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Search for supplementary Higgs bosons at the

Abstract

Despite its incontestable experimental success, the Standard Model of par-
ticle physics leaves unanswered many fundamental questions like the hi-
erarchy problem and the origin of dark matter, motivating the study of
physics beyond its scope. The NMSSM is a well-motivated extension of
the SM addressing these two issues. It features a rich phenomenology ac-
cessible, in principle, at the LHC. In particular, the Higgs sector of the
NMSSM is extended with respect to the SM giving rise to six scalars. It is
the aim of this thesis to study the discovery potential of these extra Higgs
bosons at the LHC.

After introducing the NMSSM and its motivation, we first study the dis-
covery prospects for a scalar lighter than the 125 GeV resonance found at
CERN, reviewing its possible production and detection at the upcoming
runs of the LHC and its possible impact on couplings of the Standard
Model Higgs boson.

Next, prospects for searches via Higgs cascades involving extra light and
heavy Higgs bosons are presented. Detailed studies by means of Monte
Carlo methods are performed, and new dedicated analysis are proposed.
These last results are not confined to the NMSSM and can be interpreted
in a wide class of models.

Résumé

Malgré un succes expérimental incontestable, le Modele standard (MS)
de la physique des particules laisse de nombreuses questions fondamen-
tales sans réponse, comme le probleme de hiérarchie et 1'origine de la
matiére noire, motivant I’étude de la “ nouvelle physique”. Le Next-to-
Minimal Supersymmetric Standard Model (NMSSM) est une extension
tres intéressante du MS répondant a ces deux problémes. Il comprend une
riche phénoménologie, en principe accessible au Grand Collisionneur de
Hadrons (LHC). En particulier, son secteur de Higgs est étendu par rap-
port au MS, générant six scalaires. Le but de cette these est d’étudier le
potentiel de découverte de ces bosons de Higgs supplémentaires au LHC.
Apres une introduction du NMSSM et de ses motivations, nous étudions
d’abord les perspectives de découverte d’un scalaire, plus léger que la
résonance a 125 GeV mise en évidence au CERN, en passant en revue ses
possibles modes de production et de détection dans les phases a venir du
LHC, et ses possibles impacts sur les couplages du boson de Higgs du MS.
Ensuite, les perspectives de recherche via les cascades de Higgs, impliquant
des bosons de Higgs supplémentaires légers et lourds, est présentée. Des
études détaillées au moyen de méthodes Monte-Carlo ont été réalisées, et
de nouvelles analyses dédiées sont présentées. Ces derniers résultats ne
sont pas restreints au NMSSM, et peuvent étre interprétés dans une large
classe de modeles.
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La recherche de bosons de Higgs
supplémentaires au LHC

De nos jours, la meilleure compréhension des particules élémentaires
et de leurs interactions s’exprime dans le cadre de la Théorie Quan-
tique des Champs (TQC). Au cours du dernier siecle, d’immenses
progres ont eu lieu dans le développement de la TQC et des théories
de jauge, aboutissant en fin de compte au Modele Standard (MS) de
la physique des particules. Le MS est une théorie cohérente qui unifie
les interactions électromagnétiques, forte et faible — trois des quatre
forces fondamentales de la nature — au sein du groupe de symétrie de
jauge SU(3).xSU(2), xU(1)y. Le MS a été testé de maniere exhaus-
tive au cours des dernieres décennies par de nombreuses expériences,
qui ont confirmé de maniere continue le modele. Avec la découverte
en 2012 par les collaborations ATLAS [1] et CMS [2] d'une particule
jusqu’ici compatible avec le boson de Higgs du MS, on dit souvent
que le MS est “complet”, au sens ou toutes les particules prédites ont
été observées et jugées compatibles avec le MS vis-a-vis de la sen-
sibilité expérimentale actuelle. Cependant, il existe de nombreuses
raisons empiriques de croire que le MS n’est pas la théorie ultime de
la nature.

Pour commencer, il ne prend pas en compte la gravité. Les ten-
tatives pour fondre le MS dans un cadre relativiste ont conduit
a de la non-renormalisabilité et a des divergences non-physiques.
Deuxiemement, un ensemble de robustes observations astrophysiques,
en particulier les courbes de rotation des galaxies et I’Amas de la
Balle, suggerent fortement I’existence d’une matiere électriquement
neutre : la matiere sombre [3,4] (bien que d’autres explications sans
particules aient été proposées, voir [5]). Si c’est bien le cas, un (ou
des) champ(s) particulaires associé(s) a la matiére noire est (ou sont)
attendus. Aucun des champs du MS n’est un candidat convenable
pour la matiére noire.
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Un autre probleme, largement considéré comme la plus robuste
preuve de physique au-dela du modele standard, est lié a la masse
des neutrinos. Dans le cadre du MS, les neutrinos sont des champs
sans masse qui interagissent avec le reste de la matiere uniquement
via l'interaction faible. Cependant, dans les années 60 déja, des
expérimentateurs ont rapporté avoir mesuré des oscillations de saveur
des neutrinos [6], impliquant des masses non-nulles [7]. Il y a plusieurs
manieres de donner une masse aux neutrinos, et dans tous les cas on
doit faire appel a la Nouvelle Physique (NP).

D’autres problemes fondamentaux existent, par exemple I'inexpliquée
asymétrie matiere-antimatiere de 1’Univers, ou d’autres problémes
plus conceptuels, comme le fort arbitraire de la théorie (19 parametres
libres qui doivent étre déterminés expérimentalement), la non-unification
des forces de jauge et le probleme de hiérarchie.

Arrétons-nous un moment sur le probleme de hiérarchie, que 'on
peut résumer comme suit : dans le MS, la masse du boson de Higgs
recoit des corrections quantiques quadratiquement divergentes avec
une échelle de coupure A:

oty ouign?
mi o~ (Mi)pae — |M[*x AT+ log. divergences... (1)

alors que la partie gauche de I’équation correspond a la masse ob-
servée a 125 GeV le terme (m?)pare st un parametre libre du la-
grangien (nu). Donc, on peut conclure que si la nouvelle physique
au dela du modele standard se présente a ’échelle d’énergie A (par
exemple A ~ Appnc ou ~ Agur), c’est a dire que si le MS est une
théorie effective a basse énergie d'une théorie plus complete, on de-
vrait s’attendre a une compensation miraculeuse de l'ordre de 32
décimales pour obtenir une valeur de la masse du bosons de Higgs
a I’échelle electrofaible. Ce fait étrange, qui est considéré est connu
comme le probleme d’ajustement fin ou le probleme de hierarchie.
Apres tout, la nécessité d’ajuster finement les parametres de la partie
droite de I’équation (1.1) est due a I’énorme différence entre 1’échelle
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d’énergie electrofaible (la masse du Higgs) et I’échelle de la nouvelle
physique, probablement la masse de Planck. Cette différence reste
inexpliquée.

Que se passe-t-il aux masses des autres particules? Est ce que
la masse des fermions ont le méme probleme? La réponse est non.
En effet, les divergences quadratiques ne sont pas présentes dans le
cas des masses des fermions : la symétrie chirale agit comme une
protection contre les nouvelles larges échelles d’énergie et la brisure
de cette symétrie donne naissance a seulement des divergences log-
arithmiques. En conséquent, le probleme de hierarchie peut etre
vu comme un manque de symétrie dans le modele standard pour
protéger la masse my, contre les grandes échelles d’énergie.

La supersymétrie (SUSY) a été pendant une tres longue période
comme 'un des théories les plus populaires pour résoudre le probleme
de hierarchie. Accidentellements, les modeles supersymétriques in-
cluent également un candidat potentiel de matiere noire et si la SUSY
est promue localement, la gravité est incorporée dans le cadre de la
supergravité. Dans le contexte de la SUSY, les fermions (bosons) sont
incorporés dans des superchamps incluant leur partenaires scalaires
(fermioniques). A la fois les composantes bosoniques et fermion-
iques contribuent aux corrections quantiques de la masse du boson
de Higgs de telle fagon qu’elles s’annulent exactement. La brisure
de la SUSY (a travers les termes brisant la SUSY légerement) donne
naissance a des corrections a la masse du Higgs avec une dépendance
logarithmique :

(5m% ~ mgoﬁ X In(Aqur/Msoft) + - (2)
offrant une solution au probleme de hierarchie. La SUSY protege
donc la masse du boson de Higgs de corrections radiatives. Rappelons
nous, toutefois, que ’écart de masses entre les particules du modele
standard et leurs partenaires supersymétriques, donné par les termes
brisant la SUSY légerement ~ mg, s, ne peuvent pas étre trop larges
ou bien de larges corrections radiatives seraient réintroduites et par
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Figure 0.1: Des diagrammes qui contribuent aux corrections quantiques de la masse du
boson de Higgs. A gauche : loop qui est dii aux fermions du modele standart. A droite :
loops avec des contributions des bosons supersymétriques. Les diagrammes fermioniques
et bosoniques sont annulés entre eux de maniére exacte en supersymétrie exacte.

conséquent un probléme d’ajustement fin. Pour cela, si la SUSY
est responsable de la solution du probléme de hierarchie, rendant
la théorie naturelle, les nouvelles particules sont attendues avec des
masses proches de 1’échelle du TeV.

Pour cela, les modeles supersymétriques ont été tres largement
étudiés et beaucoup de recherches ont été menées aupres des collab-
orations expérimentales au LHC et ses prédécesseurs.

Dans cette these, on étudie les aspects phénoménologiques du
secteur du Higgs neutre du NMSSM (Next-to-Minimal Supersym-
metric Standard Model). On étudiera en détail la possibilité de
découverte offerte par le LHC, explorant les régions les plus prom-
eteuses de l'espace des parametres de la théorie et en étudiant les
stratégies d’études du Higgs prédit par le modele.

Le plan est le suivant : dans le chapitre 2 nous introduisons le
Modele Standard Minimal Supersymétrique (MSSM) en développant
particulierement le sécteur du Higgs. On passera en revue les lim-
itations du modele MSSM motivé par son extension immédiate, le

NMSSM qui sera présenté au chapitre 3.
Le chapitre 4 est consacré a la perspective de découverte d’une
particule légere hy de type singlet avec une masse m;, S 125 GeV

~Y

et son impact potentlel sur les propriétés de 1'état de type MS h
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(identifié a la particule de 125 GeV découverte). Finalement, au
chapitre 5 nous avons présenté une étude Monte Carlo spécifique
a la sensibilité de découverte — ou a 'exclusion — au LHC pour une
cascade de désintégration du Higgs qui pourrait etre interprétée dans
d’autres modeles avec des secteurs de Higgs suffisamments large.
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Chapter 1

Introduction

As for today, our best understanding of the elementary particles and their interac-
tions is expressed in the context of Quantum Field Theory (QFT). During the last
century a tremendous progress has taken place in the development of QFT and
gauge theories, ultimately leading to the Standard Model (SM) of particle physics.
The SM is a consistent gauge theory unifying the electromagnetic, strong and weak
interactions - three of the four known fundamental forces in nature - under the
gauge symmetry group SU(3). x SU(2), x U(1)y. The SM has been exhaustively
tested in the last decades at a large number of experiments, being continuously
confirmed in all its predictions. With the discovery in 2012 by the ATLAS [1] and
CMS [2] collaborations of a particle so far compatible with the SM Higgs boson,
it is often said that the SM is “complete”, in the sense that all particles predicted
by the SM have been measured and confirmed to be compatible with it at the
present experimental sensitivity. However, there exist numerous empirical reasons
to believe that the SM is not the ultimate theory of nature.

To start with, it does not incorporate gravity. Attempts to embed the SM
general in a relativistic framework leaded to non-renormalizability and unphysical
divergences. Second, a set of solid astrophysical observations, namely the galaxies
rotation velocities and the Bullet Cluster strongly suggest the existence of some
electrically neutral kind of matter: dark matter [3,4] (although other non-particle
explanations exist, see [5] for instance). If that is indeed the case, a particle field(s)
associated to the dark matter is(are) expected. None of the SM fields are suitable
candidates for dark matter.

Another issue, widely considered as the most solid evidence of BSM physics, is
related to the mass of the neutrinos. Within the SM, neutrinos are massless fields
which interact with the rest of matter only through the weak force. However,
already in the 60s experimentalist reported the measurement of neutrino flavour
oscillations [6], implying a non-vanishing value for their masses [7]. There is not
a unique way to give a mass term to the neutrinos, and in all cases new physics
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(NP) must be invoked.

Other fundamental problems exist, e.g. the unexplained matter-antimatter
asymmetry of the universe, or other more conceptual issues, like the large arbi-
trariness of the theory (19 free parameters which must be determined from exper-
iments), the (non)unification of gauge forces and the hierarchy problem.

Let us stop for a moment on the hierarchy problem, which we can outline as
follows: In the SM, the Higgs boson mass receive quantum corrections which are
quadratically divergent with the cut-off regulator A:

ou oue?
m; o~ (M)pare — |M]*x  A* 4+ log. divergences... (1.1)

while the left-hand side of this expression corresponds to the observed mass ~ 125
GeV, the term (m})pare is a free term of the (bare) lagrangian. Hence, one can
conclude that if there are new physics beyond the SM showing up at a higher
energy scale A (for instance A ~ Apjguer or ~ Agyr), i.e. if the SM is a low
energy effective field theory of some more general underlying theory, one would
need miraculous cancellations of the order of 32 decimals to have the desired value
for the Higgs mass at the electroweak scale. This awkward fact, which is regarded
as unnatural, is known as the fine-tuning problem or the hierarchy problem. After
all, the necessity to fine-tune the parameters in the right-hand side of (1.1) is due
to the enormous difference between the electroweak scale (the Higgs mass) and
the scale of new physics, probably gravity. This hierarchy in the scales remains
unexplained in the SM.

What happens to the other particles masses? Do fermion masses have the same
problem? The answer is no. Indeed, power divergences are not present in the case
of fermion masses: chiral symmetry acts as a ‘protection’ against large new scales,
and the breaking of chiral symmetry give rise only to logarithmic divergences.
For the case of gauge bosons, gauge symmetry protects their masses. Thus, the
hierarchy problem can be regarded as a lack of a symmetry in the SM to protect
my, against very high scales.

Supersymmetry (SUSY) has been for long time the most popular theoretical
framework to solve the hierarchy problem. Incidentally, supersymmetric mod-
els also naturally embed dark matter candidates and, if promoted to be a local
symmetry, gravity is incorporated in the so-called super-gravity. In the context
of SUSY, fermions (bosons) are embedded into superfields including their scalars
(fermions) superpartners. Both the fermionic and bosonic components of the su-
perfields contribute to the Higgs mass quantum corrections in such a way that
they cancel exactly. The breaking of SUSY (through soft SUSY breaking terms in
the lagrangian) gives rise only to logarithmic divergences,

6mf21 ~ mioft X ln(AGUT/msoft> + ... (12)



solving the hierarchy problem. SUSY is thus protecting the Higgs mass from
large radiative corrections. Recall, however, that the mass gap between the SM
particles and their supersymmetric partners, given by the soft SUSY breaking
terms ~ My, could not be too large, or large radiative corrections would be
reintroduced and hence a fine-tuning problem. Therefore, if SUSY is responsible
for the solution of the hierarchy problem rendering the theory natural (in the sense
of not being fine-tuned), the new particles are expected to live at the TeV scale.

For these and other reasons, supersymmetric models have been extensively
studied in the literature, and many dedicated searches for supersymmetric parti-
cles have been done by the experimental collaborations at the LHC and previous
experiments.

In this thesis, we study the phenomenological aspects of the neutral Higgs
sector of the Next-to-Minimal Supersymmetric Standard Model (NMSSM). We
focus on the discovery power offered by the current LHC experiments, exploring
the most promising regions in the parameter space of the theory and devising
search strategies for the Higgs particles predicted by the model.

The outline is as follows: in chapter 2 we introduce the Minimal Supersym-
metric Standard Model (MSSM), with particular emphasis on its Higgs sector.
We review the limitations of the MSSM motivating its immediate extension, the
NMSSM, which is presented in chapter 3.

Chapter 4 is devoted to the discovery prospects of a light mostly singlet-like
state hs below my, < 125 GeV, and its possible impact on the properties of the
mostly SM state h (identified with the 125 GeV discovered particle). Finally, in
chapter 5 we present a dedicated Monte Carlo study of the discovery — or exclusion
— sensitivities of the LHC for Higgs cascade decays, which could be interpreted in
other models with large enough Higgs sectors.






Chapter 2

The Minimal Supersymmetric

Standard Model (MSSM)

We have already pointed out in chapter 1 the limitations of the SM and sketched
the main ideas behind supersymmetry. We introduce here the minimal supersym-
metric extension of the SM, the MSSM. The MSSM consists in a softly broken
supersymmetric model that reproduces the SM with the minimum amount of new
fields with respect to it.

In this chapter we will introduce the MSSM matter content, its lagrangian and
the main properties of the model, with particular attention to the Higgs sector.

2.1 Field content

The matter content of the MSSM is by construction reproducing entirely the SM
fermionic fields. Each SM matter field (quarks and leptons) is embedded in a chiral
superfield including its superpartner. For instance, the left-handed electron field
er, is part of the left-handed electron superfield f)e, which also includes its scalar
superpartner, the (left-handed) selectron €7, with the same quantum numbers.
Thus, for each quark (lepton) there is associated a ’squark’ (’slepton) with the
same gauge charges. Since the gauge group of the model is the same as the one
of the SM, i.e. SU(3). x SU(2); x U(1)y the chiral superfields have the same
quantum number as their correspondent SM fields. There are no extra quarks or
leptons in the model beyond the chiral superfields associated to the ones of the
SM.

Regarding the Higgs sector, the supersymmetrization is slightly less straight
forward. In principle, we could just proceed as we did above: we promote the
Higgs boson of the SM to a chiral superfield including its fermionic superpartner
(the so-called ‘higgsino’), and this should be it. However, such supersymmetric

>
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extension of the SM with only one Higgs chiral superfield leads to an inconsistent
model, and a second one should be introduced for various reasons:

1. Gauge anomalies cancellation. Gauge anomalies are quantum mechan-
ical effects (loops) that break the gauge symmetry of the classical theory.
In a quantum field theory with gauge symmetries, gauge anomalies have to
be avoided since they lead to unphysical negative-norm degrees of freedom,
making the theory inconsistent. In the SM, the diagrams giving rise to a
potential gauge anomaly consist in the chiral (left-handed) fermion loops
with three gauge bosons attached to it. The condition for the cancellation
of these diagrams is

Tr[(T3)*Y] =0 (2.1)

where T3 and Y are the third component of the weak isospin and the hy-
percharge respectively, and the trace runs over the SM left-handed fermions.
Expression (2.1) is satisfied in the SM when we include all the three fam-
ilies of quarks and leptons. Now, when we promote the fermionic fields to
chiral superfields we introduce new scalar degrees of freedom, which do not
contribute to the gauge anomaly cancellation condition (2.1). However, if
we embed the the SM Higgs doublet into a chiral superfield, a new chiral
fermionic degree of freedom (the higgsino) with hypercharge Y = 1' is intro-
duced. One higgsino alone contributes to the trace (2.1) spoiling the gauge
anomaly cancellation, rendering the theory inconsistent. The easiest way of
circumventing this issue is introducing a second Higgs (super)doublet with
opposite hypercharge Y = —1 in such a way that both new contributions to
(2.1) cancel out, preserving the theory anomaly free.

2. Up and down fermion masses. Fermions in the SM acquire their mass
through the Higgs mechanism. Although up and down type fermions have
opposite hypercharges, Yukawa terms for both type of fermions could be
written in a gauge symmetric way using only one Higgs doublet. This is
thanks to the fact that the 2 representation of SU(2) is equivalent to its
conjugate 2. Indeed, the Yukawa terms

Yo (H - qr)uy + ya(H - qr)d5% + ye(H - 1), (2.2)

give rise to the masses after symmetry breaking, where H is the complex con-
jugate of the Higgs field H. However, in the framework of supersymmetry

"Here we use the convention for the hypercharge Y = Q — Ty, where Q is the electric charge
and T3 is the third generator of SU(2)r. Recall that in the literature is not uncommon to find
the alternative definition ¥ = 2(Q — T3).
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Chiral superfield Scalar Fermion SU(3). SU(2), U(l)y
Q| Q.  a 3 2 13
(s)quarks uel | Uy’ usy! 3 1 -4/3
D% | DY u$! 3 1 2/3
L | L 1 1 2 -1
(s)leptons ot | mes +
EG | ER en 1 1 2
.. . H,| H, H, 1 2 1/2
Higgs/higgsino . -
A, | Ay Hy 1 2 1)2

Table 2.1: Chiral superfields of the MSSM, with its corresponding quantum numbers.
The index f =1...3 denotes the fermion family.

Gauge group Vector superfield | Vector Fermion
U(l)y B B, b
SU(2). Wi W W’
SU(3). A? A §°

Table 2.2: Vector superfields of the MSSM, containing the gauge bosons and the

gauginos.

we cannot write a field and its complex conjugate together in the superpo-
tential. Supersymmetry requires that the superpotential itself should be a
chiral superfield, and as such it should be a function of the chiral superfields
® alone, and not ® 2. Thus, one doublet is required to give mass to the up-
type fermions, H,, and a second one for the down-type fermions and leptons,

H,.

Finally, each gauge boson of the SM is part of a vector superfield, which includes
a fermionic supersymmetric partner, the ‘gauginos’ (gluinos for SU(3), winos for
SU(2) and binos associated to U(1)). As the gauge bosons, the gauginos transform
in the adjoint representation of their associated gauge group.

functions of chiral and antichiral superfields (i.e. complex conjugate chiral superfields) are

vector superfields.
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2.2 Lagrangian

In the framework of softly broken supersymmetry, once one has specified the gauge
symmetries and the chiral superfields of a model, the Lagrangian is specified by
the superpotential and the soft supersymmetry breaking terms. In the following
we consider the R-parity and CP-conserving MSSM. The corresponding superpo-
tential is given by:

Wssm = pH, - Hy + 3,Q - ﬁuUE +yally - @bﬁz +yHy - IA/E};% (2.3)

where the “-” denotes the SU(2) product, and the yukawa couplings y,, y4 and
Y. and the superfields @, UA}%, DA‘j%, Ef_—{ and L should be interpreted as matrices and
vectors in family space. The first term in (2.3) is the infamous u term, about
which we will discuss later, and is responsible for the higgsinos masses. The other
three terms give rise to the usual Yukawa terms that generate the fermion masses,
but also include interactions between fermions and sfermions and contributions
to the scalar potential (sfermion-sfermion interactions). Recall that, unlike the
dimensionless Yukawa terms y,, ys and y., p has dimensions of mass and is the
only dimensionful parameter of the purely supersymmetric part of the MSSM
lagrangian.

The soft supersymmetry breaking terms are included in the lagrangian of the
model to explicitly break the unobserved mass degeneracy between particles and
their superpartners. In this sense, soft-SUSY broken models such as the MSSM
should be regarded as a low-energy limit of an underlying model where SUSY is an
exact symmetry, but it is broken spontaneously at a given scale Mgy gy. Thus, the
soft SUSY breaking part of the lagrangian is just a parametrization of the leftovers
of an underlying theory after spontaneous symmetry breaking, just as the fermion
mass terms in the SM after electroweak symmetry breaking. The corresponding
MSSM soft SUSY breaking couplings and masses are:

Ly = 5 (Msgg + Mo, + MiFH)
+(YuAuQ - HU® — ygAaQ - HiDy — yo AL - HoEp, + h.c.)
+m%\L\2+m2E|ER|2+m2Q|Q!2+m?]|UR|2+m2D|DR\2
+miy, | Hu|*+my;, |Hal*+ Bu(H, - Hy + h.c.). (2.4)

Ms, My and M, are the gluino, wino and bino mass terms. The trilinear couplings
Ay, Ag and A, are 3 x 3 matrices in family space with dimensions of mass, and
are in one-to-one correspondence with the yukawa couplings of the superpotential
(2.3). The mass terms m7,, m3,, m%, m2%, m> are also 3 x 3 matrices in family space,
and should be hermitian in order to render the lagrangian real. The last term in

(2.4) are the soft-SUSY breaking contributions to the Higgs potential. Although
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in principle all these parameters are complex, most of them can be rendered real
through field redefinitions to absorb their complex phase. Those having still the
possibility of being complex are assumed to be real, restricting ourselves to the
CP-conserving MSSM.

Before introducing the soft-SUSY breaking lagrangian (2.4), the purely super-
symmetric superpotential (2.3) hardly introduces new free parameters with respect
to the SM: only the complex parameter . On the other hand, the soft SUSY
breaking terms are a priori not fixed in the MSSM, leaving us with 105 new free
parameters [8] which introduce a huge arbitrariness in the model.

2.3 Higgs sector and electroweak symmetry
breaking

With the lagrangian introduced, let us focus now on the Higgs sector and the
mechanism of electroweak symmetry breaking.

We start our discussion deriving the expression for the scalar potential V. The
Higgs part of the superpotential (2.3) is:

WMSSM _ i - Hy, (2.5)

and the corresponding soft SUSY breaking term (we write only the ones involving
the Higgs fields):

Lo = —m}, HiH, —my HyHy — Bu(H,Hy + h.c.). (2.6)
This leaves us with a Higgs potential for the MSSM given by:

Vsusy

—
V =V + Vo +Viost (2.7)

where Vr and Vp are the F- and D-terms obtained from the Higgs superpotential
(2.5)%, and Vi, is the Higgs scalar potential from the soft SUSY lagrangian. Let
us analyze each term of the scalar potential (2.7):

e The F-term is given by the auxiliary fields Fj:

Ve = YIRE. (28)

3For a comprehensive review on supersymmetry and the mathematical apparatus behind
these results, we refer the reader to [9].
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We can obtain algebraically the expression for the auxiliary fields F; from

the equations of motion:
Fy, = peHy,  Fp, = pe;H,
Hence the F-term reads

Vie = |l (|Hu*+ Hal?)

(2.9)

(2.10)

e The D-term, associated to the auxiliary fields D of the gauge vector super-

fields:

1, 1,
VD:§DY+Z§DQ

a=1

(2.11)

and again, from the equations of motion for the auxiliary gauge fields D:

Dy = —g1 S (Vi|AP) = T (|H*~|H.[?)

)

Da = g2 ZAT%AZ

(2.12)

(2.13)

where A; = H,, Hy are the scalar Higgs multiplets, 7% are the Pauli matrices

and g; and g, are the gauge couplings. One has:

2 2 2
91t 9 2 2\2 | 92 2 2 2
Vi = S0 (IHlP = Hal?) "+ (|Hul? [ Hal*~ | Hue Ha?)

where the antisymmetric tensor € rises and lowers SU(2) indices.

e The soft SUSY breaking term is given by:

Viost = m%,u|Hu]2—|—m§{d|Hd|2+(Bu(HueHd) + h.c.)

Putting all the pieces together we have:

2 2 2
91 + 95 2 AL 2 2 2
TP (b 1)+ 2 (P Ha P HucH ) +

(miy, + ) Hol*+(my, + |pl*) | Hal*+(Bu(HueHg) + hec.),

V:

expanding the SU(2) doublets,

u H 2 ) Hd_ )

(2.14)

(2.15)

(2.18)
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the final expression for the scalar potential V' reads:

2 2 2

+ 2 2

v= A8 3 % (|HS’2+\HJ|2—|HC(1)|2—\HJ|2> + *922 ‘HJ*HC? - HS*H;’ +
(miy, + [pP)(HH P+ HG ) + (my, + |l) ([ Ha+ Hy )

+(Bu(HIH; — HYHY) + h.c.). (2.19)

We are now interested in finding a minimum of this potential such that it breaks
electroweak symmetry down to electromagnetism SU(2), x U(l)y — U(1)gum.
Note that we can perform a SU(2) gauge transformation to set (H}) = 0%, and
hence (H,) = v, is in the direction of the neutral component, and can be taken
real and positive. Also, we see that (H;) = 0 implies that Vp has the minimum
at (H;) = 0. The By term is the only term which depends on the global phases
of the fields, so we can absorb any phase of By into a field redefinition, and we
have By real and positive. Since H)H) must be real and positive, (H?) and (H9)
must have opposite phases. We can therefore remove these phases by a U(1)y
gauge transformation since Yy, = —Yp,, and then we have the VEVs all real and
positive. It follows that CP cannot be spontaneously broken by the Higgs scalar
potential since the VEVs and By can be simultaneously be chosen to be real.
This implies that the Higgs scalar mass eigenstates can be assigned well defined
eigenvalues of CP (at least at tree level).

The minimum of the potential occurs at

2 | 2 )
Vinin = 2l _;—QQ (’UZ - UZ) +
(miy, + |ul*)(v3) + (mig, + 16) (v7) — (Buvava)
1 Uy, g2 + g2 2
5(% vd)M2< )—i— 18 2(1}3—1}2) (2.20)
Ud
where v, = (H?),vy = (HY) and
4., —B
M? = ( i O (2.21)
—Bp my,

Vacuum stability requires that the potential is bounded from below when ¢ — oo
for all orientations of the vector ¢ = (H,, Hy). A straight forward analysis shows
as that this condition holds if

my, +my, > 2Bp (2.22)

“From here onwards, we denote by (H) the vacuum expectation value (VEV) of a field H,
i.e. its expected value at the minimum of the potential.
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is satisfied. Electroweak symmetry breaking requires that the origin is not a min-
imum, i.e. the determinant of M? should be strictly negative;

detM? <0 = mj, my, < (Bp)’ (2.23)

Provided that (2.22) and (2.23) are satisfied, the conditions for v, and v, to be at
the minimum are given by 9V, /0v, = 0, OV,pin /Ovg = 0:

9+ 9
92 (02 )+ 2ol 4 )~ 2B = 0 (224)
2 2
IR ) 2, + )~ 2B, — 0 (229
It is convenient to define: ) )
92 — g]_ + 92 (226)
2
and
Vg = v cos U, = vsin 3, tan § = Yu (2.27)

Ud

where v? = |v,|*+|va*= 1/(2V2Gr) ~ 174 GéV. The minimization equations
become:

M2
miy, + |u*=Bptan f + =% cos(28) = 0 (2.28)
M2
miy, + = Bucot § — =% cos(28) = 0 (2.29)
. v’ N
where M7, = — the mass of the Z gauge boson. Combining (2.28), (2.29) and
sin 23
ing tri tric identiti t t =2 2 dt = ——
using trigonometric identities cot(3) + tan(f3) cse(2p) and tan 8 52 i1
we find:
2 _ 2
My = L Aty A Y miy, —mi, — 2|uf’ (2.30)
1 — sin?(20)
2B
sin(2f) = & (2.31)

M, + M, + 2lul*

These equations relate the vev v to the soft SUSY breaking parameters. We see
that the realisation of electroweak symmetry breaking implies a relation between
the supersymmetric term g and the soft SUSY breaking terms.
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2.3.1 Mass spectrum of the Higgs sector

In order to analyse the mass spectra, we expand the fields around the VEVs (uni-
tary gauge) and decompose the neutral fields in its hermitian components;

1
H,; va+ —=(HY, +iHY,)
o=l s Lo oy |0 He= V2 e
Uy Y w,r (2= 29 -
V2o ’ Hy
We can also replace m%,d and m%,u in the scalar potential (2.19) in favour of tan
and v, and vy using the minimization conditions. Thus, one can easily read the

mass matrices from the potential by taking derivatives:

(2.32)

e The CP-odd mass matrix The CP-odd mass matrix is composed by the
imaginary components of the neutral complex Higgs fields H? and Hy. This
matrix is a 2 X 2 real matrix. In the (Hg,i, H37i> it takes the form:

02V 02V
OHY.OHY. OHY.OHY,
M = Ghy T (2.33)
R N (2.34)
B uB cot B .

By computing the determinant of this matrix, we realize that det(M3) = 0.
Thus, there is a (real) Goldstone mode living here, which will become the
longitudinal component of the Z boson after spontaneous symmetry breaking
(SSB). The non vanishing eigenvalue is given by the trace of M3 (since the
trace is conserved after rotating the matrix to its diagonal form):

2uB
M3 = 2.35
A7 sin2p ( )
and it constitutes the only CP-odd physical scalar field of the Higgs sector

of the MSSM.

e The CP-even mass matrix The CP-even mass matrix is composed by the
real components of the neutral complex Higgs fields H? and HY. It isa 2 x 2

real matrix, which in the (H S’T, HSVT) takes the form:

>V PV
OHJ,0HS, OHY,0HY,
M= T (2.36)

aH’S,TaHg,T aH’S,TaH’S,T
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:>M2=(

g*v3 + pBtan B

—g*v,0q — uB  g*v: + uBcot 3

—g*vuva — pB )

(2.37)

This matrix has two different non vanishing eigenvalues corresponding to the
two neutral CP-even Higgs particles of the theory. They are:

1
Mg, = 3 (Mi + M} + \/(Mf1 + M2)* — 4M3 M2 cos? 25)

(2.38)

e The charged mass matrix The mass matrix containing the two complex
scalar Higgs fields H," and H; is given by the 2 X 2 complex matrix (in the
basis (H;, H):

u

oV oV
OH,0H, OH,;0H*
Mipe = | Vg T (2.39)
OHfOH; OHfOH}
g2
“ZUuVa + ,uB) tan 3 ﬁvuvd + uB
;qud + uB (;vuvd + pB) cot 3

This matrix has a zero eigenvalue, i.e. a (complex) charged Goldstone boson,
which will be ‘eaten’ by the W boson after SSB. The remaining Higgs mass

1S

My« = M3 + M,

(2.41)

Rotating the Higgs mass matrices: Higgs basis and the decoupling

limit

We are now interested in rotating these matrices by a certain angle so they become
diagonal, i.e. we want to find the rotation matrices such that give us the physical
Higgs particle content of the theory. First of all, we can rewrite the matrices M3,

M% and M3 in a more convenient way:

tanfg 1

1
M5, §Mj sin 23 ot (2.42)
1 tanfg —1 1 cotp -1
M —M? sin 2 + —M2sin 2 2.43
8 2 A P —1 cotp 277 b —1 tanp )
1 t 1
M §Mj sin 23 al; b ot 5 (2.44)
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It is easy to check that the CP-odd matrix M% is diagonalized by rotating it by
an angle —3 given in (2.31). Clearly, M%2+ has exactly the same form of M% so
it is diagonalized by the same angle. On the other hand, M% has two different
contributions, one proportional to the mass of the CP-odd neutral Higgs A and
the other to the mass of the Z boson. The corresponding mixing angle o which
diagonalize this matrix is given, in the basis (H,, Hy, S) — (h, H) by:

Mj; (M5 — M)
M3 (M — M)

cos’(f —a) = (2.45)

Thus, the neutral gauge eigenstate fields can be expressed in terms of the mass
eigenstates by using these rotation matrices:

Hg - Vd L—l h L—l G
(Hg)_(%)wfz <a>(H)w§R @(A) 210

where G is the corresponding neutral Goldstone boson. The explicit form of the
orthogonal rotation matrices is:

R_l(a) _ ( cosa  sina ) (2.47)

—sina cosa

Thus, the physical states are expressed in terms of the gauge eigenstates by the
following expressions:

e for the CP-even mass states:

h = cosaH,, +sinaHg, (2.48)
H = —sinaH,, +cosaHy,. (2.49)

e the CP-odd state is simply

A = cosfA,; +sinBAqg, (2.50)
e the charged Higgs boson:

H* = cosBHE +sin3HF (2.51)

e and finally the neutral and charged goldston bosons:

G = —sin BAU,,Z —+ cos ﬁAdﬂ' (252)
G* = —sinBHE + cos BHF (2.53)
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Although the masses of the Higgs bosons are not known a priori (as they depend
on the free parameters of the theory), we see from (2.38) that the two eigenvalues
for the CP-even states (where the 125 GeV boson should live) are bounded by
My and M4 respectively. From current experimental data, and the fact that M4
is given by the soft SUSY breaking terms, we expect My > My. Thus, it is
interesting to analyse the case where the mass gap between H and h is large;

M3 > Mj. (2.54)

From the expressions for the masses given above we find that this limits implies,

M
at first order in —2-

A

Mz ~ M3% ~ M. (2.55)
M? ~ M2 cos® 23 (2.56)

i.e. the masses of the heavy bosons are degenerate: they form SU(2) isospin
doublets of degenerate mass, whereas the light h remains light, bounded at tree-
level by M. The mixing CP-even angle a can be obtained from (2.45). Indeed,
taking M3 < M3, (2.45) vanishes and thus we have a = 3. A further analy-
sis of the lagrangian shows us that the fields 4’ and H' defined by the rotation

(Hyy, Hay) o, (W', H') are such that h' has the same couplings of a SM Higgs,
whereas H' is decoupled form the vector bosons. This limit is known as the decou-
pling limit, and the basis defined by a rotation 8 in the CP-even Higgs field space
is called the Higgs basis, since h' couples to SM matter as the SM Higgs does.
This basis is very useful as current experimental data suggest that the 125 GeV

resonance found at the LHC has properties very close to the ones expected from
a SM Higgs, and thus ' ~ h.

2.4 Limitations and extensions of the MSSM

2.4.1 The SM Higgs mass

Recall that the masses of A, H and H* can be in principle arbitrarily large since
they all grow with pB/sin(23). On the other hand, the mass of h is bounded
above by (from eq. (2.38))

M? < M3 cos? 28 < 91 GeV (2.57)

at tree level. This bound is phenomenologically worrisome, as Higgs searches
at LEP would have discovered such a boson [10]. The LHC finally measured
a scalar particle compatible with the SM Higgs boson [1,2] at m; ~ 125 GeV,
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raising tension between data and the MSSM prediction (2.57). However, there
exist potentially large radiative corrections AM; for this mass [11], dominated by
the top quark loop and its two superpartners, the stops. These are given by:

3m? m?2 X2 X2
2 t t t
YR <1n (m) 2 <1 _ mmp)) | (2.58)

where mj; is the soft-SUSY stops mass term and X; is the stop mixing parameter,
defined as X; = A; — pcot 8. After taking into account these corrections, the
bound (2.57) is pushed up to

Mp = M} e + AME (my, mp) < 130 GeV (2.59)

and therefore compatible with the measured value. Nonetheless, the MSSM stop
sector requires certain tuning of the masses and mixing parameters in order to
accommodate my, &~ 125 GeV [12], which is very near the actual theoretical bound
(2.59). This necessity to adjust the parameters to reproduce the Higgs mass rein-
troduce a fine-tuning problem, called "the little fine tuning problem” [12,13]. Al-
though it is many orders of magnitude less severe than the original hierarchy puzzle
presented in chapter 1, it turns out that the MSSM suffers a problem of the same
nature that the one that it was meant to solve.

2.4.2 The i problem

Recall that the only dimensionful parameter introduced in the pure supersym-
metric lagrangian is the ;4 mass term appearing in the superpotential (2.3). If one
would have to bet for a value for  (without knowing about the present phenomeno-
logical constraints), probably a natural value for ;1 would be at the order of either
the Grand Unification (GUT) scale ~ Agyr or Planck scale ~ Apjgper, if again we
regard the theory as a low energy EFT of an underlying most fundamental (maybe
quantum gravity) theory. On the other hand we have many other dimensionful
parameters in the full lagrangian £ = £5Y5Y 4+ £5° but they have a completely
different origin since they are (soft-) SUSY breaking terms, coming from some un-
known SUSY breaking mechanism. Hence, we have two different scales appearing
in the lagrangian; u (in principle defined at an unknown scale which could be any-
where) and Mgysy (which is naturally placed at the TeV scale). This is already
disturbing.

Indeed, in the full Higgs potential we find that the mass parameter of the Higgs
scalars is

o) O(Msusy)

VMSSM — /\2\ 2 H02 H+ 2 260
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Ultimately | ,u|2+m§{u provides a value for the Higgs VEV which generate the elec-
troweak scale, and the expression above implies that Mgy sy is not the only scale
requiring an explanation for why My is far below the Mpj e, but also p. One
possible way out is to argue that p actually vanishes due to some unknown extra
symmetry. However, doing such a thing faces several problems:

e Phenomenological constraint: Due to the fruitless searches for charginos at
LEP, actually not only  is needed but it has to satisfy u L 100 GeV.

e 1 = 0 enlarges the symmetry of the system introducing a Peccei-Quinn
symmetry in the Higgs sector and hence an unacceptable massless axion [14].

So with ¢ = 0 excluded, one can realize that |u| cannot be too large neither,
since the Higgs potential must be unstable at its origin (H, = Hy = 0) in order to
generate the electroweak SSB. With y only having positive contributions in (2.60),
it must not dominate, but instead must satisfy |u|S Msyusy. Hence, with both
‘natural’ values for p ruled out (i.e. 0 or Mgyr), it seems that g must accidentally
take a precise value at the Mgygy scale, and the need for an explanation for this
is the p-problem.



Chapter 3

The Next to Minimal

Supersymmetric Standard Model
(NMSSM)

3.1 Why the NMSSM?

We finished our presentation of the MSSM pointing out its theoretical ‘weak-
nesses’, particularly emphasising the p-problem. Although explanations for the p
parameter have been proposed within the context of the MSSM [15] under certain
assumptions, the NMSSM offers an elegant solution to this problem, by means of
a mechanism analogous to the Higgs mechanism that gives masses to the fermions
in the SM. In the framework of the NMSSM, the p term is generated dynamically
by the vev of a SM-singlet field S, which is naturally generated at the SUSY scale
Msusy-

The NMSSM matter content thus is the same as the MSSM one, with the only
inclusion of a singlet superfield S.

3.2 Lagrangian

Instead of working with the most general lagrangian that could be obtained by
including one singlet superfield to the MSSM superpotential, we restrict ourselves
in this thesis to the so-called Zs-invariant NMSSM [16]. In this context, the super-
potential must remain invariant under the discrete rotation of the superfields by a
phase & — e T . As a consequence the remaining superpotential has no dimen-
sionful parameters (thus avoiding a possible reintroduction of a u-like problem).

19
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The superpotential reads:

A

A A N S3
Wassm = ASH, - Hg+ s
+yuQ ' F[uUIC% + ydﬁd . Qﬁ% + yeﬁd : IA/EAIICQ (31)
Then, a VEV s of S of the order of the weak or SUSY breaking scale generates an
effective u term:

feff = AS (3.2)

solving the p problem of the MSSM. As expected, new terms appear in the soft
SUSY breaking part of the lagrangian, notably a mass term for the singlet scalar
as well as trilinear couplings with the doublets and the singlet itself:

1 .
—LRnissm = 3 (M3§§ + Maw,w, + M1bb>

+m | L +mp| Eg|*+md| Q> +mi | Ug|*+mp| Dg|?

iy, | Ho*+mig, [ Hal*+mig S|

+(YuAuQ - HU® — yaAaQ - HaDy — yeAcL - HoER,y

1

+AAVH,, - HyS + 5/@4553 +h.c.) (3.3)
As we will see below, the soft SUSY breaking terms, expected to be at the order of
the TeV scale, are the only dimensionful terms appearing in the minimization equa-
tions. Thus, the soft SUSY breaking scale Mgygy is the only scale of the theory,

and the electroweak symmetry breaking can be regarded as a direct consequence
of supersymmetry breaking.

3.3 The Higgs sector and EWSB

The electroweak symmetry breaking mechanism is realised in a very similar fashion
as in the MSSM - through the vevs of the Higgs doubles v, and vy. The Higgs
part of the superpotential in the NMSSM is

3
Witiggs = NSH, - Hy+ %53 (3.4)
where S is the chiral superfield for the singlet, which has SM quantum numbers

(1,1,0). The soft SUSY breaking lagrangian (involving the Higgs fields alone)
reads:

!
CYSSM — 2 | H Pmd, | Hy|?—m3|S 12— (AAAHU HuS + 5hALSS + h.c) (3.5)
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Then, from the SUSY gauge interactions, the F' and D terms, and the soft SUSY
breaking terms one obtains the Higgs potential:

Vo= |\(HfHy — HIHY) + 582
+ (m¥, + MSP) (IHP+HS1?) + (m3, + ASI?) (1HIP+Hy P)

9+ 95
8

1
+m3|S |2+ (AAA(Hde — HYH))S + gmﬁs3 + h.c.) (3.6)

SN2 G5 . .
(!H3|2+|HI|2—|H3|2—|Hd |2) +§2|HJH3 + HyHy*?

we proceed exactly in the same way that we did for the MSSM: the neutral Higgs
fields are obtained by expanding the full scalar potential around the vevs v,, v4
and s (which can be taken to be real and positive),

1
Hy Hy) =vs+ —(Hy, +iHy,
H.= O + ! (HY +iH®) |’ Ha= o \/§< v ) 3.7)
= ,Uu — VA . —
u \/§ u,r U,? Hd
S = s+ (S, +iS)) (3.8)
=S — O 195 .
V2
so one is left to consider the minima of
2 2
Vinin = (—Avvg + ks?)? + 91 292 (v —v3)?
+(m, + As* vl + (mF, + As*)v]
2
+m%s® — 20N A\v,v48 + g/iANSS. (3.9)

By field redefinitions, we find that A, v, and v4 can be taken to be real and positive,
whereas k and s can have both signs.

In order to follow the analogy with the MSSM, it is convenient to define:
Beg = Ax + ks (3.10)

Note that Beg and peg play the role of the MSSM-like B and p parameters respec-
tively.
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Therefore we have three minimisation equations instead of two, namely e
Uy
0, v =0 and v = 0. They are:
0vg O0s

2 2
+
g 4 & (U'12L - U§)> - UdBeHHeff = 0 (311)

o (4 s

v 2 2 )2 2_9%"‘95 2 _ 2 —u. B _
d | M, T teg T A7V, 1 (v, — vg) VyBesitter = 0 (3.12)

s (m% + KAgs 4 26787 + N (02 +02) — 2)\/£qud) —AvgAy = 0 (3.13)
The first two equations are of the same form of the minimisation equations in the
MSSM (2.24) and (2.25). We define, as usual,
Vg = v COoS 3, v, = vsin 3, tan = Gu. (3.14)
Vg

Combining these first two minimization equations, one arrives to the expressions:

2 2
o My, — My 2 2 2
Mz = W — My, — My, — 2, (3.15)
and 9.
sin 28 = il (3.16)

mi + myy, + 2y + N2
From the expression above, the parameter p.g is situated at the electroweak scale,
and it is required to be above ~ 100 GeV due to the constraints on chargino
searches at LEP [17], and not much larger than My to avoid large cancellations in
3.15.

The third minimisation equation can be solved algebraically for s.

3.3.1 DMass spectrum of the Higgs sector

In order to analyse the mass spectra, we expand the fields around the VEVs in the
unitary gauge (3.7). Recall that once the soft Higgs mases are expressed in terms
of My, tan 8 and s, the Higgs sector of the NMSSM at tree level is described by
a total of six parameters,

A, K, tanf, e =As, A, and A,. (3.17)
e The CP-odd mass matrix in the (Hy;, H,;, S;) basis reads:

MeﬁBeff tan 6 NeffBeﬂ )‘Uu (AA - 2/€3>

ME = Lo Bet Lt Begt cot 3 Mg (Ay — 2K8) ($.18)
Uy Ud

Ay (Ay — 2k8)  Avg (A — 268) A (Beg + 3KS) — 3KkAs
5
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This matrix always contains a massless Goldstone boson G, who shows
up explicitly performing a rotation (Hy;, Hy, S;) RCEA), (A',G,S;) in the
(Hgq, H,;) sector. After dropping the Goldstone mode, one is left with a
2 x 2 matrix M2 in the basis (4', S;)

9 QBeff/,l,eﬁ‘/Sin 25 )\(A,\ — 2/‘%8)’0
= M5 = VU4
— 3KkA,s

3.19
AMA\ —268)v A(Best + 3KS) (3.19)

S

Note that the first diagonal term corresponds to the mass M3 of the MSSM-
like CP-odd Higgs A. Thus, we define

2/fLeffBeff
M? = . 3.20
A sin 23 ( )

The physical states, denoted by A (mostly MSSM-like) and a, (mostly singlet-
like) are obtained through a final 2 x 2 rotation from (A4’,S;) towards the
mass eigenbasis (A, as) by an angle v :

A = A'cosy— S;siny (3.21)
a;, = A'sinvy+ S;cosvy (3.22)

e The charged mass matrix The 2 x 2 complex valued charged mass matrix
in the basis (HJ, H;" = Hj) is given by

, 2 £ 1
M2 = j1egBugt + 14 (gQ— )) «© 3.23
I <Mff £+ vuba | | tans (3.23)

Again we see that the form of the matrix is the same as (2.44), so it can
be diagonalized by rotating it with R(—/). We find one (complex) massless
Goldstone mode G+ with Méi = 0 (which will be ‘eaten’ by the W charged
bosons) and one eigenstate associated to the physical charged Higgs

QMeHBeff 92
M}, = 22 - 3.24
He = Tgnog TV % (3.24)
We can compare the value of this mass with the one obtained in the MSSM
(2.41),
M:{iISSM

—_——~
M}, = M3+ My, —v° )% (3.25)
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Therefore, the mass of the charged higgses in the NMSSM can be smaller than
in the MSSM due to the contribution —v?\%. Moreover, in contrast with the
MSSM where this mass remains positive, in the NMSSM the charged Higgses
could acquire VEVs breaking the electromagnetic group U(1)gp. A is then
bounded from above by the absence of charged Higgs VEVs.

The CP-even mass matrix Defining v* = 2M2/(g? 4+ g5) ~ (174 GeV)?,
the 3 x 3 CP-even mass matrix in the basis (Hy,., Hy, Sy) reads!:

Mé’n = Mzcos® B+ u(Ay + ks)tan 3

M2
Mi“,u = (W - 72) sin20 — p(Ay + ks)
Mz = v (2ucos B — (Ay + 2ks)sin f))
M?S’,QQ = M% Sinz /8 + [L(A/\ + /iS) cot 5 + Al“ad )
Moz = v (2usin 3 — (A + 2ks) cos f))

2
M = )\A)\;}— sin 28 + ks(A, + 4ks) . (3.26)
’ s

Here A,.q denotes the dominant radiative corrections due to top/stop loops,

3m? m?2 X2 X2
Apg= —L1 [In[—L )+ =L [1- =4 3.27
47 Y22 (n (mf) + m2 ( 12m2T>> ( )

where my is the geometrical average of the soft SUSY breaking stop masses,
and X; = A; — p/tan 8 with A; the soft SUSY breaking stop trilinear cou-
pling. It is convenient to rotate the CP-even mass matrix M?% by an angle
A3 in the doublet sector into M in the basis h', H', b, (with b}, = S..):

M3 = R(B) MR (8) (3.28)
The mass matrix M2 in the basis (k', H', k) has the elements
Mgn = M3Zcos* 26 + Nv?sin? 26 + sin® fAaq
1

/ 1
M, = sin2p (cos 208 <M§ - 2)\21)2) — 2Arad> )

’ . A)\ K
M;lg = 2)\U/.L <1—Sln26 <2lu+)\>> s
/ 1
M52722 = M3+ (M% - 2/\21]2) sin? 283 + cos? BAad ,

/\/lg,23 = Mv(Ax+2v)cos2f,
2
My = Mg sin2B+v (Ao +4v) . (3.29)

Tn the following, we will denote by u the effective u term from (3.2).
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S

T

(Hj, H,,S") T (W ,H' S") ———— (h, H, hg)
3 7T

Figure 3.1: Scheme of the rotations from the gauge eigenstates to the mass states
through the Higgs basis

This basis (also known as Higgs basis) has the advantage that only the com-
ponent i’ of the Higgs doublets acquires a vev v and that, for realistic sets
of parameters, it is close to being diagonal: h' has SM-like couplings to
fermions and electroweak gauge bosons, the heavy doublet field H' is the
CP-even partner of the MSSM-like CP-odd state A, while A/, remains a pure
singlet. Explicitly, the gauge eigenstates in the Higgs basis are given by:

Hy; = cosfh' —sin BH' (3.30)
H, = sinBh'+ cos BH’ (3.31)
S = I, (3.32)

After an additional final rotation by a 3 x 3 matrix 7" we obtain the physical
states,

Twr Twwa Twn,

h
Twn Tawou T, H |=|H |. (3-33)
Th;’h Thg’H Th/ 7hs h

The mass eigenstates of M2 will be denoted by:

— h , dominantly SM-like
— hs , dominantly singlet-like and
— H , dominantly the MSSM-like heavy scalar.

3.3.2 Couplings of the neutral Higgs bosons
CP-even states

Let us analyze the couplings to vector bosons and fermions in the Higgs basis.
Substituting in the lagrangian the corresponding terms using (3.32), we find for
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the couplings to fermions:

R

Lous, = gty =5 " (i cot SH) (3.34)
R —

Lo, = U:;: Gy, LN %dd(h' — tan 8H') (3.35)
R

Lootty = — geeHa F), Mege (W~ tan BH') (3.36)

and for the vector bosons

M M?2
Ly—vy = <QUWWM+WM —|—UZZMZ“> (ngr cos[)’—l—HS,rsinﬂ) (3.37)
rB) (. M?2 _ M2
- <QUWW“+WM + TZZMZ“ n (3.38)

We observe that the couplings of the field i" are the same of those of the SM higgs
field, H' remains decoupled from the gauge bosons and A, as a pure singlet, has
no couplings to the SM particles.

Lastly, we perform a last transformation in CP-even Higgs space via the diago-
nalization matrix 7', defined in (3.33). Then the reduced couplings of the physical
Higgs bosons (h, H, hs) are

Kq; = Th/ﬂ' + tan BTH’,i (339)
Rui = Th/J‘ — cot 5TH’,i (340)
kvi = Twy (3.41)

with ¢+ = h, H, h,. Recall that the couplings to the vector bosons of the physical
states are proportional to their component ~ k', whereas the couplings to fermions
can be modified by mixing with the MSSM-like H'.

Apart of the tree level couplings presented above, loop diagrams generate cou-
plings of the CP-even states to photons «., and gluons xy,. Both couplings are of
crucial importance for studying the Higgs boson phenomenology at the LHC. On
the one hand, the effective coupling to gluons is responsible for the main Higgs
production channel at the LHC: gluon fusion. This coupling is mediated mainly
by heavy quark and squark loops. On the other hand, the effective coupling to
photons produces the decay to a pair of photons. The diphoton final state is con-
sidered, depending on the mass of the Higgs boson, one of the golden channels
for Higgs searches at the LHC. The effective coupling to photons is generated by
loop diagrams with all charged particles running in the loop. However, the most
sizeable contributions are due to top and vector bosons loops, which incidentally
interfere destructively.
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Sum rules

Once we have introduced the notation and the different basis that we are working
with, we can now make some linear algebra and obtain useful relations. The
full rotation matrix from the gauge eigenstates to the mass eigenstates reads, in
components,

Sij = (TT)ir(R_p)k; (3.42)
where
Topw  Thuw Thi cos(B) sin(B) 0
"=\ Tuw Tuw Taw | Rg = | —sin(3) cos(8) 0 (3.43)
Thon Thom Thow, 0 0 1

The matrix elements of S are:

(TT)ik(Ra)es = Tiny (3.44)
(T (Rp)kr, = Tiwsinf + Tipr cos (3.45)
(TT)ir(Ra)kn, = Tiw cos B+ T sinf3 (3.46)

Using the expressions for the couplings (3.39) and (3.40), one finds,

m% cos 8 m’(} sin 8 Thp
S=| klcosp ki sing Thp, (3.47)

Kl cos B kps sin 3 Thyn
Interestingly, we have written the rotation matrix in terms of 5 and the couplings
of the higgses (and also the singlet mixing, but in could be substituted by the
other parameter due to orthogonality relations, as we will see). By orthonormality
of the rotations, we obtain the following sum rules:

h\2 H\2 hs\2
s)2 — 3.48
()2 + (kB () = (3.48)

1

h\2 H\2 hs\2
2 = 3.49
(P + P+ (e = s (3.49)
(kpcos B)’ + (kysin B)* + 17, = 1, i={h,H, h} (3.51)

where ¢ = h, H, hy. Recall that from the orthonormality of T' we also find

T}ih/ + TIQ-I,h’ + Tfi,h’ — 1 (352)
= (k)" + (ky)° + (w7)° = 1 (3.53)
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which implies that any deviation of the SM-like Higgs boson A in the coupling to
vector bosons must be actually a suppression. These relations are of particular
importance for the NMSSM Higgs phenomenology: they allow us to set bounds
on the coupling of the non-SM states by measuring the properties of h.

Couplings of the CP odd states

As CP odd states, they do not couple to gauge bosons, but only to up- and down-
type fermions. Proceeding analogously as we did above, one finds for the couplings

Ky =tanfBcosy , K% =tanfsiny (3.54)
ki = cot Bcosy , K = cotfBsiny (3.55)

where the mixing angle v is the responsible for the coupling of the mostly singlet-
like pseudoscalar to matter. With this expressions one can write the total rotation
matrix P in terms of the couplings and mixing:

Pij=(Ry)iy (Rovg), (3.56)
Kpcos B KipsinS  —siney
P=1 —cosf sinf 0 (3.57)

K7 cos B kipsinfB  cosvy

Using the orthonormality of this matrix we obtain the following sum rules:

(k)? + (K35)? = tan (3.58)
(kr)* + (k7)* = co (3.59)
(ki cos B) + (kirsin B)? = co (3.60)
(k% cos B)% + (k{s sin B)? = (3.61)

As the CP-even bosons, the pseudoscalars A and a, have loop-induced couplings
to photons and gluons. However, these are in general different to their CP-even
counterparts. Pseudoscalars do not couple to vector bosons and thus W and Z
loops do not contribute to the effective coupling x..,. Consequently, the destructive
interference between quark loops and gauge bosons loops do not take place and
Ky can be enhanced with respect to the corresponding couplings of the CP-even
states.
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Trilinear couplings

There exist in the NMSSM a large number of possible trilinear couplings between
the CP-even and CP-odd Higgs bosons. However, the expressions for the trilinear
couplings of the mass eigenstates (h, H, h,) are very complicated involving most
of the parameters (3.17). For the complete set of coupling including all terms we
refer the reader to [16]. Nonetheless, we can obtain relatively simple expressions
for the scalar couplings in the Higgs basis (h', H', 1) [18], which could be regarded
as a good approximation as h’ ~ h according to recent LHC data. Recall, however,
that H ~ H and h ~ hg do not necessarily hold at the same time. We present
here only the trilinear couplings involving the SM state h':

1
I " ()\2112 sin? 23 + M3 cos® 25) (3.62)
v
— 1
H'WKY = 23 sin 23 cos 23( M3 — 5/\21;2) (3.63)
v
1
HHN = - (M2 + (A\%0? = M3)) (1 — 2sin 23?) (3.64)
v
Al ) Ay R
1.1 — S 1 _ 2 AN _ .
'R hg \/§< sin 6<2M+)\>> (3.65)
A
WH'E, = A\/g cos 203 (3.66)
1
R'RLh, = 51}/\()\ — Kksin2p) (3.67)
A
ha A" = >\\/§/\ — V25 (3.68)
1
hda, = 51})\()\ + Kk sin2f3). (3.69)

Although these couplings do not correspond exactly to the actual physical
Higgses, we can infer some interesting properties: In the limit A = h’, the first
diagonal element in (3.29) should be an eigenstate, i.e. /\/ll;u = /\/1213 = 0. Recall
that from the above expressions we have h'h'H' o MI;H and h'h'h); Mfs%lg, and
hence in the limit A = A’ these couplings vanish, implying that double SM Higgs
production from decays of H/hg are suppressed (if kinematically allowed). On the
other hand, couplings of the SM Higgs h with pairs of singlets as or hs could be
potentially non zero, giving to sizeable branching ratios when the masses of the
bosons permit the decay. The couplings h'H'hg and h'a’ A" depend mainly on the
soft SUSY breaking trilinear coupling A,, and could be potentially large in natural
regions of the NMSSM parameter space, as we will see in the next chapter.
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3.4 The SM Higgs Mass and the little
fine-tuning problem

We showed in sec 2.4 how within the MSSM the mass of ~ 125 GeV of the SM-like
Higgs state h is not easy to explain. At tree level, this is bounded from above by
My, and accordingly large radiative corrections requiring large scalar top (stop)
masses and/or mass splittings well above 1 TeV are needed in order to uplift the
mass of the SM-like Higgs state from My to ~ 125 GeV [19-26].

But heavy stop masses/mass splittings lead to large radiative corrections to
a soft SUSY breaking Higgs mass term, which has to be tuned against the u
parameter if it is much larger than My (see [27] and refs. therein). Accordingly
the Higgs mass of about 125 GeV aggravates a little finetuning problem within
the MSSM, pointed out already in the context of LEP bounds on the Higgs mass
in [28-31].

The situation changes considerably when adding a gauge singlet superfield S.
After rotation to the Higgs basis, the first diagonal term of the CP-even mass
matrix (3.29),

Mgn = Mjzcos®28 + N\v?sin® 283 + sin® BA ad, (3.70)

is associated to the mass of the mostly SM Higgs. We identify the first term in the
right-hand side as the tree level upper bound for the Higgs mass in the MSSM,
whereas the second term is proportional to the singlet coupling A. Also, as a new
state b with unknown and unbounded mass is introduced in the CP-even sector,
mixing effects on the Higgs mass should be revisited. Thus in the NMSSM two
distinct mechanisms can lead to additional tree level contributions to the mass of
the SM-like state h with respect to the MSSM case:

a) If \ is large enough (A\* > (g7 + ¢3)/2, where g; and g, are the electroweak
gauge couplings) and tan  is small enough (tan 3 < 6), the additional quartic
coupling ~ A*h* in the scalar potential lifts its mass above M. However, A > 1
(so-called A-SUSYy [32,33]) would be required in order to push the tree level mass
from Mz to 125 GeV in which case A runs into a Landau singularity well below the
GUT scale. In order to avoid this we confine ourselves subsequently to A < 0.75.

b) If the mostly singlet-like state Hg has a mass below 125 GeV, mixing between
hs and h (more precisely, among the weak eigenstates) leads to an increase of the
mass of the latter. The impact of such mixings on the Higgs spectrum of the
NMSSM has been known for a while [34-39], but became particularly interesting
once the mass of ~ 125 GeV of the mostly SM-like state had been measured
[19,40-62]. The mass shift of up to ~ 8 GeV occurs now mostly for large tan
and smaller A =~ 0.04 — 0.1, the latter in order to avoid constraints from LEP on
a Higgs-like state with a mass below ~ 114 GeV [10]. (The increase of the mass
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of the SM-like state h through mixing implies a decrease of the lighter singlet-like
state hs.) Hence the corresponding region in parameter space is clearly distinct
from the one where the quartic SM-Higgs self coupling is enhanced.

Therefore, the NMSSM can alleviate the little fine tuning problem of the MSSM
in these two regions of parameter space, rendering the theory more natural and
still sharing the benefits of supersymmetric extensions of the SM with the MSSM.
A more detailed study of the uplift of the Higgs mass beyond the MSSM bound is
presented in chapter 4.






Chapter 4

Phenomenology of a light singlet
in the NMSSM

4.1 Introduction

We saw in 3.4 that the NMSSM features natural regions in its parameter space, in
the sense that it can easily accommodate a ~ 125 GeV Higgs boson without relying
on large radiative corrections from stops loops. Two different (not necessarily
exclusive) NMSSM-specific mechanisms were presented for uplifting the tree level
mass of the mostly SM state, namely a large A\ term and/or mixing effects.

In the present chapter we consider both mechanisms, but confine ourselves to
the case where the mass of the mostly singlet-like state h, is below 125 GeV: This
situation is preferred also in the large A—small tan 8 regime, since singlet-doublet
mixing would always imply a decrease of the mass of the SM-like state if the
singlet-like state is heavier, and mixing is hard to avoid if A is large (unless hg
is very heavy and/or the corresponding off-diagonal element in the mass matrix
happens to be small). On the other hand a mass of the mostly singlet-like state
hs below ~ 60 GeV would lead to dominant decays of h into pairs of hs unless
A (and hence the mixing angle) is very small; also the LEP constraints are quite
strong for this mass range [10]. We found that a sizeable positive mass shift for
the SM-like state is unlikely here.

It is known that singlet-doublet mixing has two distinct phenomenological con-
sequences:

a) The mostly singlet-like state inherits couplings to SM gauge bosons and
fermions from the SM-like state proportional to the (sinus of the) mixing angle.
This leads to non-vanishing production cross sections for h,, and its potential
discovery at the LHC.

b) Simultaneously, the couplings of h to gauge bosons and fermions get reduced.

33



CHAPTER 4. PHENOMENOLOGY OF A LIGHT SINGLET IN THE
34 NMSSM

The uncertainties of the measured couplings of h at the run I [63] and run IT [64-66]
of the LHC are expected to decrease further after collecting more data at the
upcoming runs [67,68].

Throughout this chapter we will study in how far the combination of both
sources of future information can constrain the presence — or lead to a discovery
— of a light singlet-like Higgs boson in the NMSSM, as function of the NMSSM
specific mass shift of the SM-like state. We also indicate the possible production
of hs in decays of heavier MSSM-like H/A states.

In the next section we recall the phenomenological constraints on the Higgs
sector relevant for the present study. In sec. 4.3 we define a NMSSM specific mass
shift Axyvssm of the SM-like Higgs state. Then, in sec.4.4 we discuss the search
channels for the light resonance h,. Finally, in section 4.5 we describe the scans
over the parameter space, and in section 4.6 we present the results of the scans
as function of Axmssv: Hgs diphoton signal rates at 8 and 13 TeV c.m. energy,
modifications of the couplings of Hgys, and correlations among them. We discuss
and compare prospects for tests of the scenarios under study, including the possible
production of Hg in decays of heavy MSSM-like H/A states. Finally we conclude
in section 4.7.

4.2 Phenomenological constraints

To start with, we have to collect the available constraints on the light-singlet
scenario from LEP and measurements at the LHC. First, bounds on couplings to
the Z boson times the branching fraction of an additional light Higgs boson into
bb and gluons originate from LEP [10], as we see in fig. 4.1.

Second, limits originate from direct searches for extra (lighter) Higgs states in
the diphoton channel by ATLAS [69] and CMS [70]: despite the relatively small
diphoton branching fraction this final state is the most promising one to search for,
in particular in view of the possibility that the diphoton branching fraction of A
can be considerably larger than the one of a SM-like Higgs boson of corresponding
mass [47,49,58,61,62, 71-76].

Third, limits originate from the potential reduction of couplings of h to SM
gauge bosons and fermions through mixing with a gauge singlet. The correspond-
ing measurements of production and decay mode dependent signal strengths of
ATLAS and CMS at run I have been combined by the collaborations in [63].
Global fits to the couplings (or the coupling modifiers) require, in principle, likeli-
hood grids including information on deviations from Gaussianity and correlations
among uncertainties in particular for identical final states from different produc-
tion modes. Moreover such global fits depend crucially on the assumptions on the
underlying model like custodial symmetry (identical modifications of couplings to
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Figure 4.1: Upper bound on the coupling to vector bosons £? = H%/ from LEP, where
SM branching ratios to b quarks and 7 leptons have been assumed. The full line indicates
the observed limit, whereas the dashed line corresponds to the observed limit at 95%
CL. The green and yellow bands correspond to the usual 68% and 95% confidence levels
around the expected value.

W and Z bosons), correlated modifications of couplings to b quarks and 7 lep-
tons like in specific Higgs doublet models, and possible additional contributions to
loop induced couplings to gluons and photons.

The latest global fits including assumptions corresponding to the NMSSM (cus-
todial symmetry, correlated modifications of couplings to b quarks and 7 leptons,
possible additional contributions notably to the loop induced coupling to photons)
have been performed in [77]. We have checked that their combined signal strengths
are very close to the ones in [63] and use, for the scan of the NMSSM parameter
space (see below), their 95% CL on signal strengths of h (verifying only subse-
quently the bounds from [63]). Electroweak precision data (the W boson mass)
do not constrain the parameter space of the NMSSM with a light h, [78]. Over-
all, in the NMSSM the experimental constraints on the h — hy mixing angle (for
mp, below 125 GeV) are similar to the ones obtained from studies within simple
singlet-extensions of the non-supersymmetric SM [60, 79-82].

All these constraints restrict the available parameter space of the NMSSM, and
will be included in our numerical analysis detailed in sec. 4.5.
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4.3 Uplifting the Higgs mass

We showed in sec. 2.4 how the MSSM tree level bound rises a tension between
the theoretical MSSM prediction for my, and its measured value. Indeed, after the
measurement at the LHC of a SM-like Higgs with mass ~125 GeV, the MSSM
requires large radiative corrections A.,q to reach the adequate mass, hence the
“little fine tuning problem” [27-31] (although the problem was already present
before the LHC due to the non-discovery of the Higgs at LEP, setting a bound m;, >
114 GeV) . In sec. 3.4 we presented two NMSSM-specific mechanisms to uplift the
mass of h at tree level: First, a term proportional to A, which is numerically
relevant for tan § < 6 and large A\. Avoiding a Landau singularity below the GUT
scale requires A < 0.75, limiting the possible uplift of the mass of the SM-like
Higgs state to < 17 GeV.

A second possibility to uplift the tree-level mass of the SM-like Higgs state has
recently been studied in some detail in [49,56]: If the diagonal term ./\/1/52,33 in (3.29)

associated with the mass of the singlet-like Higgs state i/, is smaller than ./\/l/;ll,
h' — R, mixing induced by the term /\/l,52713 in (3.29) shifts upwards the mass of the

SM-like Higgs state h. The dominant contribution to M192,13 originates from the
first term 2\vp, which gets reduced by the second term —Av(Ay +2v)sin2[. This
reduction becomes small for moderate to large values of tan 3 [49,56]. On the other
hand, i’ — h), mixing induces couplings of the lighter eigenstate h to electroweak
gauge bosons, bb and gluons (through top quark loops). Such couplings of a state
with a mass below 114 GeV are constrained by LEP [10]. This limits the region
of A for a sizeable uplift the mass of the SM-like Higgs state to A ~ 0.04...0.1, and
the possible uplift the mass of the SM-like Higgs state to < 8 GeV [49,56].

Subsequently we intend to quantify the NMSSM-specific uplifts of the the mass
of the SM-like Higgs state. To this end we define a mass shift Axyssy of the mostly
SM-like Higgs state due to the NMSSM specific effects, from the second term in
(3.70) and/or from h' — k!, mixing. Contributions from h’ — h mixing are easy
to identify; it suffices to compare the second eigenvalue of M7% (corresponding to
M?) to the case where ), x — 0 (keeping p fixed, which requires to keep the ratio
k/ A fixed). Such a definition of Anymssm has already been employed in [49,56]. In
addition we want to keep track of the NMSSM contribution from the second term
in (3.70) relative to the MSSM, which is relevant for small tan £ only. But keeping
small tan 8 would reduce the MSSM-like tree level value m% cos® 23, and it would
not be “fair” to compare the NMSSM to the MSSM for low values of tan 8. Hence
we evaluate the contribution to Anyssm in the large A-low tan S regime of the
NMSSM by comparing to the MSSM (A, k — 0 as before) with a large value of
tan 8 = 40. (The SM-like Higgs mass in the MSSM is practically independent of
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tan 8 for tan § > 40.) Therefore, for a given set of parameters we define:

ANMSsSM = My, — max my, ~ my —my ) (4.1)
tan 8 A k—0 A,k—0, tan f=40

Clearly, larger values of Anmssy require smaller radiative corrections A4 to Mgll
and alleviate correspondingly the little hierarchy problem. Accordingly Anxnssum
can be interpreted as an approximate measure of naturalness.

4.4 Search channels

After identifying NMSSM natural regions for uplifting the Higgs mass, and quanti-
fying them through Anxwmssm, we are interested in studying in how far such natural
regions in the parameter space of the NMSSM can be tested in the future, as func-
tion of Anmssm and the mechanism for an NMSSM-specific uplift of the mass of
the SM-like Higgs state. Since h' — h, mixing has a negative effect on Anyssy for
mp, > 125 GeV (also if Anyssm originates mainly from the second term in (3.70))
we will concentrate on my,, < 125 GeV.

From the sum rules obtained in the previous chapter, we know that the reduced
couplings to vector bosons of the CP-even states should satisfy:

ki (h) + ki (hs) + K5 (H) =1 . (4.2)

R’ — R, mixing will necessarily generate x% (h,) # 0 and hence reduce % (h),
which is already constrained by Run I data [63] and more recently from Run II
data [64]. Similarly, the state h, picks up couplings to fermions by both h' —
h! and H' — R mixing, leading to non-vanishing values for xy(hs) (the reduced
coupling of hy to up-type quarks) and kp(hs) (the reduced coupling of hg to down-
type quarks). Then loop diagrams generate non-vanishing values for ry,(hs) (the
reduced coupling of h, to gluons) and k., (hs) (the reduced coupling of h, to
diphotons). It is important to note that the coupling of h, to down-type quarks can
suffer from cancellations among the contributions from h' — k!, and H' — k!, mixing,
respectively [72]. This can result in a reduced branching fraction BR(h, — bb).
Since this decay constitutes the dominant contribution to the total width of A,
its reduction implies enhanced branching fractions into other final states like .
It is thus not astonishing that the BR(hs — 7) can be larger than the one of a
SM-Higgs boson of corresponding mass, leading to .. (hs) > 1.

Thus, present constraints and future discoveries/constraints can originate from:

e direct searches for hg in the diphoton final state, which had been carried out
by ATLAS for 65 GeV < my,, [69] and by CMS for 80 GeV < my,, < 115 GeV
[70].
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e measurements of the reduced signal rates/couplings (with respect to the
SM) of h. In the case of i’ — h/, mixing, these signal rates/couplings diminish
proportional to the mixing angle.

e possible production of h, in decays of the MSSM-like states H/A.

Comparing the corresponding sensitivities allows to verify under which conditions
natural NMSSM scenarios with my,, < 125 GeV can be tested at future runs at
the LHC, depending on the mechanism for the NMSSM-specific uplift of the mass
of the SM-like Higgs state. To this end we have scanned the parameter space of
the NMSSM as described in the next section.

4.5 Numerical analysis

We have performed these calculations with the public code NMSSMTools 4.4.0
[83,84] including up to two-loop radiative corrections to the Higgs mass matrices as
obtained in [85]. All phenomenological constraints explained in sec. 4.2, including
the absence of Landau singularities below the GUT scale and, notably, constraints
from Higgs searches in various channels at LEP are applied as in NMSSMTools
(except for (g —2),).

The NMSSM specific parameters in Eq. (3.70) are varied in the ranges

0.001 <A< 0.75, 0.001 <k <075, 1<tanp <50,
0<A,<25TeV, —1TeV<A, <0, 100 GeV < pu <250 GeV ;  (4.3)

we found that wider ranges of the trilinear couplings A), A, and p (including
negative values of k and/or p) have practically no impact on our results. The soft
SUSY breaking squark masses of the third generation my,, mp,, mg, and the
stop mixing parameter A; are confined to ranges below 1 TeV in order to avoid
too large fine tuning:

700 GeV < my, = mp, = mg, <1 TeV, —1TeV <A <1TeV. (4.4)

(For |A;|< 1 TeV, third generation squark masses below ~ 700 GeV do not allow
to reach 125.1 + 3 GeV for my, even in the NMSSM.) The lightest physical stop
mass my, satisfies mz, 2 480 GeV.

The soft SUSY breaking mass terms and trilinear couplings for the sleptons
have been set to 500 GeV and 550 GeV respectively, whereas for the squarks of
first two generations the masses are set to 2 TeV. The gluino mass is chosen as
mg = 1.6 TeV, and the other soft SUSY breaking gaugino masses such that they
satisfy approximately universal relations at the GUT scale, i.e. my = 2m; = m3/3.
(All these parameters have practically no impact on our results.)
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For each point in the parameter space satisfying the phenomenological con-
straints, including a SM-like Higgs state with a mass of 125.1 £ 3 GeV (allowing
for theoretical uncertainties) and couplings of h to gauge bosons and fermions
in the 95% CL ranges given in [63,77], we further require my, < my. Then we
compute for each point Axyssm according to the procedure described above, and
various observables like reduced couplings and signal rates for the relevant Higgs
states shown in the next section.

4.6 Results

Due to the limited range (4.4) for the soft SUSY breaking squark masses of the
third generation and the stop mixing parameter, all viable points need a non-
vanishing value of Anygsy in the range 4 GeV < Anvssm S 17 GeV in order
reach a SM-like Higgs mass of 125.1 & 3 GeV. Hence this range for the soft SUSY
breaking squark masses of the third generation and the stop mixing parameter,
motivated by alleviating the little hierarchy problem, is not viable in the MSSM.

Turning to the possible mechanisms for an uplift of the mass of the SM-like
Higgs state, it follows from the discussion in section 3.3 that these take place in
different regions of A and tan §: contributions to Axyssy up to ~ 17 GeV from the
second term in (3.70) (limited by the absence of a Landau singularity of A below
the GUT scale) are possible for large A and tan 8 < 6; subsequently this region
will be denoted as “large \” (LLAM) region. The region where contributions to
Anmssm from B’ — hl, mixing are sizeable (up to ~ 8 GeV) is characterised by
a small value of A and large tan 5. Subsequently we call this region the “large
mixing” (LMIX) region.

The viable points are shown in the A — tan 8 plane in Fig. 4.2, including the
possible values of Axussm in the form of a color code. One can clearly distinguish
the two “islands” of valid points in the plane which can lead to a substantially
different phenomenology, but both featuring a lower fin- tuning than in the MSSM,
as discussed in sec. 3.4 and the references therein. In the following subsections we
show various observables which can help to test these scenarios.

4.6.1 Searches for h, in the diphoton final state

As already stated above, the ATLAS and CMS collaborations have published re-
sults from searches for additional BSM Higgs bosons with masses below 125 GeV in
the diphoton final state [69,70], leading to upper bounds on corresponding signal
rates. First we have to verify whether these upper bounds lead to constraints on
the parameter space of the NMSSM considered above. To this end we have used
the public code SusHi 1.5 [86] to obtain the NNLO gluon fusion production cross
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Figure 4.2: )\ — tan S plane showing the viable points and Anmssm in the form of a
color code. The island in the upper-left corner corresponds to the region where Anxnissm
originates from h’ — h/, mixing (LMIX), whereas the island in the large A regime (LLAM)
corresponds to the region with large contributions to Axmssy from the second term in
(3.70).

section for a SM-like Higgs boson, and multiplied it by the reduced coupling of
hs to gluons ng(hs) given by the output of NMSSMTools. Finally the production
cross section is multiplied by the BR(hs — v7) as given by NMSSMTools.

On the upper side of Fig. 4.3 we show the resulting signal rates at /s = 8
TeV c.m. energy, together with the ATLAS [69] and CMS [70] limits from direct
searches as function of m;,,. Here the LMIX region apprears as a grey-green island
within the much larger LLAM region. On the lower side of Fig. 4.3 we show
the resulting signal rates at /s = 13 TeV c.m. energy, once the constraints from
ATLAS and CMS searches have been applied.

We see in Figs. 4.3 that in the grey-green LMIX region my, is confined to the
mass range 88 GeV < my, < 102 GeV, a consequence of the parameter range (4.4)
and the corresponding lower limit on Axyssm = 4 GeV. In order to obtain such
values of Axygsm through A" — Al mixing, the mixing angle has to be relatively
large leading to sizeable couplings of h to electroweak gauge bosons. These, in
turn, are allowed by LEP only in the corresponding mass range where, actually, a
mild excess of events is seen [10].

The recent ATLAS and CMS searches have not yet been sensitive to the possi-
ble signal rates 0(gg — hs — 7y) in the LMIX region of the NMSSM, due to the
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Figure 4.3: Top: Possible signal rates (in femtobarns) o(gg — hs — v7) at a c.m.
energy of v/s = 8 TeV, together with the ATLAS [69] and CMS [70] limits from direct
searches. The grey-green island corresponds to the LMIX region, the rest to the LLAM
region. Bottom: Signal rates for the same process at /s = 13 TeV for the remaining
points once the upper bounds from ATLAS and CMS have been applied.

absence of a possible enhancement of the BR(hs — 77) (see below). Fig. 4.3
(bottom) indicates, on the other hand, that the LMIX region could be com-
pletely tested once searches at /s = 13 TeV c.m. energy become sensitive to
(g9 — hs — vy) ~ 20 fb.

Within the LLAM (large A) region both my, and o(gg — hs — 77) can vary
over much larger ranges and, indeed, the ATLAS and CMS searches have started
to test parts of the LLAM region where this signal rate is particularly large. On
the other hand this signal rate can also be quite small in the LLAM region where
h' — k!, mixing is possible, but not mandatory. This part of the LLAM region will
be hard to test via searches for direct h, production.

It is interesting to decompose o(gg — hs — 77y) into production cross sections
and branching fractions, which allows to estimate signal rates in other channels
and to understand the origin of the varying signal rates in Fig. 4.3. In Fig. 4.4
we show the production cross section of hy at /s = 8 TeV (top) and /s = 13



CHAPTER 4. PHENOMENOLOGY OF A LIGHT SINGLET IN THE
42 NMSSM

TeV (bottom) with the same color code for Axyssy as in Fig. 4.2) omitting the
points excluded by ATLAS or CMS. We observe that, for the allowed mass range
88 GeV < my, <102 GeV, g(gg — hs) is indeed larger in the LMIX region than
in the LLAM region, since the couplings of s to fermions (here: to the top quark)
are relatively large. However, the BR(hs — 77) shown on the left hand side of
Fig. 4.5 clarify that these can be (much!) larger for h, than for a SM-like Higgs
(shown as blue line) only for parts of the LLAM region, never within the LMIX
region; only within the LLAM region a suppression of the BR(h, — bb) is possible
(as shown on the lower figure of Fig. 4.5) which is required in order to enhance
the BR(hs — 7).
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Figure 4.4: Production cross section of hg at /s = 8 TeV (top) and /s = 13 TeV
(bottom) with the color code for Axyssy. The blue line indicates the corresponding ggF
cross section for a SM Higgs boson of the same mass. The grey-green island corresponds
to the LMIX region.

Finally both Figs. 4.4 and 4.5 show that very few viable points exist for my, <
60 GeV (in the LLAM region only): Such light states can be produced in decays
h — hgshs and would reduce the observed h signal rates into SM-like final states
to inadmissible levels. The h — hy — h coupling can be small for large A, however,
due to (rare) accidential cancellations among the various contributing terms. (This
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mass range has not been shown in Fig. 4.3 since the experiments have not been
sensitive to it.)

4.6.2 Reduced Couplings of h

As stated above the LMIX (and LLAM) regions can have an impact on the reduced
couplings of h, actually both due to A’ — A/, mixing and 2’ — H' mixing induced
by the final diagonalisation of the mass matrix M2 (3.29). The ATLAS and
CMS measurements of the reduced couplings of A at the first run of the LHC have
been combined in [63], and prospects for future measurements have been published
in [67] (ATLAS) and [68] (CMS).

First we show in Fig. 4.6 the reduced couplings kv (h) and k.- (h) for the viable
points. The LMIX and LLAM regions can be distinguished clearly in Fig. 4.6:
As before the LMIX region corresponds to the thin grey-green strip, the LLAM
region to the remaining part dominated by mostly red points (for which 12 GeV <
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Figure 4.5: Branching ratios of h, into photons (top) and bb (bottom) versus its mass.
The blue line indicates the corresponding branching ratios for a SM Higgs boson of
the same mass. The grey-green island corresponds to the LMIX region, in which the
branching ratios are very SM-like.
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ANMSSM < 17 GGV)

From the recent ATLAS-CMS combination in [63] one finds for the scenario
relevant here (custodial symmetry, i.e. kz(h) = rw(h) = ky(h) < 1) that
kv (h) 2 0.83 at the 95% CL level. The prospects for the measurements of xy (h)
at the run II of the LHC in [67] (ATLAS) and [68] (CMS) depend on uncer-
tainty scenarios and, of course, on the integrated luminosity. For 300 fb~' one
expects uncertainties of about 5% at the 1o level, i.e. the possibility to set a
lower bound on ky(h) of ~ 0.9 at the 95% CL level. Such a bound can test the
green Anyssm > 6 GeV region of the LMIX scenario, but reduced uncertainties
of about 7% at the 95% CL level at 3000 fb~' integrated luminosity could test
the LMIX scenario completely. Again, the LLAM scenario can be tested only par-
tially by measurements of x(h). The prospects for constraining (or detecting) the
LMIX/LLAM scenarios via measurements of ., (h) are similar, but somewhat less
promising due to the larger foreseen uncertainties at both 300 fb™' and 3000 fb~*
integrated luminosity [67,68].

Apart by future measurements of individual values of reduced couplings of h,
informations or constraints on scenarios predicting deviations from the SM can
be obtained by considering correlations among reduced couplings. To this end
we show in Figs. 4.7 the correlations of ky (h) with the reduced couplings of h to
down-type fermions (kp(h)) and gluons (ky4(h)).

Like in Fig. 4.6 these correlations are very pronounced in the LMIX scenario,
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Figure 4.6: Reduced couplings kv (h) and k,~(h) for the viable points, including a
color code for AnmssM-
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Figure 4.7: Correlations of ky(h) with the reduced couplings of h to down-type
fermions (top) and gluons (bottom). In both plots the two regions LLAM and LMIX
are clearly separated.

but in the LLAM scenario a wide range of kp(h) is possible: a reduction of the
coupling of h to down-type fermions originates from negative contributions to
this coupling from h' — H' mixing. As for hg, a corresponding reduction of the
BR(h — bb) can lead to an enhanced BR(h — 77) as observed in Fig. 4.6.
However, positive contributions to the coupling of A to down-type fermions are
possible as well, with opposite consequences. The two regions kp(h) > 1 and
kp(h) < 1 explain the origin of the two “branches” of ky (h) visible in Fig. 4.6 as
well on the lower figure of Fig. 4.7. Unfortunately, the couplings of A can also be
very SM-like, like in the alignment limit studied recently in [18].

Next we turn to correlations between the reduced couplings of h and the sig-
nal rates o(gg — hs — 77y) discussed in the previous subsection. In Figs. 4.8 we
show o(gg — hs — 77) against sy (h) (top) and o(gg — hs — 77) against k., (h)
(bottom). These figures allow to verify the possible complementarity of measure-
ments of o(gg — hs — ) and the reduced couplings of h: In order to test the
LMIX region (the grey-green island on the left hand side), the necessary limits
on o(gg — hs — v7v) and/or ky(h) can now be deduced together. The LLAM
region can become visible either by an enhanced o(gg — hs — 77v) or a reduced
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kv (h), but not both. Unfortunately, a low signal rate o(gg — hs — ) as well as
kv (h) ~ 1 are possible simultaneously. From the lower side of Figs. 4.8 we see that
enhanced signal rates o(gg — hs — v7v) 2 50 tb and enhanced reduced couplings
K+~ (h) are incompatible in the LLAM region.
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Figure 4.8: Top: Correlations among the diphoton signal rate of hs and v (h). Bottom:
Correlations among the diphoton signal rate of hy and K~ (h).

4.6.3 hg production via decays of heavy states H/A

Another way to produce a light h, is through the decays of heavy (MSSM-like)
states H/A. First we have to find out which masses of H/A are possible in the
LMIX/LLAM regions of the NMSSM considered here. In Fig. 4.9 we show the
regions of viable points in the tan § — m 4 plane, which helps to clarify that these
points are not ruled out by searches for MSSM-like H/A in the 777 final state
(from here onwards, m, denotes the physical mass of the MSSM-like CP-odd
state A): The LMIX region with large tan 8 features very heavy H/A states, to
which searches at the LHC are not sensitive (due to the heavy value of the mass
mpa > 1TeV). The LLAM region is characterized by lower tan 3 such that the
associate production of H/A states with b quarks is not very enhanced; instead,
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their production via gluon fusion becomes feasable in principle [87]. The part of
the LLAM region where m,4 2 500 GeV and tan 3 > 3 corresponds, however, to
the difficult region where the reduced couplings of h are very SM-like and h, has a
low signal rate in the v+ channel; in this region also the search for the MSSM-like
states H/A seems difficult [88].
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Figure 4.9: Viable points in the tan 5 — m4 plane.

Promising decays of H/A into hs are A — Z + hy and H — h + hs. Since the
kinematics of A — Z + h; is very similar to the one of H — Z + a, investigated
in [89], the studies of the Z — IT1~ (I = e, 1) and a, — bb final states in [89] can
be employed, including their sensitivity curves as function of m,, (now interpreted
as my, ). First we show what signal cross sections can be expected as function of
ma. The signal cross section o(ggF — A — Z + h;) is shown on the left hand side
of Fig. 4.10 as function of m4; clearly, visible signal rates can only be expected
for my < 400 GeV within the LLAM region. On the right hand side of Fig. 4.10
the range of signal cross sections o(ggF — A — Z + b+ b) is shown as function
of my,, and compared to the expected sensitivities at the run II of the LHC for
integrated luminosities of 300 fb™! (blue) and 3000 fb™" (black) (from [89]). Hence,
detectable signal rates in this channel are indeed possible in the LLAM region of
the NMSSM without, however, covering it completely.

The process H — h + h, can also be searched for in various final states as 4b,
2027 and 2b027; one is handicapped, however, by the a priori unknown mass of h.



CHAPTER 4. PHENOMENOLOGY OF A LIGHT SINGLET IN THE

48 NMSSM
3.0
25
o
3
2 2.0
N
T 15
< L
L 10
50
I3
05
0.0 i s
400 600 800 1000 1200 140
Ma(GeV)
o
2
o
N
N
5
Ry
N Y
1 :
<< %
%, ey 22
3 P N %N
5 0.001 i M AR VRS
20 40 60 80 100 120
Mys(GeV)

Figure 4.10: Top: Signal cross section o(ggF — A — Z + hy) as function of m4 for a
c.m. energy of /s = 13 TeV. Bottom: Signal cross section o(ggF — A — Z + b+ b) as
function of my,, compared to the expected sensitivities for a integrated luminosities of
300 b=t (blue) and 3000 fb~! (black) (from [89]).

In Fig. 4.11 we show the cross section o(ggF" — H — h+ hy) as function of my for
a c.m. energy of \/s = 13 TeV on the left, and the (dominant) signal cross section
o(ggF — H — h + hs — 4b) as function of m;, on the right. In the region of the
NMSSM parameter space considered here a, is, however, not particularly light;
we found that, in the (wider) LLAM region, m,, varies from ~ 80 to ~ 300 GeV,
but from ~ 60 to ~ 180 GeV in the (narrower) LMIX region. Search strategies
including background studies for searches for hs/a, in Higgs-to-Higgs decays will
be studied in various channels in the next chapter of this thesis.

4.7 Conclusions

We have studied a region in the NMSSM parameter space in which the mass of the
SM-like Higgs boson is uplifted by ~ 4—17 GeV, allowing for both stop masses and
|A;|< 1 TeV alleviating the little fine tuning problem of the MSSM. This region
features a lighter mostly singlet-like Higgs state h, with a mass in the 60— 125 GeV
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range if the uplift is due to singlet-doublet mixing (the LMIX region). Confining
ourselves to values of A < 0.75, this mass range of hy is also natural in the LLAM
region where the uplift originates from the additional quartic term ~ A2 in the
potential of the SM-like Higgs boson.

The aim of this chapter is the study of possible direct or indirect searches for
a light hs at the run II of the LHC. Three possibilities have been considered:
a) Direct production of hg in gluon fusion, with A, decaying into diphotons. Corre-
sponding searches have been conducted recently by ATLAS and CMS (the results
of which have been taken into account), and are the most promising also for the
run IT of the LHC.
b) Modified reduced couplings of the SM-like Higgs state h through singlet-doublet
mixing (both in the LMIX and the LLAM regions).
¢) Production of hy in decays of heavier H/A states, where we confined ourselves
to the most promising A — Z + hy and H — h + h, channels.

We found that the LMIX region can be tested if searches for BSM Higgs
bosons in the mass range 88 — 102 GeV become sensitive to signal cross sections
(g9 — hs — v7vy) ~ 20 ftb. Alternatively, the LMIX region can be tested if mea-
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Figure 4.11: Total ggF production cross section for H — h + hs at a c.m. energy
Vs =13 TeV (top), and the signal cross section into bbbb versus the mass of hs (bottom).
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surements of the reduced coupling kv (h) of the SM Higgs boson to electroweak
gauge boson exclude (or confirm) the region xy(h) < 0.93. Since the H/A states
are always quite heavy in the LMIX region (with masses well above 1 TeV), hy
detection via H/A seems impossible in the near future, and tests of the LMIX
region have to rely on one of the two measurements above, which seems feasable
if the projected sensitivities can be reached.

On the other hand it is difficult to test the entire LLAM region even if hy is
light (with a mass below 125 GeV), the range considered here: both the signal
cross section o(gg — hs — 77y) and the deviation of the reduced couplings of h
from one can simultaneously be very small. However, in other parts of the LLAM
region both the signal cross section o(gg — hs — 7) and the deviation of the
reduced couplings of h from one can be much larger than in the LMIX region;
these parts of the LLAM region will be the first ones to be tested. In a part of the
“difficult” LLAM region, but for which the H/A states are not too heavy (with
masses < 400 GeV), the detection of hy at least via ggF — A — Z + hg and
ggF — H — h + hg is possible. Studies on the possible detection of h via other
H/A decay channels (including larger masses of hy) will be presented in the next
chapter.



Chapter 5

Searches via Higgs cascades

5.1 Introduction

Extended Higgs sectors are frequent properties of models beyond the Standard
Model (BSM). Such extra states can have very small couplings to quarks, leptons
and SM gauge fields. For instance, for singlets under the SM gauge symmetries
such renormalizable couplings are disallowed by gauge invariance. The direct pro-
duction cross sections for these states are then strongly suppressed in all channels.
On the other hand, couplings of singlets to SU(2) Higgs doublets of the SM- or
BSM-type are possible and typically present in BSM models. This allows for the
discovery of such states in cascade decays of heavy BSM SU(2) Higgs doublets,
provided the production cross sections of the latter are large enough.

The final states after BSM-Higgs to BSM-Higgs + SM-Higgs cascades typically
correspond to the ones in searches for resonant SM-Higgs (h) pair production:
mainly bbbb, bbr7 and bbyy. Corresponding searches have been performed at the
LHC by ATLAS [90-95] and by CMS [96-110]. However, one of the SM-like Higgs
bosons would now be replaced by a lighter or heavier BSM-Higgs boson. One can
argue that the cross sections for such processes can be more promising than for
resonant SM-Higgs pair production:

a) A sizeable ggF production cross section of a heavy scalar or pseudoscalar ®,
i.e. a sizeable coupling of ® to top quarks, requires ® to possess a sizeable SU(2)-
doublet component. However, since h is also a SU(2)-doublet, trilinear couplings
® — h — h (with ® a pure doublet) violate the SU(2) symmetry and must be
proportional to a SU(2) symmetry breaking vev; the latter is limited from above
by the Z/W masses which limits the possible partial width for & — h + h. (The
concurrent ® — tt is always possible if ® can be produced in ggF and is heavier
than 2m;.)

b) In the case ggF — ® — h + H' with ® a pure doublet, the trilinear coupling

o1
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® — h — H' can be SU(2) invariant if H' is a singlet. In models with extended
Higgs sectors including both an extra doublet and a singlet, such a coupling can
thus be much larger than the Z/W masses leading to sizeable ® — h + H' partial
widths.

In Two-Higgs-Doublet-Models of type II such as the Minimal Supersymmetric
Standard Model (MSSM) the production cross sections for extra CP-even (H) and
CP-odd (A) Higgs doublets are not suppressed, and are dominated by gluon-gluon-
fusion (ggF) for tan 5 not too large [11,87,88]. H or A can thus play the rdle of ®
above. The Next-to-Minimal Supersymmetric Standard Model (NMSSM) [16,111]
contains additional CP-even (hy) and CP-odd (as) singlet-like states which can be
light, with masses below My or M,. One finds that the BR(H — hgs + h) and
BR(A — as+ h) can be up to ~ 50% [18,58,112,113], for the reasons given above
and detailed in the next section.

In the NMSSM this offers the possibility to produce otherwise practically in-
visible mostly singlet-like states hs/as in cascade decays of H/A [18,58,112,113].
It is the aim of the present chapter to study the prospects for discovery or ex-
clusion of, simultaneously, H/A and hs/as states in ggF — H — hg + h or
ggF — A — a, + h in the final states bbbb, bbrT and bbyy. Supersymmetry plays
no role here, accordingly our results are applicable to any models with similarly
extended Higgs sectors.

We will adopt various strategies from the searches for resonant SM Higgs pair
production by ATLAS [90-95] and by CMS [96-110]. Moreover, for mj, near
125 GeV we can compare our backgrounds and expected 95% CL upper limits and
50 discovery limits on the cross sections times branching fractions to the ones
obtained in these publications.

On the other hand, the analyses presented here are complicated by the fact
that the masses my,, /m,, are not known a priori. An important aspect of optimal
search strategies are my,_ /m,, dependent selection criteria (cuts) on events, hence
different analyses should be performed, varying the assumptions on my,_/m,,. Only
at the end of each of these analyses a search for a resonance-like bump in the total
invariant mass of the h/as plus h decay products, which should correspond to
My /My, is proposed.

In the next section we discuss shortly the Higgs sector of the NMSSM and
the couplings relevant for the processes considered here. In section 3 we present
features of our signal simulations. In section 4 we discuss the optimal search
strategy for the bbbb final state, and compare expected 95% CL upper limits and
50 discovery limits on the cross sections times branching fractions to the ones
possible in the NMSSM. Sections 5 and 6 are devoted to the bbr7 and bby~y final
states. All these search strategies and results are identical for ggF — H — hs+h
and ggF — A — as+ h, for notational simplicity we will refer to H — hs+ h only.
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Also the cross sections times branching fractions in the NMSSM are very similar
and will be shown for ggF — H — hg + h only. In section 7 we conclude with a
summary and an outlook.

5.2 Higgs cascades in the NMSSM

Decays of a heavy Higgs state into two lighter Higgs states occur in the presence of
trilinear Higgs couplings. Most of the trilinear Higgs couplings in the Zs-invariant
NMSSM originate from quartic terms in the Higgs potential (see expression (3.6))
proportional to two powers of A\, k or the electroweak gauge couplings, once the
(neutral) Higgs fields are expanded around their vevs and decomposed into their
real and imaginary parts (see eqs. (3.7)). Hence the trilinear couplings are propor-
tional to the vevs v,, vg or s. A notable exception are trilinear Higgs-dependent
soft SUSY breaking terms, in particular

AALH,, - HyS + h.c. (5.1)

where the dimensionful parameter A, can be much larger than Higgs vevs.

In order to obtain its impact on trilinear couplings among Higgs mass eigen-
states, the mass matrices have to be diagonalized. In the CP-even sector, where
one deals with a 3 x 3 mass matrix, a first step in this direction is a rotation in
the SU(2) doublet sector into the Higgs basis, already introduced in sec. 3.3 and
reminded here:

H, . =sinSh' — cos BH', Hy, = cos fh' + sin H' (5.2)

where the vev of H' is zero, and the vev of A is equal to the one of the Standard
Model Higgs boson. The corresponding rotation of the imaginary components
Hg,i and Hc(l),i (with 5 — —f) diagonalizes their 2 x 2 mass matrix exactly and
generates the Goldstone boson together with the MSSM-like pseudoscalar A’. The
latter still mixes with the singlet-like .S;, but typically both differ little from the
mass eigenstates A and as.

Performing the rotation (5.2) in (5.1) and using the previous approximations

in the CP-even and CP-odd sectors, one obtains the trilinear couplings

AA A tan2 5 —1
V2 \tan?fp +1
where the omitted terms are suppressed by tan 3. Hence, for not too small tan § —

1, trilinear couplings gngn, and gna., are generated which have no analog in the
MSSM, and are larger than all other trilinear Higgs couplings if AA, is large.

hwm—mg+”> (5.3)
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On the other hand the masses mp, 4 of the nearly degenerate mostly MSSM-like
states H/A are approximatively given by

H,u) 1+ tan? 3 (5.4)

m?f/A ~ <A/\ + M) g
which limits Ay from above for fixed my/a, tan 8, small [£/A| and p 2 100 GeV
(as required by lower LEP bounds on higgsino-like charginos).

The production cross section for the mostly MSSM-like states H/A is domi-
nated by ggF [11,87,88]; at /s = 13 — 14 TeV and for tan 8 ~ 2 — 3 (typical in
the NMSSM) they are > O(1pb) up to musa ~ 600 GeV. The trilinear couplings
Inih, and gpae, induce the decays H — h + hy and A — h + a, if kinemati-
cally allowed. The branching fractions BR(H/A — h + hs/as) can be as large
as ~ 50%, in contrast to the decay H — h + h, which is largely suppressed in this
phenomenologically favoured regime.

The singlet-like states &g = hg/as have small couplings to quarks, leptons
and gauge fields induced by mixings with A, H and A’. Hence the production
cross sections for @4 are typically small, and their discovery may have to rely on
H/A — h + ®g decays. Via the couplings induced by mixing, ®5 can decay into
the same channels as h and H/A. For mg, > 2my, decays into ¢t are dominant,
whereas decays &g — bb dominate for me, < 2my. For my, > 250 GeV, decays
hs — h + h are possible, leading to double-resonant tri-Higgs production (not
considered here). Decays ®5 — 77 + 7~ are practically always possible. For the
regions in the NMSSM parameter space with mpy not too large, and all present
constraints on the signal rates of h being satisfied, the BR(®5 — v + ) is in
the 0.1 — 0.3% range, making this decay observable as well. Henceforth we will
consider resonant bbbb, bbr 7~ and bbyy final states originating from ®g — bb,
dg — 777 and ®g — vy decays.

Of interest will be the product of cross sections times branching fractions
o(g9F — H/A) x BR(H/A — Hyy5 + ®g — bbbb, bbr ™7~ and bby~y) for various
masses My and Mg, for realistic regions in the parameter space of the NMSSM. To
this end we have performed scans using the public code NMSSMTools_5.1.0 [83,84]
including the radiative corrections from [85]. All phenomenological constraints,
including the absence of Landau singularities below the GUT scale and, notably,
constraints from Higgs searches in various channels at LEP and LHC are applied.
These include searches for H in the H — 77 channel, with H produced in associ-
ation with b-quarks.

The results of these scans for 0(ggF — H) x BR(H — h+ hy — bbbb, bbr ™1~
and bbyy) will be compared to the sensitivities in different final states in the
next sections. The ggF production cross sections for H have been obtained from
the CERN Yellow Report web page [114] at NNLO+NNLL, after an appropriate
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rescaling of the H-gluon-gluon coupling provided by NMSSMTools 5.1.0. This
rescaling includes the possible modification in the production rate by stops running
in the loop, which are assumed heavier than ~ 750 GeV to avoid phenomenological
constraints from stops searches. Also the BR(H — h + h,), BR(h — bb) and
BR(h, — bb) are taken from NMSSMTools 5.1.0. In the Figures showing the
95% CL exclusion limits and 5o discovery cross sections, viable values for the
cross sections times branching fractions in the parameter space of the NMSSM
will be indicated as light shaded blue regions.

For simplicity we will use the notation ggF" — H — h + h, in the following.
The same search strategies apply to ggF' — A — h + a,.

5.3 Signal simulation

The signal events have been generated using the publicly available code aMC_SusHi 2.3.3
[115]. aMC_SusHi allows the generation of Higgs bosons produced in gluon gluon
fusion at NLO QCD. The code employs the MadGraph_aMC@NLO framework linked

with SusHi [86], where the latter provides the amplitudes of the involved diagrams.

Thus, full dependence on the quark masses is included, in a MC@QNLO-type match-

ing with the Pythia6.4 parton shower. All events have been generated at a center

of mass energy of /s = 13 TeV. We remark that no BSM loops have been in-
cluded in the simulation (e.g. stops loops), however, the impact of such effects

in the kinematic distributions only affects the high pr(H) tail and can safely be
neglected.

We apply the NNPDF2.3NLO PDF set [116], with the corresponding value of
the strong coupling constant, linked with LHAPDF6 [117]. Both the renormalization
and factorization scales are chosen on an event-wise basis. Such dynamical scale
choice sets

pn = pr = Hrf2= 55 (m2 +2) . 5:5)

i

where ¢ runs over all final state particles and m; and pr(i) are their mass and
transverse momentum, respectively. This choice is meant to take into account the
effects from hard radiation and corresponds to a value of mg /2 in the soft/collinear
limit pr — 0, which is the current recommendation for the total inclusive cross
section in the gluon fusion process [118].

As stated above, the events are showered using Pythia6.4. The heavy Higgs
boson is produced in the gluon fusion channel at the matrix element level by
MadGraph_aMC@NLQ. Its decay into a SM Higgs with a mass m;, = 125 GeV and
an extra scalar and the decays of both scalars into b-quark pairs are treated with
Pythia.
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my (GeV) mp, (GeV)
350 25, 215], steps of 10 GeV
425 [25, 215], steps of 10 GeV; [230, 290], steps of 20 GeV
500 [25, 215], steps of 10 GeV; [230, 370], steps of 20 GeV
625 [25, 215], steps of 10 GeV; [230, 295], steps of 20,25 GeV
750 [25, 200], steps of 10 GeV; [220, 620], steps of 20 GeV
1000 [25, 500], steps of 25 GeV; [500,800] steps of 50 GeV

Table 5.1: Pairs of (mp, mp,) generated for the present work. 150k events were gen-
erated for each pair.

We generated 150k unweighted events for each pair (mg, my, ), which is gen-
erally more than the total number of expected events at the HL-LHC (L=3000
fh! ) for the typical pp — H — hhy — bbbb, bbrT, bbyy cross sections in the
NMSSM [18,112]. Therefore the statistical fluctuations in our signal samples will
be smaller than those expected for the LHC, even at its high luminosity regime.
In the present work we have considered signals where the mass of the heavy state
runs from 350 GeV up to 1 TeV, and the mass of the other non-SM Higgs involved
in the decay within [25 GeV, my — 125 GeV]. Table 5.1 shows the steps that have
been used.

Since the widths of the non-SM states hs and H, Ay, and Ay vary non-trivially
with the model parameters, the samples were generated with a fixed values for the
widths set to Ay = 1 GeV and Aj,, = 102 GeV. For the NMSSM, the total widths
of H are below My /50 in all cases, below My /100 for My < 500 GeV, hence the
narrow width approximation is well satisfied.

At parton level, jets are required to have a pr > 20 GeV and n < 2.5. Finally,
all samples are passed through Delphes for detector simulation, including b-tagging
as described in 5.4.1. Jets are clustered with FastJet v3.0.1 using an anti-kp
algorithm with AR = 0.4.

The same event generator, showering and hadronization codes, as well as the
generator level cuts, will be used for all the background samples. Also, the same
scale setting and PDF set will be used for all the backgrounds, unless explicitly
stated. The detector simulation and jet clustering will also be treated in the same
way for the signal and for the background. However, different b-tagging capabilities
will be implemented in the different channels.
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5.4 The bbbb channel

Searches for resonant SM Higgs pair production in the bbbb final state have been
performed before by ATLAS at 8 TeV [90,92,93] and at 13 TeV [94], and by CMS
at 8 TeV [97,99,101] and at 13 TeV [102,103].

Searches for ggF — H — hy + h — bbbb are complicated by the presence of
two unknown masses of H and h,. A naive approach would be to require one bb
pair with a mass near 125 GeV, and to look for simultaneous excesses in the plane
of invariant masses of the other bb pair and the total 4b invariant mass. However,
this approach does not allow to optimize cuts as function of different masses of H

and hg. An at least ~ 20% gain in efficiency can be obtained as follows:

a) Choose a tentative value for my,,, mESSt (mass hypothesis), and optimise the

cuts and the choice of bb pairs as function of this value;
b) Search subsequently for an excess in the total 4b invariant mass (suitably cor-
rected, see below).

In the following subsections we discuss the background simulation and valida-
tion, and finally the results for the expected 95% CL upper limits and 5 o discovery
limits on the cross sections times branching fractions as function of my and my,,.

The latter are compared to production cross sections times branching fractions in
the NMSSM.

5.4.1 Background simulation

For the bbbb channel, the dominant background consists in QCD multijet produc-
tion, whereas other sources such as top-quark pair production have less impact on
the final shape and event yield of the bbbb background.

The simulation of the QCD multijet background is very challenging due to
the many possible sources of b jets. Apart from those coming from the Matrix
Element (ME) generator, one could obtain b quarks in the splitting of gluons from
the Parton Shower (PS). Also, lighter quarks (mainly charm quarks) and gluon jets
could be misidentified as b jets by the b-tagger algorithm (explained in the next
subsection). Thus, one should in principle generate all relevant final-state partonic
multiplicities in the ME generator and merge them (either at LO [119-121] or
NLO [122,123]) in order to account for all possible such sources described above.
However, we found sufficient to consider the inclusive processes bbjj and bbbb at
the ME level. Indeed, lower multiplicities such as bbj were studied individually
and found to have a negligible contribution to the background when requiring
4 b jets in the final state. On the other hand, adding an extra jet would have
a minimum impact in the invariant mass distributions of the b jet systems, and
its contribution to the total number of events could be accounted for by means
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of an NLO K-factor including the real emission diagrams. We have found that
with the chosen b-tagging working point and the selection criteria of the proposed
search strategies, the misidentification of light quarks apart from charms could be
neglected in a good first approximation. Also, b-pairs produced in the PS from hard
gluon jets (also from the matrix element bbjj) give rise to negligible contributions
after selection criteria. Therefore, our simulation of the multijet background will
consist only in the process bbbb and bbcé at parton level, with no need of merging
higher (or lower) multiplicities (see table 5.2 for the details on their simulation).
Finally, the LO cross sections obtained using MadGraph5 have been rescaled by the
best available higher order K-factors [124].

In addition to the the QCD multijet processes, we also considered for this work
the tt contribution to the bbbb background. This process features a large cross
section, and leads to a high multiplicity final state through the hadronic decay of
the top quark. The tt background consists mainly in events where t — bW — bjj,
leading to three jets for each top quark. Thus, in practice all events of the tt
contribution to the bbbb background a charm quark from the W decay is mistagged
as a b jet (light flavours have a much smaller mistag rate, see next section) and
paired with the b quark from the top quark decay to form a Higgs candidate.
In order to reduce this contribution, we apply a so-called tt-veto similar to the
one applied by the experimental collaborations in similar searches. The idea is
basically to discard events where we can reconstruct a W boson and a ¢t quark in
the event. In each event, we take the non b-tagged jets (extra jets) and pair each
of them with the bb dijets if they satisfy AR(jextra,jji) < 1.5; these are top quark
candidates. Then, W candidate from a top quark candidate is reconstructed by
summing the 4-momentum of the extra jet with the b-jet of the dijet which is closer
in AR to it. Finally, we compute the value of the variable:

- 2 o\ 2
mwy —m my —m
= (WW) N <tt> 7 (5.6)
fof oy
where my, and m; are the invariant masses of the W boson and top quark can-
didates, oy, = 0.1lmw, o, = 0.1my, my = 80.4 GeV and m; = 172.5 GeV. If

Process (ME)  oro(pb)  # events K-factor equiv. luminosity
bbee 40298.4 pb  10M 1.3 (NLO) 4.7 !
bbbb 761.6 pb 20M 1.7 (NLO) 13.5 fb™"
tt 461 pb 15M 1.7 (NNLO+NNLL) 17.4 b1

Table 5.2: Processes considered in the study of the contributions to the total bbbb
background
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for some possible combination in an event we find Y7 < 3.2, the event is consid-
ered compatible with the top quark decay hypothesis and hence rejected. After
applying the tt veto, the tt background supposes around ~5% of the dominant
multijet background described above for all the analysis that we propose in this
work, while the signal is barely affected by the veto algorithm.

For the normalization, we computed the LO cross sections for t# using MadGraph5_aMC@NLO,
and the code top++2.0 [125] to obtain the NNLO+NNLL K-factor.

We end the description of the background modelling by mentioning that we
have not accounted for pile-up nor underlying event effects for simplicity, pointing
out that there exist recent studies [126] showing that modern techniques are able
to considerably reduce the effects of pile-up contamination in the bbbb final state.

b-tagging

The b-tagging algorithm is included in the detector simulation which is done using
Delphes 3.3.3. The default ATLAS card is used to simulate the detector. In
this framework, one has to provide Delphes with the efficiency for b-tagging and
light quark mistagging as a function of pr and 1. The ATLAS collaboration has
presented in [127] the current b-tagging performance using Run I data, and also
CMS recently presented its b jet identification performance using 2016 data [128].
Although ATLAS has recently released the expected performance at the HL-LHC
regime for b-tagging [129], in the present work we reproduce the expected perfor-
mances for the b-tagging algorithms in RUN-II reported by ATLAS in [130]. In the
projection study [130], a multivariate b-taging algorithm named MV2 is presented,
which is based in a boosted decision tree (BDT) algorithm to discriminate b-jets
from light (u,d, s-quark or gluon jets) and c-jets. The MV2 algorithm outputs for
each jet a real number within [-1,1], and then different working points are defined
by a single cut value on the MV2 tagging algorithm output distribution. They are
chosen to provide a specific b-jet efficiency on a tt sample. A looser cut on this out-
put results in a higher efficiency for the b-taging, but at the price of also increasing
the rate of light-jets (mainly charm quarks) being misidentified as b-jets.

For studying the bbbb final state we take the working point named e, = 70%,
as the experimental collaborations do for the current searches for Higgs pair pro-
duction in the bbbb final state [131]. This working point is chosen to maximize the
sensitivity, also minimizing the impact of mistagged light jets.

The b-tagging efficiency and the mistagging efficiency as a function of the trans-
verse momentum of the jet, reported by ATLAS [130], were fitted to analytical
functions given by:

eo(pr) = b * tan(c * pr) (“) , (5.7)

1+d*pT
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where we have approximated the efficiency dependence on n and the average pile-
up to be flat. The light-flavour mistagging is fitted to a linear function. These
functions, which are the default setting in the ATLAS card in Delphes 3.3.2 ,
were given to the detector simulation routine to mimic the expected performance
of Run 2. However, recall that the b-tagging algorithms are continuously improved
by the experimental collaborations, and therefore the one presented here could
be regarded as a conservative approach when making predictions for the HL-LHC
regime. In table 5.3 we present the explicit values of the fits for the tagging
algorithms.

Algorithm  « b c d
b-tagging 30 0.8 0.003 0.086
c-tagging 1 0.02 0.02 0.0034

light-jet-tag. €ngne(pr) = 0.002 +7.3-107° - pr

Table 5.3: Fit parameters for the tagging algorithms as a function of pr .

Validation of the background simulation

In this section we make a comparison of our background modelling based on the
Monte Carlo techniques described above, with real data collected by the ATLAS
collaboration [131]. This analysis reports a search for resonant double SM Higgs
production, which could be identified with our search for the case where my, =
mp=125 GeV. As the analysis reported non-observation of BSM physics and a
very good agreement with their background prediction, we use their measurement
in the bbbb final state to directly compare their data with our predictions for the
same c.m.e. and luminosity, by reproducing the analysis and applying it to our
background sample.

It is important to remark here that the methods for predicting the expected
multijet background used by the experimental collaborations are not based on MC
simulations, but on data-driven methods instead. We make here a brief exposition
of the data-driven modelling technique used in [131] before a direct comparison of
the reported results therein with our MC simulation.

It is also convenient to define here the concepts of sidebands and control regions
since, as we will see, for certain search strategies we can easily extrapolate in a
real experiment the data-driven methods for the double SM Higgs production to
the case where the mass my,, is unknown.
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Data-driven modelling

The data-driven method is based on the use of sidebands and control regions to
estimate the behaviour of the background in the region of interest for the search,
the so-called signal region. For the case of bbbb , the technique consists in using
an independent sample of events selected using the same trigger and selection
requirements as for the final analysis, with the exception that the condition of
having four b-tagged is relaxed to only two b-jets, where the other two jets are not
tagged (named 2-tag sample). Clearly, the cross section of the process pp — bbijj
is much larger than pp — bbbb, and therefore the number of expected events
increases dramatically. Thus the signal contamination for this sample is absolutely
negligible for the typical signal cross section at study: any Higgs-to-Higgs signal
will be buried under the overwhelming QCD processes. Recall that in doing this
we have assumed that the kinematics of the non b-jets and b-jets are the same,
which is indeed the case when we can approximate the b quarks to be massless.

On this 2-tag sample, a sideband is defined as a signal-free region in the plane
of the two dijets invariant masses, not too far from the region where we expect the
signal (signal region, see expression (5.9)) in order to ensure that the kinematic
properties are preserved. The shape of the 4-tag background is modelled here,
and then tested in a control region defined as the region in the méj - mgj plane
between the sideband and the signal region. The definitions of the sideband and
control region are chosen such that both are orthogonal to the signal region and to
give approximately the same number of events. Finally, the normalization of the
multijet background prediction (i.e. the total number of expected events in the
actual 4-tag regions) is set by rescaling the total number of events in each region
of the 2-tag sample by a factor pmurtijet:

4-tag 4-tag
Ndata _ Nt{

2-tag 2-tag?
Ndata - Nt{

(5.8)

HMmultijet =

where N1 and Nt are the number of events measured from data in the
sideband region of the 2-tag and 4-tag sample respectively, and the yields Nf{tag
and NV, f}{tag are meant to account for the ¢ contaminations of the samples and are
computed using MC simulations.

However, there exists a fundamental problem when modelling a 4 b-tagged
background out from a 2-tag sample: the b-tagging efficiencies vary as a function
of the jets pr and 7, and therefore each jet in the event is associated to different
b-tagging efficiency. To circumvent this issue, ATLAS carries out a reweighting
procedure to correct these differences introduced by the additional b-tagging re-
quirements. For details on this procedure we refer to [131]. This effect highlights
the necessity to adequately reproduce the b-tagging algorithms used by the experi-
mental collaborations when doing a realistic MC-based bbbb background modelling.
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MC vs data

In order to validate the modelling of the background in our Monte Carlo approach,
we discuss a direct comparison of our background sample with available data from
the ATLAS analysis [131], at /s = 13 TeV with an integrated luminosity of
10.1fb~'. We recall here that it is reported in the experimental paper that after
the full event selection 95% of the background consists of multijet events, whereas
only a 5% is due to tt, in very good agreement with our MC results.

Proceeding as detailed in [131], we reproduce the analysis using the same event
selection and cuts. Then, we require at least four b-tagged jets, and use the four
pr leading ones to construct the Higgs boson candidates. The pairing algorithm
used by ATLAS, based on the distance in the dijets invariant masses plane to the
point (120 GeV, 115 GeV), is reproduced. The final analysis discriminant is the
total invariant mass of the system, myy,.

Recall that our MC simulation (of ~ 2-107 events in the bbbb sample) reproduces
a luminosity similar to the one from the ATLAS search, and therefore the statistical
errors are expected to be comparable. Thus, we carry out our comparison directly
using the MC events instead of fitting it to an analytical function.

The signal region is defined such that the Higgs bosons candidates’ masses
should lie within X3, < 1.6, with:

Lod _ 120 GeV'\? sl — 115 GeV') ?
Xhh = J (mQ] ‘ ) + <m2] ‘ ) 5 (5.9)

lead subl
0.1mg; 0.1m33

where the terms in the denominators represent the widths of the Higgs boson candi-
dates. Such ellipse-like shape is meant to account for the experimental correlation
between the dijets invariant masses.

Lastly, we normalize the sample to the corresponding integrated luminosity
and the LO cross section times the NLO K-factor, which has been approximated
to be flat (i.e. constant in all phase space).

A comparison with the ATLAS data is presented in fig. 5.1. Still (and expect-
edly) our simulated background falls below the measured data given in Fig. 5.1
in [94]. On the upper hand side of Fig. 5.1 we show the measured my, distribution
from in Fig. 5.1 in [94], and our MC result with statistical errors expected for
10.1 fb™' of integrated luminosity. The lower part shows the ratio MC/data bin
by bin. At least for the interesting region my, > 350 GeV an overall reweighting
of our multijet background, as performed in [94], seems appropriate. A best fit is
obtained with a rescaling of 1.55 £ 0.27. The tt background is left untouched, and
remains at ~ 4.6% (after applying a tf veto and the above cuts, and after rescal-
ing). The comparison of the my, distribution of our background after rescaling to
the data from [94] is shown on the lower side of Fig. 5.1.
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Figure 5.1: Left hand side: measured my;, distribution from in Fig. 5 in [94], and our
MC result with statistical errors expected for 10.1 fb~! of integrated luminosity. The
lower part shows the ratio MC/data bin by bin. Right hand side: the my, distribution
of our background after rescaling, compared to the data from Fig. 5 in [94].



64 CHAPTER 5. SEARCHES VIA HIGGS CASCADES

Finally, we remark that we have validated our background by comparing it
with data from a search for resonant double SM Higgs production, i.e. featuring
two SM Higgs bosons of m;, = 125 GeV. In the present work we extend this search
to H — hh,, where at least one of the produced scalars has a mass of 125 GeV but
the other one could be in principle in any kinematically allowed region. Clearly
it is somewhat optimistic to assume that the rescaling of the multijet background
by 1.55 £ 0.27 remains valid for mj,, # 125 GeV. In the absence of data from
sidebands this is, however, the best we can do. Subsequently + 0.27 will be used
as systematic uncertainty of our background estimation for all my_, a number to
be considered as indicative. However, if we estimate the expected sensitivity as

7 = ﬁ’ we conclude that even an underestimation of the background of around

60% of the actual number of events yielded in a real experiment, translates into a
expected sensitivity ~ 29% more ’optimistic’ than the observed one. We consider
such precision sufficient for the purposes of this feasibility study.

5.4.2 Event reconstruction and selection
Resolved vs. boosted topologies

b-quarks are not colour-singlet states, and thus they hadronize. They have a
long decay giving rise to large cascades of QCD states radiated from them. As
a consequence, jets associated to b-quarks are generally wide, and for /s = 13
TeV the jet definition (through a anti-kr algorithm, for instance) with AR = 0.4
is usually a good description of the physical jet. However, in topologies where
the bb pair decays from a heavy or very boosted resonance, the jets associated
to two individual b quarks may be very collimated and eventually merge with
each other, and the algorithm cannot longer resolve the two separated b-quark
jets. This implies a loss of the signal efficiency in such kinematic regions, named
boosted-regions, and therefore a loose of discovery power if we insist in requiring
four AR = 0.4 b-jets. The region where the algorithms can resolve four AR = 0.4
b-jets for the signal events in the bbbb final state is called the "resolved” region.
For our case, it is in general sufficient to take my < 1 TeV and my, > 35 GeV to
remain in the resolved region.

However, in recent years methods for analysing the finer structure of jets have
been developed. In these so-called jet substructure methods, events are clustered
with larger cone radius (typically AR = 1.0), and then in a further step the algo-
rithm goes backwards to disentangle two jets out from the original one, following
some criteria that the user has to define. For further details on jet substructure
methods we refer to [134] or [135] for a review. For the case of double SM Higgs
production in the bbbb final state, the ATLAS collaborations has released searches
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Figure 5.2: Signal efficiencies for the resolved analysis described in sec. xx. On the left

(right), the signal efficiency as a function of the mass my,, (mg) for a fixed my =1 TeV
(mp, =75 GeV). In both cases we can observe the loss of signal efficiency for mg > my,,.

analysing both the resolved and boosted regions separately: the resolved analysis
is applied for masses of the heavy resonance up to 1000 GeV, whereas the boosted
analysis is used for higher masses. Upper limits on the resonant production have
been established ranging between 2 and 1000 fb for masses between 300 and 3000
GeV, at /s = 13 TeV and £ = 11.3fb™!, and similar results were found by CMS.

The boosted topology plays an important role only for large values of my,
approximately above 1 TeV (although light hy states m;, < 70 GeV may give rise
to boosted b-pairs at my < 1 TeV). However, the typical NMSSM cross sections
for large values of my becomes way too small for detection even including boosted
b-jets. For this reasons, in the present work we restrict ourselves to resolved topolo-
gies. For the analysis here presented, jets are clustered with a radius parameter
AR = 0.4. We require each event to have at least 4 b-tagged jets of which we
take only the 4 pr leading jets to construct the two Higgs candidates, each with
pr > 40 GeV and n < 2.5.

It is important to remark here that even if we consider only regions where
we are able to resolve 4 b-jets, there are other effects which may difficult the
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reconstruction task. On the one hand, we have the semileptonic decays of the
b-hadrons, which give rise to invisible parts which can not be accounted for. On
the other hand, jets clustered with a radius parameter AR = 0.4 not necessarily
include all the tracks from the original b-quark, in particular if the b-pairs are
produced at large angles (as it is the case when h and hg are produced with very
low momentum). Not accounting for these missing tracks results in lower invariant
masses.

Reconstruction, selection and cuts

For the pairing of the b-jets to reconstruct the Higgs candidates we can use in
this strategy the information provided by the test mass mESSt in the mass-based
algorithm for looking for the adequate pairs. Thus, at each step of the scan, the al-
gorithm computes all the possible pairings with their corresponding dijet invariant
masses, and picks the pair that minimizes its distance in the dijet invariant mass

plane (m%), ml(?%)) to the point (115 GeV,m;™ - 0.85) (or (my™ - 0.85,115 GeV) ).

After pairing, the bb system with an invariant mass closer to 115 GeV is tagged as
the SM Higgs boson.

Following the recipes of [131] for the case of double Higgs production, we define
a signal region in the dijet invariant masses plane as:

myg(h) =115 GeV\"  (my(hs) — 0.85mje=*
- : 2 1
Xhhs J( 0.11my;(h) 0.11my;(hs) < (5.10)

In fig. 5.3 we show the distribution of events in the dijet masses plane before cuts
for the case when m;™ = my,, with the signal region contour illustrated by the
black curve. We see that for the case when the scan hits the correct mass, the
reconstruction of both bosons is generally good and both masses my,_, and mpy can
in general be obtained quite well.

The kinematic cuts were obtained in the same way as in the previous sections,
and were optimized as a function of the test mass my " and the total invariant

mass of the event, my,. The cuts on the dijets pr are:

P> 1.56 GeV + 0.4myp — 0.13m" — 160m™ /my, GeV (5.11)
for the Higgs-tagged dijet and

P > 11.92 GeV + 0.4my, — 0.15mi™ — 166mi>" /myy, GeV (5.12)

for the second dijet. Since we only use the 4 pr leading b jets in the event, an
event not satisfying these cuts is automatically discarded. In fig. 5.4 we show the
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Figure 5.3: Distribution of the dijet invariant masses for mpy=500 GeV and various
values for my, using the mass algorithm for pairing, in case the test mass of the analysis

m;fSt

coincides with the mass my,.

defined in eq. 5.10.

The black contour represents the signal region
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assuming mgqp K M.

pr distribution of the background and signal for the case my = 1000 GeV and
mp, = 100 GeV.

The acceptance times efficiency at each stage of the selection process is shown
in figs. 5.5 and 5.6 for some illustrative signals.

The fact that we assume the mass my,, allows us to define a corrected total
invariant mass mx given by:

myx = Map — m& + 125 GeV — mZE + m?fft (5.13)

This definition accounts for the effects of both bb systems and greatly improves the
reconstruction of my producing a much better 4-body invariant mass resolution,
specially at large masses my,. As we see in figure 5.7, the signal peak results

sharper and centred in the correct H mass, while barely affecting the background.

Regarding the size of the steps in the scan on m}_fSt , ideally small steps should

be taken to assure that any signal present in the sample can be tested. Here we
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Figure 5.5: The selection efficiency as a function of the heavy resonance mass my at
each stage of the event selection for a mass for hs of my, = 75 GeV (top) and my,, =
325 GeV (bottom)

estimate the minimum step size to be taken such that it guarantees that the scan
does not miss any possible excess, given the size of the signal region 5.3. Since
the signal could be approximately modelled by a Gaussian, we take as step size
two times the standard deviation of the narrower signal in the bb(h,) distribution,
which corresponds to the case mj,, = 25 GeV (and is approximately constant for all
my). Thus we have Amj™ =9 GeV. However, the width of the bb(h,) distribution
for the signal increases with the mass of the resonance h, and thus larger steps
could be taken for larger values of m;, . For instance, form m,tht > 200 GeV
onwards, the steps could be taken as Am;™" = 40 GeV

Modelling the background

As in the previous case, the background depends on the assumed window on my,,,
and hence it should be modelled at each step in the scan over my_ . We fit the mx
background by means of a MLE method, as described in appendix A. We found
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that the 4 parameter Gamma distribution, given by
76’(%)7 (%)a%l
>
flasa, By, 1) = BT (a) r=H (5.14)
0 x < [

provides a very good agreement with data from the Monte Carlo. In fig. 5.8 we
show the MC data for the background and the corresponding fit for two values of
the test mass mEESt
are shown.

Unlike the case of the dijet background, the my background has only one
maximum, placed at masses generally below our region of interest. Therefore, the
search for a heavy resonance my > 350 GeV will consist in looking for a bump in
a monotonically decreasing background, which simplifies the bump hunting task.

In the framework of a real experiment, this strategy allows for the definition
of sidebands and control regions very similar to those used in the resonant double
Higgs production searches in the bbbb channel for modelling the background using

. In the lower panels the standardized residuals for each bin
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Figure 5.7: Reconstruction of the 4 body final state using my, (solid) and mx (dashed),

as defined in eq. 5.13, for various signal samples (top) and the background (bottom)

under the hypothesis mj,= 125 GeV, at /s = 13 TeV. The distributions are normalized

to the total value of the integral.

data. In order to define such regions, it would be sufficient to relax the b-tagging
requirements and define orthogonal regions in the neighbourhood of that defined
in eq. 5.10.

5.4.3 Discovery cross sections X"’ and exclusion limits

Given the my distribution of the background for various hypothetical values of my,,
and the my distributions of signals as in Fig. 5.7 one can, following the statistical
methods from [136] and described in the appendix B, obtain values for 95% CL
exclusion limits and 5 o discovery limits for cross sections times branching fractions
into the bbbb final state as function of the integrated luminosity, my and my,, .

In the case of an integrated luminosity of 13.3 fb™! at 13 TeV we can compare
the expected 95% CL exclusion limits on cross sections times branching fractions
to the ones given by ATLAS in Fig. 11 in [94], for mx = 300...1000 GeV and
mp, ~ 125 GeV. (This ATLAS search was actually dedicated to spin 2 resonances
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Figure 5.9: Expected 95% CL upper limits from ATLAS [94] in blue, their 20
incertainty bands, the expected 95% CL upper limits from our Monte Carlo in black
and, for completeness, the 95% CL upper limits obtained from the data.

decaying to SM Higgs pairs, but the differences to spin-0 resonances are expected
to be small.) In Fig. 5.9 we show the expected 95% CL upper limits from ATLAS,
their +2 ¢ incertainty bands, the expected 95% CL upper limits from our Monte
Carlo and, for completeness, the 95% CL upper limits obtained from the data. We
see that our expected 95% CL upper limits coincide well with the ones expected
by ATLAS.

Since the background was fitted to data at 13 TeV c.m. energy we will show
our results also for 13 TeV, for 300 and 3000 fb~! integrated luminosity. We choose
four representative values for my = 425, 500, 750 and 1000 GeV, and show the
95% CL exclusion limits and 5o discovery cross sections as function of my, in
each case. For 300 fb~! integrated luminosity these are shown in Figs. 5.10, for
3000 fb~! integrated luminosity in Figs. 5.11.

The sensitivities become weaker for my, < 50 GeV (for my = 425 — 500 GeV)
and my,_, < 100 GeV (for my = 1000 GeV). The underlying reason is that for these
masses the bb pair from h, becomes too boosted and is no longer resolved by the
standard jet clustering algorithm. These boosted regimes would require the use of
jet substructure methods for the correct identification of the decay products of h
and h.

The blue regions in Figs. 5.10 and 5.11 indicate viable values for the cross
sections times branching fractions in the parameter space of the NMSSM, obtained
from NMSSMTools_5.1.0 (see section 5.2).

In the region of the NMSSM parameter space corresponding to my > 500 GeV,
the width for hy; — h + h becomes relatively large (=~ 10 MeV) if kinemati-
cally allowed. As a consequence the branching fractions of h, into bb (and the
other channels considered in this paper) decrease, leading to a decrease of the
possible production cross sections times branching fractions for my > 500 GeV,

~Y
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Figure 5.10: 95% CL exclusion limits and 5o discovery cross sections in the bbbb final
state as function of my, for 300 fb~! integrated luminosity and my = 425 GeV (upper
left), my = 500 GeV (upper right), mg = 750 GeV (lower left), my = 1000 GeV (lower
right). The blue regions correspond to viable cross sections for the process ggF — H —
hhs — bbbb satisfying present phenomenological constraints, obtained using NMSSMTools
as described in sec. 5.2.

mp, 2, 250 GeV.

The following conclusions can be drawn from Figs. 5.10 and 5.11: For my < 500 GeV
wide ranges of my,, in the NMSSM parameter space can be discovered or, at least,
excluded. For larger my testable regions in the NMSSM parameter space exist,
but for my ~ 1 TeV only for 3000 fb~! integrated luminosity.

We recall, however, that the sensitivities to cross sections in Figs. 5.10 and
5.11 are model independent and valid for arbitrary (e.g. non-supersymmetric)
extensions of the Higgs sector.
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signal (mg,mp,) cross sec. bins # bkgr # signal Z (B\;_ES)
(350, 75) GeV 390 fb  [320, 360] GeV 49276 1099.8 5
(500, 125) GeV  75fb  [460, 520 GeV 115312  449.41 48
(625,205) GV 55fb  [580, 640] GeV  8988.9  452.5 48
(1000,100) GeV 19 tb [960, 1040] GeV  128.159  57.342 5.1

Table 5.4: Event yield for the signal and background for some benchmark scenarios
and its local significance, in the analysis presented in for the bbbb channel. All cases
correspond to a c.m.e. of 13 TeV and L=300 fb~! .

In table 5.4 we show the event yield for the some benchmark scenarios, with the
local significance corresponding to a cut-and-count experiment on the indicated
bins. Also, for the sake of illustration we show in fig. 5.12 how a discovery bump
would look like in the mx histogram for some signal benchmarks in a search
following the prescriptions presented here.

5.4.4 Comparison with other heavy Higgs searches

Several searches have been carried out for a heavy state H decaying to a pair of
tau leptons at the LHC [137-141]. So far this channel was the favourite one for
looking for a MSSM-like state H/A for one main reason: The couplings of the
MSSM Higgs bosons to down-type fermions are enhanced with respect to the SM
for large tan [ values, resulting in increased branching fractions to taus leptons
and b-quarks, as well as a higher cross section for Higgs boson production in
association with b-quarks. The discovery of the Higgs boson with a mass near
125 GeV strongly favours the large tan 8 scenario within the MSSM framework,
making the mentioned search particularly interesting.

However, in other models with extended Higgs sectors, the situation could be
radically different. In the framework of the NMSSM, the mostly SM Higgs boson
receives additional contributions to its tree-level mass with respect to the MSSM
(see chapter 3), namely due to singlet-mixing effects and from the A term. The
A—term contribution could be dominant and suitably accommodate a mass of
myp, =125 GeV at small/intermediate values for tan § and large values of A. In this
region of the NMSSM parameter space, h lies approximately in the same direction
in field space as the doublet Higgs vacuum expectation value v, hence having SM-
like couplings. This situation, detailed in sec 3.3.2, is clearly favoured by current
data, which show a very SM behaviour for the observed 125 GeV boson. In this
scenario the branching ratio of the heavy states H/A to a pair of tau leptons is not
enhanced, unlike in the MSSM large tan § case. On the other hand, the branching
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ratio BR(H — hh) could reach large values, and could even be dominant for a
relatively light H. This is true also, to a less extent, for BR(A — has). One can
thus ask which search is more suitable for discovering a heavy Higgs bosons in
the context of a natural realisation of the NMSSM, where the enhancement of the
heavy resonances couplings to down-type fermions doesn’t necessarily take place.

We address here a direct comparison of the discovery power of the traditional
search for H/A in the ditau final state versus the one presented in this chapter.
To this aim, we show in fig. 5.13 the latest 95% CL exclusion limits from CMS
in the search ggF — H — 77 [141] ! together with the expected 95% CL limits
in the ggF — H — hh, — bbbb process obtained from our MC study (for the B2
strategy), computed at the same integrated luminosity. Recall that the limits in
the 4b final state depend not only on my but also on the hypothesised mass my, .
Despite this extra dependence, we see that both analysis test very similar values
of the cross sections. Since we are considering the same production mechanism for
the heavy state H/A, namely gluon fusion, the fact that the ratios satisfy

BR(H — hhy)

BR(H — 17) ~
BR(A = ha,)
BR(A—71T1) ™

10 — 100, and (5.15)

10 (5.16)

for most part of the allowed parameter space make the proposed search much more
promising than the traditional one in the ditau final state. In other words, the
search in the bbbb channel is able to test much more NMSSM allowed points than
H/A — 7.

'We present here the CMS results from [141], although an analogous search was presented
by ATLAS [137] at the same integrated luminosity, obtaining very similar results.
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Figure 5.13: 95% CL Upper Limits reported by CMS [141] in the ditau final state,
together with the expected 95% upper limits for the process ggF — H — hhg — bbbb

for different hypothesis on my, .
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5.5 The bbrT channel

Searches for resonant h pair production in the bbr final state have been performed
by ATLAS at 8 TeV [93], and by CMS at 13 TeV in [104,105,107]. Following these

searches we concentrate on the 7,7, 7,7, and 7,7, modes. As in the case of the

bbbb final state we optimise the cuts as function of a tentative value for my,_, mffSt

A priori the 77 pair can originate from h, or h; both cases lead in general
to different kinematics (since my, # my), and thus one has to define different
search strategies for both topologies. We will make no assumptions on the relative
branching ratios BR(h, — bb) and BR(hs — 77). The aim is to obtain separate
95% CL exclusion limits and 5 o discovery cross sections for the processes ggF —
H — hy(— bb) + h(— 77), and ggF — H — hy(— 77) 4+ h(— bb).

5.5.1 Background simulation

The SM background in the bbrr final state at the LHC consists mainly in tf
events. The top quark decays producing a W boson and a b quark in almost all
cases, where the W further decays either to a pair of quarks or to a lepton-neutrino
pair, the latter giving rise to an irreducible bbr7 final state. Also, in the case that
the W decays into quark pairs, the misidentification of light jets as hadronic taus
constitutes an important source of background. 15 million ¢f events have been
generated. The LO cross section was computed with MadGraph5_aMC@NLO, and
the NNLO+NNLL K-factor was obtained using top++2.0.

Other SM processes giving rise to a bbrr final state have been considered. We
generated the process pp — bbrT, obtaining its LO cross section which has been
then rescaled using a NLO K-factor [124]. Some of the diagrams contributing to
this process are shown in fig. 5.14. However, due to its very large cross section the
tt process is the dominant source of background in practically all the phase space.

A detector simulation routine has been applied to both samples using Delphes,
with an anti-k7 jet-clustering algorithm with AR = 0.4. The default ATLAS card
has been used with a b-tagging efficiency corresponding to the € = 70% working

Process (ME) o.0(pb) # events K-factor equiv. luminosity
borT 2.38 pb 10° 2.9 (NLO) 145 fb~!
tt 5042 pb 1.5-10" 1.7 (NNLO+NNLL) 17.45 b~

Table 5.5: Processes considered in the study of the contributions to the total bbrr
background
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Figure 5.14: Some of the Feynman diagrams contributing to the bbrm SM background
at the LHC.

point [130]. The expected tau-tagging capabilities of the ATLAS experiment at the
LHC Run 2 for hadronically decaying taus has been published by ATLAS [142]. In
the present simulation we use the efficiencies for 75, identification and mistagging
for the so-called medium working point reported in [142], which corresponds to a
0.7 (0.6) efficiency and 0.02 (0.01) mistag rate for 1-prong (3-prong) taus.

Validation of the background

In order to validate the background model, in this section we compare the back-
ground samples obtained with MadGraph5_ aMCONLO with the recent results re-
ported by CMS in the search for resonant double SM Higgs production at /s = 13
TeV [105], which were found to be compatible with the expected SM background.
The data used for the search was collected in 2016 and corresponds to an integrated
luminosity of 12.9 fb~! . We reproduced the event reconstruction and selection as
detailed in [105]. Three different channels are considered in this search depend-
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ing on the decay of one of the tau leptons: 7,7,, T,e and 7, each one of them
featuring different selection criteria.

In the leptonic channels (7,e and 7,1) the presence of a lepton (electron or
muon) is required, together with an hadronic tau. The pr requirements are py >
23(27) GeV for muons (electrons) and |n|< 2.1, and a 7, with pr > 20 GeV and
In|< 2.3. Isolation requirements are applied to the leptons present in the event.
The relative isolation variable for the leptons, I lrel, is defined as

Ilrel _ Zz pT,z'7 (517)

Pr,
where the sum over i corresponds to all particles within a cone of AR = 0.4. The
muon and electron candidates are required to pass the relative isolation require-
ment I® < 0.1. The hadronic taus are required to have a value for the isolation
energy

L= Y pri<3GeV, (5.18)

charged, v

where in this case the sum is over the charged particles and photons within a cone
of AR < 0.5.

For the fully hadronic final state, exactly two 7, candidates should be present
in the event, both with pr > 45 GeV and |n|< 2.1. The isolation threshold for the
hadronic taus is set to I, < 2 GeV for this channel.

In all three channels, the leptons are required to have opposite charge. Events
containing more extra isolated leptons are rejected. In addition to the pair of
leptons, all events are required to have exactly two b-jets of AR = 0.4, with
pr > 30 GeV and |n|< 2.4 (the b-tagging algorithm used in the simulated samples
mimic the ATLAS performance instead of those of CMS, however, we do not expect
this differences to have a large impact in the final results). As in the bbbb case, we
focus exclusively on the resolved category i.e. in the region of phase space where
we can resolve two separate b-jets.

The final stage of the event selection consists in applying cuts on the mass
of the 77 and bb systems. In the actual CMS analysis, the invariant mass of the
77 system is reconstructed using a likelihood technique [143] that combines the
information from the visible decay products of the leptons and from the missing
energy in the event. Instead of this, in our approach we reconstruct m.,, using
the collinear approximation, where we assume that the neutrinos from the 7 decay
are collinear with the visible decay products (recall that in this approximation
we work under the assumption that all the missing energy in the event is due to
neutrinos). The mass cuts are:

80 GeV < m,, < 160 GeV (5.19)
80 GeV < my; < 160 GeV. (5.20)
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tt bbrT

a B Iz Iz ok
7w, 3 1755 131.6 | 304.4 40.8 0.41
e 10.5 521.2 -2254|244.6 28.7 0.33
e 103 519.2  -223 | 2554 29.9 0.32

Table 5.6: Fit parameters for the background samples, after the cuts described in the
text.

This analysis is applied on our MC samples, and the resulting distributions for
the total invariant mass m,j . are fitted to analytical functions to avoid introduc-
ing large statistical uncertainties from the MC. For the t¢ contribution, we have
found that the Frechet distribution offers a very reasonable description of the MC
data in practically all the region of interest, i.e. from 300 GeV to 1 TeV. The
Frechet distribution is described by three parameters, and its probability distribu-
tion function is given by:

F(s 0, B,11) = 7 T (5.21)
0 <

In the case of the bbr7 background (consisting mainly in Z+jets), we found that
the 3-paremeters GaussExp function [132], used already by CMS [133] to model
the total invariant mass distribution of a bbbb background, fits well the resulting
events. The GaussExp function basically consists in a gaussian with an exponential
tail smoothly attached at the high side of the function. The probability density
function of the GausExp is given by:

r— 2 —
e_( 20/3) X ) < e
f<$7 M? g, k) = ﬁik(I*M) T g :u . (522)
e 2 - > k
g

The estimated parameters for the ¢t and bbrr backgrounds, obtained by means of
a maximum likelihood estimation method (see appendix A for details), are shown
in table 5.6 for the three subchannels.

In fig. 5.15 we show the distributions observed by CMS and the results using
the background MC samples obtained as described in 5.5.1. For the three studied
channels we can observe a reasonable agreement between data and MC. The ratio
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between both is very close to one within the statistical errors, which are still large.
Discrepancies could arise for various reasons: the different approaches to compute
the 77 invariant mass, the difference in the b-tagging performances and/or the
detector simulation. For the majority of the bins, the central values of the back-
ground simulation is less than 40% away from data, implying that the predicted
expected sensitivity will be within a ~ 29% of its 'real” value.

Still we can ask which rescaling of our simulated background, independent
of the total invariant mass and common to all three channels (to improve the
statistics), provides a best fit to the data. We find a factor 1.01 £ 0.24, and
will subsequently use +0.24 as an estimate of the systematic uncertainty of the
background normalisation.

Event selection

Here we define the basic event selection for both searches, H — h(bb)h,(77) and
H — h(bb)hy(7T).

Isolation criteria and acceptance cuts common to all searches are defined.
The electron and muon candidates are required to pass the relative isolation re-
quirement I}* < 0.1 (see eq. 5.17), with [}* defined in a cone radius 0R =

\/ (An)?2 4+ (A¢)? < 0.4. The hadronic taus are required to have a value for the
isolation energy

L= > pr;<3GeV, (5.23)

charged, v

where the sum is over the charged particles and photons within a cone of AR < 0.4.

We require all events to have exactly two b-tagged jets with pJ. > 30 GeV. As
in the bbbb analysis, we will only consider here "resolved” topologies for the b-jets,
which have been shown by CMS to be the most sensitive channel for invariant mass
below 1 TeV in double SM Higgs searches. If the event has exactly two hadronic
taus, both are required to have pi2"* > 45 GeV, otherwise the event is discarded,
and no isolated leptons should be present. If the event has 1 hadronic tau, then
it is required to have exactly one isolated lepton, both satisfying pg‘f“h > 20 GeV
and p5 > 20 GeV. Any other combination is rejected to reduce the background.
Finally, all objects should have a pseudorapidity |n|< 2.47.

In all three channels, the two lepton candidates are required to have opposite
charges. An additional requirement is applied on the 7,e and 7,1 channels: the

transverse mass of the electron or muon,

mb = \/QpZTET (1 — cos (qﬁ/E«T — ¢€>), (5.24)

is required to satisfy m4 < 40 GeV.
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Figure 5.15: Total invariant mass distribution observed by CMS [105] contrasted with
the results obtained from the MC simulations, normalized to the LO cross section com-
puted with MadGraph5 and an integrated luminosity of L=12.9 fb~! . The results are
shown for the three channels considered in the search: bber;, (top), bbur, (middle) and
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The stransverse mass Mpo [144], which has been proposed for double SM Higgs
searches in the bbrT final state [145], was also studied as a potential discriminant
to reduce the dominant tt background. However, we found that for the range of
masses for the heavy state H considered in this work (mpgy < 1 TeV), Mrps does
not pose any advantage and thus it is not used for the current analysis.

5.5.2 H — h(bb)h(77)

After the acceptance cuts, the bb pair is used to reconstruct the SM Higgs candi-
date. For the case of the 77 system, associated to the h, candidate, the reconstruc-
tion is more challenging due to the presence of neutrinos in the weak decays of
the tau lepton. We consider three simple methods for the h, — 77 reconstruction:
the visible mass, using only the visible parts of the 7 decay; the transverse mass,
which includes the missing transverse energy K7 in the reconstruction, and the
collinear mass. The latter is based on two important assumptions:

1. the neutrinos from the 7 decay are nearly collinear with the corresponding
visible part of the 7 decay (0, ~ Oyis, O, = Puis),

2. all the missing energy in the event is due to the neutrinos.

The 7 leptons from the decay of h, are typically produced with large momenta in
the studied process, making these assumptions suitable for our case. We remark
here that more sophisticated methods have been studied in the literature [143,
146, 147] to suitably reconstruct 77 systems, and may improve its reconstruction
efficiency. Nonetheless, we have found that the collinear approximation offers a
good reconstruction of the signal. For practically all values of my,_, the 77 invariant
mass peaks at 95% of the actual mass my,, using the collinear method, as we can
see in fig. 5.16.

Once the two Higgs boson candidates have been reconstructed, we define the
corrected total invariant mass my as:

mx = My, — My; + 125 GeV, (5.25)

where my;, . denotes the total invariant mass of the bbr7 system using the collinear
mass for the 77 pair.

We define a signal region as a cut in the invariant mass plane of the two
candidates:

J (mba(m ~ 110 Gev>2 ( () — 0.92mfE
Xhhs = :

2
1 (5.26
0.35my;(h) Max(0.35m.,,(hs), 30 GeV)) <1 (526)
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Figure 5.16: Reconstruction of the 77 system invariant mass, using three different
methods. In all cases, the collinear mass method offers a good reconstruction of the

signal mass M.
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The size of the signal region ypy, is designed to account for 95% of the signal
events, whereas the Max(0.35m..(hs), 30 GeV) is meant to avoid too small signal
regions. In fig. 5.17 we show the density of signal events in the dijet invariant
masses plane with the signal region denoted by the black ellipse, for the case
mpy = 500 GeV at various values of my,,.

Kinematic cuts have been obtained for the transverse momentum of the Higgs
candidates,

Ph > 52 GeV + 0.14mx — 0.2mj™" — 202.1m;" /mx GeV (5.27)
for the bb dijet and
P > 23.8 GeV + 0.19mx — 0.02m;*" — 128.4mj>" /mx GeV (5.28)

for the 77 system. Recall that the cuts are computed in a per event basis, since
my is the value of the corrected mass of the event. These cuts were obtained
optimizing the signal-to-background ratio for each pair (mg,my,). In fig.5.18 we
can see the pr(h) and pr(hs) histograms for the background and signal before
applying the kinematic cuts on the dijets pr. No cuts are applied on angular
variables.

In figs. 5.19 and 5.20 we show some examples of the signal efficiency at the
different stages of the event selection as a function of my, and my.

5.5.3 H — h(77)h,(bb)

The h, candidate is reconstructed using the two b quarks present in the event,
whereas the SM Higgs candidate is reconstructed from the 77 system in the
collinear mass approximation. The total invariant mass myy,, is corrected using

the test mass m}_fSt ,
My = My, — Mgy + 1" (5.29)
Mass dependent cuts are applied on the pr of the higgs candidates:
ph > 118.23 GeV + 0.02my — 0.55m; ™" — 379.81m;™" /mx GeV (5.30)
for the 77 dijet and
P > 16.1 GeV + 0.19my — 0.04mj™ — 137mi™" /my GeV (5.31)

for the dijet system.
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Figure 5.18: Distribution of the py cuts of the SM Higgs dijet (upper plots) and non-
SM Higgs hs (lower plots) for the signal and background at /s = 13 TeV, for the case
mpg = 750 GeV and my, = 85 GeV (left) and my,, = 400 GeV (right). The black vertical
line indicates the approximated value of the cut, assuming mx ~ mpg.

Modelling the background

The resulting background after the cuts described above depends of course on the

mass mffSt that we are assuming, hence the background should be parametrized

test The two contributions that we sim-

ulated and validated in sec.5.5.1, namely tf and bbr7 (the latter containing mainly
Z-+jets events), are fitted to analytical expressions using two different functions,
the Frechet and GausExp distributions, respectively, which were already intro-
duced in sec. 5.5.1. Both functions present a very reasonable agreement with the
MC data, as we can see in fig. 5.21 with some illustrative examples.

for each value of the hypothesised mass m

5.5.4 Discovery cross sections X"’ and exclusion limits

Given the my distribution of the background for various hypothetical values of
my, and the myx distributions of signals we can, as before, obtain values for
95% CL exclusion and 5o discovery for cross sections times branching fractions
into the h — bb, hy — 77 and h — 77, hy — bb final states as function of
the integrated luminosity, my and m;,. We choose four representative values for
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Figure 5.19: The selection efficiency for the leptonic (top) and hadronic (bottom)
channels as a function of the heavy resonance mass mpy at each stage of the event
selection for a mass for hs of mj, = 105 GeV

myg = 425, 500, 750 and 1000 GeV, and show the 95% CL exclusion limits and
50 discovery cross sections as function of my,, in each case. For h — bb, hy — 77
at 300 fb™! integrated luminosity these are shown in Figs. 5.22, for 3000 fb™! in-
tegrated luminosity in Figs. 5.23. For h — 77, hy — bb at 300 fb~! integrated
luminosity these are shown in Figs. 5.24, for 3000 fb™! integrated luminosity in
Figs. 5.25. The uncertainties include statistical uncertainties and, added linearly,
+24% considered as an estimate of the systematic uncertainty originating from
the normalisation of the background.

The following observations can be made: First, the expected sensitivities on
cross sections times branching ratios differ hardly among the cases h — bb and
hs — 77 versus h — 77 and h, — bb; if at all, the analyses aiming at h — bb and
hs — 77 are typically somewhat more sensitive.

Second, in Two-Higgs-doublet models of type II as well as in the NMSSM the
branching fractions into bb and 77 of both h and h, are always related by a factor
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Figure 5.20: The selection efficiency for the leptonic (top) and hadronic (bottom)
channels as a function of the non-SM resonance mass my, at each stage of the event
selection for a mass for H of my = 625 GeV

~ 9 : 1. Accordingly the possible cross sections times branching fractions in the
NMSSM parameter space, indicated in blue in Figs. 5.22-5.25, are ~ 1/9 of the
ones in Figs. 5.10-5.11 for the bbbb final state. Then one can ask, for a given
point in parameter space, which of the analyses considered up to now is the most
sensitive. According to our results this is the search in the bbbb final state which
allows to test somewhat larger regions in parameter space.
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5.6 The bbyy channel

This channel offers in principle some interesting advantages for the search of Higgs
bosons. In general, a Higgs-like particle has a relatively small couplings to photons
due to the fact that it is a loop induced decay, mediated mainly by top quarks and
vector boson loops (although of course this depends on the model under consid-
eration). The SM branching ratio of a Higgs boson with a mass m; =125 GeV to
a pair of photons is around 0.228%, much smaller than the dominant bb channel,
in which a 125 GeV Higgs decays 56.9% of the times. However, for the case of
a hadron collider like the LHC, the electromagnetic background is much smaller
than the QCD one, and thus a search featuring two hard photons turns out to be
a very clean channel. Following this argument, the bbyy final state can thus be
considered as a good compromise between the ’cleanness’ of a diphoton final state,
although having a small signal cross section; and the large branching ratio to b
quarks of typical Higgs particles, at the price of having a large QCD background.

Recall also that, unlike the bbbb or bbr7 cases, the branching ratios of the two
possible decays of the non-SM state, BR(h, — bb) and BR(h, — ), are usually
anticorrelated for a Higgs-like particle, as it is the case of the NMSSM singlet in a
large part of parameter space (as we showed in chapter 4). Since the couplings of a
Higgs-like particle to taus and bs are generically given by a coupling to down-type
fermions, the final states h(bb)h(77) and h(77)hs(bb) in the bbrT search usually
test the same region in the parameter space of the model. On the other hand,
a suppression in BR(h, — bb) may lead to an enhancement of BR(hy — vv)
(see 4.4). Therefore, the searches H — hh, — h(bb)hy(yy) and H — hh, —
h(y7y)hs(bb) may be actually probing different regions of parameter space in models
like the NMSSM (or 2HDM+-S), offering thus an interesting complementarity.

Searches for double SM Higgs production in the bbyy have been carried out
by both ATLAS and CMS using Run I [91,93,96] and Run 1T [106, 110, 148] data.
Furthermore, the ATLAS collaboration has released an interesting study on the
prospects for measuring Higgs pair production in this channel at the HL-LHC
regime [149]. In our Monte Carlo approach to model the background, we take as a
starting point the background studies for double SM Higgs production carried out
by the experimental collaborations in this channel. However, as we deal with two
different decay states, the diphotons can a priori originate from either h and h:
Both cases are studied below. Like in the previous case, we optimize our analysis

as function of the mass hypothesis mefSt .
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5.6.1 Background simulation

Apart from the irreducible bby~y background, one has to account for the possibility
of lighter quark flavours being misidentified as b-quarks by the b-tagging algorithm.
Charm quarks have a larger misidentification rate than lighter quark and gluon
jets, and thus were simulated in different samples to better account for these
effects. The b-tagging capabilities in our simulations are included in the detector
simulation routine Delphes, which in this case was tuned to reproduce the b-
tagging efficiencies reported by the ATLAS collaboration [130] for the e = 0.85
working point. Such efficiencies depend on the pr of the jets. Analytical functions
of the form of (5.7) were used to reproduce this behaviour accurately, and the
fitting parameters are presented in table 5.7. The ¢ = 0.85 working point, also
chosen by ATLAS for the double SM Higgs search presented in [148], features
rather loose criteria to identify b-jets in order to increase the b-tagging efficiency, at
the price of increasing the misidentification rate. This choice was done to maximize
the b quark identification efficiency to compensate the very small signal cross
sections that we aim to test, specially when dealing with large mass hypothesis.

Algorithm  a b c d
b-tagging 71 1.18 0.002 0.19
c-tagging 15 0.98 0.004 0.13

light-jet-tag €light = 3.51072

Table 5.7: Fit parameters for the tagging algorithms as a function of pr .

Another important source of background consists in events with jets fragment-
ing into pions subsequently decaying into a pair of collimated photons, which are
misidentified as isolated photons (fake photons). Although the rate for jets giving
rise to fake photons is small, the cross section of jets+~ is very large and thus this
source gives an important contribution to the total background. We accounted
for this simulating 2 - 107 bbjy events. The detector simulation performed with
Delphes allows indeed to account for this effect, which also depends on the photon
isolation criteria, described below.

Lastly we considered single SM Higgs production through top quark association
(computed at NLO) with the Higgs subsequently decaying to a pair of gammas,
although it has little impact and it is only expected to play a role in the h(y7)hs(bb)
search. Other backgrounds, like SM double Higgs production or Drell-Yann events
with their decay electrons misidentified as photons were neglected, as they have
been shown to have a minor impact [106,149]. Effects from underlying event and
pile-up collisions have been neglected.
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The bbyy, céyy and jjyv were generated at leading order inclusively, i.e. with
an additional jet in the tree-level matrix element, suitably matched to the parton
shower to avoid double-counting effects. These samples were normalized to their
LO cross sections also computed with MadGraph5. The ttH background was gen-
erated at NLO in QCD assuming SM couplings. The bbjy sample was generated
at leading order exclusively, and the obtained cross section was rescaled using a
QCD NLO K-factor from [124]. All the Monte Carlo samples used in this study
are presented in table 5.8.

Photons were required to pass isolation criteria through the relative isolation
variable for photons,

e = LiPri g (5.32)

Pry

where the sum over ¢ corresponds to all particles within a cone of AR = 0.4.

Validation of the background

In this section we aim to validate our MC background model using current avail-
able data from double SM Higgs searches in the bby~y final state. Although this
validation will only confirm our results for the case when my,, ~ my ~ 125 GeV, it
serves as a good indicator for estimating the reliability of our Monte Carlo samples.
As for today, searches for double SM Higgs production in this channel at /s =
13 TeV use low luminosities (3.2 fb™" for the case of ATLAS [148] and CMS
uses 2.7 fb~! [106]), thus making our comparison rather loose in statistics. Both
collaborations rely on data-driven methods to model the expected background.
In the following, we reproduce the ATLAS analysis [148] in order to obtain
the expected number of events due to the SM background using our MC samples,
to then compare it with the ATLAS result. Although the collaboration measured
0 events in the signal region, their background model, constructed entirely from

Process (ME) oro(pb) # events K-factor equiv. luminosity

bbyy(+7) 0.36 pb  2-10° - 5536 fh~*
ceyy(+9) 1.17pb  2.4-10° - 2038 fh~!
kkyy(+j)  11.23pb  2.1-10° - 183 fb~!
bbjvy 3328 pb 2107 1.58 38 th*
ttH (NLO)  1.13fb  5-10* - 4.4-10* fb!

Table 5.8: Monte Carlo samples used in the study of the bbyy final state. Recall that
k indicates u,d and s quarks and gluons.
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data, predicted 1.63+0.3 background events after all cuts and selection criteria.
We will use this value as a reference to compare our MC model.

In [148], after isolation requirements, the two leading pr photons are required
to satisfy

E¥m.., > 0.35, B3 /m.,, > 025 |n<2.37and 1.37 < |n|< 1.52 (5.33)

where m.,, is the invariant mass of the diphoton system. Jets are required to have
In|< 2.5 and pr > 25 GeV, and are b-tagged using a € = 0.85 working point. After
b-jets identification, The highest pr and the next-to-highest pr b-jets are required
to have pr > 55 GeV and pr > 35 GeV respectively.

Events are selected if there are at least two photons and exactly two b jets.
The invariant mass of the bb system should lie within

95 GeV < my; < 135 GeV. (5.34)
For the diphoton system, a first mass cut is applied, requiring m., to fall within
105 GeV < my, < 160 GeV. (5.35)

Then, the actual signal region is defined by further requiring m,, to be inside
mp — 3.1 GeV < my, < my, + 3.1 GeV, (5.36)

whereas the complementary region with (5.35) is defined as the sideband. The
efficiency for events satisfying (5.35) to pass the tighter m., cut is estimated by
ATLAS using data (from a 0-b-tagged region) to be €,, = 0.126 = 0.001. In
our MC model we obtain for this efficiency €,, = 0.1246 £+ 107*, in very good
agreement with the ATLAS result. After passing (5.36), the ATLAS collaboration
reports that the total invariant mass distribution m. ., is fitted using a Landau
Distribution (which we present below). Although no fit parameters are presented
in [148], we have also found that this function presents an excellent agreement
with our MC events, and will be used later on for modelling the background even
when my,, # mp,.

Finally, the total number of background events expected by ATLAS after all
cuts within the mass window given by eq. (5.36) is 1.63 £ 0.3, whereas our MC
model yields 1.06 4 0.14, i.e. near 53% below the ATLAS result. Reasons for
this underestimation are numerous. NLO QCD corrections are known to give rise
to a substantial increase of the production cross section [150]. Other sources not
accounted for, differences in the photon isolation and the modelling of the b tagging
and photon identification can also alter the final result.

In order to adjust our background model to the data, we perform a rescaling
to fit the ATLAS results. The best fit is obtained with a rescaling factor of
1.5440.35. As for the bbbb case, this rescaling factor will be used when modelling
the background even at my, # m;,. In the following the uncertainty +0.35 will be
used as a systematic uncertainty.
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5.6.2 Event selection

We present here the selection criteria common to both searches. The isolation
criteria for the photons present in the events is the same that we adopted in
sec. 5.6.1, i.e. the relative isolation variable for photons should satisfy I, gel < 0.1.

Events are required to have at least 2 b tagged jets with pr > 40 GeV and
In|< 2.5. The b-tagging efficiency corresponds to those reported by ATLAS [130]
for the working point € = 0.85, as indicated above. The two pr leading b jets
are used to reconstruct the Higgs candidate (either h or hg), and thus we stick
to the resolved region as in the previous cases. This choice is rather natural
for the bby~y channel: Since the typical signal cross sections in bbyy become way
too small for large masses of my, the region of interest for this search will be
approximately my < 750 GeV, where the resolved topology for the bb system
accounts for practically the totality of the events.

Two or more photons are required in each event. The leading and subleading
pr photons are used to reconstruct the kinematics of the Higgs candidate. They
should satisfy the asymmetric selection criteria:

B > 13, B, > 14, [ol< 247 (5:37)

Further cuts on the kinematical variables of the reconstructed Higgs candidates
are detailed in the following subsections.

5.6.3 H — h(bb)hy(7y)

After passing the cuts described above, the bb and v systems are used to recon-
struct the SM Higgs and h, candidates respectively. Instead of using the total
invariant mass 1., the mass of the heavy state H is reconstructed using the
corrected total invariant mass my, defined as

Mx = My, — My + 125 GeV, (5.38)

already used by CMS [106] in the double SM Higgs search in the bbyy channel.
As in the bbbb and bbrT channels, the variable mx produces a much better 4-body
invariant mass resolution, as we can see in fig. 5.26.

Since we focus our search on the mx histogram, we use a test mass m}LSSt as
in the previous cases, which serves as a mass hypothesis for m;,,. A signal region
is defined as a function of mefSt applying cuts on the invariant masses m,; and
m.. For the case of the dijet system, we require

100 GeV < my; < 150 GeV, (5.39)
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Figure 5.26: 4-body invariant mass reconstruction using Mgy and myx as defined in

eq. 5.38, for various signal points. All signal samples were simulated assuming a width
of 1 GeV.

consistent with the mass of the SM Higgs. On the other hand, the distribution
of signal events in the diphoton invariant mass histogram m.,, associated to the
mass of the non SM state hg, depends on the masses my and my, present in the
signal. Photon measurements have a much better resolution with respect to jets,
allowing us to define narrower regions to identify a signal. As we see in fig 5.27,
for a fixed value of my,_, the width of the signal tends to increase as mx increases.
On the other hand, when fixing my, varying the mass m;, within the range of
masses considered in this work barely changes the shape of m.,, so we can fairly
approximate the width of the distribution to be independent of the actual mass
of hs. In order to optimize the signal efficiency, we fit the m.,, distribution to a
Gaussian to obtain the value of the variance U’2w for each signal sample (my, my,).
Then, a simple analytical expression for o, is obtained as a function of mg;

0y (myr) = 2.310 GeV + 0.008 - my. (5.40)

Using this expression, we define a window for the invariant mass m., such that
approximately 95% of the signal events pass this cut, i.e. m.,, should satisfy

test
My — M,

< 20, (mx) (5.41)

where mx is the corrected total invariant mass of the event, identified with the
mass of the heavy state H. As in the previous cases, this is a mass dependent cut
applied in a per-event basis, optimizing the signal-to-background discrimination.
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Figure 5.27: Distribution of the reconstructed m,, for some signal samples, with the
fitted Gaussian distribution used to approximate the width o.,.

Subsequently, mass dependent cuts are applied on the kinematics of the h and
h, candidates,

pr(bb) > 16.94 GeV + 0.18mx (5.42)
and
Er(yy) > 68.32 GeV + 0.25mx. (5.43)

For the case of the diphoton system, we applied a cut on Er instead of py since in
this way we can define a cut fairly independent of the mass m;, . In fig. 5.28 we
present a diagram showing the different stages of the event selection for various
illustrative examples. As we can see from the figures, the signal efficiency after
selection lies between 5% and 10% for most masses.

After cuts, almost all the samples in table 5.8 make important contributions to
the background. The samples consisting in yy-+jets suppose approximately 60%
of the total background, whereas the rest is due to the v + bbj samples where a
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gamma, is faked from jet fragmentation. The ¢t H background only has a noticeable
contribution in the region 105 GeV < mtest < 145 GeV, although its contribution
is always below 5%.

The mx distributions of the events passing all the cuts in each background
sample are fitted to a Landau distribution. The Landau distribution, also used
by ATLAS [148] to parametrize the background in the bbyy channel, is a two
parameters distribution, which probability distribution function is proportional
to:

/ sin(2t)e —tleSt =Rt log(t) gy (5.44)
0

All the fits show a very good agreement with the pseudodata, as we see for the
cases of mffSt = 95 GeV and mE?St = 165 GeV in figs. 5.29.

5.6.4 H — h(y7y)hy(bb)

We now consider a search where the 125 GeV scalar decays to a pair of photons
and the extra state hy produces a bb pair, with an invariant mass ranging from
25 GeV to 400 GeV. The strategy is similar to the one presented in the previous
section. Firstly, we define the corrected invariant mass my as

mx My + My (5.45)

= m'y'ybb

Subsequently a signal region is defined in the (my,my,) plane. As a result of
a signal-to-background study using the MC events, we obtain an optimum mass
window given by the expressions:

|mqy — 125 GeV| < 2 GeV +0.02 - mx (5.46)

0.9 - my™ — 30 GeV < my; < 0.9 - my™ 4 20 GeV, (5.47)

where the mass window (5.46) has been optimized in the same way as we did for

the diphoton window in expression (5.40). Indeed, both expression account for the

fact that the signals tend to be wider as the masses my and my, increase.
Kinematic cuts are applied to the Higgs boson candidates:

for the 125 GeV state, and

pr(bb) > —5.71 GeV + 0.29mx (5.49)
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Figure 5.29: MC events for the background, using samples described in table 5.8, and
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(right).
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Figure 5.30: mx background decomposition for m}fSt =65 GeV (left) and m}fSt =
185 GeV (right), for the search presented in sec 5.6.4. The distribution was obtained
using the parametrized background model, normalized to an integrated luminosity of

L=300 fb~!

for h,. The signal efficiencies are similar to the previous case, ranging from very
small values for small my, or mg ~ my, + 125 GeV, to a maximum of ~15% for
mpe ~ 100 GeV.

Once the cuts have been applied, we are left with sizeable contributions from all
the background samples. In this case, the single SM Higgs production supposes an
irreducible background for all masses of hg, and it comprises between 2% and 4% of
the total background. The remaining background consists in approximately 80%
of v+ jets whereas the rest is due to the bbj~y (i.e. one hard photon plus one fake
photon). However, this background decomposition depends strongly on the region
of my that we are looking at: at relatively low myx < 550 GeV, the contribution
arising from fake photons (modelled through the bbjy sample) is below 10% for
almost all m}LSSt , whereas for large values it could comprise up to 45% of the total
background. In fig. 5.30 we show the background decomposition as function of
mx, for mELESt =65 GeV and m}LSSt =185 GeV.

The same parametrization of the background holds for this search, i.e. the
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Landau distribution is used to fit the background samples. Each MC sample is
parametrized separately for each value of m,tht .

signal (mpg, mp,) cross sec. bin # bker # signal  Z
(350, 75) GeV 2.8 tb 340, 360] GeV  39.20 39.16 4.84
(500, 145) GeV 1.35 tb 480, 520] GeV  14.45 28.20 4.94
]
]

(625,105) GeV 0.75fb  [580, 640] GeV  7.99 23.73 5

[
[
[
(750,95) GeV 0.6fb  [700,780] GeV  6.11 2223 5

Table 5.9: Event yield for the signal and background for some benchmark scenarios
and its local significance, computed assuming a Poissonian distribution of the events for
the bin specified in the table. The results correspond to the analysis in h(y7)hs(bb). All
cases correspond to a c.m.e. of 13 TeV and L=300 fb~! .

5.6.5 Discovery cross sections X"’ and exclusion limits

Given the mx distribution of the background for various hypothetical values of my,,
and the my distributions of signals we can, as before, obtain values for 95% CL
exclusion and 5o discovery for cross sections times branching fractions into the
h — bb, hy — vy and h — 77, h, — bb final states as function of the integrated
luminosity, my and my,,.

After completing our analysis the CMS search [110] for h 4+ h — bbyy based
on 35.9 fb~! appeared. The expected 95% CL exclusion limits given in [110] can
be compared to ours for my, = 125 GeV for the same integrated luminosity; this
comparison as function of my is shown in Fig. 5.31. The expected limits coincide
within 10 for my > 500 GeV, and within 20 everywhere. Our expected lim-
its are systematically more conservative; we note that the CMS analysis employs
Boosted Decision Tree (BDT) algorithms for the signal to background discrimi-
nation, which are more sophisticated than the traditional cuts, and give rise to a
better optimization of the signal discrimination.

Our expected 95% CL exclusion limits and 50 discovery cross sections for
h — bb, hy — v as function of my, at 300 fb~! integrated luminosity are shown
in Figs. 5.32 for four representative values for my = 425, 500, 625 and 750 GeV,
and for 3000 fb~! integrated luminosity in Figs. 5.23. For h — v, h, — bb at
300 fb~! integrated luminosity these are shown in Figs. 5.34, for 3000 fb™! inte-
grated luminosity in Figs. 5.35. The uncertainties include statistical uncertainties
and, added linearly, £35% considered as systematic uncertainty originating from
the normalisation of the background. Again we show in blue the possible cross
sections times branching fractions in the NMSSM.
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Figure 5.31: Expected 95% CL exclusion limits for ggF — hh — bbyy for 35.9 fb!
from CMS [110] and from our MC simulation as function of my. For completeness the
observed limits are shown.
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Figure 5.32: 95% CL exclusion limits and 5 ¢ discovery cross sections for h — bb and
hs — ~v as function of my, for 300 fb~! integrated luminosity and my = 425 GeV
(upper left), my = 500 GeV (upper right), my = 625 GeV (lower left), my = 750 GeV
(lower right).

Two comments are in order: First, again a sizeable region in the NMSSM
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Figure 5.33: 95% CL exclusion limits and 5 ¢ discovery cross sections for h — bb and
hs — ~~ as function of my, for 3000 fb~! integrated luminosity and mpy = 425 GeV
(upper left), my = 500 GeV (upper right), mg = 625 GeV (lower left), my = 750 GeV
(lower right).

parameter space can be tested in this final state provided my is not too large and
the trilinear coupling H — hy — h is not too small. It is, however, not the same
region potentially visible in the bbbb final state: The branching fraction of h, into
~~ can vary in the 0.2% 4 0.1% range, and is anticorrelated with its branching
fraction into bb.

Second, the comparison of the upper limits on A — bb and hy — 7y versus
h — vy and hy — bb has a simple answer depending on my, : For my, < 125 GeV
the search for hy; — v is more promising, whereas for my, > 125 GeV the search
for h — v, hy — bb is typically more promising (unless the branching fraction
hs — bb is extremely enhanced).

Lastly, we show in fig. 5.36 two benchmark scenarios of how a bo excess
would look like in an actual my histogram, following the strategy presented for
H — h(bb)hs(y7). Unlike the excesses in the bbbb final state, the photons offer a
much better resolution giving rise to sharper peaks which are easier to identify.
The ’discovery peaks’ are much more pronounced with respect to the bbbb or bbrr
cases, although the statistics are lower and thus the error bars larger. Also, due
to the decreasing signal cross section with the mass of the heavy state H, the
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Figure 5.34: 95% CL exclusion limits and 5o discovery cross sections for h — v
and hs — bb as function of myp,, for 300 fb~! integrated luminosity and my = 425 GeV
(upper left), my = 500 GeV (upper right), mpy = 625 GeV (lower left), my = 750 GeV
(lower right).

region of interest for this search lies typically for relatively low my. For very small
myg ~ 350 GeV, the signal excess could sit on top of the global maximum of the
SM background, as is the case presented in the upper plot in fig. 5.36. This could
in principle complicate the identification of the excess, since one is particularly
sensitive to the modelling of the background. However, the good resolution of the
corrected mass my (particularly good for low my) circumvent this issue, since the
signal events concentrate in a few bins with a relatively small width.

In table 5.10 we present the number of expected events for several benchmark
scenarios. Recall that, because of the reduced number of events, the approximate
formula for computing the Gaussian significance, Z = S/ VB, does not hold any
more, and Poissonian expressions should be used instead.



5.6. THE bbyy CHANNEL 113

T T T T T
\/; =13 TeV, L =3000 fb~" \/; =13 TeV, L = 3000 fb~!

5 my=425Gev. 777 95% CLUL 5 : my=500Gev 7~ 95% GL UL
= I Expected : 10 S 0010 \
§ Expected 20 ] é 0.005 4
s N  _gae-- =
x = & 0.001
= e &7 _g@== < )
5 7 - T 5.x107*
T = T
[Ty w
3 8 1.x10™
S S 5 %105
50 100 150 200 250 50 100 150 200 250 300 350
mp, [GeV] mp, [GeV]
s =13Tev,L=300086" xee Vs =13Tev,L=300086" " xe
— my=625GevV. =7 95% CL UL —_ my=750Gev.  ~T=== 95% CL UL
'.é 0.010+ I Expected £ 10 i 0.010¢ B Expected £ 10 ]
g g Expected + 20
> >
1T T 0.001%
L ooo1} &
- -
T T
¥ 7 107
5 10} %
=) =]
S S
s 1 0—5 L
107k L L L L L L L L
50 100 150 200 250 300 350 400
mp, [GeV] my, [GeV]

Figure 5.35: 95% CL exclusion limits and 5o discovery cross sections for h — v and
hs — bb as function of mp,, for 3000 bt integrated luminosity and myg = 425 GeV
(upper left), myg = 500 GeV (upper right), mg = 625 GeV (lower left), mpy = 750 GeV
(lower right).

signal (myg, my,) cross sec. bin # bker 4 signal Z
(350, 75) GeV 5fb  [340,360] GeV 1011 2298 4.6
(500, 145) GeV 145 fb  [480, 520] GeV 827 2401 5
(625,105) GV 0.9fb  [580, 640 GeV 541 2230 5
(750,95) GV 0.7fb  [700,780] GeV 257 1827 5

Table 5.10: Event yield for the signal and background for some benchmark scenarios
and its local significance, computed assuming a poissonian distribution of the events for
the bin specified in the table. The results correspond to the analysis presented in sec.
5.6.3. All cases correspond to a c.m.e. of 13 TeV and L=300 fb~! .
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Figure 5.36: Examples of signals exceeding a 5o sensitivity in the myx histogram, for
the h(bb)hs(y7) final state. Plots on the left- and right-hand side are equivalent, except
for the bins size. Top: relatively light H of mpy = 350 GeV, decaying into a SM state h
and hs with my, = 75 GeV. We see that the signal could sit on top of the maximum for
sufficiently small myg. Bottom: The signal features mpy = 625 GeV and my, = 85 GeV.
For mpg > 400 GeV, the resonance H shows up as an excess on top of an exponentially
decaying background.
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5.7 Conclusion and outlook

Searches for resonant SM Higgs pair production are performed with considerable
effort by ATLAS and CMS. As explained in the introduction searches for ggF" —
® — H, 4+ H, can be more promising where either H; or Hs can be SM-like, and
the other state being possibly CP-odd (which does not affect the search methods).

This scenario is manifest in the NMSSM where the role of ® is played by
the MSSM-like heavy doublet, but the argument is more general. In the present
chapter we have studied the prospects for corresponding searches in the bbbb, bbrT
and bby~y final states, including SM backgrounds. The results are that significant
regions in the NMSSM parameter space can be tested by these searches.

We are convinced that the here proposed search methods can still be refined,
and that the estimated sensitivities to cross sections times branching fractions
presented here are conservative. This becomes clear from a comparison to the
recent, CMS search for resonant SM-Higgs pair production [110] in the bby~y final
state (and actually also from a comparison to the recent CMS search [107] in the
bbrT final state). Thus we hope that such promising searches will be performed in
the future at the LHC.






Chapter 6

Summary

Supersymmetry has been for long time one of the most popular theoretical frame-
works to overcome difficulties of the Standard Model. Most SUSY models invoke
new physics at the TeV scale in order to circumvent fine-tuning problems, and in
all cases extended Higgs sectors are needed. These offer an opportunity for us, in
the LHC era, to test SUSY extensions of the SM, to probe naturalness as a guiding
principle, and to understand the EWSB mechanism realised in nature. Moreover,
even without SUSY the possible existence of extra Higgs bosons beyond the SM
remains a key question, and answering it will be one of the principal goals of the
LHC.

In this thesis we have studied the discovery prospects for the supplementary
neutral Higgs bosons predicted in the Next-to-Minimal Supersymmetric Stan-
dard Model, with particular emphasis on processes including a mostly singlet
scalar /pseudoscalar. Search methods studied in this work include:

e Direct production of a new (pseudo)scalar in the diphoton final state ggF —
hs — 7~ has been considered in chapter 4. Motivated by naturalness, we
explored regions in parameter space featuring a light singlet-like state with
a mass below 125 GeV. We showed that current analysis in this channel by
both ATLAS and CMS at /s = 8 TeV are already sensitive to a part of
the phenomenologically viable parameter space of the NMSSM. However,
these searches using run 1 data are far from excluding this theoretically well-
motivated scenario: new data are necessary to further constrain or to discover
it. Natural points can have a very small cross sectiono(ggF — hs — )
and thus direct searches are not enough to test this scenario completely.

e We showed that a sizeable hy —h mixing can substantially affect the coupling

to gauge bosons of the 125 GeV Higgs h. Accurate measurements of the
reduced coupling kv (h) can largely test scenarios where the singlet- doublet
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mixing is responsible for the value of the Higgs mass beyond its MSSM-
like tree-level bound. This indirect search therefore complements the direct
search discussed above, since the enhance- ment of o(ggF — hs — y7v) and
hs — h mixing effects occur in different regions of parameter space.

e Decays via Higgs cascades including a singlet-like Higgs were found to have
large cross sections (O(pb)) in natural regions explored in chapter 4, and
have been studied in detail in chapter 5. We showed that the LHC will be
able to cover a part of the allowed parameter space of the NMSSM through
3 different final states: bbbb, bbrT and bbyy. The bbbb and bby~y channels are
particularly promising, covering different regions of the NMSSM parameter
space due to the complementarity of the BR(h; — bb) and BR(h; — )
branching ratios. Also, the topology ggF — H/A — hs/as + Z has been
shown in chapter 4 to reach important values for its cross section, and recent
searches using Run 1 data [153] are close to NMSSM predicted values.

Other channels not considered in this thesis have been studied in the literature,
which we briefly mention here. Searches for light pseudoscalars in exotic decays
of the 125 GeV Higgs have been studied in [154] and have been shown to have a
good potential to constrain allowed regions of the NMSSM parameter space, and
several searches have been carried out, as we see in fig. 6.1, and more recently
in [156,157]. Mostly singlet-like pseudoscalars below 1 GeV are also possible in
the NMSSM, for studies on it see [155].

All these searches suppose very promising methods for discovering/excluding
the extra NMSSM Higgs bosons at the LHC. As we have already pointed out,
there exists a complementarity between them, allowing to test different regions
of the model’s parameter space. Large singlet-doublet mixing will be tested by
indirect searches (measuring sy (h)), whereas already moderate mixing can make
the singlet-like state visible in the diphoton channel through direct production.
On the other hand, in the case of a very pure singlet, Higgs-to-Higgs decays can
indirectly produce hs /as, making them visible in various final states depending
on the branching ratios of hy/as.

However, even at the high luminosity regime of the LHC there will remain
unexplored corners of the NMSSM parameter space. Such invisible regions include
the case of a pure singlet with suppressed trilinear couplings. This situation would
make the singlet-like state very difficult to produce directly and indirectly, and
more powerful machines would be necessary to reach such small cross sections.
Also, if the singlet state(s) and the extra doublet(s) are heavy (hence decoupled),
the same problem arises, and the NMSSM Higgs sector would practically reproduce
the one of the SM.
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Observed exclusion limits (Vs = 8 TeV)
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Figure 6.1: Observed exclusion limits from run 1 searches in exotic decays of the 125
GeV Higgs boson, versus scans in parameters space (from [154])

During the development of this thesis, both theoretical and experimental results
have been released, and the field of particle physics has witnessed a period of high
activity. Accurate results from high order calculations were obtained, sophisticated
computational tools were developed, and many new results have been obtained by
the experimental collaborations, to mention some.

Up to date, all experimental results seem to support the Standard Model, al-
though many more results should arrive in the next years. The non-observation of
long-awaited BSM effects questions our current understanding of particle physics;
still, much work remain to be done, and accurate predictions and measurements
will be needed in order to corner the hiding place of New Physics. To cite an ex-
ample, the shape of the scalar potential remains unmeasured, and thus the actual
mechanism that breaks the EW symmetry could be more involved than assumed
within the Standard Model. This an other issues will be extremely challenging,
demanding collaborations between the theoretical and experimental community to
push the field towards the goal of extracting the maximum possible information
from the data obtained at the LHC. Effective field Theories and precise calcula-
tions, from the theoretical side, and modern computational techniques, like ma-
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chine learning and related methods, from the experimental side, will be necessary
to fully exploit the opportunities that the collider offers.



Appendix A

Background fits

For fitting all the samples, we used a Maximum Likelihood Estimation (MLE)
method. The method consists in maximizing a likelihood function, which could be
intuitively understood as the probability of obtaining a particular set of data given
the chosen statistical model. Given a certain statistical distribution parametrized
by a probability density function f(x;6) (where 6 is the vector of parameters of
the distribution), the likelihood function is defined as:

n

L(O;x1,...,2,) = Hf(a:z,e) (A.1)

i=1
where x; ...x, are the observed values. It is in general more convenient for per-

forming calculations to take the logarithm of the likelihood function (known as the
log-likelihood function):

InL(O;xy... ,x,) = iln f(z4,0). (A.2)

Given a set of data, the log-likelihood can be regarded as a function of the parame-
ters of the distribution #. Thus, given an statistical distribution f and a set of data
{x1,...,2,}, we can maximize the log-likelihood to obtain the set of parameters
f that better adjust the distribution f to the data.

When performing the background fits, we used the following distributions:

Four Parameter Gamma distribution:

_(Mx-m\” o\t
f(MX;a76577M): ﬁlj(oz)e ( 7 > <]\4X5N> for MXEM?

f(Mx;a, 8,7, 1) = 0 for Mx < p ,(A.3)
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Frechet distribution:

(x-S M — —a-1
f(Mx;a, 8, 1) = ge< ? ) ( XB “) for Mx >,

f(Mx;a, B, p) = 0 for Mx <p, (AA4)

GaussExp function:

A Gaussian with an exponential tail:

My —p)? My —
f(Mx;,u,O', k) = e M);UQ fOI‘ Xilu S k )
g
2 N —u M _
F(Myspok) = e 5 for =X H s (A.5)
g

Landau Distribution
f(Mx;p,0) = /Oo sin(2t)e_t(M}f;#’) — % log(®) gy (A.6)
0



Appendix B

Statistical treatment

For the statistical treatment of the data, we follow the prescriptions presented
in [136] for likelihood-base statistical tests. In this appendix we describe of the
main methods and formulas described in [136], which we have used to compute
the likelihoods, significances and upper limits throughout this thesis.

Given an experimental observation or a Monte Carlo experiment, we can assign
a statistical significance to the observed data set with respect to a given hypoth-
esis by means of its p-value, which is usually expressed as its equivalent Gaussian
significance Z (the famous ’'sigmas’). This p-value, in a test-statistics framework,
measures the level of agreement of the data set with a given hypothesis H. For
instance, for discovering a new signal, we define the 'background-only hypothesis’
‘H, as the hypothesis "data is distributed according to the SM predictions”. If for
a given data set D we obtain a very small p-value, the interpretation is that the
hypothesis H, is incompatible with the data, hence effectively leading to a discov-
ery of a new signal. The standard Z = 50 convention for discovery corresponds to
p = 2.87 x 1077, for which the background hypothesis H, is rejected.

How do we compute such p-value for a given sample? It is a common practice
in particle physics to establish discovery or to set upper limits from a given data
set using a likelihood ratio as a test statistics to then compute the p-value.

The idea is the following: suppose that we have a data set D, which we can
represent in a histogram n = (nq,...,ny) of a certain variable x. Then, according
to the statistical model that we want to test (the null hypothesis), the expected
number of events in the i-th bin is given by:

E[bmz] = SZ‘(O'S) + bi, (B].)

where s; and b; denote the mean number of events in the i-th bin from the signal
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and background respectively, and are given by:

si(os) = L-(e-A)g- o0 /bin i fs(x;05)dx, (B.2)
bi = L-(e-A)y-oyp /bin i fo(x;0y)dx. (B.3)

Here, L is the luminosity, (e - A)sp the efficiency times acceptance, o the cross
sections of the signal and the SM expected background, f,(z;6;) and fy(x;6y) are
the probability density functions (pdfs) of the variable x for the signal and the
background events, and @, and 0, are the vector of parameters that characterize
the shape of the pdfs. The background-only hypothesis corresponds to the case
where the signal cross section is equal to zero, o, = 0. Neglecting the nuisance
parameters, the probability of finding n; events in the i-th bin, for which we expect
k events according to B.1, is given by the poissonian distribution:

P(k events in bin;) = —e ", (B.4)

The likelihood function for the sample D is thus defined as the product of the
Poisson probabilities for all bins:

N n,
(o) + b)) .
L(os) = H (53(05) +b;) e~ (53(0s)+;) (B.5)

j=1
To test a hypothesised value of o we consider the profile likelihood ratio:

L(os)
L(6s)

Aos) = (B.6)
where G, is the value of o, that maximizes the likelihood function, i.e. &, is the
maximum likelihood estimator. Following the definition B.6, we see that 0 < A\ <
1. Thus, when A is close to one there is a good agreement between the data and
the hypothesised value o,. It is convenient though to define

t,. = —2In (o) (B.7)

which has a domain [0, 00). From this definition it follows that higher values of ¢,
correspond to increasing incompatibility between the data and the value o,. We
can adapt the previous definition to the assumption that any signal present in the
sample can only increase the mean event rate beyond what is expected from the
background alone;

L

—9In (f5> 6.>0

do, = L(Us> .
0 0s <0

(B.8)
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Indeed, here we are considering that an observed value for 6, below zero corre-
sponds to a fluctuation of the background, and one has ¢y = 0. This is the statistic
commonly used for discovery and upper limits.

We now use the statistic ¢,, to define a test of a hypothesised value o versus
the data D. The level of disagreement between the hypothesised o, and D is
quantified by the p-value given by:

Do :/Oo f(ts,

tcrs ,obs

0s)dt,,, (B.9)

where t,, ops is the observed value of the statistic ¢,, from the sample D (the
observed value of o, being 6;), and f (¢,,|0s) is the probability density function of
t,, under the assumption of a signal cross section os. The p-value is thus telling us
the probability of finding a level of disagreement (between the hypothesised value
os and the data D) as or more extreme than the actual observed value t,, ops.
A very small value for p,, indicates that it is very unlikely that given D , the
hypothesis of a signal o, is true, whereas a value close to one should be interpreted
as a good agreement between the data and the hypothesis. Since the statistic ¢,
is used to define the test, we call it a test statistics.

We need now a way to estimate the distribution of the statistic t,_, f (¢,.]|0s).
In the following we aim at giving an intuitive derivation of the final formulas
instead of a full mathematical analysis, for which we refer to [136].

Suppose that we have a data sample D of size N distributed following a 'true’
value o/, (that could be zero for instance in case of the complete absence of signal),
for which we observe a value ,. Then, if we were to make a large number of
identical independent experiments obtaining Dy, Ds, ..., it is expected that the
observed values " follow a Gaussian distribution with mean at the true value o,
and a certain standard deviation o. It was shown by Wald [151] that, under the
assumption that &4 is normally distributed and that the data sample N is large
enough, the statistic t,, follows a noncentral chi-square distribution for one degree
of freedom:

f(ts,

This expression can be further simplified for the particular cases where we want
either to test a discovery or to set upper limits. For the special case of testing the
background-only hypothesis (o, = 0), it can be shown that the expression B.10
for the pdf of ¢,, reduces to:

11 1
e~e0/2 (B.11)

f(q0l0) :;5(%)‘*‘2\/%\/% )

1 1 1 oo — o' \” 1 Oy — 0O
!/ - - = _ - ta- S S _ ta- _ S S
0,) = 3 e [eXp ( 5 (\/ S ) ) + exp ( 5 (\/ : .

e
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and its correspondent cumulative distribution function (cdf) is found to be

F(qo]|0) = ®(\/q0)- (B.12)

where ® is the cdf of a standard Gaussian distribution (with zero mean and unit
variance). Therefore, according to expression B.9, the p-value for the hypothesis
os = 0 is simply

po=1—F(ql0). (B.13)
Finally, we can translate this p-value to a gaussian significance by using ®~!, the
inverse cumulative distribution function (inverse CDF) of the normal distribution
with mean 0 and variance equal to one. We obtain

Zo =071 = po) = V/4o- (B.14)

The case of setting upper limits will be reviewed in the next section.

Cut-and-count versus shape-based analysis

Consider an experiment where we measure n events, which are assumed to follow
a Poisson distribution. The model at test predicts E[n] = us + b events, where s
is the mean number of signal events from the model, b is the expected number of
background events (assumed to be known with negligible uncertainty) and pu is a
signal strength parameter. The likelihood function for p is given by:

b n
L(p) = (/“‘S;)ef(us%)’ (B.15)

n!

and the maximum likelihood estimator f is simply
i=(n-—>5)/s. (B.16)

With the expressions B.15 and B.16 we can compute the test statistic ¢, for any
value of the signal strength p, and then the significance Z = \/E For the partic-
ular case of the test statistic for discovery (u = 0), we have

L(0
—2In (A) >0
0 = L(f) . (B.17)
0 <0

Finally, we can use expression B.14 to compute the significance of the observation.

Recall that the expression for the likelihood consists in one single Poissonian
distribution, since the analysis could be regarded as a single-binned histogram
study. This is the case for instance when we want to test a signal at a particular
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mass in an invariant mass histogram. One takes the histogram and literally cut
on the interested mass region and count the number of events falling within the
range of interest, to then compute the significance of the statistical test.

On the other hand, we can also consider the case where we search for a peak
somewhere in an invariant mass histogram. The position of the peak is not known
a priori, and then all masses in a given range are tested, i.e. we consider all
bins in the range. Neglecting the nuisance parameters and assuming that the
background is known with negligible uncertainty, the likelihood function is then
given by expression B.5, and from it one can compute the test statistic either
for discovery or for setting upper limits. Such analysis is known as shape-based
analysis, as opposed to the previous cut-and-count approach. We finish this section
by pointing out that, unlike the case where we know the mass of the signal that
we are looking for, in a shape-based analysis one has to take into account the fact
that a background fluctuation can occur at any mass within the search range. This
effect is known as the ”look-elsewhere effect”, which we do not discuss here, but
instead refer the reader to [152] for a detailed presentation.

B.1 Expected discovery sensitivities, X’

In our case we are not interested in computing the significance of an experimental
sample, but rather estimate which cross section for a given process would be able
to reject the background-only hypothesis, i.e. to have a 5o significance against
the hypothesis o0, = 0. We will approach this aim by means of MC methods to
simulate background and signal samples.

However, recall that if we want to characterize the sensitivity of an experiment
it is not enough to use directly events from a single MC experiment to compute
a significance. Indeed, one single sample features statistical fluctuations in such a
way that the results for a sensitivity may fluctuate depending on the size of the
samples that we use. Instead, we are interested in computing the median discovery
significance (also called expected significance), that is, the median significance that
we would obtain if we run a very large number of Monte Carlo experiments.

For obtaining the median significance we use analytical fits of the MC samples.
After having obtained a large sample of MC events, we fit the distributions for the
variable x that we are interested in (usually an invariant mass) to an analytical
smooth function f(z,0). Then, it is assumed that the true expected number of
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events for both the signal and the background are given by these functions’;

Elsi(0)] = siot(0s) /bi £ 0,)dr, (B.18)

Elbi(0s)] = brot / (; 0p)d (B.19)

where b, and sgo are the total number of expected background and signal events,

fit denote the fitted probability density functions and @, and @, are the vector
of parameters characterizing such distributions. The total number of expected
events of both background and signal depend of course on the luminosity, their
cross sections, and also on their acceptance times efficiency for the analysis,

Swe = Loy E[(A-€)] (B.20)
bot = L-oy E[(A-e)). (B.21)

For computing the median value for the acceptance times efficiency, ideally we
would run many MC and compute them for each such experiment,

an

s,b
(4-0),5 = i (B.22)

with N&" and N* the number of generated events and the number of remaining
events after the analysis, respectively. Then, we could obtain the gaussian mean for
the resulting (A - €),, distribution. However, we found sufficient to take the value
obtained using the total number of simulated events, since the statistical errors
for the computation of (A - €),, are in practically all cases ~ 1%. The background
cross section is fixed to its cdmputed value (using the best available theoretical
predictions), whereas the signal cross section oy is precisely the value that we want
to obtain from the condition of rejecting the background-only hypothesis at 5o.

The MC experiment then consists in an ’observation’ where we have a back-
ground plus an injected signal with a cross section ¢, (which is not fixed), to be
tested versus the background-only hypothesis o = 0. The likelihood function is
computed using the expected values B.18 and B.19,

N i
Lo, =0;0)) =[] — L+, (B.23)
Uaenon

where in L(og; 0%) the variable oy is the hypothesised signal at test and ¢, indicates
the numerical dependence on the injected signal. Clearly, the maximum likelihood

"More generally, we define the statistical model by the fitted functions, and we assume that
the estimators for all parameters from the fitted functions give us the true parameter values.
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estimator for L is precisely the value of injected signal, &, = o,. The test statistic
for discovery is thus:

L(0; 07)
L(o§; 0%)
where the subscript "fit” remarks the fact that we are using the fits for the evalua-
tion of B.24. Given the expression for the likelihood and the test statistic, we can
then compute the median sensitivity for a certain value of the signal cross section
o’ from expression B.14:

to,ﬁt = —2In (B24)

med[Zo|0;] = \/t07ﬁt. (B25>

Finally, we can use this expression to numerically solve o, for med[Zy|o’] = 5. The
solution hence should be interpreted as the expected discovery signal cross section,
X% .

B.2 Upper limits

Given a measurement compatible with the background-only hypothesis, it is of
common use to compute the the so-called exclusion limits for a signal model. The
exclusion limits (or upper limits) correspond to the maximum value of the signal
cross section that can not be rejected by the observation. For purposes of setting
these upper limits, we consider that a signal hypothesis o, featuring a p-value
(from eq. B.9) below a certain threshold p,, = « is rejected given the observation
compatible with o, = 0. The value for o, such that p,, = « is said to be excluded
at a Confidence Level (CL) of (1 — «). In the particle physics community, the
threshold for exclusion is set to a = 0.05, implying that signal cross sections
leading to a p-value smaller than 0.05 are excluded at 95% CL.

The distribution of test statistics ¢,, under the hypothesis of a signal ¢, given
in eq. (B.10), also reduces to a simpler expression for computing upper limits.
Indeed, assuming that the observed data is distributed according to a true’ value
ol = o, the distribution for the test statistic ¢,, is given by:

11 1

1
§) = =0(qy,) + = —— ——e /2, B.26

The corresponding cdf is thus the same as we found for ¢y, namely

F(qcrs 03) = @(@), (B'27>

the p-value for the hypothesis o; = 0 is simply

[,

Po, = 1= F(go,|0%), (B.28)
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and finally, the equivalent gaussian significance is

fos - (I)_l(l - pO’s) =V Qo - (B29)

The standard p-value threshold of 0.05 for the 95% CL thus corresponds to a
significance Z = ® (1 — 0.05) = 1.64.

For the case of our MC experiments, using the fitted functions from the MC
samples for the signal and the background we can find the median, assuming some
signal cross section o7, of the significance for rejecting a hypothesized value o,. We
can then ask the question: What are the expected upper limits for our signal model
assuming that, at a given luminosity L, we measure a sample compatible with the
background-only hypothesis o/, = 07 Thus, the expected upper limit for o, in our
MC set is obtained as the value of the signal cross section such that is rejected at
95% CL by a sample obtained taking o/, = 0. Recall that in a real experiment,
the 'real” value for o, (the actual signal cross section present in nature) might
not be strictly zero but any sufficiently small value which is compatible with the
background-only hypothesis in the framework of such experiment. The fact that
we take o, = 0 can thus be regarded as an approximation in case of the existence
of a signal .

More explicitly, in the case of a shape-based analysis of a histogram with N
bins of a certain variable of interest x, we construct the likelihood function as:

N bj

(0 bi)” _ .

Liowo —0) =] We—ws)mx (B.30)
j=1 J:

where s; and b; are given by B.18 and B.19. From this we obtain the test statistic

Qoo it = —21In (B.31)

Using the approximations given above, we obtain the significance for the signal
hypothesis o, by simply taking the square root of B.31. Finally, the expected
(median) 95% CL upper limit could be obtained by solving numerically o for

med[Z(qau%t,O] = /C]OSU}?:lt = 1.64 (B32)

B.2.1 Error bands

We have explained how to obtain expected upper limits for a given process by
means of MC experiments: First, we used the fits to obtain the median significance,
for any signal o), for rejecting the hypothesis o, = 0. Then we computed the

value ¢.P such that the median significance is Z(0]|oy?) = 1.64, corresponding
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to a exclusion at 95% CL. The actual data in a real experiment, however, will
contain statistical fluctuations and thus the observed value of the significance will
not be in general equal to the median value. These variations can be predicted,
allowing us to define error bands for the median significance, corresponding to the
+No variations around the expected upper limit o,P. Intuitively, this could be
thought of in the following way: Imagine that we compute the upper limits o}
as we explained above using a MC sample D;. If we repeat the experiment using
different samples D,—, . we may obtain different results for a;?. At the end of the
day, it is expected that o follows some distribution with median value at o}®.

For our case, o." is the upper limit computed using the fitted functions. The 1
and 2 sigma values departing from the median value are obtained by varying 41
and £2 standard deviations the number of expected background events in each bin,
b;, assuming that the events are distributed following a Poisson distribution. To
these statistical uncertainties, we add linearly (to be conservative) the estimated
systematic uncertainties described in chapter 5.
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