern—Simons—type coupling as well as the constraints
applicable when the vector field constitutes dark matter.
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11.2 Hypercharge couplings to the dark-sector

Let us suppose that the dark-sector contains two massive U(1) gauge fields C,, and D,,.
Before electroweak symmetry breaking, the most general dim-4 interactions of these
fields with the hypercharge boson B, are described by the Lagrangian

1 1 1 5 5 5
L = —3BuB" = 2 CuC" = 1Dy D" = 2B, C" = 2B, D" — 2 .Cpy D
g m % 1% 2 % uv p Mo
; e 24 C 0 + b 24 Dy D" + SMCpD" + K €pe B CP D7 . (11.312)

Here we have assumed CP symmetry such that terms of the type B*”C|,D, are not
allowed (see [492,493] for a study of the latter). The kinetic and mass mixing can be
eliminated by field redefinition [493], which to first order in the mixing parameters ¢;
and dM? reads

B#—>BH+51 Oﬂ—i‘dg Du,

83 M3 — 5 M>?
C,—C,+ 220" %" p
I 12 M%_Mé 12
53 M2 — 5M?
D,—»D,——=—¢_ " (¢, . (11.313)
14 H M%—Mg 1

In terms of the new fields, the Lagrangian reads
2 2

L= —%BWB‘“’ — iC’WC‘“’ — ;lDWD‘”’ + %C’uC’“ + %D#D“ + K €upe B'"CP D7,

(11.314)
which will be the starting point for our phenomenological analysis. We note that, due
to the kinetic mixing 4,9, C,, and D, have small couplings to the Standard Model
matter. Since we are mainly interested in the effect of the Chern—Simons-type term
€uvpe B* CP D7 we will set 012 to be very small or zero in most of our analysis.

The term €,,,, B"*C?D? has dimension 4. However, it vanishes in the limit of zero
vector boson masses by gauge invariance, both for the Higgs and Stiickelberg mecha-
nisms. This means that it comes effectively from a higher dimensional operator with
proportional to McMp/A? where A is the cutoff scale or the mass scale of heavy par-
ticles we have integrated out. On one hand, this operator does not decouple as A — oo
since both M¢ p and A are given by the “hidden” Higgs v.e.v times the appropriate cou-
plings; on the other hand, €,,,, B*”C?D’ is phenomenologically relevant only if M¢ p
are not far above the weak scale. Thus, this term represents a meaningful approximation
in a particular energy window, which we will quantify later. (A similar situation occurs
in the vector Higgs portal models, where the interaction H'HV,V* has naive dimension
4, but originates from a dim-6 operator [404|.) From the phenomenological perspective,
it is important that €,,,, B"CPD? is the leading operator at low energies, i.e relevant
to non-relativistic annihilation of dark matter composed of C, or D,,, and thus we will
restrict our attention to this coupling only.

A coupling of this sort appears in various models upon integrating out heavy fields
charged under both U(1)’s and hypercharge. Explicit anomaly—free examples can be
found in [490] and [489]. In these cases, the Chern—Simons term arises upon integrating
out heavy, vector—like with respect to the SM, fermions. Both the vectors and the
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fermions get their masses from the Higgs mechanism, while the latter can be made
heavy by choosing large Yukawa couplings compared to the gauge couplings. In this
limit, Eq. (11.314) gives the corresponding low energy action.®®

Finally, we note that increasing the number of hidden U(1)’s does not bring in
hypercharge-portal interactions with a new structure, so our considerations apply quite
generally.

11.3 Phenomenological constraints

In this section we derive constraints on the coupling constant « from various laboratory
experiments as well as unitarity considerations. The relevant interaction to leading order
is given by

AL =K cosOw €upe F"CP D7 — K sin by €,,,, 2" CP D7, (11.315)

where F* and Z" are the photon and Z-boson field strengths, respectively.

In what follows, we set the kinetic mixing to be negligibly small such that the lighter
of the C' and D fields is not detected and thus appears as missing energy and momentum.
There are then two possibilities: the heavier state decays into the lighter state plus
either outside or inside the detector. Let us consider first the case where the mass
splitting and k are relatively small such that both C' and D are “invisible”.

Unitarity

The coupling €, B"*C? D involves longitudinal components of the massive vectors.
Therefore, some scattering amplitudes will grow indefinitely with energy, which imposes
a cutoff on our effective theory. For a fixed cutoff, this translates into a bound on k.

Consider the scattering process
c¢,C,— D, D, (11.316)

at high energies, ¥ > M p. The vertex can contain longitudinal components of at
most one vector since €,,,,,(p1 + p2)*pips = 0. Then one finds that the amplitude grows
quadratically with energy,

E2
2

A~K T
C.D

(11.317)

with the subscripts C' and D applying to the processes involving longitudinal components
of €y, and D,, respectively. On the other hand, the amplitude cannot exceed roughly
8. Neglecting the factors of order one, the resulting constraint is

K V8T
— < — 11.31

38We note that certain “genuine” gauge invariant dim-6 operators such as #e"’”””BWC’TpDTor reduce
to the Chern-Simons term on-shell in the non-relativistic limit (C,, — Co; = iMcC; ; Cp = 0 and
similarly for D,,,,). Such operators should generally be taken into account when deriving the low energy
action in explicit microscopic models.
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where M = min{M¢, Mp} and A is the cutoff scale. As explained in the previous
paragraph, A is associated with the mass scale of the new states charged under U(1)y.
Since constraints on such states are rather stringent, it is reasonable to take A ~ 1 TeV.
This implies that light vector bosons can couple only very weakly, e.g. x < 107° for
M ~ 1 MeV.

It is important to note that the unitarity bound applies irrespective of whether C'
and D are stable or not. Thus it applies to the case Mp > Mg or vice versa and also
in the presence of the kinetic mixing.

Invisible T decay

Suppose that D is the heavier state and the decay D — C + v is not fast enough to
occur inside the detector. Then production of C' and D would appear as missing energy.
In particular, light C, D can be produced in the invisible T meson (bbb) decay

T - inv , (11.319)

which is a powerful probe of new physics since its branching ratio in the Standard
Model is small, about 107> [494]. In our case, this decay is dominated by the s—channel
annihilation through the photon, while the Z—contribution is suppressed by m1./m?.
We find

2 M? M? M2 — M2)2
F(T — CD) = 2@/@2 (jOS2 QW QZ f_T 1-2 C +2 D + ( C . D)
my M~y
2 2 2 2 242
my (1 1 ME+ M3 (M2 — M3)
I+ — (77 T77) (12 11.320
. { "1 (M3+Mg>( s — ( )

where « is the fine structure constant, @4 is the down quark charge and fy is the T
decay constant, (0]0y*b|Y) = fymye' with e being the YT polarization vector. In the
limit M(2:,D < m4 and Mg ~ Mp = M, the decay rate becomes

2 fAmy
ST
Taking m~y(1S) = 9.5 GeV, T'y(15) = 5.4 x 107 GeV, fy = 0.7 GeV and using the
BaBar limit BR(T — inv) < 3 x 107* at 90% CL [495], we find

1
'Y - CD) ~ ga/{2 cos® Oy Q (11.321)

% <4%1073 GeV™L . (11.322)

This bound applies to vector boson masses up to a few GeV and disappears above m- /2.
An analogous bound from J/¥ — inv is weaker.

We note that the I' o 1/M? dependence is characteristic to production of the lon-
gitudinal components of massive vector bosons. The corresponding polarization vector
grows with energy as F/M, i.e at M < my, the decay is dominated by the Goldstone
boson production, whose couplings grow with energy. Then, stronger constraints on
are expected from the decay of heavier states.

The corresponding bound from the radiative T decay T — v + inv is much weaker.
By C-—parity, such a decay can only be mediated by the Z boson, which brings in the
m4./m?, suppression factor. The resulting constraint is negligible.
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Invisible Z decay

The invisible width of the Z boson I'Z_ is strongly constrained by the LEP measurements

[496]. The process Z — C'D contributes to I'Z_ for vector boson masses up to about 45

mv

GeV, thereby leading to a bound on x. We find

1 M2 + M?2 M2 — M2)2
I'Z—CD) = z—ﬁzsin20wmz \/1_2 C‘: D+( C )

7r m? m,
2 1 1 M2 M2 M2 _M2 2
x (1422 (v — ) (1-2 C+2 b Me : D) (11.323)
12 \M&  Mj ms, my,
In the limit Mg,D<<mZZ and Mq ~ Mp = M, it becomes
k2sin? Oy m>
I'(Z = CD) ~ —————= 2. 11.324
(Z = CD) 120 M? (11.324)

Taking the bound on the BSM contribution to I'Z  to be roughly 3 MeV (twice the

experimental error—bar of I'Z_ [496]), we have

% <8x 107 GeV'. (11.325)

In the given kinematic range, this constraint is even stronger than the unitarity bound
for A = 1 TeV and comparable to the latter with a multi-TeV cutoff. As explained above,
such sensitivity of Z — inv to & is due to the £/M enhancement of the longitudinal
vector boson production.

B —- K +inv and K — 7+ inv

Flavor changing transitions with missing energy are also a sensitive probe of matter
couplings to “invisible” states (see e.g. [497]). The decay B — K + C' D proceeds via
the SM flavor violating bsZ and bs~y vertices with subsequent conversion of Z,~ into C
and D. Numerically, the process is dominated by the Z contribution with the flavor
changing vertex [498,499|

Lis7 = Nosz bryusn 2", (11.326)

with 5 )
TRV (Z_;) , (11.327)

N, — I
b2 1672 cos Oy W

where V;; are the CKM matrix elements and f(x) is the Inami-Lim function [498],

fla)y=2 (x_6+ 5T+ 2 lnx) . (11.328)

4 \z—1 (x—1)2
We find
2232 «in%6 (mp—mi)? 7
'B—K+CD) = 'i;)f#/ ©r2(s) (11.329)
2'm mpmy (Mg+Mp)?2 S

3/2
X \f(s — M2 — Mp)? — AMEM} (s +m% — mi)? — dm3ys)

1 1 1 2 2\2 2 2
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Figure 55: Bounds on x. The unitarity bound assumes A = 1 TeV.

where the form factor f, (s) is defined by (K (px)|bv*s|B(ps)) = (pr+05)"f+(5)+(p—
pi )" f_(s) with s = (pp — px)?. The decay rate is dominated by the contribution from
large invariant masses of the C, D pair due to the longitudinal vector boson production.
This justifies the subleading character of the photon contribution: the corresponding
dipole operator can be significant at low invariant masses due to the 1/s pole, as in the
B — KITI~ processes (see e.g. [500] for a recent summary). The relative size of various
AF = 1 operators can be found in [498,499|, and we find that the photon contribution
is unimportant.

The relevant experimental limit has been obtained by BaBar: BR(BT — KTvr) <
1.3 x 107° at 90% CL [501]. Then taking f,(0) = 0.3 and using its s—dependence
from [500], we find

% <1GeVt, (11.330)

for Mo ~ Mp = M up to roughly 2 GeV. The above considerations equally apply to
the process K — 7 + inv, up to trivial substitutions. We find that the resulting bound
is weak, k/M < 30 GeV~!. This stems from the m’ __ /(M?m%) behavior of the rate,

m
which favors heavier mesons.

Finally, the Chern-Simons coupling does not contribute to B — CD due to the
e—tensor contraction, so there is no bound from the B — inv decay. Also, k contributes
to (g — 2), only at the two loop level such that the resulting bound is insignificant.

The summary of the bounds is shown in Fig. 55. We see that the most stringent
limits are set by the Z invisible width and unitarity considerations. The latter has the
advantage of not being limited by kinematics and places a tight bound on x for vector
masses up to about 100 GeV.

Bounds on decaying vector bosons D — C' + v

When the vector boson mass difference is not too small, the heavier particle, say D,
will decay inside the detector. In this case, the constraints on k get somewhat modified.
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The decay width I'p is given by

k? cos? Oy (M3 — MZ)? ( 1 1 >

I'D—=C+y) = S %) M5+M12)

(11.331)

assuming that the Z-emission is kinematically forbidden. Given the velocity vp and
lifetime 7p, D decays inside the detector if vptp = |pp|/(Mpl'p) is less than the
detector size [y, which we take to be ~ 3 m. In this case, k is constrained by radiative
decays with missing energy.

Consider the radiative decay Y (15) — v +inv. Its branching ratio is constrained by
BaBar: BR(T(1S) — v +inv) < 6 x 107% for a 3-body final state and M¢ up to about
3 GeV [502]. Since BR(D — C + ) ~ 100%, this requires approximately

% <6x 1074 GeV!, (11.332)

which is the strongest bound on k in the kinematic range M < 3 GeV. This bound
applies for
1/3
AM > ( 3rmy M ) |

o 11.333
4k2 cos? Oy [ ( )

where we have made the approximation Mp — My = AM < M < m~y. For example,
taking the maximal allowed x consistent with (11.332) at M = 1 GeV, the decay occurs
within the detector for AM > 2 MeV. (However, since the experimental cut on the
photon energy is 150 MeV, AM close to this bound would not lead to a detectable
signal.)

On the other hand, the bound on x from the invisible Z width does not change even
for decaying D. The reason is that the invisible width is defined by subtracting the
visible decay width into fermions I'(Z — ff) from the total width I'; measured via the
energy dependence of the hadronic cross section [496]. Thus, Z — v + inv qualifies as
“invisible” decay and we still have

% <8x 107 GeV', (11.334)

as long as the decay is kinematically allowed.

Finally, the unitarity bound

Kk V8w

T < A (11.335)
remains intact as well. Another constraint in the higher mass range mz/2 < M < 100
GeV is imposed by the LEP monophoton searches ete™ — ~ 4 inv [503]. We find,
however, that it is somewhat weaker than the unitarity bound for A = 1 TeV (the same

applies to ete™ — inv).

Thus, the strongest constraints in Fig. 55 apply also to the case of decaying vector
bosons, while the T bound becomes competitive and even the tightest one at lower
masses. For M 2 100 GeV, some of the relevant LHC constraints will be discussed in
the following.

Let us conclude by remarking on the astrophysical constraints. These apply to very
light, up to O(MeV), particles. In particular, the rate of energy loss in horizontal-
branch stars sets stringent bounds on light particle emission in Compton-like scattering
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Figure 56: Dark matter annihilation into photons and Z-bosons.

v+e — e+ C+ D. We find that this cross section in the non-relativistic limit scales
approximately as a?k?/(6mrm?) (T/M)?, with T ~ keV being the core temperature.
Comparison to the axion models [504] leads then to the bound x/M < 1077 GeV~! for
M < keV, which is much stronger than the laboratory constraints in this mass range.
Analogous supernova cooling considerations extend the range to O(MeV). A dedicated
study of astrophysical constraints will be presented elsewhere.

11.4 Vector dark matter and the Chern—Simons coupling

In this section, we consider a special case of the Lagrangian (11.312) with

§12=0, (11.336)

that is, the new gauge bosons do not mix with the hypercharge. This can be enforced
by the Z5 symmetry

¢,—--C, , D,——-D,. (11.337)

It is straightforward to construct microscopic models which lead to an effective theory
endowed with this symmetry at one loop. However, to make the Z, persist at higher
loop levels is much more challenging and beyond the scope of our study.

The relevant Lagrangian in terms of the propagation eigenstates is again given by
(11.314), except now C' and D do not couple to ordinary matter. The Zs symmetry
forbids their kinetic mixing with the photon and the Z. This makes the lighter state,
C, stable and a good dark matter candidate. In what follows, we consider M¢ of order
the electroweak scale such that dark matter is of WIMP type.

Our vector dark matter interacts with the SM only via the Chern—-Simons type
terms (11.315). These allow for DM annihilation into photons and Z bosons (Fig. 56
and its cross—version). The corresponding cross sections for Mz ~ Mp = M in the
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Figure 57: Left: the areas between the lines represent values of k consistent with the
WMAP/PLANCK constraint as a function of M¢ for different values of Mp : 300
GeV (dotted blue), 500 GeV (dashed green), and 1 TeV (solid red). Right: constraints
from the FERMI and HESS searches for monochromatic gamma-ray lines in the plane
(Mc,Mp). (The area below the curve for a given « is excluded.)

non-relativistic limit are given by’

29k% cos? Oy

k*sin? Oy cos? Oy M 5M%  5Mj
(ov)(CC = ~Z) =~ TYe (1 - 4M2) {29 ~ o + 16M4} O2M — Myz) ,

K4 sin? Oy M2 M2\ M2 M}

where © is the Heaviside distribution. These processes both regulate dark matter abun-
dance and lead to potentially observable gamma-ray signatures, which we study in detail
below.

The distinctive feature of the model is the presence of monochromatic gamma-ray
lines in the spectrum of photons coming from the Galactic Center (see e.g. [505]). In
particular, for heavy dark matter (M? > M%), the final states vy, vZ and ZZ are
produced in the proportion cos* @y, 2sin® 6@y cos? Oy, and sin? Oy, respectively. This
implies that continuous gamma-ray emission is subdominant and constitutes about a
third of the annihilation cross section, while the monochromatic gamma-ray emission
dominates.
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Figure 58: FERMI and HESS constraints on gamma-ray monochromatic lines and
continuum in the plane (M¢, x) for Mp = 1 TeV [left] and 2 TeV [right]. The area
between the red lines is consistent with thermal DM relic abundance.

WMAP/PLANCK constraints

Assuming that dark matter is thermally produced, its abundance should be consistent
with the WIMP freeze—out paradigm. As explained above, the only DM annihilation
channel is CC — VV with V. = ~,Z. The corresponding cross section must be in a
rather narrow window to fit observations. The left panel of Fig. 57 shows parameter
space consistent with the WMAP /PLANCK measurements [506, 507] of the DM relic
abundance for different values of k, My and Mp. For generality, we allow for vastly
different Mo and Mp in our numerical analysis. In the case MZ < M3, the scaling
behaviour (ov) ~ k*/M? of Eq. (11.338) is replaced by

M2
(ov) ~ K =& | (11.339)
My,

which stems from the momentum factors at the vertices. Thus, the annihilation cross
section grows with the dark matter mass and, in turn, the WMAP /PLANCK-allowed
k’s decrease with increasing M. The former take on rather natural values of order one
for Mp between 100 GeV and several TeV. The main annihilation channel is CC — 77,
which for Mo ~ Mp ~ 200 GeV constitutes about 60% of the total cross section. The
channels CC' — ~vZ and CC — ZZ contribute 35% and 5%, respectively. The allowed
parameter space is subject to the FERMI and HESS constraints on the gamma-ray
emission, which we study in the next subsection.



11.4 - Vector dark matter and the Chern—Simons coupling 187

Indirect DM detection constraints

Dark matter can be detected indirectly by observing products of its annihilation in
regions with enhanced dark matter density. The main feature of the Chern-Simons—
type dark matter is that the dominant annihilation channel leads to a di-—photon final
state. These photons are monochromatic due to the low DM velocity nowadays (v ~
300 kms™!), which is a “smoking-gun” signature of our model. The proportion of the
di-photon final state increases somewhat compared to that in the Early Universe due
to the (slight) reduction of the center—of-mass energy of the colliding DM particles.
In particular, for My ~ Mp ~ 200 GeV, the channels CC — ~v, CC — ~Z and
CC — ZZ constitute approximately 63%, 33%, 4% of the total cross section. One
therefore expects an intense monochromatic gamma-ray line at £, = M and a weaker
line at B, = Mc — M%/(4Mc¢). Such lines would provide convincing evidence for DM
annihilation since astrophysical processes are very unlikely to generate such a photon
spectrum.

Recently, FERMI [508-510] and HESS [511] collaborations have released their anal-
yses of the monochromatic line searches around the Galactic Center. Due to its limited
energy sensitivity, the FERMI satellite sets a bound on the di-photon annihilation cross
section (ov)., in the DM mass range 1 GeV < Mo S 300 GeV. HESS, on the other
hand, is restrained by its threshold limitations and provides bounds in the DM mass
range 500 GeV < Mg < 20 TeV.% Combining the two analyses allows us to eliminate
large portions of parameter space as shown in Fig. 57 [right| and Fig. 58. We note
that increasing the mediator mass Mp has the same effect as decreasing the coupling k.
The important conclusion is that FERMI and HESS exclude the possibility of thermal
DM relic abundance in the relevant mass ranges. Indeed, their bounds are of order
(00)ry S 107 % em®s™!, whereas thermal dark matter requires (ov) ~ 10~2cm?s~.

To fill the gap between 300 and 500 GeV where the monochromatic signal is not
constrained, one can use the diffuse gamma-ray flux. Indeed, even though the FERMI
energy cuf-off is at 300 GeV, annihilation of heavy particles produces a continuum pho-
ton spectrum which can be detected by FERMI. In our case, the continuum comes from
the ZZ and Z~ final states with subsequent Z—decay. Since such final states contribute
about 40% to the total cross section, the resulting constraint is not very strong. There
exist several analyses of bounds on dark matter annihilation in the galactic halo [512],
galactic center [513] and dwarf galaxies [514]|. The latter provides the strongest FERMI
constraint at the moment, while that from HESS is very weak, and we use it to re-
strict our parameter space (Fig. 58). The conclusion is that thermal dark matter in the
300-500 GeV mass range remains viable and can soon be tested by HESS/FERMI.

On the tentative 135 GeV gamma-ray line

When analyzing FERMI data, several groups found some indications of a monochro-
matic (135 GeV) gamma-ray line from the galactic center [515-517]. The significance
of the “signal” appears to be around 3.3 sigma taking into account the look—elsewhere

39For simplicity, we have assumed a single mass scale for the vectors with D being somewhat heavier
such that it decays into C' and a photon. Further details are unimportant for our purposes.

40 HESS reports its results for the Einasto DM distribution profile, while FERMI has extended its
study to other profiles as well. To be conservative, we use the FERMI limits for the isothermal profile.
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Figure 59: Parameter space (between the lines) satisfying (ov)., = (1.2740.321038) x

10727 cm3s~! and fitting the tentative FERMI gamma-ray line at 135 GeV.

effect, although this has not been confirmed by the FERMI collaboration. A some-
what optimistic interpretation of the line is that it could be due to DM annihilation
at the galactic center (see [518-521] for recent discussions), with the cross section
(ov), = (1.27 £0.32703%) x 107" cm®s~ for an Einasto-like profile [515,516].

In this section, we will be impartial as to whether the line is really present in the
data or not. Instead, we use the analysis of [515,516] as an example to show that the
hypercharge portal can easily accommodate a monochromatic signal from the sky. Our
result is shown in Fig. 59. Having fixed My = 135 GeV, we observe that the gamma-—
ray line can be accommodated for any mediator mass Mp. As explained above, the
continuum constraint is inefficient here since it applies to subdominant final states. On
the other hand, the required annihilation cross section is too small for DM to be a
thermal relic.

C D C

N { YN

Figure 60: Dark matter scattering off a nucleon.

Direct detection constraints

An important constraint on properties of dark matter is set by direct detection exper-
iments which utilize possible DM interactions with nuclei. In our case, dark matter
scattering off nuclei is described by the 1-loop diagram of Fig. 60 together with its
cross—version, and similar diagrams with Z-bosons in the loop. Setting for simplicity
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Figure 61: Limit on x from monojet searches at CMS for /s =8 TeV and 20 fb~!
integrated luminosity.

Mo ~ Mp = M, we find that in the non—relativistic limit this process is described by
the operators
ar*my —
OS] ~ EW LAY C#CH 5
2

Osp ~ %% € e UV U CVi0PC (11.340)
where mpy is a hadronic scale of the order of the nucleon mass and V¥ is the nu-
cleon spinor. Og; and Ogp are responsible for spin-independent and spin—-dependent
scattering, respectively. The former is suppressed both by the loop factor and the
nucleon mass, while the latter is suppressed by the loop factor only. The result-
ing cross sections are quite small, og; ~ k*/M? (a/4m)*(mn/M)* ~ 107%%cm? for
k ~ 1 and M ~ 100 GeV, whereas the spin—dependent cross—section is of the order
of osp ~ Kk1/M? (a/4m)?(my/M)?* ~ 10~*2cm? for the same parameters. The current
XENON100 bounds are og; < O(107%)ecm? [448] and o5p < O(107%)em? [522] for the
DM mass around 100 GeV (which maximizes the XENON100 sensitivity). We thus con-
clude that no significant bounds on s can be obtained from direct detection experiments.
Furthermore, since the gamma-ray constraints require x < O(107!) in this mass range,
the prospects for direct DM detection are rather bleak, orders of magnitude beyond the
first results of LUX [449] and the projected sensitivity of XENONIT [523].

LHC monojet constraints

The vector states C' and D can be produced at the LHC. If their mass difference is not
sufficiently large, the photon coming from D-decay would not pass the experimental
cut on the photon energy (pr > 150 GeV). In this case, production of C' and D would
appear as missing energy. The latter can be detected in conjunction with a jet coming
from initial-state radiation, which sets a bound on DM production (see also [384]).

In this subsection, we estimate the sensitivity of current monojet searches at the LHC
to dark matter production through its coupling to Z and . Our constraints are based
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on the search for monojets performed by the CMS collaboration which makes use of
19.5 fb™! of data at 8 TeV center of mass energy [524]. The basic selection requirements
used by the CMS experiment for monojet events are as follows:

e at least 1 jet with p}, > 110 GeV and |7/| < 2.4;
e at most 2 jets with p}, > 30 GeV;

e 1o isolated leptons.

The CMS collaboration quotes the event yields for 7 different cuts on the missing
transverse momentum p's* between 250 and 550 GeV. These are largely dominated by
the SM backgrounds, namely Z+jets, where the Z boson decays invisibly, and W +jets,
where the W boson decays leptonically and the charged lepton is not reconstructed. In
particular, with 19.5 fb=! data, the CMS collaboration estimates the background to be
18506 4= 690(1931 + 131) events for p2iss > 300 (450) GeV.

A virtual Z-boson or a photon produced with a significant transverse momentum
and coupled to invisible states can also lead to the topology that is targeted by the
monojet searches. In order to estimate the sensitivity of the CMS monojet search to
the “Z/~ — invisible” signal, we generate the pp— Z/~v-+jets — CD+jets process at the
parton level with Madgraph 5 [145]. Showering and hadronization is performed using
Pythia 6 [144], while Delphes 1.9 [147| is employed to simulate the ATLAS and CMS
detector response. We have imposed the analysis cuts listed above on the simulated
events to find the signal efficiency. As a cross-check, we have passed (Z — vv) + jets
background events through the same simulation chain, obtaining efficiencies consistent
with the data—driven estimates of that background provided by CMS.

We use the total event cross section to put constraints on the dark matter coupling
to the Z/~ gauge bosons. We compute the observed 95%CL exclusion limits on the dark
matter—-SM coupling ~ for given masses M¢, Mp by requiring (see, e.g. [525])

= (Nobs — Nsar — Ny (Mo, Mp, k))?
Nsy + Npy(Me, Mp, k) 4+ 02y,

—3.84. (11.341)

Here N, is the number of observed events, Ngj; the number of expected events, Npjs
the number of expected signal events and og); being the uncertainty in the predicted
number of backgrounds events. The expected strongest bounds should come from the
analysis with the hardest pTss > 550 GeV cuts, but the strongest observed bound come
from the ps > 450 GeV cuts due to an important downward fluctuations in the data.
Fig. 61 shows the resulting limits on  for two different sets of cuts, ps > 300 GeV
and pss > 450 GeV, with the latter providing the best limit. We see that the current
monojet bounds are relatively weak, x < O(1) for M¢c ~ Mp ~ 100 GeV, and not

competetive with the constraints from the monochromatic gamma-ray searches.

LHC monophoton constraints

Another characteristic collider signature of vector DM production is monophoton emis-
sion plus missing energy. In this case, C' and D are produced on-shell through the
photon or Z, while their mass difference must be sufficiently large such that D decays
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Figure 62: Limits on # from monophoton searches at CMS (5 fb™! at /s =7 TeV) and
ATLAS (4.6 fb~! at /s =7 TeV).

inside the detector and the photon energy is above the threshold. We rely on the search
for a single photon performed by the CMS collaboration which makes use of 5 fb~! of
data at 7 TeV center of mass energy [526] and the one performed by the ATLAS collab-
oration which makes use of 4.6 fb™! of data at 7 TeV center of mass energy [527]. The
basic selection requirements used by the CMS experiment for monophoton events are as
follows:

e 1 photon with pJ. > 145 GeV and |7| < 1.44;

o P > 130 GeV;

e 10 jet with pjf > 20 GeV that is AR > 0.04 away from the photon candidate;

e 10 jet with p7T > 40 GeV and |7/| < 3.0 within AR < 0.5 of the axis of the photon;

Analogous requirements used by ATLAS are:

1 photon with pl. > 150 GeV and || < 2.37;

p?iss > 150 GeV;

no more than 1 jet with p}, > 30 GeV and |r)/| < 4.5;

AD(y,pr) > 0.4, AR(y, jet) > 0.4 and Ad(jet, p>) > 0.4;

The event yields obtained by ATLAS and CMS are largely dominated by the SM
backgrounds, namely Z-+~, where the Z boson decays invisibly, and W+, where the
W boson decays leptonically and the charged lepton is not reconstructed. Since ATLAS
accepts events with one jet, W/Z+jets is also an important background for the ATLAS
analysis. With 4.6 fb~! data, the ATLAS collaboration estimates the background to be
137 £ 18(stat.) £ 9(syst.) events and observed 116 events. The analogous numbers for
CMS with 5 fb~! are 75.1 + 9.4 and 73 events, respectively.
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In order to estimate the sensitivity of the ATLAS and CMS single photon search to
DM production, we have generated the pp — Z/y — CD — CC ++ process. We have
used the program Madgraph 5 [145] for the channels at the parton level. Showering
and hadronisation was performed using Pythia 6 [144] and Delphes 1.9 [147] was
employed to simulate the CMS detector response. We have imposed the analysis cuts
listed above on the simulated events to find the signal efficiency and used the total event
cross—section to constrain the DM coupling to v and Z. The observed 95%CL exclusion
limits on « for given My, Mp are obtained by requiring

2 (Nobs — Ngp — NDM(M(/‘» Mp, ﬁ>)2

= = 3.84 . 11.342
X NSM-FNDM(MCaMDa"f)_"U?}M ( )

The resulting limits on x for two choices of Mp = 500 GeV and Mp = 1 TeV are
shown in Fig. 62. In the latter case, the bounds are relatively weak, x < 1 for Mc > 100
GeV, and do not constrain the parameter space consistent with WMAP/PLANCK,
FERMI and HESS (Fig. 58). For Mp = 500 GeV, the monophoton constraint is more im-
portant, although it does not yet probe interesting regions of parameter space (Fig. 57).
In particular, it does not rule out the DM interpretation of the 135 GeV gamma-ray
line (Fig. 59). Indeed, for My = 135 GeV, the LHC bound is about x < 0.5, whereas
the gamma-ray line requires xk ~ 0.3.

We thus find that the monophoton constraint is not yet competitive with the astro-
physical /cosmological ones. We have also checked that no useful constraint is imposed
by searches for mono-Z emission (D — Z + ('), mostly due to its smaller production
cross section.

Summary of constraints

For the dark matter mass above 100 GeV, the most relevant laboratory constraints
are imposed by the LHC searches for monojets and monophotons. The former are
applicable for quasi—degenerate C' and D, while the latter apply if there is a substantial
mass difference between them. The monophoton constraint is rather tight for light DM,
e.g. k< fewx107! for Mc ~ 100 GeV and Mp ~ 500 GeV. This is stronger than the
unitarity bound (11.318), which only applies for A > M¢ p. On the other hand, the
monojet constraint is rather weak, kv < 1.

The most important bounds on the model are imposed by astrophysical observations,
in particular, by FERMI and HESS searches for monochromatic gamma-ray lines. These
exclude substantial regions of parameter space even for relatively heavy dark matter,
Mc p ~ 1 TeV. Analogous bounds from continuum gamma-ray emission are significantly
weaker as the latter is subleading in our framework (unlike in other models [528]), while
direct DM detection is inefficient due to loop suppression. These constraints still allow
for thermal DM in the mass range 200-600 GeV (Fig. 58).

Finally, the model allows for an “optimistic” interpretation of the tentative 135 GeV
gamma-ray line in the FERMI data. The line can be due to (non—-thermal) dark matter
annihilation with Mo ~ 135 GeV for a range of the mediator mass Mp. This interpreta-
tion is consistent with the constraints coming from the continuum gamma-ray emission,
direct DM detection and the LHC searches.
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11.5 Conclusion on the hypercharge portal

We have considered the possibility that the hidden sector contains more than one massive
vector fields. In this case, an additional dim—4 interaction structure of the Chern—Simons
type becomes possible. It couples the hypercharge field strength to the antisymmetric
combination of the massive vectors. If the latter are long-lived, the phenomenological
signatures of such a coupling include missing energy in decays of various mesons and Z,
as well as monojet and monophoton production at the LHC.

The hidden sector may possess a Z, symmetry, which would make the lighter vec-
tor field stable and a good dark matter candidate. The characteristic signature of this
scenario is monochromatic gamma-ray emission from the Galactic Center, while the
corresponding continuum contribution is suppressed. We find that this possibility is
consistent with other constraints, including those from the LHC and direct DM detec-
tion. Large portions of the allowed parameter space can be probed both by indirect
dark matter detection and the LHC monophoton searches.

Until now we have only discussed dark matter candidates which are in thermal equi-
librium with the thermal bath. Which is a commonly done hypothesis. However, we
now study in detail the scenario where the dark matter particle is not in kinetic equi-
librium with the thermal bath i.e the dark matter is non thermal. We have introduced
a new mechanism for the production of dark matter in the universe which does not rely
on thermal equilibrium. Dark matter is populated from the thermal bath subsequent to
inflationary reheating via a massive mediator whose mass is above the reheating scale,
Try. To this end, we consider models with an extra U(1) gauge symmetry broken at
some intermediate scale (M;,; ~ 1019712GeV). We show that not only does the model
allow for gauge coupling unification (at a higher scale associated with grand unification)
but can naturally provide a dark matter candidate which is a Standard Model singlet
but charged under the extra U(1). The intermediate scale gauge boson(s) which are
predicted in several E6/SO(10) constructions can be a natural mediator between dark
matter and the thermal bath. We show that the dark matter abundance, while never
having achieved thermal equilibrium, is fixed shortly after the reheating epoch by the
relation T3, /M7 ,. As a consequence, we show that the unification of gauge couplings
which determines M,,; also fixes the reheating temperature, which can be as high as
Tri ~ 1011GeV.
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12 Non thermal dark matter and grand unification
theory

12.1 Motivations

The Standard Model of particle physics is more than ever motivated by the recent
discovery of the Higgs boson at both the ATLAS [457] and CMS [458] detectors. The
SM, however, contains many free parameters, and the gauge couplings do not unify.
Among the most elegant approaches to understand some of these parameters is the idea
of a grand unified theory (GUT) in which the three gauge couplings o 3 originate from
a single gauge coupling associated to a grand unified gauge group [290]. This idea is
supported by the fact that quantum numbers of quarks and leptons in the SM nicely fill
representations of a GUT symmetry, e.g., the 10 and 5 of SU(5) or 16 of SO(10).

Another issue concerning the SM is the lack of a candidate to account for Dark
Matter (DM) which consists of 22% of the energy density of our universe. Stable Weakly
Interacting Massive Particles are among the most popular candidates for DM. In most
models, such as popular supersymmetric extensions of the SM [529,530], the annihilation
of WIMPs in thermal equilibrium in the early universe determined the relic abundance
of DM.

In this section, we will show that GUT gauge groups such as Eg or SO(10) which
contain additional U(1) gauge subgroups and are broken at an intermediate scale, can
easily lead to gauge coupling unification [531] and may contain a new dark matter can-
didate which is charged under the extra U(1). However, unlike the standard equilibrium
annihilation process, or complimentary process of freeze-in [434,532-534|, we propose
an alternative mechanism for producing dark matter through interactions which are
mediated by the heavy gauge bosons associated with the extra U(1). While being pro-
duced from the thermal bath, these dark matter particles never reach equilibrium. We
will refer to dark matter produced with this mechanism as Non-Equilibrium Thermal
Dark Matter or NETDM. The final relic abundance of NETDM is obtained shortly after
the inflationary reheating epoch. This mechanism is fundamentally different from other
non-thermal DM production mechanisms in the literature (to our knowledge). Assuming
that none of the dark matter particles are directly produced by the decays of the inflaton
during reheating, we compute the production of dark matter and relate the inflationary
reheat temperature to the choice of the gauge group and the intermediate scale needed
for gauge coupling unification. As an added benefit, the model naturally possesses the
capability of producing a baryon asymmetry through leptogenesis, although that lies
beyond of the scope of this work.

This section is organized as follows. After a summary of the unified models under
consideration, we show how the presence of an intermediate scale allows for the possi-
bility of producing a dark matter candidate which respects the WMAP constraint [535]
and apply it to an explicit scenario. We then discuss our main results.
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12.2 Unification in SO(10) models

The prototype of grand unification is based on the SU(5) gauge group. In an extension
of SU(5) one can introduce SU(5) singlets as potential dark matter candidates. The
simplest extension in which singlets are automatically incorporated is that of SO(10).
There are, however, many ways to break SO(10) down to SU(3) x SU(2) x U(1). This
may happen in multiple stages, but here we are mainly concerned with the breaking of
an additional U(1) (or SU(2)) factor at an intermediate scale M;,;. Here, we will not
go into the details of the breaking, but take some specific, well-known examples when
needed. Assuming gauge coupling unification, the GUT mass scale, Mgy, and the
intermediate scale M;,; can be predicted from the low—energy coupling constants with
the use of the renormalisation group equation,

dozz-

= —ba} . (12.343)

The evolution of the three running coupling constants oy, as and asz from My to
the intermediate scale M;,; is obtained from Eq. (12.343) using the S—functions of the
Standard Model: by 23 = (—41/10,19/6,7)/2m. We note that the gauge coupling, gp,

associated with U’(1) is related at the GUT scale to ¢g; of U(1)y by gp = \/égl and

a; = g?/4m. Between M;,; and Mgyr (both to be determined) the running coupling
constants are again obtained from Eq. (12.343), now using S—functions associated with
the intermediate scale gauge group, which we will label b;. The matching condition
between the two different runnings at M;,; can be written:

(O./?>_1 —+ bi(tint — tz) = O[_l + Bz(tznt — tGUT) (12344)
with ¢, = In My, t7 = In My, teur = In Mgy, of = a;(My) which is measured, and
a = o;(Mgyr) is the unified coupling constant at the GUT scale. This gives us a system
of 3 equations, for 3 unknown parameters: «,t;,, tgur. Solving the Eq. (12.344), we
obtain

tint -

1 {(ag)l —(03)™" (o)) —(a])!
52 — 53 Bl - 52

+(b32 — b21)tz] : (12.345)

b32 - b21

where bij = (bz — b])/(bl — B])

To be concrete, we will consider a specific example to derive numerical results for the
case of the breaking of SO(10): SO(10) — SU(4) x SU(2), x U(1)r =, SU(3)e X

SUR2) xU(l)y = mpy SUB)e X U(1)em. When the intermediate symmetry is broken
by a 16 of Higgs bosons, the b; functions are given by by 55 = (5/2,19/6,63/6) /27 [531],
where the computation was done at 1-loop level. For this case, we obtain M;,, =
7.8 x 10" GeV and Mgyr = 1.3 x 10" GeV using (af 5 4) 7" =~ (59.47,29.81,8.45). The

evolution of the gauge couplings for this example is shown in Fig. 63.

12.3 Heavy Z’ and dark matter

It has been shown in [536] and [537] that a stable dark matter candidate may arise
in SO(10) models from an unbroken Z2 * symmetry. If the dark matter is a fermion
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Figure 63: Example of the running of the SM gauge couplings for SO(10) — SU(4) x
SU(Q)L X U(].)R

(scalar) it should belong to a 3(B— L) even (odd) representation of SO(10). For example,
the 126 or 144 contains a stable component y which is neutral under the SM, yet charged
under the extra U(1). As we have seen, to explain the unification of the gauge couplings
in SO(10) one needs an intermediate scale M;,; of order 10'° GeV. The dark matter
candidate, x, can be produced in the early Universe through s-channel Z’ exchange:
SM SM — Z' — x x. Since My = \%gp M, the exchanged particle is so heavy
(above the reheating scale, as we show below) that the DM production rate is very
slow, and we can neglect the self annihilation process in the Boltzmann equation. Thus
while the dark matter is produced from the thermal bath, we have a non—equilibrium
production mechanism for dark matter, hence NETDM.

The evolution of the yield of x, Y, = n, /s follows

Yy |7 gs
dr

(ov) 2
— Mp—2Y 12.34
15y, < (12340

where n,, is the number density of x and s the entropy of the universe, g,, gs are the
effective degrees of freedom for energy density and entropy, respectively; x = m, /T, m,
being the dark matter mass, Mp the Planck mass and

k2T o
s /4 dsd0n fs — 2 MPEL(5/T) (12.347)
my

Here n,, is the equilibrium number density of the initial state (SM) particles; and K,
is the first order modified Bessel function and k the effective degrees of freedom of
incoming particles.

Since the production of DM occurs mainly at Try > m,, we can neglect m, in
estimating the amplitude for production. In this case, assuming that both y and the
initial state, f, are fermions, we obtain

4.2 InTf
9pa,a; NV,

X E {32(1 + cos® 0)] (12.348)

My o PR
X (s — M3,
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where 0 is the angle between the two outgoing DM particles, N/ is number of colors of
the particle f, and ¢; is the charge of the particle ¢ under U’(1) with a gauge coupling gp.
Here, ¢ is an effective coupling which will ultimately depend on the specific intermediate
gauge group chosen. With the approximations m,,m; < /s and Mz > Tgy, and after
integration over ¢ and sum over all incoming SM fermions in the thermal bath, we obtain

dyy _ Zg%,qiq;Ng‘ (4_5)3/2 L myMp x5

X 12.349
dx xt T 9s/9p M3, 2x7 ( )

f

Solving Eq. (12.349) between the reheating temperature and a temperature 7' gives

45 \*? Mp 3 K2
Y (T) = 22N [ 22 S S o S o 12.350
(1) Zf:q"qf ¢ (gsw) ME 125077 | ( )

where we replaced the mass of the Z' by My = \% gp M, and made the approximation
9o = gs- We note that the effect of Z' decay on the abundance of x is completely
negligible due to its Boltzmann suppression in the Universe: the Z’ is largely decoupled
from the thermal bath already at the time of reheating.

We note several interesting features from Eq. (12.350). First of all, the number
density of the dark matter does not depend at all on the strength of the U’(1) coupling
gp but rather on the intermediate scale (that is determined by requiring gauge coupling
unification as we demonstrated in the previous section). Second, the production of dark
matter is mainly achieved at reheating. Thirdly, once the relic abundance is obtained,
the number density per comoving frame (Y) is fixed, never having reached thermal
equilibrium with the bath. And finally, upon applying the WMAP determination for
the DM abundance, Qh? = 0.1157 [535], we obtain a tight constraint on Tgy once the
pattern of SO(10) breaking is known (and thus M, fixed).

Thus, given a scheme of SO(10) breaking we can determine the reheating tempera-
ture very precisely from the relic abundance constraint in the Universe. From

Q gt (Qh2> 13.5 H2M3

Y. — _
T my s 0.1 ) 1673 g9Tgm,

(12.351)

where H is the Hubble parameter and the index “0” corresponds to present-day values.
Combining Eq. (12.350) and Eq. (12.351) we find

s 56257 Qh? (gs7r>3/2 MpH§ 4 (12.352)
162 Y k2N N 01 ) VA5 ) Tmy g '
or 1/3 1/3 4/3
Qh? 100GeV M;
~ 8 i - _ it
Tri ~ 2 x 10°GeV ( 1 > < ™ ) (1012GeV> (12.353)

where we took for illustration qi Zf m?qchcf = 1. We show in Fig.(64) the evolution
of Try as function of M,,, for different values of the dark matter mass m,. We can
thus determine the reheating temperature predicted by different symmetry breaking
patterns*'. We summarize them in Table 18, where the values of Try are given for
m,, = 100GeV.
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Figure 64: Reheating temperature as function of the SO(10) breaking scale for different
mass of dark matter : 10, 100 and 1000 GeV

SO(10) — Gx [Higgs| M;ni(GeV) | Tru(GeV)
A 4 x 25 x 1 [16] 10129 3 x 10°
A 4 x 2 x 1p [126] 1018 1 x 108
B 4 x 25, % 2p [16] 10144 3 x 101
B 4 X2 x 2p [126] 10138 5 x 1010
C 30 X 2L X 2R X 1BfL [16] 1010'6 3 X 106
C | 3¢ x 2 x2g X 1p_, [126] 1036 6 x 10°

Table 18: Possible breaking schemes of SO(10).

Finally, we must specify the identity of the NETDM candidate in the context de-
scribed above. The dark matter can be in the 126 or 144 representations of SO(10).
There are several mechanisms to render the DM mass light [537], one of which is through
a fine-tuning of the SO(10) couplings contributing with different Clebsh-Gordan coeffi-
cients (see for example, [538| and [539]) to the masses of the various 126 components.
For example, for the group Ga:

where M ~ Mqyr, and a G4 singlet in a linear combination of 2105 and 455 has a vev

at the GUT scale. m,, is then given by a linear combination of M and the vev and can
be tuned to small values, while all other particles inside the 126 live close to Mgyr.

12.4 Discussion

Unfortunately, the chance of detection (direct or indirect) of NETDM with a massive
mediator Z’ is nearly hopeless. Indeed, the diagram for the direct detection process,

41'We note that the value obtained for the intermediate scale in different SO(10) breaking schemes is
not modified by the presence of a dark matter particle which is not charged under the SM gauge group.
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measuring the elastic scattering off a nucleus, proceeds through the t—channel exchange
of the Z’ boson, and is proportional to 1/Mj, yielding a negligible cross-section. In
addition, due to the present low velocity of dark matter in our galaxy (~ 200 km/s),
the indirect detection prospects from s—channel Z’' annihilation yxy — Z' — ff pro-
portional to s?/M3, is also negligible.

As we have seen in Eq. (12.350), the production of dark matter occurs in the very
early Universe at the epoch of reheating. A similar mechanism (though fundamentally
completely different) where a dark matter candidate is produced close to the reheating
time is the case of the gravitino [529,530,540,541|. Indeed, in both cases equilibrium
is never reached and the relic abundance is produced from the thermal background to
attain the decoupling value I'/H, with H the Hubble constant and I' = (ov)ny the
production rate. However, in the case of SO(10), the cross section decreases with the
temperature like (ov) 7z o< T? /M3, whereas in the case of the gravitino the cross section
is constant (ov)s/e o< 1/M3 implying Y (T') o Try.

Finally, we note that cases B and C (in Table I) predict reheating temperatures which
are larger (B) or smaller (C) than the case under consideration. Case A would also be
compatible with successful thermal leptogenesis with a zero initial state abundance of
right-handed neutrino [542-549|. However in the cases B and C, the persistence of the
SU(2) g symmetry would imply that the cancelation in Eq. (12.354) would leave behind
a light SU(2)g triplet (for DM inside a 126) or doublet (for DM inside a 144). These
would affect somewhat the beta functions for the RGE’s but more importantly leave
behind a test of the model. In the triplet (doublet) case, we would expect three (at
least two) nearly degenerate states: one with with charge 0, being the DM candidate,
and also states with electric charge £1 and £2 (or +1 in the doublet case).

In conclusion, we have shown that it is possible to produce dark matter through
non—equilibrium thermal processes in the context of SO(10) models which respect the
WMAP constraints. Insisting on gauge coupling unification, we have demonstrated that
there exists a tight link between the reheating temperature and the scheme of the SO(10)
breaking to the SM gauge group. Interestingly, the numerical values we obtained are
quite high and very compatible with inflationary and leptogenesis-like models.

After having discussed the virtues of the NETDM model regarding mostly SM gauge
couplings unification, we now study the genesis of dark matter in the primordial universe
for representative classes of Z'-portals models (NETDM being included) [550].
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13 Thermal and non-thermal production of dark mat-
ter via Z/-portal

13.1 Introduction

Even if PLANCK [397] confirmed recently the presence of dark matter in the universe
with an unprecedented precision, its nature and its genesis are still unknown. The most
popular scenario for the dark matter evolution is based on the mechanism of “thermal
freeze-out” [551,552]. In this scenario dark matter particles y are initially in thermal
equilibrium with respect to the thermal bath. When the temperature of the hot plasma
T in the early universe dropped below the dark matter mass, its population decreased
exponentially until the annihilation rate into lighter species I'y, could not overcome the
expansion rate of the universe driven by the Hubble parameter H(T'). This defines the
freeze-out temperature: H(Tro) 2 I'y. The comoving number density of the dark matter
particles®? and thus its relic abundance are then fixed to the value that PLANCK [397]
and WMAP [444,445] observe today, Qh? = 0.1199+0.0027 at 68% CL. In this scenario
the stronger the interaction between dark matter and the rest of the thermal bath is, the
more dark matter pairs annihilate, ending-up with smaller relic densities. The detection
prospects for frozen-out WIMPs are remarkable, since they involve cross-sections which
can be probed nowadays with different experimental strategies, as production at colliders
[525,553-558], Direct Detection and Indirect Detection experiments [559-566,566,567].

This popular freeze-out scenario is based on the assumption that the dark matter
is initially produced at a democratic rate with the Standard Model particles. The
so-called “WIMP miracle” can then be obtained if dark matter candidate has a mass
of the electroweak scale and the dark sector and the Standard Model sector interact
through electroweak strength coupling. Alternatively one can relax the hypothesis of
democratic production rate and suppose that the initial abundance of dark matter has
been negligibly small whether by hierarchical or gravitational coupling to the inflaton or
others mechanisms. This is the case for gravitino dark matter [568|, Feebly Interacting
Massive Particle Dark Matter (FIMP) in generic scenarios 434,532,534, scalar portals
[533, 569|, decaying dark matter [570] or NETDM (Non Equilibrium Thermal Dark
Matter) [571].

Alternatively to the freeze—out, in the freeze-in (FI) mechanism the dark matter
gets populated through interactions and decays from particles of the thermal bath with
such an extremely weak rate (that is why called FIMP) that it never reaches thermal
equilibrium with the plasma. In this case, the dark matter population n, grows very
slowly until the temperature of the universe drops below the mass m,. The production
mechanism is then frozen by the expansion rate of the universe H(7F;). Contrary to the
FO, in the FI scenario the stronger the interaction is, the larger the relic density results
at the end, provided that the process never thermalises with the thermal bath. Due to
the smallness of its coupling, the dark matter becomes very difficult to detect in colliders
or direct detection experiments. However, one of the predictions of this scenario is that
particles possibly decaying to dark matter need to have a long lifetime [532], so this
peculiarity can be probed in principle in the LHC for example through the analysis of

“2Proportional to the yield Y, = n, /s, n, being the physical density of dark matter particles and s
the entropy density.
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displaced vertices.

In the previous section, we have analysed [571] a scenario where the dark matter
was also produced out-of-equilibrium, but differing from the orthodox FI mechanism
in an essential way. In this new NETDM proposal the DM-SM couplings can be large
(as for FO case), whereas the particle mediating the interaction is very heavy, which
caused the evolution of dark matter number density to be dominated mostly by very
high temperatures, just after the reheating epoch. This situation is opposite to the
FI scenario where the couplings are feeble, typically O(1071!), and the portal is either
massless or at least has a mass smaller than dark matter mass m,, causing the process
to be dominated by low temperatures (1" < m, ) instead.

In this section we study the dark matter candidate y populated by vector-like por-
tals, whose masses lie in two different regimes: 1) A very heavy mediator, through the
study of effective interactions of dark matter with the SM* and 2) An intermediate
mediator, through the analysis of a kinetic-mixing model which contains a Z’ acting as
the portal. This study complements the case of massless vector-like mediators, studied
in [434], showing distinct features concerning the evolution of the dark-sector indepen-
dent thermalisation. On the other hand, we show the characteristics of the NETDM
mechanism for a general vector-like interaction.

Let us give a brief overview of non-thermalised production of dark matter particles.

13.2 Boltzmann equation and production of dark matter out of
equilibrium

If we consider that in the early stage of the universe the abundance of dark matter
has been negligibly small whether by inflation or some other mechanism, the solution
of the Boltzmann equation can be solved numerically in effective cases like in [532] or
in the case of the exchange of a massless hidden photon as did the authors of [434].
Such an alternative to the classical freeze out thermal scenario was in fact proposed
earlier in [533] in the framework of the Higgs-portal model [569] and denominated “freeze
in" [532]. If one considers a massive field Z’ coupling to the dark matter, the dominant
processes populating the dark matter particle x are given by the decay Z’ — yx and
the annihilation SM SM — Yy involving the massive particle Z’ as a mediator, or
“portal" between the visible (SM) sector and the invisible (dark matter) sector. Our
study will be as generic as possible by taking into account both processes at the same
time, although we will show that for very large mediator masses my, or if the Z’ is not
part of the thermal bath, the decay process is highly suppressed, and the annihilation
clearly dominates**. Under the Maxwell-Boltzmann approximation?® one can obtain an
analytical solution of the DM yield adding the annihilation and decay processes:

43Note that in this analysis, the nature of the mediator (vector or scalar) is not fundamental and our
result can apply for the exchange of heavy scalars or heavy Higgses present in unified models also.

4 Note that in [532] the 2—2 annihilation process is considered subdominant with respect to the 1—2
decay process. However in the scenarios we will study, the annihilation dominates.

45We have checked that the Maxwell-Boltzmann approximation induces a 10% error in the solu-
tion which justifies it to understand the general result. See [572] for an explicit cross-check of this
approximation.
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where M, is the Planck mass, Ty = 2.7 K the present temperature of the universe,
Tru the reheating temperature, and K, is the 1st-order modified Bessel function of the
second kind, g, g; are the effective numbers of degrees of freedom of the thermal bath
for the energy and entropy densities respectively. Finally, M, o> = [dQ|M, 9|?,
where M;_.5 is the squared amplitude of the process i — 2 summed over all initial and
final degrees of freedom, and (2 is the standard solid angle. Then, assuming a symmetric
scenario for which the populations of y and Y are produced at the same rate, we can
calculate the relic density
QL2 ~ m, Yy
X 3.6 x 1079GeV ’
where the super-index “0” refers to the value measured today. It turns out that the
yield of the dark matter is actually sensitive to the temperature at which the dark
matter is largely produced: at the beginning of the thermal history of the universe
if the mediator mass lies above the reheating temperature myz > Try (the so—called
NETDM scenario [571]), or around the mass of the mediator if 2m, < my < Tgy as
the universe plasma reaches the pole of the exchanged particle, in a resonance-like effect.
Note that in the case of massless hidden photon or effective freeze—in cases described
respectively in [434]| and [532] the effective temperature scale defining the nowadays relic
abundance is given by the only dark scale accessible, i.e. the mass of the dark matter
(like in the classical freeze out scenario). In the following sections we will describe the
two microscopic frameworks (myz > Try and my < Try) in which we have done our
analysis.

(13.356)

We now present the two models of study.

13.3 The models

13.3.1 my > Try : effective vector-like interactions

If interactions between dark matter and SM particles involve very heavy particles with
masses above the reheating temperature Try, we can describe them in the framework of
effective field theory as a Fermi-like interaction can be a relatively accurate description of
electroweak theories when energies involved in the interactions are below the electroweak
scale. Several works studying effective interactions in very different contexts have been
done by the authors of [573,574] for accelerator constraints and [575,576] for some
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dark matter aspects. Depending on the nature of the dark matter we will consider the
following effective operators, for complex scalar and Dirac fermionic dark matter 45:

Fermionic dark matter:

Of = A%(f’y“f)(imx) : (13.357)

leading to the squared-amplitude:

32N] (s s 5
f2 _ ¢ 2 2 2
|IMi|° = A {8 +2(Z_mf) (——mx) cos” 0

4
+ S(mi+mh)} . (13.358)
Scalar dark matter:
1 -
0} = 15 (7" NI(0u8)8" — 9(0,9)" (13.359)
f

which leads to:

M =455 8 (5 = 7) (5 =) osto

+ (§ - m?) (s = 4mg) +mip(s — 4mi)} : (13.360)

As we will show in section 13.4.1, the main contribution to the population of dark
matter in this case occurs around the reheating time. At this epoch, all SM particles

f and the dark matter candidate y can be considered as massless relativistic species.*”
The expressions (13.358, 13.360) then become

N/
M| ~ 4A—Z s*(1 4+ cos® ),
f
N/
M2~ 2—5 s%(1 — cos? 6), (13.361)

A}

where, for simplicity and without loss of generality, we have considered universal
effective scale Ay = A. Considering different scales in the hadronic and leptonic sectors
as was done in [558] for instance won’t change appreciably our conclusions.

460ther operators of the 7,7° pseudo-scalar types for instance can also appear for chiral fermionic
dark matter, but we will neglect them as they bring similar contribution to the annihilation process.

4"This is justified numerically by the fact that large s (Z 472> m2(T), m?(T) ) dominates the first
integration in Eq. (13.355).
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13.3.2 my < Try: extra Z' and kinetic mixing

Definition of the model

Neutral gauge sectors with an additional dark U’(1) symmetry in addition to the
SM hypercharge U(1)y and an associated Z’ are among the best motivated extensions
of the SM, and give the possibility that a dark matter candidate lies within this new
gauge sector of the theory. Extra gauge symmetries are predicted in most Grand Unified
Theories (GUTS) and appear systematically in string constructions. Larger groups than
SU(5) or SO(10) allow the SM gauge group and U’(1) to be embedded into bigger GUT
groups. Brane-world U’(1)s are special compared to GUT U’(1)’s because there is no
reason for the SM particles to be charged under them; for a review of the phenomenology
of the extra U’(1)s generated in such scenarios see e.g. [577]. In such framework, the
extra Z' gauge boson would act as a portal between the “dark world” (particles not
charged under the SM gauge group) and the “visible” sector.

Several papers considered that the “key” of the portal could be the gauge invariant
kinetic mixing (0/2)Fy"F},, [428,493,578,579,579-586]. One of the first models of
dark matter from the dark sector with a massive additional U’(1), mixing with the SM
hypercharge through both mass and kinetic mixings, can be found in [587]. The dark
matter candidate x could be the lightest (and thus stable) particle of this secluded sector.
Such a mixing has been justified in recent string constructions [588-593|, supersymmetry
[594], SO(10) framework [595] but has also been studied within a model independent
approach [579,596-599| with vectorial dark matter [600] or extended extra-U(1) sector
[601]. For typical smoking gun signals in such models, like a monochromatic gamma-ray
line, see [490,602-605].

The matter content of any dark U’(1) extension of the Standard Model can be
decomposed into three families of particles:

e The Visible sector is made of particles which are charged under the SM gauge
group SU(3) x SU(2) x Uy(1) but not charged under U’(1).

e The Dark sector is composed of the particles charged under U’(1) but neutral
with respect to the SM gauge symmetries. The dark matter candidate, y, is the
lightest particle of the dark sector.

e The Hybrid sector contains states with SM and U’(1) quantum numbers. These
states are fundamental because they act as a portal between the two previous
sectors through the kinetic mixing they induce at loop order.

From these considerations, it is easy to build the effective Lagrangian generated at
one loop :

1~ = 1~ = 6~ =~
E == ESM - ZBMVBMV - ZX;J,I/X,LLV - §BMVXMV
+ 0y P Db +i Y UAPDLY; (13.362)
i J

Bu being the gauge field for the hypercharge, X . the gauge field of U’(1) and v; the
particles from the hidden sector, ¥, the particles from the hybrid sector, D, = 9, —
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i(quyBM + qu}DXN + gT*W3), T® being the SU(2) generators, and

2
‘i‘éggz aqh log< ) (13.363)

with m; and M; being hybrid mass states [606]. It has been showed [586] that the value
of 6 may be as low as 107!, e.g. in the case of gauge-mediated SUSY-breaking models,
where the typical relative mass splitting |M; — m;|/M; is extremely small.

Notice that the sum is on all the hybrid states, as they are the only ones which can
contribute to the B X . propagator. After diagonalising of the current eigenstates that

makes the gauge kmetlc terms of Eq. (13.362) diagonal and canonical, we can write after
the SU(2), x U(1)y breaking*®

A, = sinfyW? + cosOy B, (13.364)
Z, = cosp(cos GWWj’ —sinfw B,,) — sin ¢ X,
Z), = sing(cosOy W, —sinbyB,) + cos X,

with, to first order in ¢,

o . 20 sin Oy
Ccos ¢ = sin Qﬁ =
Va2 + 462 sin® Oy, Va2 + 462 sin? Oy,
a = 1—m%3/M;— 5 sin® Oy (13.365)

+ \/(1 —m%, /M2 — §2sin® Oy)? + 462 sin® Oy

and + (-) sign if myz < (>)Mz. The kinetic mixing parameter ¢ generates an
effective coupling of SM states 1gy to Z’, and a coupling of x to the SM Z boson which
induces an interaction on nucleons. Developing the covariant derivative on SM and y
fermions state, we computed the effective ¥sythsmZ’ and xxZ couplings to first order®
in § and obtained

L = qpgp(cosd Z, x"'x +sing Z,Xv"x). (13.366)

In the rest of the analysis, we will use the notation gp — gp. We took ¢pgp =1
through our analysis, keeping in mind that for the my-regimes we consider here, our re-
sults stay completely general by a simple rescaling of the kinetic mixing ¢ if the dominant
process transferring energy from SM to the dark sector is ff — Z'*) — yx; whereas
if processes involving on-shell Z’ dominate, the results become nearly independent of
4p9dp-

Processes of interest
As is clear from the model defined above, both dark matter and SM particles will
interact via the standard Z or the extra Z’ boson. Thus a priori there are four processes

48Qur notation for the gauge fields are (B, X*) before the diagonalization, (B*, X*) after diagonal-
ization and (Z*, Z'") after the electroweak breaking.

49 One can find a detailed analysis of the spectrum and couplings of the model in the appendix of
Ref. [597-599]. The coupling gp is the effective dark coupling gp after diagonalization.
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contributing to the dark matter relic abundance: ff — V — yx, and V — Yx, where
V can be Z and/or Z’, and in the 2 — 2 process both Z and Z’ interfere to produce
the total cross-section.’® The amplitudes of those processes are:

(Mool = [Mg]? + Mz + (MM +hee) (13.367)
where

2 2
M2 = (gpgp)”sin” ¢ 13.368
M = e T OLLLy 15:365)

{(c] + c&) [16m2m7(cos® § — sin® 0)
+ 8m2ssin®f — 8mjscos” 0 + 257 (1 + cos® 6)]
+ chR(SQminﬁ + 16mfcs)} :

X

IMz|? = [Myg|? with : [sin¢ — cos @, (13.369)
(MZ7FZ) — (mZ’7FZ’)7 (CLucR) — (C/[MC;%)] )
and

2A (qpgp)?sin ¢ cos ¢
A? + B?
x {(crcy + crcy) [16m2mi(cos® § — sin® 0)
+8m? s sin® 0 — 8m¥s cos® 0 + 257 (1 + cos® 0)]
+ (cpcy + crdy)(16mim5 + 8m3s)} (13.370)

MZM}/ + h.c. =

with

A = 82 — S(M% + mQZ/) + MngZ’ + MZmZ’FZFZ’
B=s(TyMy; —Tymy) + MimyTy —m%, My, |

(13.371)
whereas for the 1 — 2 process we have:
4(gpgp)*(sin? ¢)(M2 +2m?2) if V=2
2 Z X
Mo { 4(qpgp)*(cos® ¢)(mZ, +2m2) if V=2". (13.372)

Here the coefficients cy, g and ¢, p are the left and right couplings of the SM fermions to
the Z and Z’ bosons, respectively. The left (L) and right (R) couplings to the Z boson
are:

(292TfL - g/2YfL)

cL)f=—
(cL)s N

/

(cr)f = 1g'YfR 7
2 /9/2 +g2

50There are additional processes, not written here, which can have non-negligible influence on the
final dark matter number density; e.g. ff — ZZ' — Zxx, with a t-channel exchange of a fermion
f. These processes have been taken into account in the full numerical solution of the coupled set of
Boltzmann equations, as shown below.

/
cos P — %Y}L sing ¢ ,

cos ¢ — sin ¢ 5) : (13.373)
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for SM fermions f, and
¢y = (pgpsin ¢ (13.374)

for the dark matter. Similarly, the couplings to the Z’ boson to the SM fermions and
dark matter x are:

(29°Ty, — 9*Y4,) . g
(cr)f=— 5 ;/2+92L 31n¢+§Ychos¢5,
(cr) zlg'Y g—/sin¢+cos¢5
R f 2 Ir g/2 +g2 )
¢, = qpgp cos ¢ . (13.375)

Presently, we describe in details the results that we obtained for the previous models.

13.4 Results and discussion
13.4.1 In the case : mz > Tgru

In the case of production of dark matter through SM particle annihilation, the Boltz-
mann equation can be simplified

dr  16(27)8 gu\/g2
/ z (2% — 4x2)1/2 Ky (2)dz| M(2)]?dS
2

T

) (13.376)

my

dy 1 1 <45)3/2 M,

™

X

with z = /s/T, x = m, /T and Q the solid angle of the outgoing dark matter
particles. Using the expression for |[M|? obtained in Eq. (13.361) we can write an
analytical expression of the relic yields present nowadays if we suppose (as we will
check) that the non-thermal production of dark matter happens at temperatures (and
thus s) much larger than the mass of dark matter or SM particles (ms, m, < /s). After
integrating over the temperature (z to be precise) from Try to T, and considering that
all the fermions of the SM contribute democratically (A; = A) one obtains®

4384 [ 45\** M
YA(T) ~ ( ) ”[TzH—T?’],

3(2m)7 \ 7y At

1384 [/45\** M
YE(T) ~ — P33 13.
/0= 50y () ¢ [T 33T

where g, ~ g2 has been used. We show in Fig. 65 the evolution of Y (T') for a fermionic
dark matter as a function of x = m, /T with m, = 100 GeV for two different reheating

51Notice that the factor of difference corresponds to the different degrees of freedom for a real scalar
and Dirac fermionic dark matter.
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Figure 65: Evolution of the number density per comoving frame (Y = n/s) for a 100 GeV
fermionic dark matter as a function of m, /T for two reheating temperatures, Ty = 10°
(red) and 10° (blue) GeV in the case of vector interaction for fermionic a dark matter
candidate. The value of the scale A has been chosen such that the nowadays yield Y
corresponds to the nowadays value of Y (Ty) measured by WMAP: Y (Tp) ~ 3.3 x 1072
represented by the horizontal black dashed line (see the text for details).

temperatures, Try = 10% and 10° GeV. We note that to obtain analytical solution to
the Boltzmann equation, we approximated the Fermi-Dirac/Bose-Einstein by Maxwell-
Boltzmann distribution. This can introduce a 10% difference with respect to the exact
case [572]. However, when performing our study we obviously solved numerically the
complete set of Boltzmann equations. As one can observe in Fig. 65, the relic abundance
of the dark matter is saturated very early in the universe history, around 7" ~ TRy,
confirming our hypothesis that we can consider all the particles in the thermal bath (as
well as the dark matter) as massless in the annihilation process: m,,m; < /s. At
T ~ Tgy/2 the dark matter already reaches its asymptotical value.

Moreover, for a given value of the reheating temperature Try, we compute the effec-
tive scale A such that the present dark matter yield Y (7}) respects the value measured
by WMAP/PLANCK : Y (Ty) ~ 3.3 x 107'2 for a 100 GeV dark matter. Imposing
this constraint in Eq. (13.377), we obtain A(Tgry = 103GeV) ~ 3.9 x 10'? GeV and
ANTry = 10°GeV) ~ 2.2 x 10" GeV for a fermionic dark matter.

As a consequence, we can derive the value of A respecting the WMAP /PLANCK
constraint as a function of the reheating temperature Try for different masses of dark
matter. This is illustrated in Fig. 66 where we solved numerically the exact Boltzmann
equation. We observe that the values of A we obtained with our analytical solutions
extracted from Eq. (13.377)- are pretty accurate and the dependence on the nature
(fermion or scalar) of the dark matter is very weak. We also notice that the effective scale
needed to respect WMAP constraint is very consistent with GUT-like SO(10) models
which predict typical 10'27!* GeV as intermediate scale if one imposes unification [571].
Another interesting point is that A > Tgry whatever is the nature of dark matter,
ensuring the coherence of the effective approach. We have also plotted the result for
very heavy dark matter candidates (PeV scale) to show that in such a scenario, there is
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no need for the dark matter mass to lie within electroweak limits, avoiding any “mass
fine tuning” as in the classical WIMP paradigm.

— scalar DM, m, =10 GeV ::":‘
---- scalar DM, m, = 10° GeV " 227
w0 1
D 104) 3
g prid
< 1012t 3 ” ____ fermion DM, m, =10GeV -
---- fermion DM, m, = 10° GeV
100 £ fermion DM, m, = 10° GeV -
3 | | ! !
*do00 10 10° 102 1015
TrH (GeV)

Figure 66: Values of the scale A for fermionic (red) and scalar (blue) dark matter,
assuming good relic abundance (€, h* = 0.12) and dark matter mass of 10 GeV (solid),
1000 GeV (dashed) and 10° GeV (dotted), as a function of the reheating temperature.

We also want to underline the main difference with an infrared-dominated “freeze in”
scenario, where the dark matter is also absent in the early universe. Indeed, in ortho-
dox freeze-in, the relic abundance increases very slowly as a function of m, /T, and the
process which populates the universe with dark matter is frozen at the time when the
temperature drops below the mass of the dark matter, Boltzmann-suppressing its pro-
duction by the thermal bath, which does not have sufficient energy to create it through
annihilation. This can be considered as a fine tuning: the relic abundance should reach
the WMAP value at a definite time, 7'~ m, /3. In a sense, it is a common feature among
freeze—in and freeze—out scenarios. In both cases the fundamental energy scale which
stops the (de)population process is m, /7. When the mediator mass my is larger than
the reheating temperature, the fundamental scale which determines the relic abundance
is Tru/myz or Tru/A in the effective approach. The dark matter abundance is then
saturated from the beginning, at the reheating time, and thus stays constant during
the rest of the thermal history of the universe, and is nearly independent of the mass
of the dark matter: no fine tuning is required, and no “special" freeze-in at 7" >~ m, /3.
This is a particular case of the NETDM framework presented in [571]. Furthermore,
the NETDM mecanism has the interesting properties to avoid large thermal corrections
to dark matter mass. The reason is that all dark sector particles are approximately
decoupled from the visible medium of the universe.??

13.4.2 1In the case : myz < Tru

Generalities
The case of light mediators (in comparison to the reheating temperature) is more

52While the thermal masses of visible particles may change the dark matter production rate, we have
checked that this effect is negligible.
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complex and rises several specific issues. We concentrate in this section on the com-
putation of the dark matter relic abundance in the kinetic-mixing framework because
it can be easily embedded in several ultraviolet completions. However, our analysis is
valid for any kind of models with an extra U(1) gauge group. The kinetic mixing §
is indeed completely equivalent to an extra U(1) millicharge for the visible sector and
one can think ¢ as the charge of the SM particles (visible world) to the Z’. Cosmo-
logical constraints allow us to restrict the parameter space of the model in the plane
(6, mz,m,). However we should consider two options for the mediator Z”: either it is
in thermal equilibrium with the SM plasma, or, in analogy with the dark matter, it has
not been appreciably produced during the reheating phase.

The differential equation for the decay process Z' — Yy, in the case where the dark
matter annihilation is neglected, can be expressed as:

dY . m%,FZ/gZ/

T~ 2niHazs T (13.378)

where x = my /T, 'z the decay width of Z’ and gz = 3 giving the degree of
freedom of the massive gauge boson Z’. Expressing the entropy and Hubble parameter

as:
22 m3, 473 m?,
— H=./¢.\| ——%
STy s VI 5 g

we finally obtain the equation

3
45\% 1 Mgy [*
(—) P Zé’z/ 2? K, (z)dz. (13.379)
T G3/Gs 8mim?, mar

RH

Yo

Q

Approximating 'z ~ ¢4 g%my /(167), gpgp being the effective gauge coupling of Z’
and dark matter, and also taking ¢° ~ g, at the energies of interest, we can write

4 3/2 2 2M [e’s)
Yy =~ (;) ApIpTp [ 13k, (2)da. (13.380)

12875my Jmzr
TrRH

Using [~ 2*K;(x)dx ~ 4.7 and Eq. (13.356) we obtain
2 22 2 2 MMy
Qoh? = 2 x 102¢% g% —X.. (13.381)
mao

To respect WMAP /Planck data in a FIMP scenario one thus needs gp ~ 107! if
Z' is at TeV scale. For much higher values of ¢gp, the dark matter joins the thermal
equilibrium at a temperature 7' > m,, and then recovers the classical freeze out scenario.

Thus, a first important conclusion is that a Z’ in thermal equilibrium with the
plasma and decaying dominantly to dark matter would naturally overpopulate the dark
matter which would thus thermalise with plasma, ending up with the standard freeze-
out history. We then have no choice than to concentrate on the alternative scenario
where Z’, same as the dark matter, was not present after inflation. Thus the interaction
of the SM bath (and the dark matter generated from it) could create it in a considerable
amount. We now discus this alternative.
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Chemical equilibrium of the dark sector

If 7" is generated largely enough at some point during the dark matter genesis, it
will surely affect the dark matter final relic abundance through the efficient DM-Z’
interactions. In the study of the evolution of the Z’ population it may happen that Z’
enters in a state of chemical equilibrium exclusively with dark matter, independently of
the thermal SM bath, and thus with a different temperature. This “dark thermalisation”
can have some effect on the final dark matter number density. The analysis we perform
here is inspired from [434], which was however applied to a different model.

If the Z'—DM scattering rate is larger than the Hubble expansion rate of the uni-
verse®, these two species naturally reach kinetic equilibrium, with a well defined tem-
perature 7", which a priori is different from (and is a function of) the thermal bath
(photon) temperature, 7. This temperature 7" increases slowly (given the feeble cou-
plings) due to the transfer of energy from the thermal bath, which determines the energy
density p and pressure P’ of the dark sector. The Boltzmann equation governing the
energy transfer in this case is:

dt
X |M |2<27T)4(5(4) (pin - pout) : Etrans.

1 0 NG N
= 204876 /4m dsKy(Z) T/ (s — Am)s| Miaos [

1 M7 -
o oS ma Ty, — 43 Ml (13.382)

where 1 and 2 are the initial SM particles and m; = ms, |M|? have been defined
below Eq. (13.355) summing over all initial and final degrees of freedom. For SM pair
annihilation, the energy transfer per collision is Ei.ns. = E1 + Es. It can be useful to
write an analytical approximation for the solution p/(T") in the early universe. Indeed
for T'>> my ,, it is easy to show that Eq. (13.382) reduces to

dl’ V = 7T7T29;‘f/2

T Y T \**
- (1 GeV) ~ 3000 5(1 Ge\/) (13.383)

dp’ -
av. +3H(p'+ P) = /Hdgpifl(pl)fQ(p2)
i—1

supposing that the dark bath is in kinetic equilibrium (p" oc (7")*) with a = ¢*/4rx
(see next paragraph for more details). Even if all our analysis was made using the
analytical solutions of the coupled Boltzmann system, we checked that this analytical
solution is a quite good approximation to the exact numerical solution of Eq. (13.382)
and will be very useful to understand the physical phenomena hidden by the numerical
results.

3For a deeper analysis on this, see [572].
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While presenting a detailed study of the visible-to-dark energy transfer is out of the
scope of this section, we just want to point out that there is typically a moment at
which the dark sector (i.e. dark matter plus Z’) is sufficiently populated as for creating
particles out of itself, e.g. in processes as a t-channelled xyy — Z'Z" — 2x2y. As this
happens out of a total available energy p’ at any given time, the net effect is to increase
n, and nyz at the cost of decreasing 7".

To quantify the effect of DM-Z’" chemical equilibrium on the number densities of
both particles, we solved the coupled set of their respective Boltzmann equations.

The relevant processes happening between the dark sector and SM>*, and with itself,
are:

a: SMSM — 7', and a: SMSM + 7'

b: xX — Z', and b: yY < 2
e c. 7'7 — xx,and ¢ Z'7" + xX

d: XX — SM@, and
d: XX+ SMSM.

The Boltzmann equations for the Z’ and dark matter comoving number densities are:

Yz 1 ;
d; = 57 Ta(Yz! = Yz) =Tz (13.384)
+ (ov)Yis — (ov) Vs + 2(0v):Ys]
dy, 1 .
2= o (a7 = Y)s — (0v)Y s (13.385)

+ DYz — 2(ov)Yis + (ov) . Yis] .

Here in Eq. (13.385), in the very first term, we have made use of the chemical equilibrium
condition for a process A <+ BB

(ov)psa(YeD)? s =Ta,ppY4?.

Besides, in Eq. (13.385), the term proportional to (ov),; does not contain the contri-
bution from on-shell Z’, because it is already included in the term going with [';. The
reason for this, is that the typical time the reaction SMSM « xx takes to happen, is
tiyp- This period, even if usually very short, is large enough as to consider ty, 2 dt,
where dt is the characteristic time interval when solving the Boltzmann equation. In
other words, the evolution dictated by the Boltzmann equation is such that there are
always physical (on-shell) Z’ particles around, which effectively contribute to a Z’ decay.

54 Here we are not writting the contributions from processes like SM~y — SMZ’ and SMSM — ~Z';
but they are taken into account for the numerical analysis.
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The Boltzmann equation describing the evolution of the energy density transferred
from the SM to the dark sector is Eq. (13.382). For SM pair annihilation, the energy
transfer per collision Eians. = F1 + Es. The pressure P’ is:

Pl = p;el/3 )
Prat = 0/ — 2nymy — ngimg: (13.386)
where p!, is the relativistic contribution to the energy density p'.

The relevant Z’ production process is the scattering Yy — Z’Z’ (as compared to
XX — Z'), whereas the relevant Z’ depletion process is the decay Z' — Yx (as compared
to Z'Z" — Xx), but of course we have considered all the processes when solving the
Boltzmann equations. The results are shown in Fig. 67 for mz > 2m, and in Fig. 68
for mz < 2m,.

m, = 5GeV, my = 20GeV, § = 1.3x1072, gpgp = 1

105} DM yield - i
Z'yield
DM-Z' DM Yield Today == ---
108L chemical eq l ]
s 1071} Z' decoupling -
T from
> thermal bath
10—14 ]
107 dark decoupling \ 1
—20 I I I
10 10°° 0.001 0.1 10

m,/T

Figure 67: Evolution of the yield for dark matter (red) and Z’ (blue) as a function of
temperature for mz > 2m,. The set of parameters is given on the figure.

Figure 67 presents several original and interesting features. We can separate the
thermal events in 4 phases that we detail below: dark kinetic equilibrium of the dark
matter candidate, self exponential production of dark matter through its annihilation,
decoupling of the Z’ from the dark bath and then decoupling of x and Z’ from the
thermal standard bath.

Indeed, we can notice a first kind of plateau for the dark matter yield Y, at T'>> 103
GeV. This corresponds to the time when the dark matter concentration is sufficient
to enter equilibrium with itself through the exchange of a virtual Z’ (s or ¢ channel).
Indeed, the condition n,(cv) > H(T) can be expressed as

4166
10750, g56% T2 x L429D)" JoT?
{ p } (4m)2T2 ~ M,

= T < 1.6 x 101425 GeV (13.387)
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m, = 40GeV, my = 20GeV, § = 10, gpgp = 0.1
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Figure 68: Same as Fig. 67 with mz < 2m,. Note here a smaller ¢gpgp is adopted to
avoid too many dark matter annihilations.

where we have used an approximate solution of Eq. (13.355) at high temperatures:

10 GeV

Y, ~ a 62
Xa T

(13.388)

with a = %. The result is then in accordance with what we observed numerically.

We then observe in a second phase, around m, /T = 1073, a simultaneous and sharp
rise in the number density of dark matter and Z’. This is because the dark sector enters
in a phase of chemical equilibrium with itself, causing the population of both species to
increase. Moreover, in the case my > 2m,, we observe that the width of the Z’ I'; is
much larger than the production rate through the ¢ channel yxy — 2’2"

(C_IDQD)2
167
n(oV) o271 10"%g¢ 6% (quD)4

[T
~ 107124 —— .
0 1GeV Gev

In other words, as soon as a Z’ is produced, it automatically decays into two dark
matter particles before having the time to thermalise or annihilate again. We then
observe an exponential production of dark matter. Of course, each product of the Z’
decay possesses half of the initial energy of the annihilating dark matter, this energy
also decreasing exponentially. As a consequence, the temperature of the dark sector, 7",
typically drops below m at a certain temperature 7" such that the dark sector does not
have enough energy for maintaining an efficient Z’ production®. This is illustrated as

FZ’ my >~ 0.4 GeV s (13389)

55Strictly speaking one should not use the word temperature T’ during this very short time but more
express ourselves in terms of energy.
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“dark decoupling" in Fig. 67, where the excess of Z’ population decays mostly to dark
matter particles. We can understand this phenomenon by looking more in details at the
solution of the transfer of energy (13.383). Taking 7" ~ my in Eq. (13.383), we can
check that the decoupling of the Z’ from the dark bath happens around a temperature
T ~ 2 TeV when the dark matter does not possess sufficiently energy to produce a Z’
pair. This result is in accordance with the value observed in Fig. 67 along the arrow
labelled dark decoupling.

However, the thermal (standard) bath is still able to slowly produce Z’ after its
decoupling from the dark bath but at a very slow rate (proportional to §) up to the
moment at which the temperature 7' drops below my/, when the Z’ population decays
completely as we can also observe in Fig. 67. During this time the dark matter popula-
tion increases also slowly due to the annihilation of SM particles through the exchange
of a virtual Z" added to the product of the Z’ decay until T" reaches m,.

We also depict in Fig. 68 the evolution of the Z' and dark matter yields in the case
mz < 2 m,. We observe similar features, except that the Z’ does not decouple from
the dark bath and is not responsible anymore for the exponential production of dark
matter. The dark matter decouples first from the plasma, and then the Z’ continues to
be produced at a slow rate, being also largely populated by the t—channel annihilation
of the dark matter. However, it never reaches the thermal equilibrium with the thermal
bath as it decays to SM particles (at a very low rate proportional to §2) at a temperature
of about 1 MeV, not affecting the primordial nucleosynthesis (see below for details).

Cosmological constraints

The PLANCK collaboration [397] recently released its results and confirmed the
WMAP [444,445] non—baryonic content of the universe. It is then important to study
in the (m,, my/,d) parameter space the region which is still allowed by the cosmological
WMAP/PLANCK constraint. As we discussed in the previous section, a small kinetic
mixing can be sufficient to generate sufficient relic abundance. We show in Fig. 69 the
plane (§,mz) compatible with WMAP /PLANCK data (2% ~ 0.12) for different dark
matter masses. Depending on the relative value between m, and my/, we can distinguish
four regimes clearly visible in Fig. 69:

(a) mz < 2m,. In this case, the dark matter is mainly produced from the plasma
through s—channel exchange of the Z’ and then decouples from the thermal bath
at T" >~ m,. Dark matter then annihilates into two Z’ through ¢—channel process
if kinetically allowed (see Fig. 68). For light Z’, the amplitude of dark matter
production®® (JM|? oc §*m3 /s ~ 6*m?/T? from Eq.(13.369)) and the annihilating
rate (xx — Z'Z') after the decoupling time are both independent of mz. As a
consequence, the relic abundance is also independent of mz: (but strongly dependent
of §) as one can observe in the left region of Fig. 69.

(b) 2m, < my < My. We notice a sharp decrease in the values of § occurring around
myz = 2m,. Indeed, for mz > 2m, there exists a temperature in the plasma for
which the resonant production of onshell Z’ is abundant (T" ~ mg /2). The Z’

6In this region the Z’-SM couplings (see 13.375) are roughly proportional to §, since sin ¢ < § for
the values of § and myz in consideration.
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Figure 69: Kinetic-mixing coupling ¢ as a function of my for different values of m,: 5,
10, 25 and 100 GeV for red, blue, green and brown curves, respectively. These lines are
in agreement with WMAP: Q, h? ~ 0.12. We have fixed ¢pgp = 1, as before. Solid lines
are obtained taking into account the “dark thermalisation" effect (see text for details)
whereas dashed lines are obtained without such an effect. The solid black line shows
BBN constraints (see text details), which apply, for each dark matter mass (shown with
dotted lines), to the region myz < 2m,.

being unstable, it immediately decays into 2 dark matter particles increasing its
abundance. The rate of the dark matter production from the standard model bath
around the pole T' ~ my: /2 is proportional to §*m3T?/m%,T, (Eq.(13.369)). This
rate is higher than in the region myz < 2m, where |[M|?* oc §*m3 /T*: § should then
be smaller in order to still respect PLANCK/WMAP constraint.

(¢) mz ~ M. This is the region of maximal mixing: ¢ =~ 7/4. The total amplitude
of annihilation in Eq. (13.367) is maximised, driving ¢ toward very small values in
order to respect PLANCK/WMAP constraint. However, this region is excluded by
electroweak measurements because of large excess in the p parameter (see [597-599]
for a complete analysis in this regime).

(d) 2m, < Mz < mgy. For even larger values of my the amplitude has a smooth
tendency of decreasing with my from its dependence on the width. The major-
ity of the dark matter population is indeed created when the temperature of the
universe, playing the role of a statistical accelerator with time dependent centre of
mass energy, reaches T~ my/ /2 (or my/2). The production cross section through
s—channel exchange of Z’ is then proportional to 6%/m%,T'%, o 6%/m%,. Keeping
constant final relic abundance implies §?/m?, = constant, which is observed in the
right region of Fig. 69.

For the sake of completeness, we also show in Fig. 69 the effect of allowing the 7’
and dark matter to enter in a phase of chemical equilibrium (solid lines), see Fig. 67 and
compare it to the more naive case where no dark-thermalisation is taken into account
(dashed lines). We observe that depending on the dark matter and Z’ masses, the
correction caused by the dark-thermalisation for gpgp = 1 is at most a factor 2.
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Meanwhile, a general look at Fig. 69 tells us that the order of magnitude of § to
respect relic abundance data is generally in the range 1072-10~!, which is in absolute
value of the same order that typical FIMP couplings obtained in the literature for
different frameworks [434, 532, 533, 569, 570] but with a much richer phenomenology
due to the instability of the mediator and the existence of dark thermalisation. It is
interesting to note that such tiny kinetic mixing, exponentially suppressed, is predicted
by recent work on higher dimensional compactification and string phenomenology to lie
within the range 10712 < § < 10719 [591,592].

Finally, due to the feeble coupling 9, it is important to check constraints coming
from Big Bang Nucleosynthesis (BBN) in the specific case myz < 2m,,. Indeed, if Z’ is
lighter than the dark matter, the Z’ will slowly decay to the particles of the thermal
bath, potentially affecting the abundance of light elements. For the ranges of Z’ masses
we consider here, a naive bound from BBN can be obtained by simply requiring the Z’
lifetime to be shorter than O(100) seconds. This is translated into a lower bound on
the kinetic coupling 9, represented by the black solid line in Fig. 69, where the bound
applies, for every m, (see dotted lines), to the region my < 2m,. We see how the
BBN bounds strongly constrain the region of the lightest Z’, mz < 1 GeV for the dark
matter masses considered here. A more detailed study of nucleosynthesis processes in
this framework can be interesting but is far beyond the scope of this present section.

Other constraints

In [597-599| several low-energy processes have been used in order to constrain the
parameter space of the model we analysed. We refer the reader to that work in order
to see the study in more details. In this section, we just want to extract one of the
strongest bounds, which comes from Electroweak Precision Tests (EWPT). Indeed, since
the model modifies the coupling of the Z to all fermions, the decay rate to leptons, for
example, is in principle modified. It turns out that a model is compatible with EWPT

under the condition
5 \? /250GeV >
— —— ] <1. 13.390
(O.l) ( my: ) ~ ( )

For a very light Z' of mz ~ 1 GeV, the EWPT constraints require § < 104, which is
well above the WMAP constraints shown in Fig. 69. Also, since the model modifies the
Z mass, constraints coming from the deviation of the SM prediction for the parameter

p = M3, /M%c}, are also expected to appear; however, they turn out to be weaker or
similar to those of EWPT.

Direct Detection experiments, leaded by XENON [447,448,607|, are able to put
much more stronger bounds on the model. The dark matter candidate can scatter off
a nucleus through a t-channel exchange of Z or Z’ bosons (see e.g. [597-599] [608]). It
turns out that for the dark matter and Z’ masses considered, the XENONIT analysis
is expected to push ¢ to values § < 1074, to say the strongest. Again here those bounds
are not competitive with those shown in Fig. 69.

As an example of constraints coming from indirect detection, we can use synchrotron
data. The dark matter particles in the region of the Galactic Centre can annihilate to
produce electrons and positrons, which will emit synchrotron radiation as they propagate
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through the magnetic fields of the galaxy. In [609] the authors constrain the kinetic
mixing in the framework of freeze-out. The synchrotron data is able to put bounds on
the parameter space of the model, provided that m, and my: are light enough (less than
O(100) GeV), and for values of § compatible with a thermal relic which are much larger
than those required to fit a WMAP with a froze-in dark matter. So given the small §
values considered here, the synchrotron bounds are unconstraining.

13.5 Conclusions for Z’ portal

In this section we have studied the genesis of dark matter by a Z’ portal for a spectrum
of Z' mass from above the reheating temperature down to a few GeV. Specifically,
we have distinguished two regimes: 1) a very massive portal whose mass is above the
reheating temperature Try, illustrated by effective, vector-like interactions between the
SM fermions and the dark matter, and 2) a weak-like portal, illustrated by a kinetic-
mixing model with an extra U(1) boson, Z’, which couples feebly to the SM but with
unsuppressed couplings to the dark matter, similar to a secluded dark sector.

In the situation of very massive portal we solved the system of Boltzmann equations
and obtained the expected dependance of the dark matter production with the reheating
temperature. By requiring consistency with the WMAP /PLANCK’s measurements of
the non—baryonic relic abundance, the scale of the effective interaction A should be
approximatively A ~ 10'2 GeV, for Try ~ 10° GeV.

For lighter Z’ that couples to the standard model through its kinetic mixing with
the standard model U(1) gauge field, we considered Z’' masses in the 1 GeV-1 TeV
range. The values of the kinetic mixing § compatible with the relic abundance we
obtained are 1072 < § < 10~ depending on the value of the Z’ mass. For such values,
the constraints coming from other experimental fields like direct or indirect detection
and LHC production, become meaningless. However the bounds coming from the Big
Bang nucleosynthesis can be quite important. For the study of the dark matter number
density evolution, we looked at the effect of chemical equilibrium between dark matter
and Z’ on the final dark matter population, which turns out for the parameter space we
considered to give a correction of at most a factor of 2.
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Conclusion

In this PhD thesis we have studied in detail the Higgs sector in many theories. We
have hunted Beyond the Standard Model behavior of the new scalar resonance recently
discovered by the ATLAS and CMS collaborations. Starting from the Standard Model,
the first thing to check is the self-coupling of the Higgs boson, the only one elementary
scalar field that we know. An important part of this thesis was devoted to the Higgs
sector of supersymmetric theories in the hope to promote the observed scalar as the
lightest SUSY Higgs boson. Finally, as a new object could bring other new things, we
focussed on the possible invisible width of the Higgs. We underlined the interesting
interplay between collider searches and astrophysical-cosmological experimental results
which start to severely constrains simple extensions of the Standard Model. We sum-
marize in the next lines the main results that we have obtained during these last three
years:

e We have studied in detail the main Higgs pair production processes at the LHC,
gluon fusion, vector boson fusion, double Higgs—strahlung and associated produc-
tion with a top quark pair. They allow for the determination of the trilinear Higgs
self-coupling which represents a first important step towards the reconstruction
of the Higgs potential and thus the final verification of the Higgs mechanism as
the origin of electroweak symmetry breaking. It turns out that the gluon initiated
process to ZH H production which contributes at NNLO is sizable in contrast to
the single Higgs-strahlung case. We have discussed in detail the various uncer-
tainties of the different processes. It turns out that they are of the order of 40%
in the gluon fusion channel while they are much more limited in the vector bosons
fusion and double Higgs—strahlung processes, i.e. below 10%. Within the SM we
also studied the sensitivities of the double Higgs production processes to the tri-
linear Higgs self-coupling in order to get an estimate of how accurately the cross
sections have to be measured in order to extract the Higgs self-coupling with suf-
ficient accuracy. Furthermore, we have performed analysis for the dominant Higgs
pair production process through gluon fusion in different final states which are
bbyy, bbr7 and bbW W~ with the W bosons decaying leptonically. Due to the
smallness of the signal and the large QCD backgrounds the analysis is challenging.
The bbW W~ final state leads to a very small signal to background ratio after
applying acceptance and selection cuts so that it is not promising. On the other
hand, the significances obtained in the bbyy and bbr7 final states after cuts are
extremely promising.

e We have explored the impact of a Standard Model-like Higgs boson with a mass
Mj, ~ 125 GeV on supersymmetric theories in the context of both unconstrained
and constrained MSSM scenarios. We have shown that in the phenomenological
MSSM, strong restrictions can be set on the mixing in the top sector and, for
instance, the no—mixing scenario is excluded unless the supersymmetry breaking
scale is extremely large, Mg > 1 TeV, while the maximal mixing scenario is
disfavored for large Mg and tan  values. In constrained MSSM scenarios, the
impact is even stronger. Several scenarios, such as minimal AMSB and GMSB are
disfavored as they lead to a too light h particle. In the mSUGRA case, including
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the possibility that the Higgs mass parameters are non—universal, the allowed
part of the parameter space should have large stop masses and Ay values. In
more constrained versions of this model such as the “no-scale" and approximate
“cNMSSM" scenarios, only a very small portion of the parameter space is allowed
by the Higgs mass bound. Significant areas of the parameter space of models
with large Mg values leading to very heavy supersymmetric particles, such as split
SUSY or high-scale SUSY, can also be excluded as, in turn, they tend to predict
a too heavy Higgs particle with M, 2 125 GeV.

e We have considered the production of the heavier H, A and H* bosons of the
MSSM at the LHC, focusing on the low tan g regime, tan 8 < 3-5. We have first
shown that this area of the MSSM parameter space, which was long thought to be
excluded, is still viable provided that the SUSY scale is assumed to be very high,
Mg 2 10 TeV. For such Mg values, the usual tools that allow to determine the
masses and couplings of the Higgs and SUSY particles in the MSSM, including
the higher order corrections, become inadequate. We have used a simple but not
too inaccurate approximation to describe the radiative corrections to the Higgs
sector, in which the unknown scale Mg and stop mixing parameter X, are traded
against the measured h boson mass, M) ~ 125 GeV. In the low tan § region, there
is a plethora of new search channels for the heavy MSSM Higgs bosons that can
be analyzed at the LHC. The neutral H/A states can be still be produced in the
gluon fusion mechanism with large rates, and they will decay into a variety of
interesting final states such as H — WW,ZZ, H — hh, H/A — tt, A — hZ.
Interesting decays can also occur in the case of the charged Higgs bosons, e.g.
Ht — hW, ¢3, c¢b. These modes come in addition to the two channels H JA — 77~
and t — bH' — brv which are currently being studied by ATLAS and CMS and
which are very powerful in constraining the parameter space at high tan § values
and, as is shown here, also at low tan 8 values. All this promises a very nice and
exciting program for Higgs searches at the LHC in both the present and future
runs. One could then cover the entire MSSM parameter space: from above (at
high tan ) by improving the H/A — 77 searches but also from below (at low
tan 5) by using the WW, ZZ tt, .. searches. The coverage of the [tan 3, M 4] plane
will be done in a model independent way, with no assumption on Mg and possibly
on any other SUSY parameter.

e We have discussed the hMSSM, i.e. the MSSM that we seem to have after the
discovery of the Higgs boson at the LHC that we identify with the lighter h state.
The mass M; =~ 125 GeV and the non—observation of SUSY particles, seems to
indicate that the soft-SUSY breaking scale might be large, Mg = 1 TeV. We
have shown, using both approximate analytical formulae and a scan of the MSSM
parameters, that the MSSM Higgs sector can be described to a good approximation
by only the two parameters tan 5 and My, if the information M, = 125 GeV
is used. One could then ignore the radiative corrections to the Higgs masses
and their complicated dependence on the MSSM parameters and use a simple
formula to derive the other parameters of the Higgs sector, a, My and My+. In a
second step, we have shown that to describe accurately the h properties when the
direct radiative corrections are also important, the three couplings ¢, ¢, and cy are
needed besides the A mass. We have performed a fit of these couplings using the
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latest LHC data and taking into account properly the theoretical uncertainties. In
the limit of heavy sparticles, the best fit point turns out to be at low tan 3, and
with a not too high CP-odd Higgs mass, M4 =~ 560 GeV. The phenomenology of
this particular point is quite interesting. First, the heavier Higgs particles will be
accessible in the next LHC run at least in the channels A, H — ¢t and presumably
also in the modes H — WW, ZZ.

We have analyzed the implications of the recent LHC Higgs results for generic
Higgs-portal models of scalar, vector and fermionic dark matter particles. Requir-
ing the branching ratio for invisible Higgs decay to be less than 10%, we find that
the DM-nucleon cross section for electroweak-size DM masses is predicted to be
in the range 107 — 10~® pb in almost all of the parameter space. Thus, the entire
class of Higgs-portal DM models will be probed by the XENON100-upgrade and
XENONIT direct detection experiments, which will also be able to discriminate
between the vector and scalar cases. The fermion DM is essentially ruled out by
the current data, most notably by XENON100. Furthermore, we find that light
Higgs-portal DM Mpy < 60 GeV is excluded independently of its nature since
it predicts a large invisible Higgs decay branching ratio, which should be incom-
patible with the production of an SM-like Higgs boson at the LHC. Finally, it
will be difficult to observe the DM effects by studying Higgs physics at the LHC.
Such studies can be best performed in Higgs decays at the planned ete™ colliders.
However, the DM particles have pair production cross sections that are too low to
be observed at the LHC and eventually also at future ete™ colliders unless very
high luminosities are made available.

We have shown that monojet searches at the LHC already provide interesting
limits on invisible Higgs decays, constraining the invisible rate to be less than
the total SM Higgs production rate at the 95% CL. This provides an important
constrain on the models where the Higgs production cross section is enhanced
and the invisible branching fraction is significant. Monojets searches are sensitive
mostly to the gluon—gluon fusion production mode and, thus, they can also probe
invisible Higgs decays in models where the Higgs coupling to the electroweak gauge
bosons is suppressed. The limits could be significantly improved when more data
at higher center of mass energies are collected, provided systematic errors on the
Standard Model contribution to the monojet background can be reduced. We also
analyzed in a model-independent way the interplay between the invisible Higgs
branching fraction and the dark matter scattering cross section on nucleons, in
the context of effective Higgs portal models. The limit BRy,, < 0.2, suggested by
the combination of Higgs data in the visible channels, implies a limit on the direct
detection cross section that is stronger than the current bounds from XENON100,
for scalar, fermionic, and vectorial dark matter alike. Hence, in the context of
Higgs-portal models, the LHC is currently the most sensitive dark matter detection
apparatus.

We have considered the possibility that the hidden sector contains more than one
massive vector fields. In this case, an additional dim—4 interaction structure be-
comes possible. It couples the hypercharge field strength to the antisymmetric
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combination of the massive vectors. The phenomenological signatures of such a
coupling include missing energy in decays of various mesons and Z, as well as
monojet and monophoton production at the LHC. The hidden sector may possess
a Zy symmetry, which would make the lighter vector field stable and a good dark
matter candidate. The characteristic signature of this scenario is monochromatic
gamma-ray emission from the Galactic Center, while the corresponding continuum
contribution is suppressed. We find that this possibility is consistent with other
constraints, including those from the LHC and direct DM detection. Large por-
tions of the allowed parameter space can be probed both by indirect DM detection
and the LHC monophoton searches.

e We have shown that it is possible to produce dark matter through non—equilibrium
thermal processes in the context of SO(10) models which respect the WMAP
constraints. Insisting on gauge coupling unification, we have demonstrated that
there exists a tight link between the reheating temperature and the scheme of the
SO(10) breaking to the SM gauge group. Interestingly, the numerical values we
obtained are quite high and very compatible with inflationary and leptogenesis-like
models.

e We have studied the genesis of dark matter by a Z’ portal for a spectrum of 7’
mass from above the reheating temperature down to a few GeV. Specifically, we
have distinguished two regimes: a very massive portal whose mass is above the
reheating temperature Try, illustrated by effective, vector-like interactions be-
tween the SM fermions and the dark matter, and a second regime with a weak-like
portal, illustrated by a kinetic-mixing model with an extra U(1) boson, Z’, which
couples feebly to the SM but with unsuppressed couplings to the dark matter,
similar to a secluded dark sector. In the case of very massive portal we get the
expected dependance of the dark matter production with the reheating tempera-
ture. By requiring consistency with the WMAP /PLANCK’s measurements of the
non—baryonic relic abundance, the scale of the effective interaction A should be
approximatively A ~ 10'2 GeV, for Try ~ 10° GeV. For lighter Z’ that couples to
the standard model through its kinetic mixing with the standard model U (1) gauge
field, we considered Z’ masses in the 1 GeV—1 TeV range. The values of the kinetic
mixing § compatible with the relic abundance we obtained are 10712 < ¢§ < 107!
depending on the value of the Z’ mass.

The ~ 125 GeV Higgs boson closes the first chapter of the probing of the mechanism
that triggers the breaking of the electroweak symmetry and generates the fundamental
particle masses. As shown by this thesis, we have now entered a new era and the
Higgs, or something else should give us the direction to follow in order to transcend the
Standard Model of particle physics.



224 DARK MATTER PAIR PRODUCTION AT COLLIDERS

A Dark matter pair production at colliders

The models

As discussed earlier in the text, we study the models defined by the following Lagrangian

1 1 1
ALg = —§m?952 - 71)\554 - ZAhssHTHSQ :
1 1 1
ALy = §m%/V”V“+ZAV(V”V“)2+Z>\hvVHTH /A%
1 _ 1A _

From these different Lagrangian we can explicitly write the coupling of the Higgs to
the dark matter candidate depending on its nature scalar, fermionic or vectorial

ghss = iUAhSS
\/§ )
VA
Ghxx = 1 ﬂj\x 5
VARVY
= —f—. 1.392
ghvv \/5 ( )

We define in the following the convenient quantities called @);, that we will use for all
the channels where we have to integrate over a phase space of two final state particles, i.e
in gluon fusion at Leading Order (LO) and in vector boson fusion with the longitudinal
approximation, these quantities read

QS = |ghSS|27
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These quantities can be written in function of the velocity in the center of mass frame
defined as fx = /1 — 4M% /s, they read

Qs = |ghss\2>
2
Qx = |ghxx| 2863(7

24 <1+6%>2] . (1.304)

QV = |ghvv\2
1— 52

In the case where the dark matter is produced in association with a vector boson the
final state contains three particles and we will use the equivalent of the @); functions
that we will describe explicitly in the following.
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Cross section at the LHC
Dark matter production in gluon fusion process

Leading order production

At leading order, dark matter pair production via gluon fusion is mediated by triangle
diagrams of heavy quarks (top quark and b quark to a lesser extent). The partonic LO
cross section can be expressed as

2

az(p) Ep
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. vy = di s . 1.395
O'LO(gg XX) /f 2048(271’)3 5 — m%l +imp @ ( )
The Mandelstam variables for the parton process are given by
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where 6 is the scattering angle in the partonic c.m. system with invariant mass ¢, and
Az,y,2z) = (x—y —2)* —dyz. (1.397)

The integration limits of Eq. (1.395) read

) 1
fe=—3 @2 —2M2= \/)\(QQ, M2, M;)J . (1.398)

In term of the scattering angle 6, it corresponds to cosf = +1. The scale parameter u
is the renormalization scale. The form factor Fx is a function of the mass of the quark
which enter the loop, mq, through the scaling variable 7 = 4m22 /8, it reads

Fa = 11+ (1 =1)f(mQ)]

with
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The total cross section for dark matter pair production through gluon fusion in proton
collisions can be derived by integrating over the scattering angle and the gluon-gluon
luminosity as written by the following equation

- 1 dL99
oLo(pp = 99 = xx) = / dr .
4M2 /s T

5(5=1s) . (1.399)
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Dark matter production with one jet in gluon fusion process

In the low-energy limit of vanishing Higgs four-momentum, the Higgs-field operator
acts as a constant field. In this limit it is possible to derive an effective Lagrangian for
the interactions of the Higgs bosons with gauge bosons, which is valid for a 125 GeV
Higgs bosons. This effective Lagrangian has been successfully used to compute the
QCD corrections to a number of processes, in particular to single-Higgs and double-
Higgs production from gluon fusion at the LHC. In this case, the result of using the
low-energy theorems has been shown to agree with the exact two-loop calculation to
better than 10%. We will also make use of the low-energy theorems to compute QCD
corrections to dark matter pair production via gluons fusion.

According to the Feynman rules for the effective interactions, the calculation has
been carried out in dimensional regularization with n = 4 — 2e dimensions. The strong
coupling has been renormalized in the MS scheme including five light-quark flavours,
i.e. decoupling the top quark in the running of a.

The collinear initial-state singularities are left over in the partonic cross sections.
Those divergences have been absorbed into the NLO parton densities, defined in the
MS scheme with five light-quark flavours. We end up with finite results, which can be
cast into the form

orLo(pp — XX + jet) = Aogy + Ady, (1.400)

with the individual contributions
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where 79 = ASJ’% The objects Py,(2), Pyy(2) denote the Altarelli-Parisi splitting
functions

Py(:) — 6{<1iz>++§—2+z(1—z>}+w(s<1—z),

41+ (1-2)?
3 z ’

(1.402)

where Ng = 5 in our case. The factorization scale of the parton—parton luminosities

dL% /dr is denoted by M.

In Fig.70,71,72 we show the cross section of this process for respectively a scalar,
fermionic and vectorial dark matter.
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Figure 70: Scalar DM pair production cross sections at the LHC with /s = 14 TeV

as a function of their mass for A\,g5 = 1. We consider the processes pp — ZSS, WSS
(green,dotted blue) , pp — W*W*+2Z*Z* — SSqq in the longitudinal vector boson
approximation (pink) and the exact result (red), and pp — SS + jet (dotted black).
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Figure 71: Fermion DM pair production cross sections at the LHC with /s = 14 TeV
as a function of their mass for \,5¢ = 1. We consider the processes pp — ZSS, WSS
(green,dotted blue) , pp — W*W*+Z*Z* — SSqq in the longitudinal vector boson
approximation (pink) and the exact result (red), and pp — SS + jet (dotted black).

Dark matter production in vector boson fusion processes

At high energies, one expects dark matter pair production in the vector boson fusion
channel to have a substantial cross section since the longitudinal vector bosons have cou-
plings to the Higgs which grow with energy. The cross section for q¢' — V*V* — yxqq
is calculated in the longitudinal vector boson approximation in which one computes the
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Figure 72: Vector DM pair production cross sections at the LHC with /s = 14 TeV
as a function of their mass for A5 = 1. We consider the processes pp — ZSS, WSS
(green,dotted blue) , pp — W*W*+Z*Z* — SSqq in the longitudinal vector boson
approximation (pink) and the exact result (red), and pp — SS + jet (dotted black).

cross section for the 2 — 2 process V.V, — xx. Denoting by By, the velocities of V
and the dark matter candidate in the VV c.m frame, one obtains

GEMyv* B {1 +52 1

2
215 Py 1—5\2/(§—m%1)] Qi (1.403)

&VLVL = O'(VL*VE — ZZ,§) =

with V = Z, W+,

This last expression has to be folded with the longitudinal vector boson luminosity
spectra 1.407 in order to obtain the q¢’ — xXqq' cross section, which again has to be
convoluted with the parton densities to obtain the full hadronic cross section

! dc
o(pp — VV* = iiqq') ~ / dr—

s T o(VIVI =i, s =15s) (1.404)

VLVL /pp

with @); beeing Qg, @, or Qv depending on the nature of the dark matter candidate
as defined previously in 1.394. The longitudinal vector boson luminosity is defined as
follow

arac dc
T dr’ d¢

%
dr

(1.405)

VL VL /pp q7q’ T VL VL /qq/

with £ = 7/7" and the classical quark-quark luminosity

dLad 'd
1 :/T ?Xq(x;QQ)q’(T/x;QZ). (1.406)
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About the scale, we make the typical choice () = my. Then, the longitudinal vector
boson luminosity reads

d 2(n2 + ~2)\2 1
_ﬁ _ e} (aq . Uq) + [(1 + 7_) 111(1/7') _ 2(1 — 7—)] . (1407)
dr VLVL/ed' g T

U¢, as are respectively the reduced vector and axial vector coupling of the fermion f
to the V boson. In terms of the electric charge @ of the fermion f and with 7 = :i:%
the left-handed weak isospin of the fermion and the weak mixing angle s%, = sin® fyy,
one can write the reduced couplings of the fermion f to the Z boson as

by =21} —4Qpsy, ay =217 . (1.408)
In the case of the W boson, its vector and axial-vector reduced couplings to fermions
are simply
by =ap =2 (1.409)
(These results are only valid in the one—family approximation.)

In Fig.70,71,72 we show the cross section of this process for respectively a scalar,
fermionic and vectorial dark matter.

Dark matter production in association with a gauge boson

In the case of dark matter pair production in association with a gauge boson the cross
section reads

~ ! ioA
amp a2 97— g7 0(ad = Vii;s = 7s) (1.410)

El

1 dLad
olpp = V* = Vii) = /

with
Gy Mp? (@2 +02)
2 5 Z2Qi (1.411)
192v/2m3s (1 — pv)
since there is three particles in the final state, we define the adequate (); quantities

as written in the following (we can check that in the limit My = 0 we re-obtain the
Eq. (1.394))

1 1
o(qqd — Vii;§ =171s) = / dxl/ dx
0 1—z1

Qs = |ghSS|2 )
Qx = |9hxx’2 25 [(1 — x3) + pz — 4Ap] s
1 1
Qv = lgmv|* — |20 + ~(1 — 23 + pz — 2uv)?| (1.412)

Hy 4

We also used the parameter Z defined as

1 pg(e3 +8uz)

Z = :
4(1 =3+ pz — pn)?

(1.413)

In Fig.70,71,72 we show the cross section of this process for respectively a scalar,
fermionic and vectorial dark matter.
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Cross section at eTe~ collider such as CLIC

We now concentrate on dark matter pair production through e*e™ annihilations [610].

Dark matter production in Z boson fusion process

Concerning dark matter pair production in Z boson fusion process, the expression of the
cross section reads

1
d

olete” = Z2* 7% — iill) ~ / dT—E

1

e e 07,2, (1.414)

Z1Zr5 [ee

using the longitudinal approximation, i.e the expression

GEMzv* B [1 2 1
G0, = olete™ — Z52% — iill,§ = 1) = L 2" B [ + 5%

r Q; .(1.415)

2ms B_v 1—- 5% (58— Mp)
and

dc 1 dz

i - P P - 1.416

dr VAWANLS /7' ZL/e(Z) ZL/e(T/Z) z ( )
d 2002 + 92)2 1
dz = 0@ TRy (i) — 201 - 1), (1.417)
dT ZLZL/GB 7

and with Q); = Qg, Qy, Qv defined as in the hadronic case 1.394.

In Fig.73 we show the cross section of this process for a scalar, fermionic and vectorial
dark matter candidate.

Dark matter production in association with a gauge boson

The dark matter pair production in association with a gauge boson in lepton collider
has a cross section which can be written as

2 (a2 + 0?)
ete” — Z* — Zii) / dx / Grmy ZQ;, 1.418
g ! 27097285 (1 — 117)? @ (1.418)
with ¢« = S,x,V corresponding to the Scalar, Majorana fermion or Vector Dark
Matter case. Where the electron-Z couplings are defined as a, = —1 and 0, =

—1 + 4sin® Oy, x12 = 2E12/+/s are the scaled energies of the two dark matter can-
didates, x3 = 2 — 21 — x5 is the scaled energy of the Z boson; the scaled masses are
denoted by p; = M?/s. In terms of these variables, the coefficient Z still reads as

1 pz(ai +8uz)
4 (1 — w3+ piz — pin)?

Z = (1.419)
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Since there is three particles in the final state, we use the following definitions

Qs = |gnss|”
Qy = |ghxx|2 25 [(1 —z3) + pz — 4]
1 1
Qv = lgmv]® = 263 + ~(1 — 25+ pz — 2u0)?] (1.420)

Hy 4

In Fig.73 we show the cross section of this process for a scalar, fermionic and vectorial
dark matter candidate.

102 T T T T T

my = 125 GeV
hii = 1
Vs=38TeV |

101 -

olefe” - VVete ) —
olete” = ZVV) ...
o(ete” — SSete”) ——
olete” - ZSS) ...
olete™ = xyxete™) —
olete” = Zxx) -

65 80 100 120 140 160 180 200
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Figure 73: Scalar, fermion and vector DM pair production cross sections in the processes
ete”™ — Zii and ZZ — ii with /s = 3 TeV, as a function of their mass for A\p; =1 .
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B Synopsis

La brisure spontanée de la symétrie électro-faible est un pilier essentiel des théories
modernes des interactions faibles. Dans le Modéle Standard, un seul doublet de champ
scalaire est nécessaire pour briser la symétrie, donnant naissance a 'unique boson de
Higgs de la théorie, témoin et relique de cette brisure. La découverte de cette particule
par le LHC (Large Hadron Collider) et la détermination de ses propriétés fondamentales
constituent de fait le test le plus crucial du Modéle Standard.

B.1 Le boson de Higgs dans le Modéle Standard

Dans ce prélude nous faisons un bref résumé de l'interaction forte, électro-faible et du
mécanisme de brisure de la symétrie électro-faible du Modéle Standard (SM).

B.1.1 Le Modéle Standard avant la brisure de la symétrie électro-faible

La théorie électro-faible de Glashow-Weinberg-Salam décrit 1’électromagnétisme et les
interactions faibles par I'intermédiaire des quarks et des leptons. Il s’agit d’une théorie de
Yang-Mills basée sur les groupes® de symétries SU(2);, x U(1)y. Lorsqu’on y ajoute le
groupe de symétrie SU(3) ¢ de la théorie de jauge QCD qui décrit I'interaction forte entre
les quarks, nous obtenons une théorie décrivant trois des quatre forces de la Nature :
c’est le Modéle Standard. Avant d’introduire la notion de brisure spontanée de la brisure
électro-faible, le modéle possede deux types de champs :

e Les champs de matiére, c’est-a-dire les trois générations de quarks et de leptons
chiraux droits ou gauches, fr 1 = %(1 ++°)f. Les fermions gauches sont dans des
isodoublets de I'interaction faible tandis que les fermions droits sont des isosingu-
lets de l'interaction faible

v, _ U
L, = - y €ERrRy = €Rp Ql = y  UR, = U'R7dR1 =
€ L d L

S

U, _ t
Ly = ( ) . Ry =Tp , Q3= (b) , URy, =tR,dR,
T )L L

L’hypercharge des fermions est définie en fonction de la troisiéme composante de
I’isospin faible I }"’ et de la charge électrique @y (en unité de +e), pour ¢ = 1,2,3
la relation de Gell-Mann-Nishijima s’écrit

1 v - ¢
[?L,3R::|:§’O L2: ( lu‘)L , eRQZILLR , Q2: ( )L 5 URQZCR7dR2

1 4 2
Yy =2Q; —2[; = Y= —-1,Y,, =2, Yy = 3 Y, =3 Yi =3

De plus les quarks sont des triplets du groupe SU(3)¢, alors que les leptons sont
des singulets de couleur. Ce qui méne a la relation qui sert & annuler les anomalies

5TStricto sensu il s’agit des algébres de Lie, mais nous ferons souvent cet abus en considérant plus
généralement le groupe de Lie associé
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de jauge

V=) Qr=0 (2.421)
f !

e Il y a les champs de jauge associés aux bosons de jauge de spin un, médiateurs des
interactions. Dans le secteur électro-faible nous avons le champ B,, qui correspond
au générateur Y du groupe U(1)y ainsi que les trois champs Wj’z’g’ qui corres-
pondent aux générateurs T (avec a=1,2,3) du groupe SU(2);. Ces générateurs
sont en fait équivalents & la moitié des matrices 2 x 2 de Pauli

. 1. (01 (0 —i (1 0
N IR

et ces générateurs satisfont les relations de commutation

[T°, T = ie™T, et [Y,Y]=0 (2.423)

ol €% est le tenseur complétement antisymétrique. Dans le secteur de l'interac-

tion forte il y a un octet de champs de gluons Gi"“’S qui correspondent aux huit
générateurs du groupe SU(3)c (équivalents a la moitié des huit matrices 3 x 3 de
Gell-Mann) qui vérifient

1
(K KY) =if*"™K, et Tr[KaKb]:E(Sab (2.424)

ol le tenseur f¢ regroupe les constantes de structure du groupe SU(3)c. Les
tenseurs de force sont donnés par

G, = 0.GL—9,G + g. f GG, (2.425)
We, = 0,W7 —0,W; + gac™™ W)Wy (2.426)
B,, = 0,B,—0,B, (2.427)

ol gs, g2 et g1 sont respectivement les constantes de couplage des groupes de
jauge SU(3)¢, SU(2)r et U(1)y. A cause de la nature non abélienne des groupes
SU(2) et SU(3), il y a des termes d’auto-interaction entre leur champs de jauge,
V, = W, ou G, menant a des couplages entre trois voire quatre bosons de jauge.
Les champs de matiére ¥ sont couplés de maniére minimale aux champs de jauge
par l'intermédiaire de la dérivée covariante D,, qui est définie dans le cas des
quarks par

Y,
D = (8, — ig KoGl — iga T, W — iglquM)\If (2.428)
menant a d’uniques couplages entre champs de matiere et champs de jauge de la
forme ¢;¥V,v, V.

Le Lagrangien du Modéle Standard, sans les termes de masses pour les fermions ni
pour les bosons de jauge, s’écrit alors de la fagon suivante

1 a v 1 a v 1 14
—Gh Gl = Wy, Wi — B, B

+ EiiDu’yuLi =+ éRiiD,u'V#eRi + QﬂDu’y#Qi + ﬂRiiDuy“uRi + d_RiiDu’y‘udRi

Lsm
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Ce Lagrangien est invariant sous les transformations de jauge locales des champs fer-
mioniques et de jauges. Par exemple dans le secteur électro-faible on a

L(x) = L'(z) = =@ HB8@Y 1) R(z) = R'(z) = @Y R(z) (2.429)

W) = W) — —0,8(x) — @) x W), By — By(z) — il Blr) (2.430)

g2 g
Jusqu’a maintenant les champs de jauge ainsi que les champs fermioniques sont gardés
sans masse. Dans le cas de l'interaction forte, les gluons sont en effet sans masse et on
peut fabriquer des termes de masse de la forme m,UW¥ pour les quarks et les leptons
invariants sous les transformations de jauge du groupe SU(3). Dans le cas du secteur
électro-faible, la situation est bien plus délicate :

e Si nous ajoutons un terme de masse de la forme, %M‘%—W#W“, pour les champs de
jauge (ce que nous souhaitons, puisque expérimentalement il a été démontré qu’ils
sont massifs) alors on viole I'invariance locales sous les transformations de jauge
SU(2) x U(1). On peut mieux comprendre cela grace a ’analogie avec le fait qu’en
QED le photon est sans masse a cause de la symétrie locale U(1)g

1 2 Jz 1 2 _1 u_l 1% 1 2 Ju
SMEALAY — SM (AM 68uoz> (A -0 a> # SMIAAY (2431)

e De plus, si nous ajoutions explicitement un terme de masse de la forme mf\If\If
pour chaque fermion f du SM dans le Lagrangien, nous aurions par exemple pour
I’électron

1 1
meee = meé<§(1 — %) + 5(1 + 75)>e = me(€ger + €rer) (2.432)
ce qui est manifestement non-invariant sous les transformations de SU(2), puisque

er, est un élément d’un doublet de SU(2)y, alors que eg est élément d’un singulet.

Ainsi, incorporer de maniére brutale des termes de masse pour les bosons de jauge et
pour les fermions brise automatiquement l'invariance sous les transformations de jauge
locale associées a SU(2)r, x U(1)y. En conséquence nous devons soit abandonner le fait
que Mz ~ 90 GeV et que m, ~ 0.5 MeV soit abandonner I'idée que la symétrie de jauge
imposée a la théorie soit exacte (non-brisée). La question qui s’est posée dans les années
soixante est la suivante : est-il possible de fabriquer la masse des bosons de jauge ainsi
que celle des fermions sans violer I'invariance de jauge SU(2) x U(1) ? La réponse est oui
et s’explique grace au mécanisme de brisure spontanée de symétrie (mécanisme de Higgs)
proposé par Brout-Englert-Higgs. En introduisant un champ scalaire qui va acquérir une
valeur moyenne non nulle dans le vide, un champ de jauge sans masse va acquérir une
composante longitudinale de polarisation et donc une masse. Pour les fermions, leur
masse peut apparaitre en les couplant au champ scalaire de maniére invariante sous les
transformations de jauge.

B.1.2 Le mécanisme de Higgs dans le Modéle Standard

La faible portée de l'interaction faible implique qu’il faut générer une masse pour les
trois bosons de jauge W= et Z° alors que le photon doit rester sans masse et la QED une



B.1 - Le boson de Higgs dans le Modéle Standard 235

V(9) V(9)

>0 § pra D § +v

FIGURE 74 : Potentiel V' du champ scalaire ¢ dans le cas u? > 0 (a gauche) et p? < 0
(a droite).

symétrie exacte. Ainsi, nous avons besoin de trois degrés de liberté, au moins, pour le
champ scalaire. Le choix le plus simple est de considérer le champ ® comme un doublet
complexe de SU(2)

ot

o= (¢0) , Y =41 (2.433)

Par simplicité nous ne considérons plus la partie due a l'interaction forte dans le La-

grangien du Modeéle Standard et nous ne considérons que la premiére famille des leptons
1 1 _

ESM = —ZWSVW(?V - ZBMVBMV + LZZDM’}/MLZ + éRiiDu’YMGRi + ... (2434)

Il nous faut ajouter la partie du champ scalaire invariante sous transformation de jauge

Ls = (D'®)(D,®) — V(®), V()= p1*d'd+ \(OTd)? (2.435)

Si le terme de masse p? est positif, le potentiel V(®) est aussi positif si auto-couplage
A est positif (nécessaire pour que le potentiel soit borné), ainsi le potentiel est mini-
mum pour (0|¢|0) = ¢p = 0 comme montré sur la Fig. 74. Lg est donc simplement le
Lagrangien d'une particule de spin 0 et de masse p.

Si u? < 0, la composante neutre du doublet de champs ® va acquérir une valeur
moyenne non nulle dans le vide (état de plus basse énergie) :

(@) = (0]®]0) = (%) avec v = (— “;)1/2 (2.436)

On peut faire I'exercice suivant :

e écrire le champ @ en termes des quatre champs 6, 5 5(z) et H(z) au premier ordre :

o(z) = (%5 (Uefﬁff L z'63> i) (%(U fH (x))) (2.437)
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e passer en jauge unitaire (oi seules restent les particules physiques dans le Lagran-
gien) par une transformation de jauge

CI)(J}) N e—z‘ea(m)fa(m)/vq)<x> _ % <U . 0H<x)> (2.438)

e développer le terme |D,®|* de Lg

1 1 , 1
|Dp®f* = 5(0,H)? + g3 (v + HP W + Wi + (v + H)* oW — 91 Byl

e on définit les nouveaux champs W= et Z,, (A, est le champ orthogonal a Z,,)

1 . 9:W, — 1B, 92:W, + 1B,
WE=—W!FiW?), Z,="~E—0 A,="E_—"0or (2439)
S A N R VBt
e regrouper les termes bilinéaires des champs W*,Z et A
1 1
MWW= + §M§Z“Z“ + éMiAuA“ (2.440)

On remarque que les bosons W et Z ont acquis une masse tandis que le photon est
resté sans masse

My, = %1192, My = %v g +gi, Msi=0 (2.441)

La moitié de notre objectif a été atteinte, en brisant spontanément la symétrie

SU(2), x U(l)y — U(1)g, trois bosons de Goldstone ont été absorbés par les bo-

sons W* et Z pour former leur polarisation longitudinale responsable de leur masse.

Comme la symétrie U(1)g n’est toujours pas brisée, le photon, qui en est le générateur,
reste sans masse, comme cela devrait étre le cas.

A présent on peut générer la masse des fermions en utilisant le champ scalaire
d’hypercharge Y = 1 et I'isodoublet ® = i75®*, qui a une hypercharge ¥ = —1. On
introduit le Lagrangien de Yukawa invariant sous SU(2), x U(1)y

Lp=—NL®er — \QPdp — X,QPur + h.c (2.442)
en considérant a titre d’exemple le cas de 1’électron, on obtient
1 o 0
EF = —E)\e(ye,eL) <1} + H) ER + ...
1
=——\(v+ H)érer + ... (2.443)

V2
Les constantes devant fr, fz (et h.c) sont identifiées avec la masse des fermions

AU AU AU
—_— — , mu = — y mg = —— 2 444

En conclusion de ce prélude, avec ce méme isodoublet & de champ scalaire, nous
avons généré la masse des bosons de jauge de I'interaction faible W+, Z ainsi que la masse
de fermions, tout en préservant la symétrie de jauge SU(2) x U(1) qui est a présent
spontanément brisée. La symétrie électro-magnétique U(1)q ainsi que la symétrie de
couleur SU(3) restent non-brisées. Le Modéle Standard est en fait 'invariance de jauge
SU(3) x SU(2) x U(1) combinée avec le mécanisme de brisure spontanée de symétrie,
dont le Higgs est 1’élément clé qu’il nous reste a étudier expérimentalement.

Me
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B.2 La production du boson de Higgs aux collisionneurs hadro-
niques.

B.2.1 Généralités sur les collisionneurs hadroniques

Le Higgs a tout d’abord été traqué au Tevatron du Fermilab (collisions pp) qui a atteint
une énergie dans le centre de masse de /s = 1.96 TeV et une luminosité intégrée de
L =12 fb~! de données par expérience (CDF et DO).

Depuis 2010 le LHC du CERN (collisions pp) acquiert des données. Il a fonc-
tionné a /s = 7,8 TeV avec une luminosité intégrée de £ =~ 20 fb™'. Mais il at-
teindra d’ici quelques mois 'énergie de /s = 13 TeV avec une luminosité prévue de
L=10"2pbts L

Deux expériences, ATLAS et CMS, ont été congues pour couvrir un large spectre de
signatures. La recherche du Higgs et de la supersymétrie ont été les principaux guides
pour construire les deux détecteurs.

La section efficace totale est extrémement grande aux collisionneurs hadroniques.
Elle est d’environ 100 mb au LHC, soit une fréquence d’interaction de 10° Hz. Dans
le cas de la recherche du boson de Higgs le rapport signal sur bruit de fond est dans
la plupart des voies de désintégration de I'ordre de 10710, Sa découverte a donc été un
véritable challenge expérimental.

B.2.2 Modes de désintégration du boson de Higgs

Un boson de Higgs se désintégre principalement en bb, 77, WW, ZZ,~v~, Z~ lorsque sa
masse est de 'ordre de 125 GeV cf. Fig. 75. De facon générale voici les critéres recherchés
pour extraire le signal :

e Dans la voie H — WW,ZZ, au moins un des bosons W/Z doit étre observé
dans un de ses produits de désintégration leptonique, sachant que les rapports
d’embranchement sont faibles BR(W — lv) ~ 20% pour | = u,e, BR(Z —
[T17) = 6% pour | = p,e et BR(Z — vv) ~ 18%. Il est donc nécessaire de
détecter avec précision des muons et électrons & grande impulsion transverse ainsi
que de mesurer précisément ’énergie transverse manquante des neutrinos.

e Une bonne résolution sur la mesure de I’énergie des photons est nécessaire pour
extraire du bruit de fond continu des vy~ I'étroite résonance provenant de la dés-
intégration H — 7.

e le mode de désintégration principal est H — bb, il est important d’avoir d’excellents
détecteurs de micro-vertex afin d’identifier les jets de quarks b.

B.2.3 Modes de production du boson de Higgs

Dans le Modéle Standard (SM) le Higgs se couple préférentiellement aux particules
lourdes qui sont les bosons vecteurs W et Z, le quark top et dans une certaine mesure
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FIGURE 75 : Rapport d’embranchement du boson de Higgs du SM en fonction de sa
masse.

FIGURE 76 : Principaux modes de production du Higgs par le SM dans les collisionneurs
hadroniques.

le quark b. Dans un collisionneur hadronique les quatre canaux principaux de création
du Higgs sont par production associée avec un boson W/Z, par fusion de bosons vec-
teurs, par fusion de gluons et par production associée avec des quarks lourds, comme
représentés par la Fig. 76.

Notons qu’il existe bien d’autres processus de production du Higgs mais leur sec-
tion efficace est bien plus faible a cause des couplages électro-faibles en plus, ou a des
couplages forts en plus (production du Higgs par fusion de gluons avec 0,1 ou 2 jets
associés).

Pour calculer ces sections efficaces de production du Higgs il nous faut utiliser la
théorie décrivant au mieux les interactions fortes, la QCD, a la fois dans son domaine
perturbatif et dans son domaine non perturbatif. Le régime perturbatif de la QCD est
a l'origine d’incertitudes théoriques sur la prédiction des sections efficaces des modes de
production du Higgs, car les calculs sont fait jusqu’a un ordre donné du développement
perturbatif. Le régime non perturbatif, représenté par les Fonctions de Distribution de
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Parton (PDF), est aussi associé a une erreur théorique.

Concernant les corrections radiatives de la QQCD, Il est bien connu que les processus
faisant intervenir I'interaction forte ont des sections efficaces entachées d’une large incer-
titude si le calcul est fait a ordre le plus bas (LO pour Leading Order). Chaque ordre
du développement perturbatif posséde une dépendance en 1’échelle de renormalisation
pr (pour laquelle on défini la constante de couplage forte) et en I’échelle de factorisation
(qui marque la séparation entre le domaine perturbatif de la théorie et le domaine non
perturbatif décrit par les PDFs). Mais la section efficace, observable physique, ne peut
dépendre de ces échelles de renormalisation et de factorisation qui sont non physiques.
En pratique il s’avére donc nécessaire de considérer le plus haut ordre perturbatif (HO)
dans la limite du possible afin de prendre en compte les corrections radiatives non négli-
geables. L’impact des corrections radiatives provenant des plus hauts ordres est souvent
quantifié par le rapport K qui est définit comme le ratio entre la section efficace évaluée
a HO (s et les PDFs calculées & HO) et la section efficace évaluée a LO (aj et les PDFs
calculé a LO)

ono(pp = H + X)

K =
oro(pp = H+ X)

(2.445)

B.3 Le mécanisme de fusion de gluons
B.3.1 Section efficace a LO

Les gluons n’ayant pas de masse (et de plus possédent une couleur), ils ne peuvent pas se
coupler directement avec le Higgs. La production du Higgs par le mécanisme de fusion de
gluons se fait donc par I'intermédiaire d’une boucle de quarks lourds comme représenté
par la Fig. 77. Dans le SM seulement le quark top et légérement le quark bottom vont
contribuer a cette amplitude. A l'ordre le plus bas (LO), la section efficace a ’échelle
des partons peut s’exprimer a 'aide de la largeur de désintégration gluonique du Higgs
oy (H = g9),

2

8Mpy

dro(9g — H) = o Mjd(5 — M) = Tro(H — gg)d(5 — M) (2.446)
oll § est I’énergie dans le centre de masse au carré de la paire de gluon gg. Avec le
résultat bien connu

Gosc(
%w}

o (H — gg) = (2.447)

Z A1/2 Q)
q

g

FIGURE 77 : Diagramme de création du Higgs par fusion de gluons, gg — H.
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Avec le facteur de forme A{% fonction de 7o = M7 /4m, défini par
Alja(7) = 2[1 + (1 = 1) f(7)]7 (2.448)

avec f défini comme

arcsin® \/7 <1
o-|

2
— 2.449
—}llln%—iﬂ} T>1 ( )

Dans cette approximation du premier ordre, on peut remplacer la distribution J par une
distribution de type Breit-Wigner
1 Sy /My

N . M2 -
00 = M) = AR + U /M)

(2.450)

Au premier ordre de la série perturbative et dans l'approximation de la largeur de
désintégration étroite, la section efficace proton-proton s’écrit

dL99 dL99 Vdx
O'Lo(pp%H):O'é{TH /

T avee S = [ Sgldglr/agd) (2450

ou classiquement 7 = M% /s est la variable de Drell-Yann et s I'énergie totale de la
réaction dans le centre de masse.

B.3.2 Section efficace a NLO

Pour inclure les corrections de QCD a o(pp — H + X), il faut prendre en compte, en
plus des corrections virtuelles, les processus

g9 — Hg, gq— Hq et qqg— Hg (2.452)

Des diagrammes de Feynman typiques des corrections radiatives de QCD sont représen-
tées Fig. 78.

Les corrections virtuelles modifient o,0(pp — H) par un coefficient proportionnel
a ag, tout comme les corrections réelles qui correspondent a la radiation de gluons ou

20000005

%

97T ----

FIGURE 78 : Diagrammes caractéristiques de correction virtuelle et réelle a NLO de
QCD pour g9 - H
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de quarks dans I’état final. Ainsi le Higgs créé dans des collisions gluon-quark et quark-
antiquark contribue & oyro(gg9 — H) par des termes d’ordre «;. On écrit alors la section
efficace pour les sous-processus ij — H + X, avec i,j = ¢,q,q

N o o 7 A Hyn Qg A

Gij = 0, {5ig(5jg [1 +C (TQ)? 6(1 —7)+ Dy (7, TQ)?@(l — T)} (2.453)
ol 7 = M% /5 est la nouvelle variable d’échelle et © est la fonction de Heavyside. Si toutes
les corrections sont présentes dans Eq. (2.453) alors les divergences ultraviolettes et
infra-rouges s’annulent. Il reste cependant des singularités colinéaires qui sont absorbées
dans la renormalisation des densités de partons, par exemple en adoptant le schéma de
renormalisation M S. La section efficace hadronique peut étre mise sous la forme

d
olpp = H+ X) = all |:1+CH&S}THdL+AO' —i—Aa L+ Al (2.454)
T

La correction a deux boucles de quarks virtuelles régularisée par les singularités in-
frarouge dues aux émissions de gluons réels se trouve dans le coefficient CH | qui se
décompose de la fagon suivante

33 — 2N
H_ _2, H f1 PR
Cl=rtd+——hy (2.455)
avec
"= ReY " Alla(re)es(10)/ Y Alla(7q) (2.456)
Q Q

Les contributions non singuliéres provenant de la radiation de gluon lors de collisions
gg et provenant des collisions gq et qq dépendent de 1’échelle de renormalisation ug et
de I'échelle de factorisation pup utilisées par les densités de partons.

L dres o,
Aol = /dT—E a('uR)aé{{ 2P, ()l +dH<Z,TQ)

99 dr T
In(l—z)
+ 12|:<T)+ — 2[2 — Z(l — Z) 111(1 — Z)] }
! AL as(p 1. upc
Aag = / dTZ - (WR)gé‘f{[_il TZ —i—ln(l—z)}ngq( )+dfq(z,7'@)}
TH q
ALY o (1
Aag = / dr Z r) Hdg(z,TQ) (2.457)

avec z = 1y /T et les fonctions de splitting d’Altarelli-Parisi

Pyy(z) = 6[<1iz)++%—2+z(1—z) +33_6—2Nf(5(1_z)
Pog(2) = %M (2.458)

ou F est l'usuelle “distribution +” telle que F(7), = F(7) — (1 —7) fol d7'F (7). Dans
la limite ot le Higgs est trés massif comparé a la masse des quarks (cas du quark bottom
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par exemple), 7o = M% /4dmg > 1

4
(rg) — sl (4m)?] - 5 In(4re)
2
dgy(,70) = —£In(47Q)[7 = 77 +57°] = 6In(1 = 7)[1 — 7 + 77|
L
+ 2 [3 - 67 — 27 4 57° — 6]

1—

dg(%’TQ) - 21%2_(14_(1_%)2) <%ln(4TQ)+ln(1;%)>]
0

>

dog(7.7Q) — (2.459)
Dans la limite inverse (cas du quark top), 7o = M7 /4mg < 1
11 11 1 32
H H 3 gH 2 H 3
c(mq) = o dgg = —?(1—2) ;o gy — —1+22—§z y g — 2—7(1—2) (2.460)

B.4 La mesure de ’auto-couplage du boson de Higgs au LHC

Dans le chapitre 2 nous avons discuté en détail des principaux processus de production
d’une paire de bosons de Higgs au LHC : par fusion de gluons, fusion de bosons vec-
teurs, double Higgs—strahlung et production associée avec une paire de quarks tops. Ils
permettent la détermination du couplage trilinéaire du Higgs A\ggg, qui est une étape
importante afin de reconstruire le potentiel du boson de Higgs et ainsi fournir la preuve
finale que le mécanisme du Higgs est a l'origine de la brisure de la symétrie électro-
faible. Nous avons inclus les corrections importantes de la QCD & NLO au processus de
fusion de gluons et de bosons vecteurs et nous avons calculé pour la premiére fois les
corrections NNLO du processus de double Higgs-strahlung. Il s’avére que la contribu-
tion au processus de production ZH H initié par des gluons & NNLO est significative
contrairement au cas ou un seul Higgs est radié. Nous avons discuté en détail des diffé-
rentes incertitudes sur les divers processus et nous avons fourni les valeurs des sections
efficaces ainsi que leur incertitude totale pour des énergies de centre de masse de 8,
14, 33 et 100 TeV. Cette incertitude est de I'ordre de 40% dans le cas de la fusion de
gluons tandis qu’elles sont bien plus réduites dans le cas de la fusion de vecteurs et de la
double radiation de Higgs, i.e inférieure a 10%. Dans le cadre du modéle standard nous
avons étudié la sensibilité du processus de production d’une paire de bosons de Higgs au
couplage trilinéaire dans le but d’estimer la précision a laquelle nous devons le mesurer
afin d’extraire ce couplage de maniére suffisamment précise.

Dans une deuxiéme partie nous avons effectué une analyse au niveau des partons
concernant le processus dominant de production d’une paire de bosons de Higgs, dans
différents états finaux qui sont bbyy, bbr7 and bbW W~ avec les bosons W qui se
désintégrent en leptons. D au fait que le signal est faible et que les bruits de fond
QCD sont larges, les analyses sont délicates. L’état final bbW W~ aboutit & un rapport
signal sur bruit de fond extrémement faible aprés avoir appliqué différentes coupures,
ainsi cette possibilité n’est pas prometteuse. D’un autre coté, la sensibilité obtenue apreés
coupures dans les états finaux bbyy et bbr7 sont de ~ 16 et ~ 9, respectivement avec un
nombre d’événements qui n’est pas trop faible. Ces processus sont donc suffisamment
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encourageants pour commencer de réelles analyses expérimentales qui tiennent compte
des effets de détecteur et de I’hadronisation, qui sont largement en dehors du cadre de
notre étude. Effectuant une premiére simulation au niveau du détecteur pour 1’état final
bby~y nous avons montré qu’a haute luminosité les résultats sont prometteurs. Prenant en
compte les incertitudes théoriques et statistiques, nous pouvons nous attendre a mesurer
le couplage trilinéaire d’auto-intéraction du boson de Higgs Agpp, & un facteur deux
prés. Afin d’améliorer la précision de cette mesure, il faudra trés certainement avoir
recour a de nouveaux collisionneurs.

B.5 Les implications d’'un Higgs & 125 GeV pour les modéles
supersymetriques

Au chapitre 6, nous avons étudié I'impact d’'un boson de Higgs ayant une masse de
I'ordre de 125 GeV, semblable a celui du modeéle standard, pour les théories supersymé-
triques dans le contexte des scénarios non-contraints et contraints du Modéle Standard
Supersymétrique Minimal (MSSM). En conclusion, nous avons montré que dans le mo-
déle phénoménologique du MSSM, il existe de fortes restrictions sur le mélange dans le
secteur du top et que, par example, le scénario avec mélange nul est exclu & moins que
I’échelle de brisure de la supersymétrie soit extrémement large, Mg > 1 TeV, tandis que
le scénario & mélange maximal est défavorisé pour de larges valeurs de Mg et tan .

Dans les scénarios constraints du MSSM, I'impact est encore plus important. Plu-
sieurs scénarios comme AMSB et GMSB sont défavorisés puisqu’ils ménent & une parti-
cule h trop légére. Dans le cas de mSUGRA, en incluant la possibilité que les parameétres
de la masse du Higgs ne soient pas universels, la partie non-exclue de ’espace des pa-
rameétres correspond a la région ou les masses de stop et Ay sont larges. Dans des
versions plus contraintes de ce modele telles que les scénarios sans échelle et le cNM-
SSM approché, seulement une petite portion de ’espace des paramétres est autorisée
par la contrainte sur la masse du boson de Higgs. Finalement, des parties importantes
de 'espace des paramétres de modéles avec une large valeur Mg menant & des particules
supersymétriques trés lourdes, telles que “split SUSY” ou “high—scale SUSY”, peuvent
aussi étre exclues puisqu’ils ont tendance a prédire un boson de Higgs trop lourd avec

B.6 Recherches de bosons de Higgs lourds dans la région des
faibles tan

A la suite de I'observation d’'un boson de 126 GeV par les collaborations d’ATLAS et
CMS, ayant tout ’air d’un boson de Higgs tel qu’il est décrit par le modéle standard,
I'un des prochains objectifs du LHC est de chercher de nouvelles particules non prédites
par le modéle standard. Cela peut se faire en améliorant la précision sur les mesures des
couplages du boson de Higgs en essayant d’isoler certaines déviations, mais cela peut
aussi s’effectuer en cherchant directement la production de nouveaux états.

Dans le chapitre 7, nous avons considéré la production des bosons de Higgs lourds
du MSSM : H, A et H* au LHC, en se concentrant sur le régime des faibles valeurs de
tan 8 < 3-5. Nous avons tout d’abord montré que cette zone de ’espace de phase du
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MSSM, qui a été trés longtemps considérée comme exclue, est toujours viable si nous
supposons que ’échelle SUSY est trés grande, Mg 2 10 TeV. Pour de telles valeurs de
My, les outils classiques qui permettent de déterminer les masses et les couplages des
particules supersymétriques, incluant les corrections d’ordres supérieures, deviennent
obsolétes.

Ainsi nous avons utilisé une approximation simple mais pertinente pour décrire les
corrections radiatives du secteur du Higgs, dans laquelle 1’échelle inconnue Mg et le
parameétre de mélange des stops X; sont échangés pour la valeur mesurée de la masse
du boson M} =~ 126 GeV. En trés bonne approximation, nous pouvons donc avec seule-
ment deux parameétres, tan 5 et M4, décrire le secteur du Higgs du MSSM en tenant
compte des ordres supérieures. En supposant que Mg soit suffisamment large, ces deux
paramétres peuvent avoir des valeurs faibles, i.e. tan 8 ~ 1 et M, = O(200) GeV.

Dans la région des faibles tan g, il y a un grand nombre de canaux dans lesquels
les bosons de Higgs lourds du MSSM pourraient étre étudiés. Les états neutres H/A
peuvent étre produits abondamment par le mécanisme de fusion de gluons et peuvent se
désintégrer dans un certain nombre d’états finaux telles que H - WW, ZZ, H — hh,
H/A — tt, A — hZ. D’intéressantes désintégrations peuvent aussi se produire dans
le cas de I'étude des bosons de Higgs chargés e.g. Ht — hW, 5, cb. Tous ces derniers
modes s’ajoutent aux deux canaux H/A — 777~ et t — bH™ — brv qui sont étudiés
par ATLAS et CMS et qui sont trés contraignants pour ’espace des paramétres & hautes
valeurs de tan 0 mais aussi a faibles valeurs de tan  comme nous I’avons montré.

Nous avons démontré que, déja avec les données actuelles du LHC collectées a /s =
7+8 TeV, nous sommes sensibles aux régions des faibles valeurs de tan et M, en
extrapolant simplement dans le secteur du Higgs du MSSM les analyses disponibles sur
la recherche & hautes masses de bosons de Higgs, c’est-a-dire les canaux WW, ZZ et
tt. Les sensibilités de ces recherches vont considérablement s’améliorer lorsque le LHC
fonctionnera a 14 TeV et aura collecté 300 fb~! de données. En 'absence de tout signal
a cette énergie, le plan [tan 3, M4] peut étre entiérement exclu pour toutes valeurs
de tan 8 et jusqu’a une masse du pseudoscalaire de M4 ~ 500 GeV. Des recherches
complémentaires peuvent aussi étre faites dans des canaux du Higgs chargé qui n’ont
pas été étudiés jusqu’a présent, tels que H — Wh.

Ainsi, tous les canaux qui ont été utilisés pour la recherche d’un boson du Higgs, de
type modéle standard & haute masse, peuvent étre recyclés pour la recherche de bosons
de Higgs lourds du MSSM dans la région des faibles valeurs de tan 3. Tout cela promet
un programme trés excitant de recherche de ces bosons de Higgs au LHC dés a présent.

Nous pourrions alors couvrir entiérement l’espace des paramétres du MSSM : la
région des grandes valeurs de tan [ étant couverte par 'amélioration des recherches des
canaux H/A — 77, la région des faibles valeurs de tan § étant couverte par les canaux
WW,ZZ. tt, ... La couverture du plan [tan /3, M,] sera alors faite indépendamment du
modeéle choisi sous aucune hypotheése faite sur I’échelle Mg et sur tout autre paramétre
supersymétrique. Les informations indirectes provenant de la masse du boson de Higgs
léger ainsi que les informations sur ces couplages seront a ajouter a cela.
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B.7 Le MSSM aprés la découverte du boson de Higgs

Dans le chapitre 8 nous avons étudié le “hMSSM”, c’est a dire le MSSM que nous pensons
avoir apres la découverte du fameux boson de Higgs au LHC, que nous identifions avec
I’état le plus léger. La valeur de la masse M, ~ 125 GeV et le fait que nous n’observons
pas (d’autres ?) de particules supersymétriques semblent indiquer que 1’échelle de brisure
douce de la supersymétrie doit étre large Mg 2 1 TeV. Nous avons montré en utilisant &
la fois une formule analytique approchée ainsi qu'un scan sur les paramétres du MSSM,
que le secteur du Higgs du MSSM peut étre décrit, en trés bonne approximation, par
seulement deux parametres tan 5 et M4 si I'information M), =125 GeV est utilisée & bon
escient. Nous pouvons alors ignorer les corrections radiatives aux masses des bosons de
Higgs ainsi que leur dépendance compliqués aux autres paramétres du MSSM et utiliser
une formule simple pour déduire les autres paramétres du secteur du Higgs, o, My et
MH:E .

Dans un deuxiéme temps, nous avons montré que pour décrire les propriétés de
h lorsque les corrections radiatives directes sont importantes, les trois couplages ¢, ¢,
et ¢y sont nécessaires en plus de la masse de I'état h. Nous avons effectué un fit de
ces couplages en utilisant les derniéres données du LHC et en prenant proprement en
compte les incertitudes théoriques. Dans la limite o les particules supersymétriques
sont lourdes, le point de meilleur fit s’avére étre a basse valeur de tan 3, tan § ~ 1 et
avec une valeur pas trop grande pour la masse du pseudoscalaire, M4 ~ 560 GeV.

La phénoménologie de ce point particulier est trés intéressante. Premiérement, les
bosons de Higgs lourds seront accessibles lors du prochain programme du LHC, au moins
par les canaux A, H — tt et potentiellement aussi dans les modes H — WW, ZZ puisque
les taux de production sont plutét larges pour tan 5 ~ 1. Cela est montré sur la Fig. 79 ou
nous avons représenté les sections efficaces multipliées par les taux de désintégrations
de A et H en fonction de tan et pour le choix particulier de M4 = 557 GeV et
correspondant & une énergie dans le centre de masse de /s = 14 TeV.

De plus, une densité relique correcte de neutralinos peut étre facilement obtenue par
I'intermédiaire du processus d’annihilation xx9 — A — ¢ en autorisant les paramétres
et My a étre du méme ordre de grandeur, la masse du neutralino étant proche du pole
du pseudoscalaire A, i.e. myo ~ 5 M.

B.8 Lorsque le boson de Higgs interagit avec la matiére noire
B.8.1 Contraintes sur des modéles simples

Dans le chapitre 10 nous avons analysé I'implication d’'un boson de Higgs de 125 GeV
pour des modeles génériques ot ce boson se couple & un candidat de matiére noire
qui est de type scalaire, fermionique ou bien vectoriel. Exigeant que le boson de Higgs
ait un rapport d’embranchement invisible inférieur a 10%, nous avons trouvé que la
section efficace pour une matiére noire avec une masse de l'ordre de 1’échelle électro-
faible est dans la gamme 1072 — 10~ pb dans presque tout l'espace des paramétres.
Ainsi I’ensemble de ces modéles seront expérimentalement accessibles par I'expérience
de détection directe XENONI1T qui sera aussi capable de différencier le cas ot la matiére
noire est scalaire ou vectorielle. La matiére noire fermionique est actuellement exclue par
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FIGURE 79 : Sections efficaces multipliées par les taux d’embranchements pour les bosons
lourds du MSSM A (& gauche) et H (& droite) au LHC /s = 14 TeV en fonction de tan 3 pour
M4 = 557 GeV et M;, = 125 GeV.

I'expérience XENON100. De plus, nous avons trouvé que la situation ot la matiére noire
couplant au boson de Higgs est légére, Mpy < 60 GeV, est exclue indépendamment de
sa nature puisque la désintégration invisible du Higgs serait trop importante et serait
donc incompatible avec les mesures de production du boson Higgs au LHC. Finalement,
il sera difficile d’observer les effets de la matiére noire au LHC dans la situation o
Mpy 2 60 GeV puisque les sections efficaces de production sont trés faibles. De telles
études nécessiteront trés certainement un accélérateur de type ete” avec une grande
luminosité.

B.8.2 Les désintégrations invisibles du boson de Higgs

Nous avons montré que les recherches de simple jet au LHC fournissent déja des limites
trés intéressantes sur la largeur de désintégration invisible du boson de Higgs, contrai-
gnant celle-ci a étre plus petite que le taux de production du boson de Higgs dans le
modeéle standard a 95% de niveau de confiance. Cela apporte une contrainte importante
sur les modéles ot la section efficace de production du boson de Higgs est amplifiée et ou
le rapport d’embranchement en particules non détectables est significatif. Les recherches
de monojets sont sensibles surtout au processus de fusion de gluons et ainsi elles peuvent
contraindre la largeur invisible du boson de Higgs dans des modéles ou le couplages du
Higgs aux bosons de jauges sont réduits. Les limites obtenues pourront étre largement
améliorées lorsque plus de données seront collectées, en supposant que les erreurs sys-
tématiques sur les contributions du modéle standard au processus de simple jet seront
réduits.

Nous avons aussi étudié, dans une approche qui ne dépend pas du modéle, la complé-
mentarité entre le rapport d’embranchement du boson de Higgs en particule de matiére
noire et la section efficace de cette derniére sur les nucléons dans le contexte de théories
effectives. La limite BR;,, < 0.2, suggérée par la combinaison des données du Higgs
dans le secteur visible, implique une limite sur la section efficace de détection directe
qui est bien plus forte que celle obtenue par I'expérience XENON100 pour un candidat
de matiére noire scalaire, fermionique ou vectoriel. Ainsi, dans le contexte des modéles
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simples de couplage du boson de Higgs & un candidat de matiére noire, le LHC est
actuellement 1’expérience la plus sensible pour une matiére noire légere.

B.9 Lorsque le champ d’hypercharge interagit avec la matiére
noire

Dans le chapitre 11, nous avons considéré la possibilité qu’un secteur dit caché, contienne
plus qu'un champ vectoriel massif. Dans ce cas, une nouvelle structure d’interaction de
dimension 4 de type Chern—Simons devient possible. Cette derniére couple le champ
associé a I’hypercharge a la combinaison antisymétrique des vecteurs massifs. Si ces
derniers sont stables, de tels couplages se manifestent par de I’énergie manquante dans
la désintégration de divers mésons et du boson de jauge Z ainsi que la production de
simple jet et de simple photon au LHC. Si le secteur caché posséde une symétrie Z, cela
rendrait le champ vectoriel le plus léger stable et donc un bon candidat de matiére noire.
La signature caractéristique de ce scénario est 1’émission mono-chromatique d’une raie
gamma & partir du centre Galactique. Nous avons trouvé que cette possibilité est com-
patible avec d’autres contraintes qui incluent celles du LHC et celles de détection directe
de matiére noire. Une importante partie de ’espace des parameétres est expérimentale-
ment accessible par la détection directe de matiére noire ainsi que par les recherches de
mono-photon au LHC.

B.10 Matiére noire non thermique et théorie de grande unifica-
tion

Le modéle standard de la physique des particules est plus que jamais justifié apres la
découverte du boson de Higgs. Cependant ce modéle posséde beaucoup de parameétres
et les couplages de jauge ne s’unifient pas a haute énergie. Parmi les approches les plus
élégantes pour comprendre certains de ces paramétres, les théories de grande unification
(GUT), dans lesquelles les couplages de jauge o 2 3 proviennent d'un seul et méme cou-
plage de jauge qui est associé & un groupe de jauge plus général, permettent 1'unification
des couplages de jauge. Cette idée est confortée par le fait que les nombres quantiques
des quarks et leptons dans le modéle standard possédent une représentation simple dans
une symétrie GUT , par exemple, le 10 et 5 de SU(5) ou le 16 de SO(10).

Dans le chapitre 12 nous avons montré que des groupes de jauge de type GUT
comme Fg ou SO(10), qui contiennent un sous-groupe additionnel U(1) (a celui du
modele standard) et étant brisé & une échelle intermédiaire, peuvent facilement expliquer
I'unification des couplages et peuvent contenir un nouveau candidat de matiére noire qui
est chargé sous le nouveau groupe de jauge U(1). Cependant contrairement au processus
standard d’annihilation & 1’équilibre nous avons proposé un mécanisme alternatif pour
produire la matiére noire par I'intermédiaire de nouveaux bosons de jauge lourds associés
au nouveau groupe U(1). Tandis que la matiére noire est bien produite a partir du
bain thermique, celle-ci n’atteint jamais son équilibre : ce mécanisme de production a
été baptisé Matiére Noire Thermale en Non-Equilibre (NETDM). La densité relique
de matiére noire est obtenue juste aprés la période de réchauffement inflationnaire.
Ce mécanisme est fondamentalement différent des autres mécanismes de production
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de matieére noire non-thermique. En supposant qu’aucune des particules de matiére
noire n’est produite par la désintégration de I'inflaton pendant le réchauffement, nous
avons calculé la production de matiére noire et nous avons relié la température de
réchauffement a 1’échelle intermédiaire associé a un certain groupe de jauge nécessaire
pour obtenir 'unification des couplages de jauge. Dans le contexte des modéles SO(10),
nous avons démontré qu’il existe un lien étroit entre la température de réchauffement
inflationnaire et le schéma de brisure de SO(10) pour donner le groupe de jauge du
modéele standard.

B.11 Lorsqu’un boson Z' interagit avec la matiére noire

Dans le chapitre 13 nous avons étudié la geneése de matiére noire par 'intermédiaire
d’un boson Z' ayant une masse de quelques GeV jusqu’a une masse supérieure a la
température de réchauffement inflationnaire. Plus particuliérement nous avons distingué
deux régimes : 1) un médiateur trés lourd ayant une masse supérieure a la température
de réchauffement Try et 2) un médiateur similaire & un boson électro-faible, illustré par
un modéle avec un mélange cinétique avec un nouveau boson U(1), i.e. un boson Z’, qui
couple faiblement au modéle standard a contrario de son couplage avec la matiére noire.

Dans le cas d'un médiateur trés massif, nous avons résolu le systéme d’équations
de Boltzmann obtenant alors la dépendance de la production de matiére en fonction
de la température de réchauffement. En exigeant une bonne densité relique de matiére
non-baryonique, I’échelle de I'interaction effective A doit étre approximativement de 10!
GeV, pour Try ~ 10° GeV.

Pour des Z’ plus légers qui couplent avec le modéle standard par 'intermédiaire d’un
mélange cinétique avec le groupe de jauge U(1) du modéle standard, nous considérons
une masse de Z’ allant de 1 GeV a 1 TeV. Les valeurs du mélange cinétique 0, compa-
tible avec 'abondance relique de matiére noire, doivent vérifier 10712 < § < 107! selon
la masse du boson Z’. Pour de telles valeurs, les contraintes provenant d’autres expé-
riences comme la détection directe et indirecte, la production direct au LHC sont sans
incidences. Cependant les limites provenant de la nucléosynthése primordiale peuvent
étre relativement importantes. Concernant ’étude de I’évolution de la densité en nombre
de particule, nous avons vérifié les effets de I’équilibre chimique entre la matiére noire et
le boson Z’ sur la population finale de matiére noire qui s’avérent donner une correction
au maximum d’un facteur 2.
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