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Abstract

This thesis describes the search for Higgs boson pairs in the final state com-
posed of two b quarks and two 7 leptons. The structure of this dissertation
closely follows the workflow of the analysis and the strategies adopted to
identify and reconstruct the bbrT7~ signal candidates. Both the resonant
and the non-resonant double Higgs production mechanisms are explored with
the statistics collected by the CMS experiment during the 2016 and 2017 data
taking periods at a center of mass energy of /s =13 TeV.

After the discovery of the Higgs boson by the ATLAS and CMS collabo-
rations in 2012, the collective efforts of the high energy physics community
have been focused on a precise characterization of this particle. In this con-
text, HH searches play a fundamental role as they represent the favourite
channel to measure the Higgs boson trilinear self coupling (Aggg). Only
three parameters, the Higgs boson mass (myr), the vacuum expectation value
and the Higgs trilinear coupling (A g ), shape the Higgs field potential in
the Standard Model and the last one is the only remaining that has not
been directly measured experimentally. Its determination is a crucial point
for a proper understanding of the spontaneous electroweak symmetry break-
ing, which is at the base of the mechanism that gives masses to bosons and
fermions. At the same time, any deviation from the theoretical predictions
of the Standard Model would lead to sizeable changes in both the kinematics
and in the production rate of HH events, thus making double Higgs searches
extremely sensitive to New Physics effects.

The bbrT 7~ final state represents one of the most interesting channels to
explore double Higgs processes, because of the high branching ratio and the
relatively small background contamination. At the same time, however, this
final state poses some non trivial experimental challenges such as the recon-
struction of the 7 lepton decay that involves the presence of undetectable
neutrinos, and the discrimination of signal events from background contribu-
tions. These challenges prompted the development of specific algorithms and
techniques to identify and reconstruct the signal candidates and to maximize
the analysis sensitivity.

No excess of events is observed in the analysis of 2016 data, corresponding
to an integrated luminosity of 35.9 fb~!, and the results are found to be
consistent with the Standard Model background predictions [1]. Exclusion
upper limits at 95% Confidence Level are thus set on the product opypy X
B(HH — bbrT).

In the resonant search case, the limits vary from 500 to 5 pb, depending
on the mass of the signal resonance hypothesized, while in the non-resonant
search, the observed and expected exclusion limits are set to about 30 and
25 times the theoretical Standard Model prediction, respectively. A further
interpretation of the non resonant results is given in the context of effective
field theories (EFT), in order to explore models that predict the modification



of the Higgs couplings values.

As the double Higgs production rate is very small at the LHC, current
HH analyses are mainly limited by the available statistics and are expected
to become more and more sensitive with the increase of the integrated lumi-
nosity collected. After the success of the 2016 results and in order to fully
exploit the statistical power offered by the data, the bbrT analysis strategy
is now set on the combination of the full 2016 — 2018 statistics, that amounts
to about 160 fb~1.

I was involved in this search since the beginning of Run II and I actively
participated in the changes and developments put in place during the 2016
data analysis. This gave me the opportunity to understand and learn the
most critical aspects on which to focus our efforts in the future. Hence, each
Section of this thesis is complemented with the changes that I introduced
in the analysis workflow in 2017 and with ideas on how to further improve
the performance and sensitivity on the path to the study of the full Run II
statistics and, in a wider perspective, of the High Luminosity phase of the
LHC.

v



Sommario

Questa tesi descrive la ricerca di coppie di bosoni di Higgs nel canale di de-
cadimento in cui uno dei due bosoni decade in una coppia quark-antiquark
b e ’altro in una coppia leptone-antileptone tau. L’organizzazione della tesi
segue la stessa struttura dell’analisi e delle strategie adottate per l'identifi-
cazione e la ricostruzione di eventi di segnale bbr 7. Sia l'ipotesi di produ-
zione risonante che quella non risonante di una coppia HH sono considerate
e analizzate utilizzando i dati raccolti dall’esperimento CMS nel 2016 e nel
2017, a un’energia nel centro di massa di /s = 13 TeV'.

Dopo la scoperta del bosone di Higgs da parte delle collaborazioni ATLAS
e CMS nel 2012, lo sforzo collettivo della comunita scientifica di fisica delle
alte energie si é concentrato sulla caratterizzazione di questa nuova particel-
la. In tale contesto, le ricerche relative alla produzione di coppie di bosoni di
Higgs giocano un ruolo fondamentale, dal momento che permettono di mi-
surare direttamente I’accoppiamento triplo dell’Higgs (Agmm). Solamente
tre parametri, la massa del bosone di Higgs (mp), il valore di aspettazione
del vuoto a l'accoppiamento triplo dell’Higgs, sono necessari per descrivere
il potenziale del campo di Higgs all’interno del modello Standard. Di questi
tre, Aggm € I'unico a non essere stato ancora misurato sperimentalmente.
La precisa determinazione del suo valore permetterebbe una migliore com-
prensione della rottura spontanea della simmetria elettrodebole, che sta alla
base dell’origine della massa di bosoni e fermioni. Inoltre, qualsiasi devia-
zione dalla predizione teorica del Modello Standard implicherebbe notevoli
cambiamenti nella cinematica e nel rate di produzione di eventi con coppie
bosoni di Higgs, rendendo le analisi HH estremamente sensibili a effetti di
Nuova Fisica.

Il canale di decadimento bbr*7~ rappresenta uno dei pitl interessanti
stati finali nell’esplorazione di eventi con due bosoni di Higgs, poiché ca-
ratterizzato da un branching fraction piuttosto elevato e relativamente poco
affetto dalla contaminazione dei fondi. D’altro canto, questo canale presenta
al contempo alcune problematiche di non semplice soluzione, come ad esem-
pio la ricostruzione del decadimento dei leptoni 7 che coinvolge ’emissione
di neutrini non rilevabili sperimentalmente a CMS, e la discriminazione degli
eventi di segnale dai processi di fondo. Tali difficoltd hanno reso necessa-
rio lo sviluppo di specifiche tecniche per I'identificazione e ricostruzione dei
candidati di segnale, e per I'ottimizzazione della sensitivita dell’analisi stessa.

Nessun eccesso di eventi & osservato nell’analisi di 35.9 fb~! raccolti nel
2016 e i risultati sono consistenti con l'ipotesi di solo fondo predetta dal Mo-
dello Standard [1]. Limiti superiori di esclusione al 95% di livello di confiden-
za sono dunque calcolati relativamente alla quantita oy x B(HH — bbrT).
Nel caso dell’analisi risonante, tali limiti variano da 500 a 5 pb in funzione
dell’ipotesi di massa della risonanza testata, mentre nel caso non risonante
i limiti attesi ed osservati corrispondono a 25 e 30 volte, rispettivamente, la



predizione del Modello Standard. Un’ulteriore interpretazione dei limiti non
risonanti ¢ data nel contesto di teorie effettive (EFT), al fine di esplorare
modelli in cui gli accoppiamenti del bosone di Higgs sono differenti da quelli
previsti dal Modello Standard.

Data la ridotta sezione d’urto di produzione di coppie di bosoni di Higgs,
le analisi HH sono attualmente limitate dalla statistica disponibile. Per
questo motivo, dopo il promettente risultato ottenuto dallo studio dei dati
2016, I'attenzione delle analisi HH a CMS é rivolta all’inclusione nelle ricerche
della totalitd dei dati raccolti durante il Run II e corrispondenti a circa
160 fb1.

L’aver lavorato a questa analisi sin dal suo inizio mi ha permesso di
partecipare attivamente allo sviluppo di nuove strategie e di capire quali sono
gli aspetti piu critici dell’analisi stessa sui quali é necessario concentrare gli
sforzi per massimizzare la sensitivita. In ogni Sezione di questa tesi quindi,
affianchero alla descrizione delle tecniche utilizzate nel 2016, i cambiamenti
e i miglioramenti apportati durante il mio studio dei dati 2017 in vista dei
risultati futuri, prima per il Run II e, in una prospettiva pitt ampia, per la
fase ad alta luminosita di LHC.

vi
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Chapter 1

Double Higgs Production

The Standard Model of particle physics (SM) is a renormalizable quan-
tum field theory of fundamental interactions that describes phenomena at
the subnuclear scale. Over the last decades it has been tested at many col-
lider experiments and the model has proven to be an accurate description
of particle physics, up to the TeV scale, by offering an unified vision of the
strong, weak, and electromagnetic forces. After the discoveries of the W and
Z bosons (1983), and of the top quark (1995), the observation of the Higgs
boson by the ATLAS and CMS experiments at the LHC [2,3] is one of the
most recent results corroborating the predictions of the SM.

Despite the excellent agreement with experimental results, some obser-
vations, ranging from subnuclear to astrophysical scale, are in contrast with
the theoretical predictions and suggest the presence of physics beyond the
SM (BSM). The exploration of the scalar sector, started with the discovery
of the Higgs boson, provides a new exciting way to study possible hints of
new physics at the T'eV scale and beyond.

Being intimately related to the nature of the scalar sector, the study
of double Higgs production and the measurement of its cross section offer
a unique opportunity to explore the structure of the Higgs field potential
through the determination of the Higgs boson self interaction and to explore
the electroweak symmetry breaking mechanism.

In order to properly understand the mechanisms related to double Higgs
production and their study, in Sections and [L.2]T will introduce the prin-
ciples on which the Standard Model is based and the spontaneous symmetry
breaking concept that is the foundation of the Higgs boson theory.



Chapter 1 - Double Higgs Production

1.1 The Standard Model of particle physics

The Standard Model [4-6] is a renormalizable quantum field theory based on
the local gauge invariance of its Lagrangian under the gauge group SU(3)¢ X
SU(2)r, x SU(1)y that explains strong, weak and electromagnetic interac-
tions. Invariance under SU(3)¢ results in the presence of gluons (g), media-
tors of the strong force and described by quantum chromodynamics (QCD);
the weak and electromagnetic forces are explained by the SU(2)r x SU(1)y
symmetry and they are mediated by the spin-1 W* and Z bosons, and by
the spin-0 photon (). Matter is described in the SM by spin—% fermion fields
and experimental observations show the existence of twelve of these fields:
six "quarks" and six "leptons". To each fermion corresponds an antiparticle
with identical properties but opposite quantum numbers.

Quarks posses a "colour" charge, are subject to all three forces and they
are divided in three families: the first is composed of up (u) and down (d)
quarks with a mass of few MeV, while charm (¢) and strange (s) quarks
compose the second family, with masses of about 1.28 GeV and 95 MeV
respectively. Finally the third family is made of the top (¢) and bottom (b)
quarks with masses of 173 and 4.2 GeV, respectively. u, ¢ and t quarks are
collectively known as the "up" family and have a positive electric charge of
+%, while the remaining three compose the "down" family with a negative
electric charge of —%. Due to QCD confinement properties, quarks can
not appear as free states, but are always bounded in quark-antiquark pairs
("mesons") or triples ("barions") that are collectively denoted "hadrons".
The process that creates an hadron from a single quarks takes the name
"hadronization" and it happens on timescales of the order of 10724 s [7].

Leptons, that have no colour charge and are subject only to the elec-
tromagnetic and weak forces, are also divided in three families, each one
containing a charged and a neutral particle. The charged lepton of the first
family is the electron (e), which is a stable particle with a mass of 511 keV,
while the electonic neutrino (v, ) represents its neutral counterpart. The sec-
ond leptonic family is composed by the muon (u) and the muonic neutrino
(v,). The muon has a mass of 105.7 MeV and a lifetime of 2.2 s, long enough
for the particle to cross all the subdetectors of the LHC experiments, and can
thus be considered stable. From the experimental point of view, the tau (7)
lepton and the tauonic neutrino (v;) compose the third leptonic family. The
tau lepton has a mass of 1.8 GeV and a life time too short (2.9 x 10713 s) to
be detected directly by any of the LHC experiments: only its decay products
can be reconstructed. Since neutrinos have no "colour" or electric charge,
they can only interact with matter through the weak force, making their
detection at collider experiments almost impossible. Their only tangible
experimental signature is the imbalance of the total transverse momentum
vector sum, often referred to as missing transverse energy, or "MET". The



1.1 - The Standard Model of particle physics

observation of neutrino flavour oscillations prove that their mass in not zero,
nonetheless no experiment has been able to directly measure it yet.

QCD is based on the local gauge invariance under the SU(3)¢ group,
where the Lagrangian density of a massless spin—% fermion is:

L = P(x) (i1"0u) Y (@) (L.1)

where 1) is the fermion field and +* are the Dirac matrices. The product
Y49, is also written as @. The fermion fields transform under the SU(3)¢
group as:

Y(x) — €95 @) (1.2)

where % are the Gell-Mann matrices that generate the group. Nonetheless,
the derivatives 0,1 (x) do not transform in the same way and need to be re-
defined as covariant derivatives in order to maintain the Lagrangian density
invariance under the transformation in Equation [T.2}

Cap A
D, =0,— ngu(ac)7 (1.3)

where the gauge vector fields AZ(:L‘) correspond to the eight gluons that are
the mediators of the strong force. The introduction of the vector fields en-
sures the invariance, under the local gauge transformation, of the Lagrangian
that can be completed with a kinetic term for the gluon fields. The complete
QCD Lagrangian density thus becomes:

LqOD = 4 (i"8,) ¥ — gy So0AL — TFIFS, (14)
with a summation over all quark fields. The first term represents the free-field
quark propagation, while the second originates from the introduction of the
covariant derivatives and describes the interactions of quarks with gluons.
The strength of this interaction is denoted by g in Equation but is
commonly referred to as the strong coupling constant as = g2 /47. The third
term is instead the kinetic term of the vector field. The introduction of gauge
bosons (gluons) and the description of their interaction with the fermion
fields (quarks) is a direct consequence of requiring the invariance of the
Lagrangian under a local gauge transformation. Finally, any explicit mass
term for the gauge bosons in the form AZAZ‘ would break the Lagrangian
invariance and this poses a question that will be addressed in Section [I.2]

The same local invariance mechanism under the SU(2), x U(1)y group
is used to explain the electroweak interaction. The SU(2); gauge group
is associated to the weak isospin quantum number (I3) and results in the

3



Chapter 1 - Double Higgs Production

presence of 3 gauge fields WZ, while the U(1)y group is linked to the weak
hypercharge Y and by imposing the gauge invariance a single field arises,
denoted as B),. The Gell-Mann-Nishijima formula exhibits the relationship
between these quantum numbers and the electric charge:

Q=1Is+— (1.5)

Experimental results show that parity is violated by weak interaction, thus
fermionic fields are expressed with right or left chirality. Fermion fields can
be therefore represented as left chirality doublets and right chirality singlets:

_1_75 P _ YL _1+’75 /_1+75/

where 1}75 and # are respectively the left and right projection operators.

The fields 1 and 1’ represent either the neutrino and lepton or the up- and
down-type quarks.

With this notation, the Lagrangian density can be written as
L= iV PV, +ippDyr + iYr PP (1.7)

where the covariant derivative is
. ; .Y
Dy, =0, —igW,T; — ngB“ (1.8)

Upon substitution of the derivative in Equation [1.7] a charged current in-
teraction appears that couples the ¢;, and ¢ fields and is mediated by the
W bosons defined as

Wizi

p N@mjxm@ (1.9)

Since both Wi’ and B, couple to neutral fields and neither of them can
therefore be interpreted as the photon field, a linear superposition can be
used to express them as combination of the physical Z,, (the neutral Z boson
field) and the A, (the photon field):

B, = A, cosbw — Z,sinby Wg = Aysinbw + Z,cosbw (1.10)

The final electroweak Lagrangian density can be expressed in a compact form

4



1.2 - The Brout-Englert-Higgs mechanism

as
- - - 1 1 .
L =iV DV + iR + i PP — ZBH B — ZWiWW,Zw (1.11)

and it contains the free fermion Dirac Lagrangian as well as charged and
neutral currents. As it was the case with the strong interaction Lagrangian
in Equation any explicit mass term of the gauge fields would break the
invariance, while mass terms for the fermions are also not allowed due to
the left and right chiralities of the fields that would generate a mass term
mip = m(Yryr +¥rYr) that would incorrectly mix singlets and doublets.

An overview of the SM particles and their quantum numbers is given in
Table Fermions and bosons are shown in their SU(2), representation
with the corresponding spin, hypercharge Y and the electromagnetic charge

Q.

’ ‘ field spin Y Q
e w T —1
Lept 1/2  1/3
eptons (Ve >L <V# >L <V’T )L / / ( 0 )
€R KR TR /2 4/3 1
u c t > —2/3
/2 1/3 ( )
(2), (%), (), o
Quarks UR CR tr 1/2 4/3 2/3
ClR SR bR 1/2 —2/3 —1/3
w, 1 0 0, £1
Gauge bosons B, 1 0 0
Gy, 1 0 0

Table 1.1: Summary of the Standard Model particles and their
quantum numbers.

1.2 The Brout-Englert-Higgs mechanism

Since any explicit mass term in the Standard Model Lagrangian described
so far would violate the gauge invariance, the theory also bonds all fermions
and gauge bosons to have zero mass, in clear contrast with the experimental
observation of massive weak bosons and fermions.

The solution, proposed in 1964 independently by physicists Englert and
Brout [8], and Higgs [9], is known as the Brout-Englert-Higgs (BEH) mech-
anism and it is based on the concept of spontaneous symmetry breaking.



Chapter 1 - Double Higgs Production

If a system, whose Lagrangian £ possesses a particular symmetry, is con-
sidered, two situations can occur when considering a particular energy level:
either the energy level is non-degenerate and gives rise to a unique eigenstate,
or it is degenerate and the corresponding eigenstates are not invariant but
transform linearly amongst themselves under the symmetry transformations
of L. In field theory, the state of the lowest energy is the vacuum, when one
of the degenerate states is arbitrarily selected as the ground states, then it
will no longer share the symmetries of £: the asymmetry thus obtained is not
due to adding a non-invariant asymmetric term to £, but to the arbitrary
choice of one out of the continuum of possible ground states.

In the BEH mechanism, the simplest way to break the symmetry is to
introduce a complex scalar doublet, invariant under translation and Lorentz

transformations 5 L /o 5
_ (%) _ 1 (14102
= (asb) = <<z>3 +z'<z>4) (1.12)

where ¢; represent four scalar fields that contribute to the field Lagrangian
Lper = (D,®)1(D'®) — V(2Td) (1.13)

and the potential V(®!®) is defined as:
V(1) = —p2dTd 4+ A(BTD)? with A > 0 (1.14)

If 42 < 0 the potential assumes the shape shown in Figure and the field
acquires a non-null vacuum expectation value (VEV)

v=4/5% (1.15)

Since any choice of a specific ground state is related to the others by a
global phase transformation, to break the symmetry a particular value ®
of the field can be chosen without loosing generality. It can be shown that
for a specific choice, out of the four scalar fields only one massive physical
field remains, the Higgs field, whose quanta correspond to a new physical
massive particle, the Higgs boson. The three remaining mass-less degrees
of freedom are Goldstone bosons and can be considered as the longitudinal
polarizations of the gauge bosons Z and W, which, in turn, acquire mass.

6



1.2 - The Brout-Englert-Higgs mechanism

V(p)

. — Im($)

Re(¢)

Figure 1.1: Schematic representation of the Higgs field potential
in case of u? < 0. Despite being symmetric with respect to zero, a
non-zero value has to be assumed in order to minimize V(@) |10].

The resulting Lagrangian for the BEH mechanism is

1 1
LBEH = iauHa“H ~ 3 (2)«12) H?

2

@)2 T N U i T N A 116

+[(2 W, w +3 4 M + (1.16)
A A

H3 *H4—*4

+ Av —1—4 4v

Where g and ¢’ are the coupling constants and are usually expressed in terms
of the Weinberg mixing angle as sin(6y) = ¢'/+/g%> + ¢’*> and cos(fy) =
9/v/ g% + g’>. The first line in Equation describes the evolution of the
Higgs field and the associated boson that has a mass m?% = 2Av? = 2u?, while
the second line represents not only the mass terms of the weak interaction
bosons

9 _927)2
myy = 1
1.17
2 (92+g/2)02 _ mW ( )
myz =

but also the interaction of the weak bosons with one or two Higgs bosons:
HWW,HZZ, HHWW and HHZZ. Finally the third line in equation [T.16|
predicts the cubic and quartic self-interactions of the Higgs boson. The BEH

7



Chapter 1 - Double Higgs Production

potential can thus be written as

1 1 A
V(H) = §m§qH2 + MWH? + Z)\H“ — 104 (1.18)

At this point only two free parameters, directly related to the scalar
potential, are present in the BEH mechanism: the VEV v and the mass
of the Higgs boson my. Given the fact that the masses of the Z and W
bosons are experimentally well know and the VEV can be extracted from
the measurement of the Fermi constant G

Gr g )2 1 1
NG <2\/§ mk, "\ Vaar ‘ (119)

the Higgs boson self coupling, responsible for the mass of the boson itself, is
the only missing piece to fully understand the scalar sector of the Standard
Model.

In the fermion sector, masses are generated by the interaction with the
Higgs field through a Yukawa interaction that couples the left and right chiral
fields. The Yukawa Lagrangian is Lorentz and gauge invariant and can there-
fore be included in the Standard Model Lagrangian; after the electroweak
symmetry breaking, the Yukawa term can be written as

L==> my(Yrr+vrir) (1 + Ij) (1.20)
!

where the sum runs on both up- and down-type fermions, and the masses
(my) and couplings to the Higgs boson (yf) are connected by the relation

v
m =975 (1.21)

The strenghts of the interactions, directly proportional to the mass of the
fermions themselves, are free parameters of the theory, which however does
not explain neither their origin nor the hierarchy of the fermion families.

In conclusion, upon spontaneously breaking the electroweak symmetry,
the scalar field generates Goldstone bosons that are absorbed as degrees of
freedom by the vector bosons fields, which in turn become massive. More-
over, the Higgs field couples the right and left chiral components of the
fermion fields in a Yukawa interaction that introduces the fermion masses
without breaking the gauge invariance.

8



1.3 - Double Higgs production

1.3 Double Higgs production

A very powerful way to investigate the Higgs sector is the study of the double
Higgs production, predicted both by the Standard Model and by many BSM
scenarios; it allows for the determination of the Higgs boson self-interaction,
and provides a fertile ground to search for hints of BSM physics. Despite
being an extremely rare process, recent results on searches for double Higgs
production (detailed in Section, show a promising view for future studies.

It has been known since a long time that the trilinear Higgs self cou-
pling (Agmp) can be extracted from the measurement of Higgs boson pair
production cross section.

However, in a proton-proton collider, there are five main mechanisms
through which an HH pair can be produced: gluon fusion, vector boson
fusion, vector or top quark pair associated production and single top quark
associated production.. Beside the Higgs self coupling, each of these pro-
cesses involves different interactions of Higgs boson with other particles:
their effect, thus, must be properly taken into account in order to obtain
a valid measure of the A\ggyy parameter. Table sumiarizes the cross
sections of these processes at a center of mass energy of 13 TeV, as it was
in LHC during the data taking period 2015 — 2018, while Figure shows a
graphical comparison of the cross sections as function of the center of mass
energy.

Production mode | o[fb] for \/s = 13 TeV

Gluon fusion 33.491“3:3;{; (scale)+2.1%(PDF)+2.3%(as) £5.0%(top)
VBF 1.62123% (scale) +2.3% (PDF + a)

ttHH 0.7727 5 7% (scale) +£3.2% (PDF + a)

W+HH 0.320703%% (scale) +£2.2% (PDF + a)

W—HH 0.1737]2% (scale) +2.8% (PDF + a)

ZHH 0.362735 (scale) £1.9% (PDF + a)

tjHH 0.0281752% (scale) +4.5% (PDF + a)

Table 1.2: Cross section for different HH production mechanisms
assuming a Higgs boson mass of 125.09 GeV and a /s = 13 TeV |11].

Given that HH processes are in general very rare at the LHC, only the
first two production channels, that have the highest cross section values, are
currently investigated:

e The Gluon fusion production (g9 — HH) involves the production
of Higgs pairs either through the trilinear self coupling, or through the
radiation of two Higgs bosons from a heavy quark loop (Figure .

9
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Figure 1.2: Total cross section for HH production in proton-proton
collisions for the production modes described in Section [[.3] The
cross sections are computed at the NLO accuracy and the bands
shown the linear combination of the theoretical errors on the scale
and PDF uncertainties. The plot is taken from [12].

The production cross section consequently depends on Aggg and yq,
1.e. the Higgs coupling to the top quark: since contribution from the
b quark are less than 1% and can be temporarily neglected. The two
diagrams contributing to the gluon fusion production have amplitudes
of nearly the same magnitude, which interfere destructively and result
into the small cross section reported in Table

H g p—L - H

Figure 1.3: Feynman diagrams of the production of double Higgs
pairs for the gluon fusion mechanism.
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e The Vector boson fusion (VBF) production (q¢¢ — jjHH) de-
pends on the trilinear Higgs self-coupling and on the interaction of
vector boson pair with either a single Higgs boson or a HH pair (Fig-
ure . The production cross section is about 20 times smaller than
the gluon fusion one, but the presence of two jets in the final state pro-
vides a very peculiar signature that can be exploited to discriminate
signal from background events.

q

q Vi
v H H ----H
-, :
}77!1777(,// Vi
Ve
q —»—< \II H Vs - H

Figure 1.4: Feynman diagrams of the production of double Higgs
pairs for the vector boson fusion mechanism.

1.3.1 HH Beyond the Standard Model

Both theoretical considerations and experimental results indicate that the
Standard Model is not a complete theory. For example it does not provide
an explanation for the large matter/anti-matter asymmetry in the universe,
nor it does include possible candidates for dark matter, and it does not even
provide a description of gravity. In addition, the SM does not predict the
existence of exactly three fermion families as we observe in nature and does
not provide an explanation of the couplings values that span many orders of
magnitude.

In this context it is conceivable to assume that the Standard Model is
just a manifestation of a more comprehensive theory able to explain all these
phenomena and at the same time preserve the undeniable success of the SM
in describing the phenomenology observed at collider experiment so far.

Being strictly linked to the SM scalar sector, double Higgs production
studies offer a probe to test different BSM scenarios and discriminate be-
tween possible alternatives. Moreover, exactly because of the destructive in-
terference of the two gluon fusion Feynman diagrams that results in a small
production cross section (as discussed in Section , the HH channels be-
come extremely sensitive to any physics beyond the Standard Model (BSM).

11
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Variations of the Higgs couplings or the presence of heavy resonances might
alter the destructive interference and enhance the double Higgs production
rate, thus revealing the presence of new phenomena, outside the description
of the SM.

If new resonances exist at the TeV scale, they can be produced at the
LHC and directly observed by experiments such as ATLAS and CMS; on the
other hand, even if BSM effects might be related to energies much higher than
those reachable at LHC, their presence can be inferred from non-resonant
enhancement of the cross sections, due to anomalous Higgs coupling values or
new particles entering the quantum loops. These possible different scenarios
are described in the next paragraphs.

Resonant BSM HH production

Higgs boson pairs can be produced, in the context of BSM physics, from a
new resonance X with mass mx > 2myp that couples significantly to the
Higgs boson. This generates, in the invariant mass distribution, a peak at
mx that represent a signature common to this kind of processes and allows
for model-independent searches that can subsequently be interpreted in more
specific BSM models.

Resonant HH signatures are most commonly known to appear in mod-
els predicting either an extended scalar sector with respect to the SM, or
the presence of warped extra dimensions that might alter the relations be-
tween the Higgs boson and the matter fields. Some representative examples
are here described in order to show how they can be simultaneously probed
in HH studies even though they move from different theoretical assumptions.

The Higgs Singlet Model [13] represents the simplest extension of the
scalar sector as it contemplates the existence of an Higgs singlet in addi-
tion to the Standard Model Higgs doublet. After the electroweak symmetry
breaking, the Higgs Single Model implies the presence of two physical fields
that correspond to an heavy and a light scalar boson, commonly denoted
as H and h, respectively. The lightest of the two is interpreted as the SM
Higgs boson. Both the Higgs trilinear self-coupling (hhh) and a new inter-
action, Hhh, are predicted in the model, where, especially for the latter, the
branching fraction is sizeable for resonances of mass up to the TeV scale, as
shown in Figure [I.5

A slightly more complex approach to extend the scalar sector is repre-
sented by the class of Two-Higgs-doublet models [14] (2HDM) that postulate
the existence of an additional Higgs doublet. In their most general form,
2HDMSs have a very complex phenomenological structure; the focus will be
here restricted only to the minimal supersymmetric extension of the Stan-
dard Model (MSSM) which represents a specific case of 2HDM. In 2HDMs,

12
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Figure 1.5: Leading order branching ratio of H — hh in the Higgs
Singlet Model for representative values of the model parameters [11].
tanf is the ratio of the vacuum expectation values of the two fields,
while « is the mixing angle of the two fields.

five physical fields arise from the presence of a second doublet: two neutral
scalars h and H, one neutral pseudoscalar A and two charged scalars H*
and H~. As it was the case in the Higgs Singlet Model, the lightest scalar
h is usually assumed to be the boson observed at the LHC in 2012. At tree
level, this model can be completely described by two parameters: the mass
of the pseudoscalar (m4) and the ratio of the VEV of the two fields (tang).
Deviations of the Higgs boson couplings are induced by the non triviality of
the MSSM scalar sector, and are investigated in several contexts other than
double Higgs searches (Figure [1.6)).

Finally, since long time the idea of a space-time with more than three
spatial dimensions has been proposed in order to unify gravity and quantum
mechanics. The most interesting case, for the analysis presented in this
thesis, is the model proposed by Randall and Sundrum [16| that contemplates
extra dimensions compactified between two points of space ("warped extra
dimensions"). The relevant consequence for HH searches is the presence of
new particles of spin 2 ("graviton", G) and of spin 0 ("radion", R) that can
decay in two Higgs bosons. The graviton is the mediator of the gravitational
force and its branching faction to an HH pair can be as large as 10% and
remain constant as function of m¢, while the radion stabilizes the size of the

13
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Figure 1.6: Summary of the (m4,tanf) regions excluded at 95%
confidence level from Run I analyses performed by the CMS experi-
ment [15].

extra dimensions with a B =~ 25% and very little dependence on the model
parameters.

Non-resonant BSM HH production

Non-resonant double Higgs production studies represent also an interesting
field to study BSM physics, whose effects can be observed as contributions
to the quantum loops that concur to HH production. In this case, the ex-
perimental signature is not as clear as it is in the resonant case, where a
peak in the invariant mass spectrum mpgpy is expected, but it occurs via
enhancement of the production cross section and large modifications to the
events kinematics.

In the SM, the value of A is completely determined by my and the
value of VEV, but many BSM models predict modifications to this param-
eter, which are often quantified with kyx = Aggm/ A%%H As an example,
the variation of the HH production cross section for different mechanisms is

14
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reported in Figure as function of k).
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Figure 1.7: HH production cross section as a function of the cou-
pling modifier k) for several production mechanisms. The dashed and
solid lines denote respectively the LO and NLO predictions and the
bands indicate the PDF and scale uncertainties added linearly .

The Higgs self coupling is not the only parameter to be modified by BSM
effects, for example the Higgs coupling to the top quark can be parametrized
with k; = y;/y?™, where y; represents the Yukawa coupling. In order to ap-
propriately account for the dependence of the production cross section on all
the possible Higgs interactions, a generalization of this approach is provided
by the effective field theory (EFT) [17]. BSM effects can be approximated
using higher order operators that are added to the Lagrangian: if no CP
violation is assumed, the only dimension-5 operator can be neglected for HH
purposes,, and the Lagrangian can be rewritten as

£:£5M+Z%0§+... (1.22)
i

where ¢; are the Wilson coefficients and A is the EFT scale.

In the context of HH searches , the EFT Lagrangian can be expressed
in terms of effective Higgs boson couplings, with the aforementioned k) and
k; parameters joined by three new BSM contact interactions vertices: ttH H
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parametrized with co, ggH H parametrized with coy and ggH parametrized
with ¢;. The Feynman diagrams involved in the gluon fusion process thus
become five and are illustrated in Figure 1.8

& Yo AHHH///H & 7000C (7
¢ - £
g H g g oo Yo H
g co _-H g ce .- H & Cg Aunn .~ H
t g g -- &
\\\ \\\ H \\
g H g H g H

Figure 1.8: Leading order Feynman diagrams contributing to the
EFT gluon fusion process gg — HH. The red points highlight the
BSM couplings.

As mentioned at the beginning of this Section, anomalies in the Higgs
couplings modify profoundly both the cross section and the kinematic prop-
erties of HH events. Since exploring all the possible combinations of the five
couplings is not feasible in terms of computing time, the optimal solution is
to define some "shape benchmarks" with different combinations of the five
EFT parameters that lead to distributions representative of large portions of
the five-dimensional parameters space. Twelve benchmarks are identified [19)
and their mypy distributions are shown in Figure [1.9] while the respective
couplings values are reported in Table [I.3]

1.4 Experimental status on HH searches

The cross section for HH production is very small because of the destruc-
tive interference that originates from the two concurrent Feynman diagrams
contributing to the gluon fusion mechanism and the number of expected
HH events produced at the LHC is low. Table reports an approximate
number of expected double Higgs events produced at the LHC for different
values of integrated luminosity collected. On top of these numbers one must
take into account the detector acceptance, the decay branching fractions,
and the trigger and reconstruction efficiencies that all together result in a
small number of detectable signal events and complicate the experimental
searches for double Higgs production.

The phenomenology offered by double Higgs decays is very rich and can
be explored in different final states. The choice of the decay channel, used
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Figure 1.9: Double Higgs invariant mass distributions for the 12
shape benchmarks identified in [19].

to detect and reconstruct HH signal events, is crucial and always involves a
trade-off between the branching fraction and the background contamination,
which in case of double Higgs events is very large. The decay branching
fractions for HH final states are shown in Figure [I.10]
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Benchmark ky ky Co Cq C2g
1 75 1.0 -—-1.0 0.0 0.0
2 1.0 1.0 05 —-08 0.6
3 1.0 1.0 -15 00 -0.8
4 -3.5 15 =3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -—1.0
6 24 1.0 0.0 0.2 -0.2
7 50 1.0 0.0 0.2 —0.2
8 150 1.0 00 -10 -1.0
9 1.0 1.0 1.0 -06 0.6
10 100 1.5 —-1.0 0.0 0.0
11 24 1.0 0.0 1.0 -1.0
12 150 1.0 1.0 0.0 0.0

SM 1.0 1.0 0.0 0.0 0.0

Table 1.3: Values of the effective coupling that define the 12 shape
benchmarks. The last line reports the Standard Model values for
comparison.

N. of HH events produced

End of | Int. Lumi.[fb~!] | Gluon fusion | VBF
Run I 30 300 15

Run II 150 5000 250
Run IIT 300 10000 500
HL-LHC 3000 100000 5000

Table 1.4: Expected number of Higgs boson pairs produced via
the gluon fusion and the VBF production mechanisms at the end of
different LHC "milestones". For the Run-I case, when the center of
mass energy was /s = 8 TeV/, the production cross sections used are
OGF — 10.1 fb and OV BFEF — 0.46 fb

At the moment, the LHC searches are carried out in events where at least
one of the two Higgs bosons decays to either a bb or WTW ™ pair, the two
channels with the highest branching fractions.

The four final states which provide the highest sensitivity in the searches
and the largest coverage of possible HH topologies are:

o bbbb has the largest branching fraction of all channels, but its sensitivity
is spoiled by the large background contamination, especially at low
masses

e bBVV (V = W¥, Z) profits from the second highest branching ratio,
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Figure 1.10: Branching factions for the decay of Higgs pairs: the
plot assumes the Standard Model single Higgs values and mpy =
125 GeV.

but it is affected by the irreducible tt background, especially for HH
events decaying into bbW W~

bbr 7~ is the optimal trade-off between the branching fraction (~
7.3%) and the background contamination. Several final states for the
77 pair are considered, but the unavoidable presence of neutrinos pre-
vent the full reconstruction of the events.

bbyy profits from the clean signature of the two photons, whose invari-
ant mass is a powerful tool to discriminate the signal events against
irreducible backgrounds. Nonetheless the small branching fraction is
the primary limiting factor in the analysis sensitivity.

Searches for double Higgs production have been conducted at the LHC

with data collected both at /s =8 TeV and at /s = 13 TeV.

During Run I the ATLAS collaboration investigated and combined 4 dif-

ferent channels bbbb, bbr7, bbyy and WW vy . The observed and expected
upper exclusion limits for the non-resonant production correspond to 70 and
48 times the Standard Model prediction, respectively. The CMS collabo-
ration instead focused on the bbbb, bbrT and bby~y final states with an
observed limit on the non-resonant production set to 43 times the SM pre-
diction, for an expected upper limit of 47. A comparison of both ATLAS and
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CMS results on the search for resonant double Higgs production is presented
in Figure for the Spin-0 hypothesis.
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Figure 1.11: Comparison of the observed and expected 95% con-
fidence level upper limits on o(pp — X*P™m=0) x B(X*Pin=0 _ hh)
from Run I [11].

Using data collected during 2016 both the ATLAS and CMS collabora-
tions extended their research program including other final states, such as
bbWW and bbZZ, and by exploring different topologies, such as the boosted
production of Higgs bosons. In Chapter [6]a detailed description of the CMS
combination using the 2016 datasets is given.
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Chapter 2

Experimental Setup
and

Physics Object Reconstruction

The European Organization for Nuclear Research (CERN) is an interna-
tional laboratory for fundamental physics. Founded in 1954, the CERN lab-
oratory sits astride the Franco-Swiss border near Geneva and has nowadays
22 member states. More than 10000 people, including physicists, engineers
and technicians, from 76 different countries, work and cooperate in synergy
to explore the forefront of particle physics research at the edge of the most
advanced technological development.

The CERN laboratories host the Large Hadron Collider (LHC), the
largest and most powerful particle accelerator ever built. The LHC col-
lides bunches of protons in four interactions points: in one of these points
the Compact Muon Solenoid (CMS) experiment is located. More than 3500
scientists from 47 different countries are involved in the CMS experiment.

In this Chapter I will briefly describe the LHC structure and operation
(Section with particular focus on the design and concept of the Compact
Muon Solenoid (CMS) experiment (Section [2.2). The HH — bbr7 search
described in this thesis is conducted on data collected by CMS and it in-
volves many different physics objects, ranging from leptons to jets, whose
identification and reconstruction is detailed in Section

2.1 The Large Hadron Collider

Located in an underground 26.7 km long circular tunnel which formerly
housed the CERN Large Electron Positron (LEP) collider, the Large Hadron
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Collider is designed to collide protons at a center of mass energy of /s =
14 TeV with an instantaneous luminosity of £ ~ 103 em 2571, as well as
lead ions at a center of mass energy of \/s = 2.76 TeV per nucleon and

L ~10%em=2s71 [22] [23)].

In the LHC, 1232 superconductive Niobium-Titanium coils generate an
8.3 T magnetic field that keeps two counter-rotating particle beams in orbit.
Each dipole measures 15 meters and weights around 35 tons, while an 11 kA
currents runs through them in order to generate the magnetic field.

The stability of the beams is obtained thanks to 392 quadrupoles magnets
that focus the particles in a narrow beam. Special quadrupoles, installed on
both sides of the collision points, are used to focus the beams in order to
maximize the proton density at the moment of the collision. The LHC mag-
nets are cooled to a 1.9 K temperature by a superfluid Helium-4 cryogenic
system.

Particles are accelerated by Radio Frequency (RF) cavities, located in a
dedicated cavern (IP4), that operate at a frequency of 400 M Hz. The RF
cavities are also responsible for shaping the beams into proton bunches and
for the distribution of the clock to all LHC experiments.

Hydrogen atoms are stripped from electrons and accelerated to an energy
of 50 MeV in the Linear Accelerator (LINAC2), the first stage of the CERN
accelerator complex. Protons are then fed into the Proton Synchrotron
Booster (PBS) and subsequently into the Proton Synchrotron (PS), which
accelerate the particles to 1.4 GeV and 25 GeV respectively. The last accel-
eration step before the LHC, is the Super Proton Synchrotron (SPS) where
protons reach an energy of 450 GeV. Finally, beams are injected in the two
beam pipes of the LHC and accelerated in opposite directions to the target
energy of 6.5 TeV. A schematic representation of the CERN injection and
acceleration chain is reported in Figurd2.1]

Four main experiments are installed around the interaction points where
the LHC collides the proton bunches. The "Compact Muon Solenoid" (CMS)
and "A Toroidal LHC ApparatuS" (ATLAS) experiments are two multi-
purpose detectors, located in Points 5 and 1, where the highest instantaneous
luminosity of collisions is reached. The "LHC beauty" (LHCb) experiment,
a forward spectrometer built to study the B hadrons decay, is located at
Point 8, while "A Large Ion Collider Experiment" (ALICE) surrounds the
interaction point 2 and is dedicated to the study of heavy ion collisions and
of the quark-gluon plasma.

A fundamental parameter for the LHC accelerator is the integrated lumi-
nosity, that represents a measure of the total amount of collisions produced.
The luminosity is the coefficient of proportionality between the number N
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Figure 2.1: Schematic representation of the CERN accelerator fa-
cilities, protons are injected in LHC with a 450 GeV energy after a
multilevel acceleration chain. In the picture all the boost stages are
visible as well as the four main LHC experiments: CMS, ATLAS,
ALICE and LHCb.

of events produced for a specific process and its cross section o:
N=Lxo (2.1)

At the LHC, the luminosity L is calculated integrating over time the instan-
taneous luminosity £ of the collisions: L = [ L. Diffferent parameters of the
beam contribute to the definition of the instantaneous luminosity :

Nanfrev'Yr
L= 2T 2.2
4me, B* (2:2)

Table 2.1 describes the LHC parameters and their nominal value. The factor
F represents the geometric reduction of the instantaneous luminosity due to
the beams crossing angle 6. and the transverse and longitudinal sizes, o, and
0, of the Beam Spot (BS), the 3-dimensional region of space that envelopes
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the collision of the proton bunches.

F= (1 4 Yo ) ) (2.3)

204y

VI

\/s center of mass energy 14 TeV
At, bunch spacing 25 ns

N,  particles per bunch 1.15 x 1010
np  bunches per beam 2808

frev revolution frequency 11.2 kHz
€,  transverse beam emittance 3.75 um
B*  beta function 0.55 m

0. crossing angle at i.p. 285 prad
ozy BS transverse size 16.7 um
o, BS longitudinal size 7.55 cm

Table 2.1: Nominal LHC parameters during proton-proton colli-
sions.

The first proton beams circulated in the LHC on September 10t 2008,
while the fist high energy collisions took place on March 30" 2010. The
data collected during the Run-I period, from 2010 to 2012, amount to about
6 fb~! at /s =7 TeV and 23 fb~! at /s = 8 TeV. After a two years long
shutdown, the LHC physics program resumed in 2015 at an higher energy of
v/§ =13 TeV and marked the beginning of the so-called Run-II data taking
period (2015 — 2018). A summary of the LHC performance in terms of
integrated luminosity delivered to the experiments can be seen in Figure [2.2]

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC
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Figure 2.2: Total integrated luminosity of the LHC as function of
the year, as measured by the CMS experiment [26].
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In 2016 the integrated luminosity recorded by the CMS experiment amounts
to a dataset of 35.9 fb~! validated for the use in physics analyses and can be
regrouped in data taking eras labeled from A to H. Details of the eras from
B to H can be seen in Table while era A is excluded from the Table as
it was devoted to the commissioning of the machine, thus not suitable for
physics analyses.

2016 data taking

Era Time LHC fills L delivered [fb—]
B 28 Apr-21 Jun 4879-5030 6.1

C 24 June-4Jul  5038-5071 3.2

D 4 Jul-15Jul  5702-5095 4.6

E 15 Jul-25 Jul  5096-5117 4.6

F 29 Jul-14 Aug 5134-5198 3.4

G 14 Aug-16 Sep 5199-5303 8.5

H 16 Sep-28 Oct  5304-5471 10.0

Table 2.2: Summary of the 2016 data taking periods. For each pe-
riod the time, LHC fill ranges and the integrated luminosity delivered
to CMS are reported.

In 2017 the integrated luminosity recorded by the CMS experiment amounts
to a dataset of 41.6 fb~! validated for the use in physics analyses and can be
regrouped in data taking eras labeled from A to H. As in 2016, data collected
during the period A were devoted to the commissioning of the LHC machine,
thus not useful for physics analyses. Collisions during era G happened at
a center of mass energy of /s = 5 TeV, while during era H at a center of
mass energy of 13 T'eV, but in low pile-up conditions: these periods are thus

excluded from the physics analyses. Details about eras B to F can be found
in Table 2.3

2017 data taking

Era Time LHC fills L delivered [fb—]
B 16 Jun-18 Jul  5839-5960 4.8

C 18 Jul-30 Aug  5962-6147 9.7

D 30 Aug-13 Sep 6147-6193 4.3

E 24 Sep-11 Oct  6239-6291 9.3

F 13 Oct-10 Nov  6297-6371 13.5

Table 2.3: Summary of the 2017 data taking periods. For each pe-
riod the time, LHC fill ranges and the integrated luminosity delivered
to CMS are reported.
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On 24 of October 2018, the proton-proton data taking period of Run II
officially ended after collecting over 160 fb~! of data. The LHC operations
will then be paused for two years, in order to replace the accelerator injectors
in view of the high luminosity phase and to upgrade some detectors of the
four main experiments. Run-III is planned to take place between 2021 and
2023 at a center of mass energy of /s = 14 TeV with an instantaneous
luminosity twice as higher as the design value. At the end of Run-III the
integrated luminosity delivered to the experiments should reach 300 fb—!
and mark the end of the so called LHC Phase I.

A 30 months stop will then take place in order to prepare the LHC
to the High Luminosity Phase with the installation of new superconduct-
ing quadrupole magnets at the ATLAS and CMS interaction points. To-
gether with the quadrupoles, newly installed compact superconducting cav-
ities ("crab cavities") will be able to enhance the factor F in Eq[2.3] and
increase the instantaneous luminosity by a factor five with respect to the
original design value. The high luminosity LHC (HL-LHC) is expected to
deliver about 3000 fb~! of data.

Since double Higgs searches are mainly limited by statistical factors, the
large amount of data collected during the HL-LHC phase will represent a
unique opportunity to explore these rare processes.

A schematic representation of the past and future schedule of the LHC
and HL-LHC can be seen in Figure 2.3
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Figure 2.3: Schematic of the past and future LHC schedule \\
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2.2 The CMS Experiment

The Compact Muon Solenoid (CMS) experiment [28] [29] is located at LHC
interaction point 5 and is designed as a multi-purpose detector to explore
the physics at the TeV scale.

The detector is composed of a barrel section enclosed by two endcaps with
a diameter of 15 m, a length of 21.5 m, and an overall weight of about 12500 ¢.
The main feature of CMS is a large superconducting magnet, operated at
a temperature of 4.5 K, which produces a 3.8 T" magnetic field along the
beam axis direction. The CMS solenoid surrounds the tracker system and
the calorimeters, while the muon systems are placed outside between the
iron return yokes of the magnetic field which, in this region, reaches a value
of about 2 T. Such high values of magnetic field are used to bend the
trajectories of the charged particles produced in the proton-proton collisions,
and thus measure their momentum. Since tracking and muon systems are
placed in two different regions of the experiment, where the magnetic field
has an opposite direction, muon tracks have a double and opposite curvature
that is a characteristic feature of the CMS detector.

The coordinate system chosen in CMS is defined with the center in the
interaction point, the z axis along the beam direction, the x axis directed
towards the center of the LHC ring and the y axis pointing upwards, orthog-
onally to the z and y axes. Given the cylindrical structure of the detector,
a different set of coordinates is most commonly used. The azimuthal an-
gle ¢ is defined in the (z,y), or "transverse", plane as the angle formed
with respect to the positive x axis, and the radial coordinate r represents
the distance from the beam axis. The polar angle 8 with respect to the z
axis is usually expressed as pseudorapidity n = In( tan 6/2), since the dif-
ference between the pseudorapidity of two particles (An) is invariant under
Lorentz boosts along the beam axis. The spatial separation of two parti-
cles in the tridimensional space is defined in terms of their angular distance
AR = /(A¢)? + (An)?, while the transverse momentum pr of a particle is
the projection of the momentum onto the transverse plane.

Like many other collider experiments, the CMS experiment has a cylindri-
cal design that encloses hermetically the interaction point and it is composed
of several layers of subsystems built to identify and measure the particles
produced in proton-proton collisions.

2.2.1 Inner tracking system

The CMS inner tracking system [30] is the closest subdetector to the inter-
action point and it is based on silicon sensors sensitive to charged particles.
Being located inside the 3.8 T' magnetic field, the information on the posi-
tion of charged particles, also referred to as "hits", is combined in order to
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reconstruct the particle trajectory, momentum and charge. Moreover, the
information provided by the tracking system allows to determine the position
of the hard scatter interaction point ("primary vertex") and the reconstruc-
tion of additional "secondary vertexes" originating from the decay of long
lived particles such as B hadrons and tau leptons.

Given the presence of highly energetic particle beams, the tracking system
must survive in an hard radiation environment where the high particle flux
contributes to the detector occupancy that decreases with the distance from
the interaction point as r—2. In order to minimize the radiation damages
to the silicon sensors, to maintain an optimal performance and to dissipate
the heath produced by the electronics, the tracker system is operated at a
temperature of around —20 °C thanks to a C'Oz cooling system.

Due to different particle flux in the tracking volume, two different sys-
tems are deployed in CMS, as illustrated in Figure . the silicon Pixels
detector in the region where r < 16 ¢m and the silicon Strip detector in the
radial region between 20 and 120 cm.
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Figure 2.4: Cross section of the original design of the CMS tracking
system, showing the nomenclature used to identify different sections.
Each line represents a detector module. The strip tracker is composed
of the tracker inner barrel (TIB), the inner disks (TID), the outer
barrel (TOB) and the endcaps (TEC) [30].

After almost ten years of operations, during the End of Year Technical
Stop (EYETS) 2016 — 2017, the Pixel detector has undergone a thorough
upgrade [31] from the so called Phase-0 to the Phase-I, designed to operate
until the beginning of the high luminosity phase of LHC in 2026.

In the original design, the Pixel detector was composed of three layers of
silicon sensors in the barrel region and two endcap disks on each side of the
interaction point. Instead, the Phase-I layout of the detector comprehends
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four barrel layers with the innermost at a radial distance of r = 3 em from
the interaction point and a further disk on each endcap side, providing an
additional "hit" in both regions (Figure [2.5).

Despite being the smallest subsystem (~ 40 x 100 ¢m), the Pixel detector
has the largest number of modules: it is composed of about 125 million silicon
cells (compared to the 66 millions of Phase-0) measuring 100 x 150 um? for
a total active area of ~ 2 m?.

The barrel layers are located at a radial distance of 3, 6.8, 10.9 and 16 cm
from the beam line and measure 54.9 ¢m each, while the three endcap disks
have a radial coverage from 4.5 to 16.1 ¢m and are located at 29.1, 39.6 and
51.6 ¢m from the interaction point. The spatial resolution of the pixels is
10 wm in the (r, ¢) plane and 20 pum along the longitudinal coordinate, in a
pseudorapidity region of |n| < 2.5.
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Figure 2.5: Comparison of the Phase-0 and Phase-1 of the Pixel
detector. On the left longitudinal view of the upgraded layout (top)
with respecto to the original design (bottom). On the right compar-
ison of the pixel barrel layers .

In the Strip detector two different sensor geometries are used: at in-
termediate distance from the interaction point (20 < r < 50 cm) silicon
micro-strips with a cell size of 10 cm x 80 pm are used, while for radial
distances greater than 50 c¢m the reduced flux of particles allows for the
deployment of larger strip cells of size 25 ecm x 180 um. The entire Strip
tracker system is composed of about 9.6 million silicon strips with an overall
active are of ~ 200 m?.

The Strip tracker is organized in four sectors (see Figure and, as the
Pixel detector, covers a pseudorapidity region between —2.5 and +2.5. Four
layers, that extend up to |z| < 65 ¢m, shape the Tracker Inner Barrel (TIB),
composed of modules parallel to the beam line with a strip pitch that varies
from 80 to 120 wm. The Tracker Outer Barrel (TOB) is instead composed
of six layers, made up of modules with the same orientation as those in TIB,
but they cover the region up to |z| < 110 em. The Tracker Inned Disk (TID)
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and Tracker EndCap (TEC) are arranged in ring modules centered on the
beam line: the TEC comprises nine disks that extend in the region from
124 < |z| < 282 ¢m, while the TID is composed of three smaller rings that
fill the gap between the TIB and the TEC in the region 75 < |z| < 110 ¢m.

The two innermost layers of TIB and TOB, the two innermost rings of
TEC and TID and the fifth ring of the TEC are composed of double sided
(stereo) modules with a tilt angle of 100 prad that provide a measurement
in both r — ¢ and r — z planes. The resolution on the single "hit" ranges
from 20 to 50 wm in the radial direction and from 200 to 500 pm in the
longitudinal one, depending on the value of r.

The main drawback of the CMS silicon inner tracker system is the large
amount of material due to detector modules, support structures, cooling
plants, cables and electronic devices that particles have to cross before reach-
ing other subdetectors. The upgrade of the Pixel detector to Phase-I played
a major role in the reduction of the material budget of the tracker system,
as illustrated in Figure [2.6] especially thanks to the reduction of the diam-
eter of the cooling tubes and the deployment of longer connecting cables
that allowed to relocate part of the passive material outside of the tracker
acceptance.
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Figure 2.6: The amount of material in the Pixel detector is shown
in units of radiation length (left), and in units of nuclear interaction
length (right) as a function of 1. The plots show the Phase-0 sit-
uation (green histogram), compared to the Phase-I upgrade (black
points). The shaded regions at high values of 7 are outside the tracker
acceptance [31].

30



2.2 - The CMS Experiment

2.2.2 Electromagnet calorimeter

The CMS electromagnetic calorimeter (ECAL) [32] is designed to measure
the energy of electrons and photons produced in the proton-proton collisions.
The ECAL is an hermetic and highly granular detector able to provide an ex-
cellent energy resolution thanks to the lead tungstate crystals (PbWOy) that
convert the incident electrons and photons into an electromagnetic shower
which is in turn converted into scintillation light by the crystals themselves.
The choice of such design was originally driven by the search for an Higgs
boson decaying in two photons (H — v7), where a peak in the di-photon
invariant mass has to be distinguished from a continuous background.

Lead tungstate crystals are chosen as scintillating material due to its
high density (8.28g/cm?), short radiation lenght (X, = 0.89 ¢m) and small
Moliére radius (r = 2.2 ¢m). Moreover, PbW Oy is radiation hard and has
very fast light emission properties, around 25 ns, allowing for a fast response,
adequate to the bunch spacing in the high luminosity collisions of the LHC.
The only drawback of PbW Oy is the poor light yield, about 30 photons per
MeV | which requires the usage of photomultipliers with high internal am-
plification that must be operated in a strong magnetic field. In the barrel
region light is read out by silicon avalanche photodiodes (APDs), while vac-
uum phototriodes (VPTs) have been installed in the endcaps. Since both the
light yield of the crystals and the response of the photodetectors strongly
depends on temperature changes, ECAL deploys a water cooling system that
guarantees a long term temperature stability.

61200 lead tungstate crystals compose the barrel region of ECAL (EB),
each with a transverse section of 22 x 22 mm? which corresponds to a gran-
ularity of An x A¢ = 0.0175 x 0.0175, and a length of 23 ¢m which corre-
sponds to a total radiation length of 25.8 Xj. This region has a coverage in
pseudorapidity up to |n| = 1.479 and an inner radius of 1.29 m. Crystals
are organized in 36 supermodules, each containing up to 1700 scintillating
crystals and covering an angle of 20° in ¢.

Each of the two ECAL endcaps (EE) is composed of 7324 crystals with a
slightly larger section with respect to the barrel modules, 28.6 x 28.6 mm?,
and a length of 22 ¢m, that corresponds to a total radiation length of 24.7 Xj.
The EE disks are located at 3.14 m from the interaction point and cover the
pseudorapidity range of 1.479 < |n| < 3.0.

In order to avoid the leak of particles through the dead regions of the
crystals, these are mounted, both in the barrel and in the endcaps, in a
geometry which is off-pointing with respect to the mean position of the
primary interaction vertex, with a 3° tilt in both ¢ and n. The layout of the
crystals in the ECAL is illustrated in Figure 2.7}

A sampling preshower (ES) made of two layers of lead radiator and two
silicon strip detectors is installed in front of the two endcaps to cover the
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Figure 2.7: Longitudinal section of one quarter of the CMS elec-
tromagnetic calorimeter [32].

pseudorapidity region 1.6 < |n| < 2.6 and is used to enhance the discrimina-
tion of single photons from my — v decays. In the passive lead absorbers the
electromagnetic shower is initiated and subsequently sampled by the silicon
strips in order to measure the deposited energy and the shower transverse
shape.

Information collected by the ECAL detector is complementary to the
data coming from the tracking system as it can cope with neutral particles,
such as 7, and its resolution increases with the particle energy itself. Indeed,
the resolution of a generic calorimeter can be parametrized as:

(%)2 = <\5E)2 + <g>2 + (2.4)

The first term (S), in the right member of Equation represents the
stochastic term depending on the number of scintillation photons emitted,
which in turn depends on the incident particle energy E. N accounts for the
noise in the detector and does not depend on the energy, while c is related to
detector inhomogeneities and results in an error that is a constant fraction
of the energy E.

The large dose of radiation coming from the beams affects the natural
transparency of the crystals, thus spoiling the performance of the ECAL
detector. This effect is mitigated by the natural recovery of transparency
at the operating temperature of ECAL during the interval of time that is
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necessary to the LHC to refill the machine with proton beams. The long term
effect of radiation on the crystals is also monitored and corrected through
the injection of a laser light in each crystal in order to derive time-dependent
correction factors.

2.2.3 Hadronic calorimeter

The CMS hadronic calorimeter (HCAL) [33] is a sampling calorimeter, lo-
cated mostly inside the magnetic coil, designed to absorb hadrons and mea-
sure their energy. With respect to what happens in ECAL, nuclear and
hadronic interactions are more difficult to measure from hadron showers as
they give rise to non-Gaussian tails in the energy resolution due to the pro-
duction of undetectable particles such as neutrinos.

Despite this limitation, the HCAL is fundamental to measure the jets
and the imbalance in the transverse momentum sum (MET) of the event.
This is achieved maximizing both the material inside the magnetic coil, in
terms of interaction lengths, and the geometrical coverage of the detector.

As well as the tracker and the ECAL systems, also the HCAL detector is
divided in barrel (HB) and endcap (HE) sections, covering the regions |n| <
1.3 and 1.3 < |n|3.0, respectively. The absorber layer of the calorimeter is
made of brass that has a short interaction length, is easy to manipulate and is
a non-ferromagnetic material, while the active layer of the detector is made of
plastic scintillators tiles, 3 mm thick. Wavelenght shifting fibers, embedded
in the tiles, are used to collect the scintillation light that is subsequently read
by hybrid photodiodes (HPDs). Modules are organized in cells, or "towers",
with a spatial coverage An x A¢ of about 0.087 x 0.087 in HB and 0.17x 0.17
in HE.

The limited space allocated to HCAL, between ECAL and the solenoid,
prevents the full containment of the hadronic showers, thus, to ensure the
highest possible hermeticity of the system, the detector is complemented by
two more systems. The outer hadron calorimeter (HO), lining the outer vac-
uum tank of the magnet coil, is composed by thicker scintillators (10 mm)
and its main purpose is to sample the energy from hadron showers leaking
through the rear of the calorimeters and thus to increase the effective thick-
ness of HCAL. In the forward region, the energy measurement is improved
by the forward hadronic calorimeter (HF), located at 11.2 m from the in-
teraction point and covering the pseudorapidity region 3 < |n| < 5.2. Given
the high radiation level in the forward region, HF is designed with steel ab-
sorbers and quartz fibers where Cherenkov light is produced and collected
by photomultiplier tubes.

An overall view of the HCAL detector is schematized in Figure [2.§
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Figure 2.8: Transverse view of the CMS experiment showing the
location of the HB, HE, HF and HO calorimeters [34].

2.2.4 Muon detectors

At the LHC, muons produced during collisions have minimal energy loss
rates and a lifetime long enough to cross all the subdetectors and escape
CMS itself. In order to identify them and measure their momentum, three
different detectors [35] are employed in CMS: drift tubes (DT) in the barrel
region, cathode strip chambers (CSC) in the endcap, and resistive plate
chambers (RPC) in both regions (Figure 2.9). In the muon chambers, muon
tracks are bent by the return magnetic field conveyed by the iron yokes; this
information is combined with the inner tracker "hits" in order to measure
the muon momentum.

In the barrel region (|n| < 1.2) where the neutron-induced background is
small, the muon rate is relatively low and the magnetic field is uniform, CMS
deploys 250 DTs uniformly spread across five barrel "wheels". Each wheel
contains four concentric DT stations, composed by 60 (70 for the outermost
station) DT chambers. In every chamber, twelve planes of drift tubes are
organized in three super layers (SL) made of four planes each with parallel
wires: two SLs measure the coordinate in the (r, ¢) plane, the third measures
the track coordinate along the z direction.

The basic element of the drift tubes is a rectangular cell of section
4.0 x 1.3 em? containing an anode wire and filled with a Ar/COs gas mix-
ture. Cathodes are placed on the sides of the cell, while electrodes on the
top and bottom ensure a constant field and a uniform drift velocity of about
55 wm/s. A muon traversing the cell ionizes the gas and creates free elec-
trons that drift toward the anode wires: the position and angle of the muons
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Figure 2.9: Transverse view of the CMS experiment highlighting
the muon detectors. DTs, CSCs and RPCs are shown in yello, green
and blue, respectively .

are reconstructed from the drift time information. Each DT cell has a resolu-
tion of about 200 pm, for a total resolution of chamber of about 80 —120 um.

Cathode strip chambers are used to reconstruct muons in the endcap
regions of CMS (0.9 < |n| < 2.4), where radiation levels are high and the
magnetic field is non-uniform. Four CSC stations are installed in each end-
cap, perpendicular to the beam line and interspersed between the magnetic
field return plates. CSCs are designed in a trapezoidal shape and com-
posed of six layers of anode wires interposed between seven cathode strips
plates running radially from the beamline and disposed in perpendicular di-
rection with respect to the wires. CSC chambers contain a gas mixture of
Ar/CO2/CFy which is ionized when crossed by muons, the signal induced
on the wires and the strips is collected and analyzed in order to provide a
position measurements in the (r,¢) plane and along the z direction. The
closely spaced wires make CSCs a fast detector, able to identify the bunch
crossing and to achieve a spatial resolution of 40 — 150 um.

A complementary muon system, composed of resistive plate chambers, is
implemented in both the barrel and endcap regions for a coverage in pseudo-
rapidity up to |n| < 1.6. RPCs are highly segmented double gap chambers
made of two resistive Bakelite layers separated by a 2mm volume filled with a
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CyHyFy—CyH10/SFg gas mixture. They are operated in avalanche mode so
that, when crossed by a muon, the high electric field in the gas volume gen-
erates an avalanche which is read out by strips located on the surface of the
gap. Although the coarse spatial resolution, between 0.8 and 1.2 cm, RPCs
have a sharp pr threshold and excellent timing properties, with a resolution
of the order of the nanosecond, that allow for an optimal determination of
the proton-proton bunch crossings.

2.2.5 The CMS Trigger system

At the nominal LHC luminosity of 103*¢m=2s~! and with collisions happen-
ing every 25 ns, the information generated by the CMS detector is about 70
terabytes per second: the order of magnitude of this figure largely exceeds
any achievable capability of processing and storing the data. However, each
bunch crossing results in multiple soft proton-proton interaction that gen-
erate particle with low pr and that are of no interest for the CMS physics
program. This effect is called "pileup" and its evolution during the first 10
years of LHC operations can be seen in Figure [2.10)

The task of the CMS trigger system is to identify and select only the
interesting collision events, thus reducing the data acquisition rate to a sus-
tainable level. The trigger represents the interface between the "online"
data taking and the "offline" data analyses, as it must satisfy the technical
constraints of the former without spoiling the efficiency of the latter.

In CMS a two-tiered triggering system [37[38| is deployed and it is based
on the Level-1 Trigger (L1) and the High Level Trigger (HLT). Custom hard-
ware compose the Level-1 Trigger and processes information from calorime-
ters and muon systems with a reduced granularity. The decision on whether
to accept or reject an event is made in 3.8 us and the data taking rate is
reduced to about 100 kHz. At the HLT level, a second selection is applied,
based on the result of complex algorithms that have access to the full detec-
tor information and run on 22000 CPU cores in order to produce a decision
in an average time of about 220 us and reduce the trigger rate below 1 kH z.
Both trigger systems use configurable algorithms, "seeds", to identify and
reconstruct physics objects on which the accept/reject decision is made: each
seed is assigned a "prescale factor" f that further reduces the trigger rate of
1/f by retaining only one accepted event every f occurrences. Events that
are accepted by the trigger systems include data used in physics analyses,
detector calibration, alignment and monitoring, and differ by the amount of
detector information stored.

To deal with the time constraints coming from the 25 ns bunch crossing,
object reconstruction in the L1 trigger is performed separately using only
inputs from the calorimeters and the muon systems. Arrays of 5 crystals are
grouped in ECAL to match the HCAL granularity and compose the so called

36



2.2 - The CMS Experiment

CMS Average Pileup

3000 : : : 3000
- [ 2018 (13 TeV): <> = 38
o [ ] —
2 Ls00lK ) 2017 (13 TeV): <u> =38 |, _
d 2016 (13 TeV): <u> = 27
2 [ 2015 (13 TeV): <u> = 13
z 20001 2012 (8 TeV): <u> =21 (2000
E 2011 (7 TeV): <u> =10
2 1500} 11500
£ o (13 TeV) =80.0 mb
b ol? (7 TeV)=T71.5 mb
T
1
S soof 1500
Q
X

Q - : : 0

(\) @0 a0 0 %0 &00

Mean number of interactions per crossing

Figure 2.10: Distributions of the average number of interactions per
bunch crossing (in-time pileup) for proton-proton collisions in 2011
(red), 2012 (blue), 2015 (purple), 2016 (orange), 2017 (light blue),
and 2018 (navy blue). The overall mean values and the minimum
bias cross sections are also shown [26].

trigger towers (TT), which represent the calorimeter trigger readout units.
From these calorimetric regions, candidates for the main physics objects are
built: jets, electrons, photons and hadronically decaying taus (73); since no
information from the tracker systems is available at this stage, electrons and
photons have almost the same experimental signature and are reconstructed
as e/~ objects. Information from the muon detectors is at first processed
separately for each subdetector and then merged in order to reconstruct
muon tracks. Finally, a Global Trigger combines information from muon
and calorimetric triggers to take a decision on whether to accept or reject
the event accordingly to the reconstructed objects and their properties.

Opposed to the hardware-based L1, the High Level Trigger is a software
system that reduces the output rate down to 100 Hz. The basic idea of the
HLT is an online reconstruction and selection that is a slightly simplified ver-
sion of the offline reconstruction algorithms. This process is usually applied
only locally around the objects already build by the L1 trigger, thus reducing
the time needed to read and process the raw information from the detectors.
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The processing time is optimized by applying selections on the most signal
over background discriminating variables as soon as possible, and priority is
given to the least time consuming algorithms. Jets are formed by clustering
together candidates with the anti — k; algorithm, while the presence of dis-
placed or secondary vertexes is used to asses if the jets are compatible with
the hadronization and decay of a b-quark. Muons are initially built using
information from the CSC and DT systems and only later are matched to
tracks reconstructed in the inner silicon detector, while the trigger rate is
reduced using isolation criteria based on the number of objects around the
muon candidate. As for muons, also electrons and photons are reconstructed
combining the ECAL information with the tracks built in the Strips and Pixel
detectors, and isolation constraints are applied in order to reduce the pileup
contribution and to lower the trigger rate. Finally, hadronically decaying
taus are reconstructed starting from 3 charged candidates clustered inside
a jet and combining them with electron/~ information. The reconstruction
of HLT 75 objects is very similar to the offline analysis, but due to timing
constraints it does not carry information about the tau decay, so that the
overall HLT efficiency is very high, but also the background contamination
is almost one order of magnitude larger with respect to offline.

2.3 Physics object reconstruction in CMS

As described in Section [2.2] in CMS the tracker is immersed in a magnetic
field that bends the charged particles trajectories and allows the electric
charges and momenta of charged particles to be measured. Electrons and
photons are absorbed in an electromagnetic calorimeter, while charged and
neutral hadrons that may initiate a hadronic shower in the ECAL as well are
subsequently fully absorbed in the hadron calorimeter: the recorded clusters
are used to estimate their energy and direction. While neutrinos escape
the experiment undetected, muons produce "hits" both in the inner tracker
systems and in the muon detectors. A simplified view of all these processes
and their experimental signature is displayed in Figure [2.11

The information from the individual subdetectors can be combined in
order to improve the reconstruction and identification of each final-state
particle, and to form a complete and unambiguous description of the event.
The algorithm that performs such reconstruction is called Particle Flow [39].
The PF approach was developed and used for the first time by the ALEPH
experiment at LEP [40] and is now driving the design of detectors for possi-
ble future colliders. As coarse-grained detectors may cause the signals from
different particles to merge thus reducing the particle identification and re-
construction capabilities, a key ingredient of the Particle Flow is the fine
spatial granularity of the detector subsystems, as in the case of the CMS
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Figure 2.11: A sketch of the specific particle interactions in a trans-
verse slice of the CMS detector, from the beam interaction region to
the muon detectors. The muon and the charged pion are positively
charged, while the electron is negatively charged .

experiment.

The reconstruction of a particle first proceeds with a link algorithm that
connects the PF elements from different subdetectors. This algorithm can
test any pair of elements, but, in order to prevent the computing time from
growing quadratically with the number of particles, the pairs of elements
considered by the link procedure are restricted to the nearest neighbors in
the (1, ¢) plane. Next, a distance between two linked objects is defined to
quantify the quality of the link. Using the links, the algorithm produces
PF blocks of elements associated by direct or indirect links through common
elements. Thanks to the high granularity of the CMS subdetectors, most
of the PF blocks contain few elements originating from one particle: thus,
the algorithm is not affected by the particle multiplicity and the computing
time needed only increases linearly with multiplicity. In each block, first the
muon candidates are identified and removed from the block itself; secondly,
electron identification is performed together with photon reconstruction, in
order to collect the energy of all bremsstrahlung processes. Photons and
electron PF candidates are also removed from the PF block. Before the last
step, tracks with a pp uncertainty in excess of the calorimetric energy reso-
lution expected for charged hadrons are masked. The remaining elements in
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the block are then subject to a cross-identification between charged hadrons,
neutral hadrons and photons, arising from parton fragmentation, hadroniza-
tion, and decays in jet.

The Particle Flow candidates are categorized as muons, electrons, pho-
tons and neutral and charged hadrons: their detailed reconstructions is de-
scribed in the next Sections of this Chapter. These candidates are further on
used to reconstruct higher-level analysis objects such as jets and hadronically
decaying taus.

The holistic approach of the Particle Flow algorithm also gives a quick
way to cross-calibrate the various subdetectors, to validate their measure-
ments, and to identify and mask problematic modules.

2.3.1 Electrons

The reconstruction of electrons is complicated by the difficulty of modeling
their interaction with the inner tracker material before they reach ECAL.
Electron candidates are built starting from clusters of energy deposits in
ECAL and "hits" in the tracker systems: algorithms must take into account
both the non-Gaussian energy loss and the bremsstrahlung photon energy
deposits that can be located outside the calorimeter.

The standard CMS electron reconstruction algorithm [41] regroups PF
ECAL clusters in "superclusters" and gathers together the energy deposits
associated to photons: the aggregation process depends on the cluster trans-
verse energy Fr and exploits the n — ¢ correlations of the candidates. Elec-
tron tracks are refitted using a Gaussian sum filter (GSF) method that ap-
proximates the energy loss probability with a sum of Gaussia distributions.
Complementary algorithms are use to seed the GSF tracking: the PF ECAL
supercluster position and the silicon system tracks. Finally GSF tracks and
PF superclusters are associated into an electron candidate and used to esti-
mate its charge and momentum.

In order to distinguish electrons coming from the hard scatter process
from those originating in "soft collisions", a multivariate approach (MVA)
is used, based on a Boosted Decision Tree (BDT) and developed within the
TMVA-Toolkit framework [42]. The algorithm combines observables sen-
sitive to the amount of bremsstrahlung along the electron trajectory, the
geometrical and momentum matching between the electron trajectory and
associated clusters, shower-shape observables, and electron conversion vari-
ables. Furthermore, signal electrons are usually required to be isolated by
applying selections on the relative isolation of the Particle Flow candidate,
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defined as:

_ 1
Ifel _ < p;?arged + max |:0’ p%eutral had + Zp’% o 5 Zng]> /p§7
(2.5)
where ) pCTh”ged, S phentral=had “and 37 pY are the scalar sums of the trans-
verse momenta of charged hadrons originating from the primary vertex, neu-
tral hadrons and photons, respectively; the Zng is the sum of transverse
momenta of charged hadrons not originating from the primary vertex.

2.3.2 Muons

Muons are the only detectable particles that cross the full CMS detector
and leave a clean signature in the muon systems. As a consequence, their
reconstruction is done using a Kalman filter method that accounts for the

energy loss in the other subdetectors materials. Three different alghoritms
are deployed in CMS [43]

e Standalone Muons are reconstructed using the information of the
muon systems only. "Hits" in the DTs, CSCs and RPCs are combined
and fitted in a common muon track.

e Tracker Muons reconstruction starts from the inner silicon detector
tracks and is extrapolated to the muon systems, requiring the presence
of at least one muon segment at a compatible position.

e Global Muons rely on both muon and tracking systems information.
Inner tracks and standalone muon tracks are propagated to a common
surface and the two collections of "hits" are fitted together to form a
global muon track.

Thanks to the high efficiency of both the tracker and the muon sys-
tems, about 99% of muons produced in proton-proton collisions are recon-
structed either as Tracker muons or as Global muons, while Standalone
muons have worse momentum resolution and higher admixture of cosmic-
ray muons. Candidates found both by the Global Muon and the Tracker
Muon approaches, and that share the same track, are merged into a single
candidate. Depending on the muon transverse momentum, charge and mo-
mentum itself are assessed using either the inner tracking system (for soft
muons with pr < 200 GeV') or the muon chambers (for pr > 200 GeV).

As for electrons, also muons are often required to be isolated in order
to be distinguished from background contributions, the relative isolation of
muons is defined in equation [2.5
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2.3.3 Taus

Tau leptons have a mean lifetime of about 2.9 x 107! s, thus they decay
away from the primary interaction point creating a secondary vertex. The
decay process involves the emission of a tauonic neutrino (v,) and a W
boson, which in turn creates a lepton-neutrino or a quark-antiquark pair

(Figure [2.12)).

Vr Vr

Figure 2.12: On the left the Feynman diagram of the hadronic
decay of the tau, on the right the diagram for the leptonic decay.

Leptonic decays to a muon or an electron are reconstructed from the
respective object algorithms detailed in Sections and 2.3.2] and they al-
ways involve large values of missing transverse momentum coming from the
presence of two neutrinos. On the other side, hadronic decays of the taus
(1) produce small and collimated hadron jets. The decay can occur through
the intermediate resonances p(770) or a;(1260) which result in different mul-
tiplicities of charged and neutral hadrons (Table . The charged hadrons
produced in the decay are usually referred to as prongs.

The reconstruction of hadronic tau decays is performed by the Hadrons
Plus Strips (HPS) algorithm [44-46] that determines the tau decay mode,
identifies the PF candidates associated to the process and regroups them
to estimate the 7, kinematic properties. The HPS process begins with the
analysis of the constituents of all PF jet candidates in order to verify their
compatibility with a 75, object. The contribution of 70 — v appears ei-
ther directly as photons or as PF electrons inside the jet due to the high
~ — eTe™ conversion probability; photon and electron candidates are thus
clustered into "strips". The strip position is recomputed as a ppr-weighted
average as more candidates from a clustering region around the strip are
added to the strip itself. When no more candidates are found within the
clustering region the strip association is complete. During Run-II, in order
to optimize the energy collection and the background rejection, a dynamic
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Tau Decay Mode Meson Resonance  Br(%)
= S e, 17.8
= ,u:tI/#I/T 17.4
™+ = Wy, 11.5
7+ = hEnly, p(770) 25.9
7+ = W70, a1(1260) 9.5
™+ = hthThty, a1(1260) 9.8
7+ = hERFREROy, 4.8
Other modes with hadrons 3.3
All modes containing hadrons 64.8

Table 2.4: Decay modes and relative branching fractions of a 7
lepton. The symbol h generically refers to a charged pion or kaon.

strip reconstruction was deployed to define the clustering window in the
An x A¢ plane as function of the stip pr.

The presence of extra particles within the jet, not compatible with the re-
constructed decay mode of the 7, is used as criterion to discriminate hadronic
7 decays from quark and gluon jets. Charged hadrons (h*) and strips are
combined to reconstruct one of the following decay modes:

o hT
e hT +nnd
e hERFThE

The decay h*hTh* 7 is not considered due to a too small branching fraction
and a too large contamination from quark and gluon jets. The h* + nz®
comprehends kT in association with both one or two ¥, since these channels
are often analyzed together.

Different quality criteria are applied to all the valid decay mode hypothe-
ses to test the compatibility with a real tau: in case of multi-prong decay, for
example, all tracks must originate in the same vertex, the combined invari-
ant mass must be compatible to that of the meson resonance and the total
electric charge has to be +1.

2.3.4 Jets

As already mentioned in Section quarks and gluon do not exist as free
states, but they undergo an hadronization process that give life to short lived
hadrons, which in turn decay in jets of lighter particles. The momentum
measurement and reconstruction of jets thus, must take into account all
hadronization products.
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In CMS, jets are reconstructed [47,48| using the anti — kr algorithm [49]
that iteratively combines the PF candidates close to each other according to
a metric defined to produce jets of an approximate conic shape around the
hardest particles in the event. The size of the jet is determined by the pa-
rameter R at which the algorithm is operated: in CMS, a common choice of
R = 0.8 is used for the boosted topologies, i.e. when two objects have a high
momentum and their separation in n — ¢ is small, while for non-boosted jets
the most commonly used value is R = 0.4. One of the major strengths of the
anti — kp algorithm is being resilient against infrared and collinear effects,
which means that its performance is not affected by soft radiation or collinear
parton splitting. A set of corrections is applied in order to calibrate the de-
tector response to the jets, especially about the jet energy scale that has
to take into account pileup contributions, non-linearities of the calorimetric
detectors and the residual differences between data and the simulated events.

Jets originating from b quarks are identified using either the Combined
Secondary Vertex (CSV) [50] algorithm (for data recorder before 2017), or
the Deep Combined Secondary Vertex (DeepCSV) [51] algorithms. Both
methods exploit the long lifetime of hadrons containing b quarks that usu-
ally decay far from the primary interaction vertex. Information from the
secondary vertex is combined with track-based variables into a single dis-
criminant using a multivariate technique. In CMS, the CSV and DeepCSV
algorithms are defined only for jets with || < 2.4 since this is the accep-
tance region where tracking information is available [52]. A jet is qualified
as b-tagged if the value of the discriminant is larger that a fixed threshold
("working point") that determines the efficiency of correctly identified b jets
and the misidentification probability for gluon and light flavour jets.

2.3.5 Missing Transverse Energy

Since neutrinos in the final state can not be detected, their presence must
be inferred from the imbalance of the total transverse momentum vector
sum. The negative projection of this vector onto the transverse plane is
commonly referred to as missing transverse momentum (pTT”iSS) or missing
transverse energy (MET). In the context of the HH — bbrt7~ analysis,
the decay of tau leptons always involves at least one neutrino, two if the tau
decays leptonically, and additional contribution to the MET may come from
the presence of additional neutrinos in the b-jets.

In CMS, two different approaches are used to reconstruct the missing
transverse momentum |53|. In the first case (Particle Flow MET), the p/ss
is reconstructed by PF algorithm as the negative vectorial sum of the trans-
verse momenta of all PF candidates in the event. Due to hardware and
software limitations such as tracking inefficiencies, energy thresholds in the
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calorimeters and non-linearities in the detector responses, a correction is ap-
plied to the p’7** by propagating the jet energy corrections to the MET, in
order to take into account the initial jet py and its corrected value:

ﬁ;iss,corr _ ﬁ%niss _ Z (ﬁ%orr o ﬁT) (26)
jets

The second possibility to estimate the MET is know as MVA-MET and
it is based on a multivariate technique that separates the PF candidates
associated to the signal process from the rest of the candidates in the event
to improve the p?iss resolution.

In the HH — bbr 7~ analysis, the Particle Flow approach is employed.
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Chapter 3

The HH — bbr*7~ Analysis Strategy

As discussed in Chapter double Higgs processes represent a fertile
ground to investigate the scalar sector of the Standard Model and search for
hints of BSM effects. In order to fully exploit the potential offered by the
data collected by the CMS experiment, the strategy of the HH analyses is
to combine the full 2016 — 2018 statistics, that amounts to about 160 b1,
and publish the results in a so-called "legacy paper".

The bbrT 7~ final state represents one of the most interesting channels to
explore double Higgs processes, given the high branching ratio and the rela-
tively small background contamination. On the other hand, this decay mode
poses some quite difficult experimental challenges, especially the need to re-
construct several types of objects, ranging from leptons to jets originating
from b quarks. In order to select signal-like events, special techniques must
be put in place to reconstruct the H — 777~ and H — bb candidates and
exploit their kinematical properties to reject the background contributions.

While the analysis of the 2016 dataset represents a fundamental step
to prove the manageability of data collected at the previously unexplored
13 TeV energy regime, given the small cross sections of the investigated
HH processes, the most significant results are expected with the increase of
statistics. As a matter of fact, double Higgs searches are amongst the most
anticipated physics results of the High Luminosity phase of the LHC and are
also one of the physics cases driving the design and development of future
collider machines [54].

In this thesis I will describe the results obtained analyzing data collected
in 2016 at a center of mass energy of /s = 13 T'eV and published on March
2018 in Physics Letters B |1], to which I contributed to one of the most
crucial aspects, the background estimation. I will complement each Section
with the improvements put in place during the study of the 2017 dataset and
with ideas on how to further enhance the analysis sensitivity in view of the
ultimate exploitation of the full statistical power of the Run II data. I am

47



Chapter 3 - The HH — bbrT7~ Analysis Strategy

leading the 2017 data analysis and I am the contact person for the related
documentation.

The structure of this Chapter follows closely the analysis flow itself. It
begins with the trigger requirements (Section , used to store events for
the subsequent analysis and continues with the preselection of the objects in
the final state (Section . Starting from these objects, candidates for the
Higgs boson decays into 7 or b pairs are identified and their properties and
topologies are exploited to categorize events and improve the analysis sen-
sitivity (Sections and . Finally, dedicated techniques are used to

enhance the separation of signal events from background contributions|3.3.3

3.1 Trigger requirements

Events are recorded and stored using a set of HLT triggers, or "paths", that
require the presence of specific objects in the final state: for this analysis
the trigger paths used are tuned to look for the decay products of the tau
leptons.

As discussed in Section [2.3.3] 7 leptons have a short mean life and decay
producing either a lighter lepton or a quark pair, in association to neutrinos.
The study of events containing H — 777~ decays, thus require the recon-
struction of different possible final states. For sake of simplicity, and where
no ambiguity appears, in the following the lepton or quark charge will be
omitted, the leptonic decay of the tau will be denoted as 7, (with £ = e or
u) and the hadronic decay will be denoted with 7. The decay of a 77 pair
can happen in six different channels, reported in Table togheter with the
relative branching fractions.

Decay Mode Br(%)

TWTH 42.0%
TeTh 23.1%
TuTh 22.5%
TuTe 6.2%
ToTe 3.2%
TuTu 3.0%

Table 3.1: Decay modes and relative branching fraction of a 77
pair.

The HH — bbrT search is performed exclusively in three final states:

TuTh, TeTh and 75,75, which in total cover about 88% of the decays. Fully
leptonic channels are neglected in this search due to their smaller branching
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fractions and the overwhelming contamination of background events coming
from the Drell-Yan processes Z — upu/ee.

In the 7,7, and 7.7;, channels in 2016, events with a single lepton, either a
muon or an electron, were selected, while in the 73,7, case the presence of two
hadronically decaying taus was requested in the event. Table documents
the names of the paths used and the data taking periods during which they
were deployed.

2016 analysis
Channel HLT path name Runs
TuTh HLT_IsoMu22_eta2pl_vx* all runs
HLT_IsoTkMu22_eta2pl_v* all runs
HLT_IsoMu22_v* all runs
HLT_IsoTkMu22_v* all runs
TeTh HLT_Ele25_eta2pl_WPTight_Gsf_vx* all runs
THThH HLT_DoubleMediumIsoPFTau35_Trkl_eta2pl_Reg_v* | from run B to G
HLT_DoubleMediumCombinedIsoPFTau35_Trkl_eta2pl_Reg_v* run H

Table 3.2: Trigger paths used in the 7,7, 7.7, and 75,7, channels
in 2016. In cases where multiple paths covering the same runs are
listed, the logical OR of these paths is used.

In the 7,7, channel, the logical OR of two paths with different isolation
definition is used: at the HLT level, the reconstructions of muons starts from
L1 trigger 1 candidates and computes the isolation of the lepton either from
ECAL and HCAL detectors information, or from the tracks, built in the
tracker system, around the p candidate.

In the 7.7, final state, the electron required by the HLT path is recon-
structed with a similar approach to the offline strategy and its isolation is
computed from the scalar sum of the energy clusters and tracks in a cone of
size AR < 0.3 around the candidate.

Finally, in the 75,7, channel, two 7, objects are required at trigger level.
The candidates are built from charged hadrons and 70 candidates in an ap-
proach similar, but simplified due to timing constraints, to the offline HPS
algorithm, detailed in Section The isolation of the tau lepton, com-
puted from tracks within a cone of radius R = 0.4, is the only parameter
distinguishing the two paths listed in Table during run G the back-
ground rejection was enhanced by loosening the requested quality of the
tracks and tightening the selection criteria on the scalar py sum of HLT
neutral candidates in the isolation cone.

The same triggering philosophy was adopted in 2017 regarding the single
object triggers (muons and electrons), but with an increase in the pp thresh-
olds of the objects in order to reduce the trigger rate and cope with the
higher instantaneous luminosity of the collisions. The loss of acceptance due
to the tighter selections was mitigated by the introduction of the so-called
"cross-lepton" triggers, which save events only if both an isolated lepton,
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electron or muon, and one 75, object are found. Table documents the
names of the paths used and the data taking periods during which they were

deployed.

2017 analysis
Channel HLT path name Runs
TuTh HLT_IsoMu24_v* | all runs
HLT_IsoMu27_v* | all runs
HLT_IsoMu20_eta2pl_LooseChargedIsoPFTau27_eta2pl_CrossL1_v* | all runs
TeTh HLT_Ele32_WPTight_Gsf_v* | all runs
HLT_Ele35_WPTight_Gsf_v* all runs
HLT_Ele24_eta2pl_WPTight_Gsf_LooseChargedIsoPFTau30_eta2pl_CrossL1_v* | all runs
ThTh HLT_DoubleTightChargedIsoPFTau35_Trkl_TightID_eta2pl_Reg_v* | all runs
HLT_DoubleMediumChargedIsoPFTau40_Trkl_TightID_eta2pl_Reg_v* | all runs
HLT_DoubleTightChargedIsoPFTau40_Trkl_eta2pl_Reg_v* | all runs

Table 3.3: Trigger paths used in the 7,75, 7.7, and 7,7, channels
in 2017. In cases where multiple paths covering the same runs are
listed, the logical OR of these paths is used.

The same trigger selections used to store data are also applied to MC
simulated events. To account for systematic differences in the data and MC
efficiencies, "scale factors" (SFs) computed with a tag and probe technique,
using Z — pp/ee/TT events, are applied in MC events to the selected elec-
tron or muon candidate for the 7,7, and 7.7, final states, and to both the
selected 73, candidates for the 73,7, channel.

The tag and probe technique uses tight trigger, reconstruction and iden-
tification selections to identify one "tag" lepton, while it exploits the kine-
matics of the Z — #¢ decay to identify the other "probe" lepton, without
directly applying trigger criteria on it. The probe leptons are thus unbiased
with respect to the trigger requirements and their fraction satisfying the
trigger requirements can be used to compute the trigger efficiency itself.

For the muon triggers, the SF are computed as a function of the pr and
1 of the reconstructed lepton. In 2016, two separate sets of scale factors
were derived for the data taking eras B to F and G-H due to the different
performance of the strip tracker detector. When applying the SF to the
simulated events, an average was used, based on the relative integrated lu-
minosities collected, i.e. SF = fgpSFpr + fouSFgu, where fgr = 0.55 and
fan = 0.45.

The scale factors for the single electron trigger are derived as a function
of the electron transverse momentum, separately for the barrel and endcap
regions.

In the 7,7, channel, the trigger efficiencies are measured using Z — 77 —
T, Th events, as function of the 75, candidate transverse momentum, as well
as the decay mode of the tau lepton. Due to the changes occurred in the 7,
isolation to cope with the higher instantaneous luminosity, data efficiencies
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are measured separately for the B to G and H data taking periods. The
SFEs are thus combined according to integrated luminosity collected with a
formula equivalent to the one used for the muon SFs; using fgg = 0.76 and
fu=0.24.

The trigger scale factors for muons, electrons and 75, candidates for 2016
data are shown in Figure [3.1]

As mentioned previously in this Section, in 2017, cross-lepton triggers
were introduced for the 7,7, and 7.7, final states in order to increase the
signal acceptance. The trigger scale factors must take into account the effi-
ciency of the logical OR between single- and cross-lepton triggers: assuming
the efficiencies of the two legs to be independent, the efficiency of the logic
OR can be factorized and easily computed from the single objects efficiencies.
The resulting event by event SF formula is:

_ Effpara

SE = 3.1
Effuc 3.1)

where the efficiency for both data and MC simulation is defined as
Eff=er(1—¢e;) +eer (3.2)

and

€1, = single lepton trigger efficiency

g; = cross lepton trigger efficiency for the 7, or 7 leg
e = cross lepton trigger efficiency for the 7, leg

The trigger scale factors for 2017 data are shown in Figure [3.2]
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Figure 3.1: SFs for the single muon trigger (top row), for single
electron trigger (central row), and for the tau triggers (bottom row)
measured with 2016 data. Muon scale factors are computed for dif-
ferent data taking periods as function of the muon pr and 7: periods
B to F (left) and G,H (right). Electron SFs are computed separately
for the barrel and endcap regions as functions of the electron pr. Tau
SFs are computed for different data taking periods as function of the
pr as well as the decay mode of the 7 lepton: "l-prong" (left), "1-
prong+7" (center), and "3-prongs" (right). For electrons and taus
the SFs are represented in the plots as the ratio between the data
and the MC simulation.
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Figure 3.2: SFs for the muon triggers (top row), for electron triggers
(central row), and for the tau triggers (bottom row) measured with
2017 data. For the muon and electron cases both the single lepton
(left) and cross tau-lepton (right) triggers are shown. The tau trigger
efficiency instead is displayed for the logical OR of the three double
tau trigger paths used. The SFs are represented in the plots as the
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3.2 Objects selections

Quality criteria are applied to the reconstructed muons, electrons, 73, objects,
jets and missing transverse momentum, in order to optimize the selection
of real HH — bbr7 events. This Section describes the specific choices of
the final state object as well as the correction applied to the Monte Carlo
simulations to eliminate any possible discrepancy.

3.2.1 Electrons

Electron reconstruction is performed using information from the ECAL and
tracker detectors, as described in Section [2.3.1] while their identification is
based on a BDT classifier trained for electrons with py > 10 GeV in three
different regions: two in the barrel and one in the endcap. The relative iso-
lation of the electron candidates is described by the Equation 2.5 as the sum
of the transverse momenta of PF candidates reconstructed within a distance
AR < 0.3 from the electron, normalized to its transverse momentum.

In this search, in order to reduce the hadron jet background contamina-
tion, electron candidates must satisfy the "tight" working point of the BDT,
that corresponds to a signal efficiency of about 80%, and have Z¢, < 0.1.
In 2016, selection cuts on the transverse momentum and the eta of the elec-
tron were fixed at pp > 27 GeV and |n| < 2.1, while in 2017 these values
depend on the trigger path "fired", as described in Section [3.1] Finally, the
electron associated track must have a distance from the primary vertex of
Agy < 0.045 cm in the transverse plane and A, < 0.2 ¢m in the longitudinal
direction.

A correction factor is applied to the MC simulation to take into account
differences with respect to data in the isolation and identification efficiencies
of electrons. These factors are derived from Z — eTe™ events selected with a
tag and probe technique. Figure illustrates the agreement between data
and MC simulation in the 7.7, channel after the application of the correction
factors.

3.2.2 Muons

As described in Section [2.3.2] muons can be reconstructed as Standalone
Muons, Tracker Muons or Global Muons. In order to suppress the erroneous
identification of hadrons escaping HCAL and cosmic rays, the identification
of muons exploits several different quality requirements such as the minimal
number of hits in the muon, strips and pixel detectors and selections on the
x? of the associated track fit.

The quality of the reconstructed muon track and the number of hits are
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Figure 3.3: Transverse momentum distributions of the electron in
the 7.7, channel. On the left events selected in 2016, on the right in
2017.

used to define different identification working points. In this analysis, the
signal muon candidates are required to pass the "tight" identification criteria,
while "veto muons" are defined using the "loose" WP. The efficiencies of
these working points are about 96% and 99%, respectively.

As for electrons, in 2016, fixed selection cuts on the transverse momentum
and the eta of muon candidates were set at pr > 23 GeV and |n| < 2.1,
while in 2017 these selections depend on the on the trigger path "fired"
(Section . Also the quality selections applied to the associated muon
tracks are similar to those used for electrons: A, < 0.045 cm and A, <
0.2 ¢m, while the relative isolation requirement is Iff o < 0.15.

Differences in isolation and identification efficiencies between data and
MC simulation are corrected by applying scale factors derived from Z —
pup~ events selected with a tag and probe technique.

In 2016, due to an inefficiency in the strip tracker, the correction factors
were split in two different sets, one for the periods B to F, and one for
periods G and H. In the analysis the different corrections are combined in an
average weighted on the relative luminosity of the two datasets, reported in
Table In addition, due to a change in the Particle Flow reconstruction,
some events contained extra non-physical muons, that are removed from the
analysis using the recipe provided by the CMS Muon Pysics Object Group
(Muon POG).

In 2017, neither the tracking, nor the PF issues were observed, and the
correction factors are derived for the full dataset. Figure shows the data
and MC efficiencies as function of the transverse momentum of the muon,
divided in four different pseudorapidity region: the correction factors are
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obtained from the ratio of 2017 data over MC efficiencies.
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Figure 3.4: Data (blue) and MC simulation (red) efficiencies for the
combination of identification and isolation criteria applied to muon

candidates (top panel) and their ratio (bottom panel) used to correct
the MC simulation in 2017.

The agreement between the simulation and the observed data, after the
application of the correction factors, is shown in Figure for the transverse
momentum distribution of the muon.

3.2.3 Hadronic Taus

As detailed in Section the decays of tau leptons into hadrons and a
neutrino are reconstructed through the HPS algorithm that combines infor-
mation from the PF jet constituents to identify real 75, objects and discard
fake candidates originating from a quark or gluon decay.

One of the main handles to reject quark and gluon jets is the selection
criteria applied to the isolation of the 7 candidate. These criteria are based
on the PF candidates reconstructed inside a cone around the 73, object itself.

In this analysis, the isolation of 75, candidates is determined by an MVA-
based approach using a Boosted Decision Trees (BDT) algorithm. The most
discriminating variables used as inputs to the BDT descriminator are [45]:

e The scalar pr sums of the charged- and neutral-particles within an
isolation cone AR < 0.5

e The 75 decay mode
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Figure 3.5: Transverse momentum distributions of the muon in the
7,Tn channel. On the left events selected in 2016, on the right in
2017.

e The transverse impact parameter of the leading track of the 73, and its
significance

e The distance between the tau production and decay vertices and its
significance

Other definitions of the 7 isolation can be adopted, for example requir-
ing that the transverse momentum sum of all the particles in the isolation
cone is smaller than a fixed threshold, but the MVA approach has proven
to be the most powerful in discriminating real 75, objects from background
contributions, and has thus been adopted in the bbr7 analysis.

Different working points are defined for the MVA discriminator which,
in CMS, is maintained by the Tau Physics Object Group (Tau POG). The
"medium" working point is chosen in this analysis as it represents the best
compromise between background rejection and signal efficiency: for a genuine
71, the efficiency is ~ 60% almost flat as function of the candidate pr, while
the misidentification probability ranges from 2 to 0.1% depending on the tau
transverse momentum .

The performance of the isolation discriminator as a function of pp for
the different working points was measured by the Tau POG and is reported
in Figure [3.6]

Additional discriminators are exploited to suppress the contamination
coming from muons and electrons. Electrons are rejected using a BDT that
is based on the fraction of energy deposited in the ECAL and HCAL subde-
tectors, the multiplicity, topology, and energy of the photons inside the 7
signal cone, and the curvature of the tracks associated with the reconstructed

o7



Chapter 3 - The HH — bbrT7~ Analysis Strategy

; CMS Simulation Preliminary (2017, 13 TeV, CMS Simulation Preliminary (2017, 13 TeV]
2 E - VLoose > F - VLoose
i = -=-Loose S r -=-Loose
8 E —+Medium QS o1 -+ Medium
S osf + Tight 8 E + Tight
Q E + VTight s F VTight
o 08 > VVTight s - VVTight
& orE ettt o] ® 102
3 E o E
@ ] £ E
& ] g L
— v kel r
[ RIS S =
o , s e
2y 104 QCD muljet (20 < p_ < 100 GeV) 5
P FETTU EUETE PR FUREY N PR P P P SR TR PR FETE PN FEET FE FEET S e
1 7 100 10 20 30 40 50 60

Py (GeV)

Figure 3.6: Expected 7 reconstruction and identification efficiency
(left) and jet — 7 misidentification probability (right) for the MVA
based tau isolation discriminator in 2017 .

candidate. The anti-muon discriminator instead rejects 7, candidates in case
tracks in the muon systems are found aligned to the tau candidate direction.
For the anti-electron discriminator, the very loose ("VLoose") working point
is used in the 7,7, and 7,7, final states, while the "tight" WP is deployed
in the 7.7, channel. Vice versa, for the anti-muon discriminator, the loose
WP is used in the 7.7, and 7,7, final states, while the tight WP is applied
in the 7,7, channel.

A detailed list of the applied selections for each final state is reported in

Section [3:3.1] while the transverse momentum distributions of 7, candidates
are displayed in Figure for 2016 and 2017 data.
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Figure 3.7: Transverse momentum distributions of the 7, candidate
in the 7,75, channel. On the left, events selected in 2016, on the right,
in 2017.
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The efficiencies for reconstruction, identification and isolation have been
measured on Z — 77 — 7,7, events using a tag and probe technique. In
2016 the efficiencies of data and MC simulation were found to be compati-
ble within a 5% uncertainty, thus no further correction is needed. In 2017
instead, a constant SF of 0.95, with no dependence on pr, n or ¢ of the 7
candidate, has been computed in a tt-enriched region. This control region
has been obtained using events selected in the 7,7, channel and requiring
both jets to pass the medium working point of the b tag discriminator de-
scribed in Section [3:2.6] The invariant mass requirement defined in [3.3.3] are
inverted in order to compute the SF in a phase space free from signal events.

3.2.4 MET

In bbr7 events, MET originates mainly from the neutrinos emitted during
the 7 leptons decays, while a small fraction also comes from the decays of
B hadrons produced in the hadronization process of the two b quarks. The
imbalance of the transverse momentum sum due to neutrinos from the B
hadrons is distributed over a multitude of final products, thus reducing the
dependence on the original b quarks momentum. On the other hand, the mo-
mentum of neutrinos from 7 decay is directly related to the tau momentum
itself and even increases with the mass of the resonances for the resonant
production mechanism.

In order to ensure a good quality of the reconstructed MET, the CMS
JetMET Physics Object Group (JetMET POG) provides filters, to be ap-
plied on an event by event basis, that check the quality of the reconstructed
primary vertex, the effect of high energy halo muons in the calorimeters and
the possible anomalous responses observed in the HCAL and ECAL detec-
tors.

Despite the magnitude and direction of the MET are not explicitly used
to select bbrT events, they are combined with other relevant objects in the
analysis in order to discriminate the signal from the dominant ¢t background
contribution (Section [3.3).

As described in Section [2.3.5] in the bbr7 analysis, the missing trans-
verse momentum is reconstructed using the Particle Flow algorithm, and its
magnitude can be observed in Figure for the 2016 dataset.
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Figure 3.8: Distribution of the MET magnitude in the 7,73, final
state for the 2016 dataset.

In 2017 data, some CMS physics analyses reported an issue with the
modeling of the missing transverse momentum, especially pronounced in the
last three data taking eras, 2017D, F and F', as shown in Figure . The
origin of the disagreement between data and MC simulation was tracked
to unexpected responses of the ECAL detector: the loss of transparency in
the endcap region (|n| > 2.5) of the electromagnetic calorimeter resulted
in the amplification of noise and large correction factors that subsequently
generated an excess of photon candidates in this region.

Thus, we investigated the possible effect of this issue on events selected
in the bbrT analysis and found no significant excess of events. The agreement
between data and MC simulation is good both in the magnitude and in the
direction of the missing transverse momentum distributions, as shown in

Figure for the 7,75, final state.
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3.2.5 Jets

Jets selected in the HH — bbrT analysis are recontructed through the anti—
kr algorithm with a distance parameter R = 0.4 (AK4 jets) or R = 0.8 (AK8
jets), as described in Section [2.3.4]

In 2016, AK4 jets were required to have a transverse momentum larger
that 20 GeV and a pseudorapidity |n| < 2.4, dictated by the fact that the
b-tagging criteria can be applied only in the region where the silicon tracking
systems information is available. In 2017, beside the jets originating from
the hadronization of b quarks, also the VBF jets are taken into account,
thus, different selection criteria are needed to select these objects. Jets orig-
inating from vector boson fusion processes are usually quite energetic and
well separated on the azimutal plane (high An;;), hence the pr threshold
can be tightened to 30 GeV and the cover range of pseudorapidity extended
to |n| < 5. More details on the VBF jets selection and identification can be
found in Section

In order to avoid ambiguities in the event, jets reconstructed within a
distance AR < 0.5 from the two selected tau leptons are discarded in all
three channels.

Selected jets are required to pass the loose (in 2016) or tight (in 2017)
working point of the Particle Flow jet identification criterion: the change
in the working point follows the recommendation of the JetMET physics
object group as the tight jet identification efficiency has been found to be
> 99%. The jet identification criterion is built on jet related observables such
as the fraction of charged and neutral hadron clusters, the charged hadron
multiplicity and the energy deposited in the ECAL detector, and it is used
to suppress jets poorly reconstructed or affected by noise in the detector.

The agreement between data and MC simulation of the jet position and
transverse momentum can be seen in Figure for 2016, and in Fig-
ure for 2017.

The AKS jets are used to achieve a better reconstruction of the events
where the H — bb decay has a high Lorentz boost and the two b quarks
are produced close to each other, generating overlapping jets. In order to
improve the identification efficiency of the two b quarks inside the AKS
jets and to reduce the contamination from initial state radiation and pileup
effects, a jet substructure technique, denominated Soft Drop algorithm |56,
is used: the technique iteratively decomposes the jet in sub-jets and removes
the soft and wide-angled radiation.
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Figure 3.11: Jet pr (left) and n (right) distributions for events
selected in the 7,7, final state in 2016.
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selected in the 7,7, final state in 2017.
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3.2.6 b-tagging

As described in Section [2.3.4] jets originating from b quarks are reconstructed
using the CSV, for 2016 data, or the DeepCSV, for 2017 data, algorithms.

In 2016 the bbr7 analysis used two different working points (WP): the
"loose WP", corresponding to a b jet identification efficiency of ~ 80% and
misidentification rate of 10%, and the "medium WP" with an identification
efficiency of about 65% for a background misidentification rate of 1%. The
former WP corresponds to a selection C'SV > 0.5426, while the latter to
CSV > 0.8484.

To account for discrepancies in the b tagging performance, Scale Fac-
tors (SF) are defined as the ratio of the efficiencies observed in data and
MC simulated events. The b Tag and Vertexing Physics Object Group (b-
POG) provides to the whole CMS experiment the SFs as function of the jet
transverse momentum and pseudorapidity.

MC tagging efficiencies are computed combining all the three final states
in the t¢ sample that composes the largest background contribution. Mea-
sured efficiencies for the medium tagging WP, for the 2016 analysis, are
shown in Figure [3.13]
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Figure 3.13: MC b tagging efficiencies derived for the CSV medium
tagging working poin in 2016.

In 2017, the DeepCSV algorithm, based on a Neural Network architec-
ture, defines five jet flavour categories. Two of these categories, P(b) and
P(bb), are summed together to define a single discriminator (shown in Fig-
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ure [3.14)) used to identify b-jets in physics analyses. The first categoy defines
the jets that contain exactly one b hadron, while the second tags the jets
containing at least two b hadrons.
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Figure 3.14: Distribution of the DeepCSV P(b)+P(bb) discrimina-
tor value for jets of different flavours in ¢t events. The distributions
are normalized to unit area [51].

In the bbr7T analysis, the loose and the medium WPs, corresponding to
a selection DeepCSV > 0.1522 and DeepCSV > 0.4941, respectively, are
used. The measured efficiencies of the medium tagging WP for the 2017
analysis are shown in Figure [3.15
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Figure 3.15: MC b tagging efficiencies derived for the DeepCSV
medium tagging WP in 2017.
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3.3 The "HH tag"

Once the final state objects are selected, it is necessary to determine whether
suitable H — 7t7~ and H — bb candidates are present in each event.

Sections[3:3.1]and [3:3:2describe the efforts to reconstruct and identify the
Higgs boson candidates using dedicated selections and event categorization.
The events are classified in three 77 final states and in three (four for 2017)
categories of b jets quality and topology.

Finally, in Section [3.3.3] the different methods used to reduce the back-
ground contribution and improve the analysis sensitivity are detailed. The
kinematic properties of the HH signal, such as the invariant mass of the jet
and lepton pairs, are exploited to further reject events not compatible with
the hypothesis of a Higgs boson pair decay and multivariate techniques are
used to suppress the residual backgrounds events.

3.3.1 H — 777~ candidates

In this Section, the selection and identification of the visible decay products
of one 125 GeV Higgs boson decaying into a 7 pair are described.

The 77 decay mode is assessed using offline information only. Selected
signal events are required to have at least one 7 candidate that decays
hadronically and has been reconstructed by the HPS algorithm. For these
events, a first loop is performed over the offline objects looking for muon
and electron candidates passing the baseline selection criteria. An event is
classified as 7,75, if a muon is found, otherwise it is classified as 7.7, if an
electron is found, or as 7,7, if a second hadronic 7 is present. In the semi
leptonic final states, the particles, or "legs", inside each pair are ordered by
assigning to the leptonic leg (u or e) the first position. On the contrary, in
the 73,7, channel all permutations are built and compared as described in
the next paragraph. After the pair type has been assessed, all the pairs of
the same type are sorted according to the algorithm described in the next
paragraph.

All the possible pair candidates are at first sorted according to the isola-
tion of their first leg. If the two first legs have the same isolation, the highest
first leg pr is used to order the pair. If also the transverse momentum is the
same (i.e., the pairs share the same first leg) the pair with the most isolated
second leg is preferred, and, if the ambiguity persists, priority is given to the
pair with the highest second leg pr. This strategy has been chosen because
it maximizes the purity of the event and removes any possible event overlap
between the three different final states.

The two reconstructed tau leptons are required to be separated by a dis-
tance AR > 0.5 in order to reduce cases where the same PF candidate is
associated to different objects, and to have opposite charge: the charge as-
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signment is very precise, especially for electrons and muons, and it represents
an efficient method to enhance the signal selection efficiency.

A subsequent check that the event is firing the trigger path associated to
the selected final state and that the selected offline leptons are geometrically
matched to the candidates built at HLT level is performed. The correspon-
dence is ensured by requiring that the offline and the HLT objects are within
a distance AR < 0.5.

Finally, events containing additional isolated electrons or muons, besides
the two leptons used to build the 77 pair, are discarded. As no additional
leptons are expected in signal events, this proves to be a highly efficient
background rejection requirement.

2016 analysis

A detailed summary of all the selections applied to identify the H — 77
candidates, for the three final states considered in the 2016 analysis, is given
in the next paragraphs.

TuTh channel
Events in the 7,7, channel are selected by requiring:

e A muon of pf. > 23 GeV and |n,| < 2.1 passing tight Particle Flow
muon identification criteria plus the relative isolation requirement I%,, <
0.15. The reconstructed muon production vertex must be close to
the main primary vertex within a distance A,, < 0.045 mm and
A, <0.2mm.

e A hadronic tau of pr > 20 GeV and |n,,| < 2.3 and passing the
anti-electron and anti-muon discriminators. The isolation requirement
on the hadronic 7 is the medium working point of the MVA isolation
algorithm. The same requirements on the reconstructed vertex as in
the case of the muon are applied.

e Muon and hadronic tau are required to have opposite electric charge.

e In case multiple combinations of muon and 75 exist in the event, the
pair with the most isolated muon is preferred. If the muon isolation is
the same, the pair with the highest pr muon is chosen. If both previous
requirements are not enough to select one pair, the pair with the most
isolated 7y, is preferred.

e The event is required to pass any of the 7,7, triggers and the offline
leptons to match the candidates reconstructed at HLT.
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The event is required to satisfy an additional lepton veto. Events
are rejected if at least one additional lepton is present and passes the
following selections:

1. A muon with pr > 10 GeV, || < 24, I', < 0.3, passing the
same vertex requirement as the selected muon candidate and the

loose PF identification.

2. An electron with pr > 10 GeV, |n| < 2.5, I¢,; < 0.3, passing
the loose MVA identification, whose reconstructed vertex is close
to the main primary vertex within A;, < 0.045 mm and A, <

0.2 mm.

T.7h, channel
Events in the 7,73 channel are selected by requiring:

An electron of pf > 27 GeV and |n.| < 2.1 passing the tight MVA
identification criteria (80% efficiency WP) and the relative isolation
requirement I7,; < 0.1. The reconstructed electron production vertex
must be close to the main primary vertex within a distance A,, <

0.045 mm and A, < 0.2 mm.

A hadronic tau of pr > 20 GeV and |n,| < 2.3 and passing the
anti-electron and anti-muon discriminators. The isolation requirement
on the hadronic 7 is the medium working point of the MVA isolation
algorithm. The same requirements on the reconstructed vertex as in
the case of the electron are applied.

Electron and hadronic tau are required to have opposite electric charge.

In case multiple combinations of electron plus 7, exist in the event,
the pair with the most isolated electron is preferred. If the electron
isolation is the same, the pair with the highest pr electron is chosen.
If both previous requirements are not enough to select one pair, the
pair with the most isolated 73 is preferred.

The event is required to pass any of the 7.7, triggers and the offline
leptons to match the candidates reconstructed at HLT.

The event is required to satisfy an additional lepton veto. The same
selections on additional leptons are applied as in the 7,75, channel.

ThTr, channel
Events in the 7,73, channel are selected by requiring:

68
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requirement on the hadronic 7 is the medium working point of the MVA
isolation algorithm. The usual vertex requirements Az, < 0.045 mm
and A, < 0.2 mm are applied.

e The two hadronic 75, candidates are required to have opposite electric
charge.

e The two hadronic 7, candidates are ordered by decreasing pr inside
the pair (i.e. prm > pr72). In case multiple pairs satisfy the previous
requirements, the pair with the most isolated 7 is preferred. In case
the two isolation values are equal, the pair with the highest prm is
chosen. If also this requirement does not allow to select a pair, the one
with the most isolated 79 is chosen.

e The event is required to pass any of the 7,7, triggers and the offline
leptons to match the candidates reconstructed at HLT.

e The event is required to satisfy a third lepton veto. The same selections
on additional leptons as in the 7,7, and 7.7, channels are applied.

2017 analysis

The main difference in the selection of the H — 77 candidate, with respect
to the 2016 data analysis, is the use of cross-lepton triggers that allow for a
much lower threshold on the transverse momentum of the 7 leptons, hence
the request of a fixed cut on the lepton pr is dropped from the 77 pair
selection. Instead, each reconstructed offline lepton is required to pass a pp
threshold that depends on the HLT trigger path fired by the event:

p%fﬂme > piET 4 threshold (3.3)

where p%f fline i the transverse momentum of the offline selected lepton,

p¥ LT i the pr threshold applied at trigger level and threshold is a fixed
number depending on the lepton type: 2 GeV for muons, 3 GeV for electrons
and 5 GeV for taus. The thresholds are chosen to be conservative with
respect to the turn-on curves of the triggers used in the 2017 analysis and
listed in Table B.3]

A detailed summary of all the selection applied to identify the H — 77
candidates, for the three final states considered in the 2017 analysis, is given

in the next paragraphs.

7,7 channel
Events in the 7,7, channel are selected by requiring:
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A muon of |n,| < 2.1 passing tight Particle Flow muon identification
criteria and the relative isolation requirement [ 7’f o < 0.15. The recon-
structed muon production vertex must be close to the main primary
vertex within a distance A, < 0.045 mm and A, < 0.2 mm.

A hadronic tau of |n, | < 2.3 (2.1 for events firing only the cross-
lepton trigger), passing the anti-electron and anti-muon discriminators.
The isolation requirement on the hadronic 7 is the medium working
point of the MVA isolation algorithm. The same requirements on the
reconstructed vertex as in the case of the muon are applied.

Muon and hadronic tau are required to have opposite electric charge.

In case multiple combinations of muon plus 73, exist in the event, the
pair with the most isolated muon is preferred. If the muon isolation is
the same, the pair with the highest pr muon is chosen. If both previous
requirements are not enough to select one pair, the pair with the most
isolated 7, is preferred.

The event is required to pass any of the 7,7, triggers and the offline
leptons to match the candidates reconstructed at HLT.

The event is required to satisfy an additional lepton veto. Events
are rejected if at least one additional lepton is present and passes the
following selections:

1. A muon with pr > 10 GeV, |n| < 2.4, I,,’fel < 0.3, passing the
same vertex requirement as the selected muon candidate and the
loose PF identification.

2. An electron with pr > 10 GeV, |n| < 2.5, I¢,; < 0.3, passing
the medium MVA identification (90% efficiency WP), whose re-
constructed vertex is close to the main primary vertex within

Agy < 0.045 mm and A, < 0.2 mm.

T.Th, channel
Events in the 7,73 channel are selected by requiring:
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An electron of |n.| < 2.1 passing the tight MVA identification criteria
(80% efficiency WP) and the relative isolation requirement ¢, < 0.1.
The reconstructed electron production vertex must be close to the main

primary vertex within a distance A, < 0.045 mm and A, < 0.2 mm.

A hadronic tau of |n, | < 2.3 (2.1 for events firing only the cross-
lepton trigger), passing the anti-electron and anti-muon discriminators.
The isolation requirement on the hadronic 7 is the medium working
point of the MVA isolation algorithm. The same requirements on the
reconstructed vertex as in the case of the electron are applied.



3.3 - The "HH tag"

Electron and hadronic tau are required to have opposite electric charge.

In case multiple combinations of electron plus 73 exist in an event,
the pair with the most isolated electron is preferred. If the electron
isolation is the same, the pair with the highest pr electron is chosen.
If both previous requirements are not enough to select one pair, the
pair with the most isolated 7y, is preferred.

The event is required to pass any of the 7.7, triggers and the offline
leptons to match the candidates reconstructed at HLT.

The event is required to satisfy an additional lepton veto. The same
selections on additional leptons are applied as in the 7,7, channel.

71,7, channel
Events in the 7,7, channel are selected by requiring:

Two hadronic 7 with |7, | < 2.1 and passing the anti-electron and anti-
muon discriminators. The isolation requirement on the hadronic 7 is
the medium working point of the MVA isolation algorithm. The usual
vertex requirements Az, < 0.045 mm and A, < 0.2 mm are applied.

The two hadronic 7 are required to have opposite electric charge.

The two hadronic 7 are ordered by decreasing pr inside the pair (i.e.
prT1 > pr7e). In case multiple pairs satisfy the previous requirements,
the pair with the most isolated 7 is preferred. In case the two isolation
values are equal, the pair with the highest pr7 is chosen. If also this
requirement does not allow to select a pair, the one with the most
isolated 79 is chosen.

The event is required to pass any of the 7,7, triggers and the offline
leptons to match the candidates reconstructed at HLT.

The event is required to satisfy a third lepton veto. The same selections
on additional leptons as in the 7,7, and 7.7, channels are applied.
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3.3.2 H — bb candidates

In this Section, the selection and identification of one 125 GeV Higgs boson
decaying into a bb quark pair is described.

The two b quarks are experimentally observed as hadron jets and their
reconstruction must take into account the contamination coming from jets
that originate from gluons or light flavour quarks. Additionally, in the 2017
data analysis, two VBF-jet candidates are selected.

For events to be selected in the bbrT analysis, at least two jets with
pr > 20 GeV and |n| < 2.4 must be present. Moreover, the distance between
each jet and both selected 7 candidates must be AR > 0.5.

In order to maximize the analysis sensitivity, events are categorized in
separate topologies depending on the spatial overlap of the selected jets and
on the number of jets that are identified as coming from b quarks accordingly
to the discriminant described in Section B.2.6]

Due to the fact that in 2017 also the double Higgs VBF production
mechanism is considered in the analysis, different strategies to select the jets
and categorize the events were adopted in 2016 and 2017.

2016 strategy

In order to increase the probability that the two jets selected are actually the
two b-jets originating from the H — bb decay, and to enhance the signal over
background ratio, those with the largest output of the b tagging discriminant
are chosen. This selection criterion has proven to be the most effective in
selecting H — bb events with respect to other possible solutions such as the
two jets with the highest transverse momentum, or the two with combined
invariant mass closest to 125 GeV.

Depending on the event topology, events are classified into resolved or
boosted categories in order to improve the analysis sensitivity over the entire
mass range studied for resonant production. The separation of b quarks,
produced in the Higgs boson decay, depends on the Lorentz boost of the
Higgs itself (y = E/myp) as AR(bb) ~ 2/~. In CMS, three different regimes
can be observed experimentally:

e AR(b,b) > 0.8: for low values of 7, jets are reconstructed as separated
objects with the AK4 algorithm (resolved jets)

e 0.4 < AR(b,b) < 0.8: at intermediate values of v, the two jets can be
reconstructed both as separated objects and as a single "fat jet"

e AR(b,b) < 0.4: at high values of v, the separation of jets is small and
the AK4 algorithm is unable to distinguish them. Jets are thus merged
and reconstructed only as "fat jets"
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For resonances that are explored in this search with masses up to 900 GeV,
the highly boosted regime (AR(b,b) < 0.4) is never reached, events are thus
categorized into a "resolved" and a "boosted" category. Events containing
an AKS jet with

e maks > 30 GeV
o Pr> 170 GeV

e a structure with two subjets matched to two independently recon-
structed AK4 jets

e both subjets passing the "loose" working point of the b-tagging dis-
criminator

fall in the boosted category, otherwise the events are assigned to the re-
solved category. The fraction of events classified as boosted is reported in
Figure [3.16] as function of the resonance mass and for the 12 EFT bench-
marks defined in Section [L31]
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Figure 3.16: Fraction of events classified as boosted as a function
of the resonance mass hypothesis for resonant HH production (left)
and for the 12 EFT shape benchmarks for non-resonant production
(right) .

The benefit of using AKS jets in boosted topologies mainly originates
from the clear separation of signal events from tt contributions obtained in
the reconstruction of the invariant mass of the two jets, as illustrated in
Figure 317}

Events classified as "resolved" are further split in two categories, depend-
ing on the number of b-tagged jets:
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Figure 3.17: Distributions of the invariant mass of the bb pair for
the resolved (left) and boosted (right) categories, assuming a signal
with mgg = 900 GeV.

e resolved 2jet—1tag (1b1lj) Events in this category are such that
only the leading but not the subleading jet passes the "medium" WP
(CSV > 0.8484) for all the final states

e resolved 2jet—2tag (2b0j) Events in this category are such that both
the leading and subleading jets pass the "medium" WP for all the final
states. This is the most signal-sensitive category.

2017 strategy

With respect to the 2016 data analysis, the inclusion of the VBF topology
(with two additional jets inthe final state) in the 2017 the search, implies a
series of problems in the identification and assignment of the b jets coming
from the Higgs boson decay and the two VBF jets originating from the hard
interaction.

As shown in Figure [3.18] the second jet by DeepCSV score often does
not fulfill the minimal b-tag requirement (the "medium" working point de-
scribed in Section . As a consequence, the identification of the two jets
with the highest discriminant score as the b jets originating from the Higgs
boson, is not always the optimal choice and, in order to minimize the jet
mistagging probability, a new strategy is needed.

Given the distributions shown in Figure we developed in 2017 a
new way to properly identify and assign the jets:

1. Jets are ordered by their DeepCSV discriminator score and the one
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Figure 3.18: Distribution of the DeepCSV score for the first two
jets ordered by DeepCSV score for a gluon fusion (left) and a VBF
(right) sample.

with the highest value is chosen as the leading b-jet coming from the
Higgs decay

2. The second ordered jet is selected as the subleading b-jet only if it

passes the "medium" working point of the discriminator (DeepCSV >
0.4941)

3. Amongst all the remaining jets with pr > 30 GeV, all possible pairs
are built and the pair with the highest invariant mass (m;;) is chosen
as the VBF-jets candidate pair

4. If the subleading b-jet was not selected in step 2 it is now assigned:

o [f the second jet by DeepCSV score was already selected as one of
the two VBF-jets, the subleading b-jet is the next jet by DeepCSV
score, excluding the VBF-jets already assigned

o If after the assignment of the two VBF candidates, there are
no more jets left to assign the subleading b-jet, the VBF pair is
discarded and the jet with the second highest DeepCSV score is
selected as subleading b-jet

The effect of this procedure can be appreciated in the m;;, An;; distri-
butions illustrated in Figure [3.19

Events containing a VBF jets pair and passing the selection criteria that
define the "VBF tag", described in Section [3.3.3] compose the VBF cate-
gory, while those failing one of the requirements are classified in the same
categories that were used in the 2016 analysis: one boosted and two resolved,
1615 and 2b0;.
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76

MC generated VBF jets

Reconstructed VBF jets - old algorithm

Figure 3.19: Distributions of m;;, An;; for a Standard Model VBF
HH signal sample. The top plot shows the distribution for Monte
Carlo generated VBF jets, while the bottom left plot shows the dis-
tribution of reconstructed VBF jets identified with the algorithm
described in this Section. The bottom right plot shows the distribu-
tion of reconstructed VBF jets identified as the pair with the highest
invariant mass m; after assigning the b jets with the DeepCSV dis-
criminator.




3.3 - The "HH tag"

3.3.3 HH candidates

The aim of the previous steps of the analysis was to determine whether in
each event suitable H — bb and H — 77 candidates were present. Neverthe-
less, the events selected after those steps are still expected to be background
dominated. The goal of this Section is to exploit the kinematics of the
HH — bbrT decay to reduce the background contributions and maximize
the signal purity in the event categories defined in the previous Sections,
thus improving the analysis sensitivity.

Three different techniques are here described: the first two were devel-
oped in the 2016 data analysis, while the last was deployed in 2017 in order
to select events where the Higgs pairs are generated through the VBF mech-
anism.

HH invariant mass

Since the bb and 77 pairs originate from Higgs bosons, in signal events the
invariant mass distributions are expected to peak around 125 GeV. Thus, by
applying a selection on this variable the background contamination is largely
suppressed in favor of events compatible with a HH — bbr7T decay.

The invariant mass of the 77 pair is reconstructed using the SVfit al-
gorithm [57], a dynamical likelihood technique that quantifies the level of
compatibility between a Higgs mass hypothesis and the measured momenta
of the visible 7 decay products plus the missing transverse energy recon-
structed in the event. The kinematic properties of a 7 — 7,1, decay are
described by six parameters, while an additional parameter is needed to de-
scribe a 7 — Ty process due to the presence of a second neutrino. Only
four of these variables can be measured experimentally, thus the observables
do not provide sufficient information to solve for the tau pair mass m. .,
analytically. As a result, there are two or three unconstrained parameters
in the decay of a 77 pair in the fully hadronic or semi-leptonic channels,
respectively.

The SVfit algorithm computes a conditional probability P(y|q,x) using
the measured lepton momenta x and a 7 kinematic decay model that includes
the measured missing transverse momentum. y is the parameter of interest
and can be assumed to be either the invariant mass m,, or the complete
four-momentum of the 77 pair.

The resolution on m,, is improved by about 30% with respect to the
visible invariant mass, as illustrated in Figure [3.20] and thus allowing for
a better signal to background discrimination. The agreement between data
and MC simulation for the three channels in the 2605 category, which is the
most sensitive one, is shown in Figure for 2016 and 2017.

The invariant mass of the Higgs decaying in a bb pair is computed from
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Figure 3.20: Distributions of the invariant mass of the 77 pair
reconstructed from the visible decay products (red) and with the
SVfit algorithm. The Plot on the left shows the distributions for a
SM gluon fusion HH sample, the plot on the right instead shows the
distributions for a SM vector boson fusion HH sample.

the invariant mass of the reconstructed AK4 jets in the resolved category,
and from the mass of the AKS8 jet in the boosted category. The agreement
between the observed data and the MC simulation is illustrated in Figure[3.22
for the three final states studies in the bbr7 analysis in the 2b0j category.

To define the signal region, a selection on the invariant mass of the two
Higgs boson candidates is applied simultaneously.

In the resolved category, the invariant mass criterion corresponds to an
ellipse in the (m;-, mp,) plane defined as:

(m,, — 116 GeV)? N (my, — 111 GeV)?
(35 GeV)? (45 GeV)?

<1 (3.4)

where 116 and 111 GeV are the expected peak positions of the reconstructed
invariant masses of the two Higgs candidates, while 35 and 45 GeV have been
chosen accordingly to the resolution of the distributions. These selections are
optimized to give a signal efficiency around 75 — 80%, depending on the final
state and on the category, and a rejection of the ¢t background around 85%.
The m,,, my, distributions in the 2605 category are shown, together with
the elliptical selected region, in Figure for three samples: two different
double Higgs signal samples, gluon fusion and VBF, and the ¢t background.

Due to different event kinematics, in the boosted category a different
invariant mass selection criterion is defined:

80 GeV < m, < 160 GeV

(3.5)
90 GeV < maxs < 160 GeV
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The signal efficiency for the selections in the boosted category is about
85% for a background rejection of 80%. The m,,, my, distributions for the
boosted category are shown in Figure |3.24
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Figure 3.21: Distributions of m,, computed with the SVfit algo-
rithm in the 2005 category. The left column displays the 2016 data,
while the right column represents the 2017 data. The three different
channels investigated are shown: 7,7, in the top row, 7.7, in the
middle row and 7,75, in the bottom row.
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Figure 3.22: Distributions of mg, in the 2005 category. The left
column displays the 2016 data, while the right column represents
the 2017 data. The three different channels investigated are shown:
T,Th in the top row, 7.7 in the middle row and 75,7, in the bottom
row. A slight disagreement between data and MC simultation can
be observed in the right column distributions and it is related to
the SF computed for the tau identification efficiency: the official
recommendation from the Tau POG has not been prodived yet for
2017 data.
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Figure 3.23: 2D distributions of m,,, my, for the SM gluon fusion
HH signal (top left), for the SM vector boson fusion HH signal (top
right), and for the ¢¢ background (bottom). The distributions are
show for the 20605 category only and for the combination of all three
71 final states. The red ellipse superimposed to the plots represents
the selected area of events selected for the HH — bbrT analysis, as
described in Equation @
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Figure 3.24: 2D distributions of m,., my, for the SM gluon fu-
sion HH signal (top left), for the SM vector boson fusion HH signal
(top right), and for the ¢¢ background (bottom). The distributions
are show for the boosted category only and for the combination of
all three 77 final states. The red square superimposed to the plots
represents the selected area of events selected for the HH — bbrT
analysis, as described in Equation @
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BDT for tt rejection

The contribution of different background processes in the bbrT analysis has
a strong dependence on the channel and category considered. Especially
in the semileptonic final states, 7,7, and 7.7, the dominant contribution
originates from ¢t decays due to the direct production of a prompt muon
or electron. This consideration urged the design of a dedicated technique
that I personally developed to suppress the ¢t contribution and enhance the
analysis sensitivity.

The selected method is a multivariate analysis in the form of a boosted
decision tree (BDT) that aims at exploiting the information from different
kinematic variables by combining them and evaluating their correlations.

The most important characteristics of the BDT must be a large back-
ground rejection efficiency with a simultaneous high signal efficiency for dif-
ferent processes, and little correlation with the final variables used to evaluate
the presence of signal events and set the exclusion limits,

In the fully hadronic channel (737;,) the BDT discriminant is not ap-
plied due to the limited statistics available after the selections and the size-
able contributions from the QCD and Drell-Yan backgrounds, described in
Chapter [

The Boosted Decision Tree technique combines the information of all in-
put variables in a single value, or score (sppr), that classifies background
events with low values and signal event with an high score. The TMVA
toolkit [42] is used to generate a multitude (a "forest") of binary decision
trees that apply a series of selections on the input variables that better
separate signal and background events. The optimal variables and the cor-
responding threshold are selected using the Gini index G = p(1 — p) where
p indicates the fraction of signal events correctly classified ("purity"). The
number of consecutive selections applied in each tree is set to 3 in this anal-
ysis. Even if the single binary trees do not have a very large discriminating
power, if a large set of trees (500 in this analysis) is created by making them
aware of the events erroneously classified in the previous iteration, very good
level of discrimination can be reached. This is achieved by assigning the er-
roneously identified events a larger weight and estimating their rate through
the minimization of a loss function.

Training events are selected applying all the identification selections de-
scribed in Section [3.2) as well as the invariant mass cuts, but with no require-
ment on the b tag discriminators for the jets, in order to maintain enough
statistics. To minimize statistical fluctuations, that can interfere with the
"learning" process of the BDT, events from the 7,7, and 7.7, channels can be
combined since the distributions of both final states (shown in Figures
and have been observed to be the same.

Finally, to further increase the number of events and to ensure a good
coverage of all possible signal processes, the signal samples are divided in two
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categories and two separate BDT trainings are performed for the resonant
search. Resonances with my < 350 GeV compose the Low Mass (LM)
topology, while those with masses 350 < mx < 900 GeV are part of the
High Mass (HM) one. The mass separation value of the two regimes is
chosen in correspondence of the mass of a top quark pair as it represents the
value that guarantees the most similarity of the BDT input variables for the
different signal hypotheses inside the two regimes.

All the signal samples that are input to the BDT are normalized accord-
ing to the Radion cross section and the branching fraction of its decay to a
HH pair. of%4 x B(Rad — H H) decreases with the increase of the resonance
mass, thus a larger importance is assigned to the mass values close to the
mpyy kinematic threshold. Other normalization methods have been tested
and found to bring an insufficient gain at high masses for a too large loss in
performance at low masses.

The separation of the BDT in two regimes represents a compromise be-
tween the complexity and the performance of the search. Even though the
ideal situation would be to have a specific training for each signal, in case
of the bbrT analysis, where many possible signals are tested, this would add
a sizeable amount of complexity to the analysis itself and would suffer from
the limited statistics available in the single samples. Furthermore, the va-
riety of inputs used in the trainings allows to have two BDT discriminants
that are reasonably efficient across all the mass range studied without being
hyper-optimized for a single mx value but sub-optimal for the others.

When optimizing a BDT, one of the most concerning issues is the so-
called "overtraining", that is the individuation of statistical fluctuation as
discriminating features typical either of the signal or of the background
events. In order to minimize this effect one has to rely on as much statistics
as possible and a fine tuning of the BDT parameters is needed. To check for
the presence of overtraining in the developed BDT, the input samples are
split in a "training" and "testing" subsamples: the former actually serves
the purpose of training the BDT, while the latter is used to compare the
BDT output distribution. In addition, different algorithms provided by the
TMVA package have tested and the gradient boost algorithm proved to be
the most robust against overtraining. The comparison of the training and
testing outputs is reported in Figure [3.25] where a good agreement is ob-
served.

The Low Mass training is also found to be very effective in the non
resonant search. Thus, a single LM BDT is trained and the applied to the
resonant and non-resonant cases with a a different selection on the BDT
output, as described later in this Section.

When optimizing a BDT, one of the most important parameters is the
choice of the input variables to the training. The choice is restricted to
those observables that provide the best separation between HH and ¢t events
according to the kinematic differences of the two processes.
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Figure 3.25: Output distributions for the Low Mass (left) and High
Mass (right) BDT. No overtraining is observed as the training and
testing samples are compared and found to be in good agreement.

The transverse momentum distributions are potential good candidates,
but they are largely correlated with the final discriminant observables M T2
and mﬁ}’}F i have a strong dependence on the signal hypothesis and are
affected by higher order effects that are not always properly modeled in the
MC simulation, thus are not selected for the BDT training. On the other
hand, the topologies of HH and tf events present multiple differences, as
illustrated in Figure In signal events the Higgs bosons tend to be
produced back-to-back and their decay products, either the bb or the 77
pair, tend to be emitted, in the transverse plane, in opposite hemispheres
of the detector. Furthermore, the missing transverse energy is expected
to originate mainly from the neutrinos involved in the 7 decays, thus its
separation from the H — 77 candidate, and it’s decay products, is usually
small and lays in the same detector hemisphere. Conversely, in tf events,
the decay of top quarks produces 7b pairs that are randomly distributed in
the transverse plane, as is the MET that originates from the presence of
W — fv; decays. Another variable strictly related to these observation is
the "transverse mass", myp, of the lepton candidates that is defined as:

() = /25l (1 - Ag) (3.6)

where Ay describes the angular separation in the transverse plane between
the lepton and the missing transverse momentum.

Two final sets, with eight variables each, have been chosen as input to
the Low Mass and High Mass trainings and are reported in Table [3:4]

Different sets of variables have been studied and recursively pruned in
order to maintain only the subset that leads to the best BDT performance,
as illustrated in Figure [3.27]

The linear correlations between the input variables is shown in Fig-
ure while the agreement between the observed data and the MC simu-
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Figure 3.26: A schematic representation of a SM HH (a) and of a
tt (b) event.

lation is shown in Figure and Figure for the 7,7, and 7.7, respec-
tively.

The BDT output distributions for the 7,75, and 7.7 channels are shown
in Figure for both the LM and HM BDT trainings.

The performances of the two BDT trainings are plotted in Figure [3.32] as
function of the signal efficiency and expected ¢t background rejection (ROC
curves). ROC curves are reported, for resonant signals with masses between
250 GeV and 900 GeV, as function of the the selection applied to the BDT
output for both the LM and HM trainings. The performances of the BDT
trainings are also compared to the method adopted in the Run I bbr7 analysis
to reject the ¢t background, that is to require the transverse mass (my) of
the event to be smaller than a certain threshold, set to mp < 30 GeV. It
can be observed that the BDT behavior reflects exactly the division point
(mx = 350 GeV') chosen for the two training regimes as the LM ROCs
present, for low mass samples, an higher efficiency than the mp cut, while
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’ NR and LM inputs ‘ HM inputs ‘
A@(be,HTT) Ap(Hpp, HTT)
ASD(HTTap?ZSS) A@(Hfrap?lss)
ASO(be,P%mss) A@(be, p%nzss)
A(,D(‘é, meSS) ASO(E, pjn;nss)
mT(E) mT(E)
mr(h) mr(7h)

AR(b,b) - pr(Hw) | AR(b,b)
AR, 1) - pr(Hrr) | AR(L,T3)

Table 3.4: Input variables of the BDT discriminant. Left col-
umn: inputs for the non-resonant (NR) and low-mass (LM, mx <
350 GeV) training. Right column: inputs for the high-mass (HM,
myx > 350 GeV) training. H,, and Hy, denote the Higgs boson can-
didates reconstructed with the SVFit algorithm in the first case, and
as invariant mass of the two selected jets in the second case. ¢ rep-
resents either the electron or the muon, while 75, is the hadronically
decaying tau.
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Figure 3.27: Signal efficiency versus background rejection for dif-
ferent sets of variables used as input to the BDT.

they are sub-optimal for high mass signals. On the other hand, the HM
ROCs behave excellently for high mass resonances and show a less efficient
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Figure 3.28: Linear correlation coefficients of the BDT input vari-
ables for the low mass training (upper row) and high mass training
(lower row) for signal sample (left) and background sample (right).

performance for smaller values of mx. Figure also reports the behavior
of the LM BDT training in presence of non-resonant samples with different
values of the Higgs self coupling parameter modifier k). The performance
is found to be compatible with the cut on the transverse mass for all the
possible signals investigated in the analysis.

Using events selected in 7,7, channel from the 2b0j category as bench-
mark, different selections on the BDT output have been tested and compared
in the LM and HM training in order to select the working point that lead
to the highest analysis sensitivity. The gain achieved with the usage of the
BDT discriminant is estimated from the exclusion upper limits on o x B
for the HH — bbrT process: a lower limits implies that a larger region of
the parameter space is excluded, thus meaning an increase of the analy-
sis sensitivity. The related plots are illustrated in Figure where it is
clear that the optimal working point for resonant signals, both in the Low
and High Mass regimes, are obtained selecting events with sppr > 0.477
(LM) or sgpr > 0.0188 (HM), both WPs corresponding to about 90% tt
rejection and a signal efficiency that ranges between 65 and 95% depend-
ing on the resonance mass. In presence of non-resonant signals instead, the
maximum sensitivity is reached by applying on the BDT score a selection
(sgpr > 0.0764) on the LM training, that corresponds to a 70% tt rejection
for a signal efficiency of about 80%,
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Figure 3.29: Distributions of BDT input variables in the 7,7, chan-
nel after the 77 and bb candidates selections after the invariant mass
requirements.

The working points thus selected are compared for the resonant and
In the resonant search (left plot in
Figure, a clear transition between the LM and HM trainings is observed
around 350 GeV, we therefore decided to apply the selection sppr > 0.477
for signals with mx < 350 GeV and sppr > 0.0188 for signals with mx >

non-resonant samples in Figure
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Figure 3.30: Distributions of BDT input variables in the 7.7, chan-
nel after the 77 and bb candidates selections after the invariant mass
requirements.

350 GeV in order to obtain a high efficiency over the whole mx spectrum.
For the non-resonant case, the selection sgpr > 0.0764 ensures a better
performance with respect to what was achieved in previous bbr7 searches.
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Figure 3.32: tt rejection as a function of signal efficiency for reso-
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performance of a selection mp < 30 GeV'.
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VBF tagging

In order to properly study the double Higgs Vector Boson Fusion production
mechanism, the definition of specific selection is of primary importance in
order to be able to identify the VBF events. The task is not easy and the
performance is mainly limited by three factors:

1. The final state of VBF events contains two more objects, that origi-
nate from the signal event, with respect to gluon fusion process. This
increases the probability of misidentification or mis-assignment of all
the objects in the event.

2. Jets originating from a VBF process have particular kinematic prop-
erties that, due to experimental limitations, may reduce the signal
acceptance.

3. As reported in Section of Chapter [1], the cross section of HH VBF
production is very small (o}2F" ~ 1.62 fb), even when compared to

the gluon fusion cross section: o},2F /oGl ~ 1/20).

In order to identify and properly assign the jets reconstructed in the event
to those actually originating in the hard scatter interactions (b and VBF
jets) a new algorithm has been developed and is descibed in Section m
This procedure increase the probability to correctly identify the four jets by
~ 10%.

In VBF events, two quarks, one for each of the colliding protons, un-
dergo an hard scattering interaction that generates a Higgs pair through the
fusion of two vector bosons and shifts the initial quarks between the final
state objects. As already discussed in Sections [I.] and [2.3.4] due to the
QCD confinement properties, quarks can not exist as free states, but they
hadronize giving life to short lived particles, which in turn decay in "showers"
of lighter leptons or hadrons. Despite the complexity of the hadronization
process, most of the times the final state jets maintain the same kinematic
properties of of their parent quarks.

Figure [3.35] illustrates the main kinematic properties of the VBF jets
generated in a double Higgs VBF MC signal sample.

In order to properly reconstruct the jets, High Energy Physiscs experi-
ments apply some minimal selections on the objects, either due to detectors
limitations, such as the pseudorapidity coverage, or because quality cuts are
needed to guarantee an high efficiency of reconstruction and identification.
In CMS the main selections are:

Jet pr > 20 GeV

3.7
Jet |n| <5 (8.7)
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Figure 3.35: Main kinematic properties of the VBF jets in a MC
simulated HH sample. The top row illustrates the transverse mo-
mentum (left) and the pseudorapiduty (right) of the two jets, while
the bottom row displays their invariant mass.

which, given the distributions observed in Figure [3.35 already imply an
unavoidable reduction of signal acceptance of about 30%. Despite this ex-
perimental drawback, VBF jets maintain a set of specific characteristics that
may be helpful in the discrimination against other processes. For example,
as seen from the long tail in the invariant mass distribution in Figure [3.35]
VBF jets are usually very energetic, with almost half of the events having
an invariant mass m;; larger than 1 T'eV.

The spatial distributions of the two VBF jets are shown in Figure [3:36]
Having origin in a scattering process that involves the two colliding protons,
the VBF jets are usually characterized by a large spatial separation along
the beam axis direction: more than 70% of the events contain a jet pair
with |An;;| > 5, which is more or less equivalent to the spatial coverage of
the tracking system in the CMS detector. However, this doesn’t mean that
the jets are necessarily produced both "forward", i.e. one in each of the
two endcap regions of the detector. As a matter of fact, in around 45% of
the events that have |An;;| > 5, at least one of the two jets is produced
in the barrel (|n;| < 2.5). Moreover, some additional information can be
inferred from the pseudorapidity positions. As displayed in the right plot
of Figure [3.36] the product of the pseudorapidity values has a peak around
Nj, - Nj, =~ —6 and a large left tail: around 95% of the events lay one the
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negative semi-axis. This means that, despite one of the two jet has an high
probability of being produced in the "central" region, the two jets almost
certainly lay on two different sides of the interaction point (that in CMS is
taken as the origin of the coordinate system).

— LHE VBF An
i

— LHE VBF jets

T[T T I T T T T

1 2 3 4 5 6 7 8 9 0
jan

Figure 3.36: Absolute difference in pseudorapidity for the two VBF
jets (left) and product of the two pseudorapidity values (right).

Based on this observations, a two step procedure is proposed to identify
the VBF events: a selection on the most discriminating variables and the
development of a BDT discriminator. The former is used to reject the back-
ground contributions, while the latter is exploited to distinguish VBF from
gluon fusion events.

As already discussed, the most characteristic features of the VBF jets are
their invariant mass and the relative pseudorapidity distance, Figure [3.37
illustrates the m;;,An;; distributions for the SM VBF HH signal and for
some of the main backgrounds, including the gluon fusion HH sample, that
in the case of VBF searches represents a background itself.

From the plots in Figure [3:37] it is evident that a simple rectangular
selection should be able to suppress most of the background contributions
without reducing too much the signal acceptance. Table reports, as an
example, the percentage of events for each process, that fall in the "VBF
region".

As already mentioned in Section [I.3] in order to obtain a valid estimate
of the Higgs self interaction Ay in HH analyses, it is necessary to dis-
entangle its effect from the other Higgs boson couplings that enter double
Higgs diagrams. In the context of gluon fusion searches this is accomplished,
in the SM case, by setting exclusion limits as a function of the ratio be-
tween Ay and the Higgs-top quark coupling y;, and in BSM searches by
exploring different EFT benchmarks, as detailed in Section [5.4] Thus, when
considering the VBF production mode, which is already complicated by the
effects of Higgs-Vector boson couplings, it is of the uttermost importance to
minimize the contamination of gluon fusion events in the "VBF region".

Experimentally, the double Higgs gluon fusion production cross section
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Figure 3.37: The first row shows the m;;,An;; distributions for HH
signals in the VBF (left) and gluon fusion (right) production modes.
The central and bottom rows report the contributions from DY, tt,
W + jets and the sum of the remaining backgrounds.

is about twenty times larger than the vector boson fusion one and, moreover,
the two processes lead to the same final state objects. This means that, even
after the selections applied to identify the H — bb and H — 77 candidates,
and after the "VBF region" requirements on the invariant mass and the
pseudorapidity separation of the jets, a large contamination of gluon fusion
events still spoils the VBF measurement.

A multivariate approach is adopted with the development of a BDT ca-
pable of discriminating gluon fusion and VBF events. Boosted decision trees
techniques have been already widely discussed in this Section and in Sec-
tion[5.1.3of Chapter[5], thus here I will expose only the main features studied
to characterize this BDT.
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% of events in "VBF region" (m;; > X GeV and An;; >Y)

Sample X =200y =2 X—=2300Y=3 X=500Y 14
VBF HH 88.5% 81.7% 68.5%
Gluon Fusion HH 54.3% 35.7% 19.0%
DY 47.5% 33.6% 16.6%
tt 46.9% 30.4% 15.4%
W jets 39.8% 97.4% 13.3%
Oth. Bkgs. 47.7% 32.1% 17.8%

Table 3.5: Percentage of events surviving the "VBF region" selec-
tions.

Most of the inputs variables selected as input to the VBF BDT, and
reported in Table together with the ranking assigned during the training,
are related to the spatial separation of different combination of objects. As
a matter of fact, the presence of two additional jets in the final state affects
the event kinematic and the relative positions of the reconstructed Higgs
candidates, of the 7 leptons and of the b jets. Moreover, to further exploit
the VBF jets properties discussed earlier in this Section, a new variable,
denoted "boson centrality" ((y), is added to the BDT inputs and defined as:

Cv = min[An_, An.] (3.8)
where

An— =minny,,, Nm,) — min[yBrjet s MV BFjet,)

(3.9)

Any = max([nyBFrjet, 1MVBFjets) — MaX[NH, ., NH,,]
The variable (y is a topological variable that tends towards large positive
values when the VBF jets have a large separation in n and both Higgs boson
candidates are in the pseudorapidity gap between the VBF jets.

The BDT training is performed using SM VBF events as signal, and SM
gluon fusion events as background, selected in all three 77 final states and
without any specific requirement on the b tagging of the jets. A loose "VBF
region" selection is applied to the events before the training by requiring
A?]jj > 1 and mj; > 600 GeV.

The BDT training parameters are reported in Table [3.6] while the cor-
relation matrices and the overtrain check plot are illustrated in Figure

A more detailed study of the VBF selections and BDT performances is
reported in Section [5.5] of Chapter
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| Ranking | VBF BDT inputs |

1 pr(VBFjety) | Training Parameter | Value |
2 pr(Hy) NTrees 300
3 Nbjety * Mbjets MaxDepth 2

4 AR(71,72) MinNodeSize 0.15

5 AR(Hpy, Hr7) nCuts 500

6 Cv(Hpp, Hrr) Shrinkage 0.04

7 NV BFjet, " IV BFjets BaggedSampleFraction | 0.5

8 mjj

Table 3.6: Input variables to the VBF BDT discriminant (left).
H.: and Hy, denote the Higgs boson candidates reconstructed with
the SVFit algorithm in the first case, and as invariant mass of the

two selected jets in the second case. Selected values of the parameter
for the VBF BDT training (right).

Correlation Matrix Signal Correlation Matrix Background

m;

Moo T
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Figure 3.38: The top row shows the correlation matrices of the
input variable for signal (left) and background (right). The plot in
the bottom row is the overtrain check: the performances of the BDT
on the training and testing samples is in good agreement, thus no
overtrain is observed.
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Chapter 4

Monte Carlo simulation

Since multiple sources of background affect the bb77 analysis and different
signal topologies (resonant and non-resonant) are explored in the search, an
accurate modeling of all processes involved is crucial in order to optimize the
analysis strategy and techniques, and to obtain a valid comparison between
the observed data and the theoretical predictions.

The backgrounds can be classified in two main categories, either as
reducible" or as "reducible" contributions. The former are composed of pro-
cesses that lead to the exact same final state as in the HH — bbrT decay, that
is the object of the search described in this thesis. The two most important
contributions in this category originate from the tt — bbWW — bblyyTv,
decay and from the Drell-Yan production of a tau pair in association to
a b quark pair. On the other hand, reducible backgrounds arise from the
misidentification of objects due to experimental detector effects, the most
striking case being the erroneous identification of gluon or light quark initi-
ated jets with wither a 75, candidate or as a b jet. The perfect example of
reducible background is the QCD multi-jet contributions, especially relevant
in the 7,7, channel.

In order to handle these two categories of background sources, different
strategies are exploited. The reducible contributions are suppressed through
the application of tight quality selection requirements that aim at guaran-
teeing an high background rejection efficiency, but, as a consequence, often
result in a loss in signal acceptance: the optimal working point is the bal-
anced trade off between the two effects. Irreducible background sources can
instead only be tackled by exploiting the kinematic differences with respect to
HH signal events. These strategies put in place in order to reject background
events are thoroughly described in Chapter 3} Section [3.2] and Section [3.3]
for the reducible and irreducible contributions, respectively.

Monte Carlo samples used to simulate events are produced starting from
the hard scatter interaction simulated with the MADGRAPH5 aMC@NLO [58]

n" ir_
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or POWHEG 2.0 [59] generators and with the NNPDF3.0 [60] parton distri-
bution function set. The hadronization and fragmentation effects, and the
pileup conditions are simulated with PyTHIA 8.212 [61], while the simulation
of the CMS detector response is based on GEANT4 [62].

In the bbrT analysis, the estimation of background processes is performed
mainly through Monte Carlo simulation, while some known flaws of the
hard scatter and detector response modeling are corrected using data-driven
techniques, as described in this Chapter.

4.1 HH signal

Both resonant and non-resonant double Higgs production mechanisms are
modeled using a Monte Carlo simulation based on the MADGRAPH5 aMCQ@QNLO
generator at leading order precision.

For the resonant case, samples are generated under the assumption of a
narrow width resonance, i.e. negligible when compared to the experimental
detector resolution. The production of a resonance decaying into a HH pair
is simulated for both the spin-0 and the spin-2 hypotheses, in a mass range
that varies from 250 to 900 GeV'.

In the context of non-resonant searches, in addition to the SM signal,
the BSM models predict a wide variety of processes that have very different
kinematic properties. The effective field theory allows to parametrize the
Lagrangian according to five Higgs boson couplings, Agpn, ¥t, c2, ¢4 and
C2g, as already discussed in Section . The generation of samples for ev-
ery combination of a five-dimensional hyperspace is clearly not feasible, thus
an event reweighting approach is adopted to model the specific combinations
of BSM couplings studied in this search. Out of the 12 EFT benchmarks de-
scribed in Section only six shapes are used as their combined statistics
and kimeatics represent a sufficient input to the reweighting process.

To properly model the signal process for a particular set of EFT cou-
plings, each event is reweighted according to the kinematic properties at
matrix element level. At leading order, HH production is a 2 — 2 scattering
process where the Higgs bosons are produced back-to-back in the azimuthal
plane with the same transverse momentum. Since isotropy is assumed in
the azimuthal direction, the process is fully described by two parameters
represented by the invariant mass of the HH pair, m gy, and the polar angle
between one Higgs boson and the beam axis, cosf*.

The bi-dimensional distribution f(mmgm,cosf*) for the combination of
all the generated samples is shown in Figure and the same distribution
is produced for or every coupling combination of the effective Lagrangian

parametrization that is explored in this search and denoted f'(m g, cos8*).
' (mym,|cosh*|)

Flmmm,cos6%) &5 function of

For each event, the weight is computed from
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mgg and cosf#*. In order to ensure the the application of these weight
modify only the shape, but not the yield of the distributions, a normalization
corresponding to the sum over all the events of f'/f is applied to each event
as well. An example of the resulting distribution is shown in Figure [4.1]
where the reweighted sample for the SM hypothesis couplings is compared
to the generated SM sample: the distributions are found to be in agreement
inside the errors.

2
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Figure 4.1: On the left, distribution of the simulated events for
the combination of all the shape benchmark samples. On the right,
comparison of the myy distributions obtained for a MC generated
sample (green) and for the sample reweighted under the hypothesis
of SM Higgs couplings (red).

4.2 QCD multi-jet background

One of the main difficulties in the bbr7 analysis is the correct identification of
hadronically decaying taus. Thus, together with the ¢t processes described in
Section [£.4] the multi-jet QCD events represent the main background source,
especially in the fully hadronic 75,7, final state.

Most of the CMS analyses, involving 77 pairs in the final state, evaluate
this contribution either with techniques related to the estimation of the jet —
T, rate in data sidebands (e.g. in |63]), or evaluating the yield and shape of
multi-jet distributions in jet enriched regions in data, as in the case of the
HH — bbrT search here described.

The use of MC simulation to evaluate the QCD contribution is discarded
in favor of the data-driven method due to two main factors: firstly, the prob-
ability for a quark or a gluon jet to be identified as a 75, object is very low
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(between 1072 and 10~3) and it has to be combined with the equally poor
probability to have in the event two additional jets that pass the medium
working point of the b tagging discriminator. To cope with these rates,
the QCD sample generated with a MC simulation would require a too large
statistics to ensure a sufficient presence of events in the phase space con-
sidered in the analysis. The second reason why the data-driven method is
preferred, is due to the fact that the misidentification rate for 7 objects is
mainly lead by detector effects that are very complex to simulate properly
and can change over time in account of many external factors impossible to
predict in advance.

In the analysis described in this thesis, the so-called ABCD method is
adopted in order to model and estimate the QCD multi-jet background from
jet enriched regions in data. The phase space of the events is divided in four
regions, whose schematic representation can be seen in Figure 4.2

e Region A Represents the signal region as defined in Section [3.3.1]and
contains a pair of opposite sign electric charge (OS) tau leptons (either
Te/uTh OF ThTp,) and where all 7, objects pass the medium working point
of the tau isolation discriminant.

e Region B Represents the region where the multi-jet background is
actually estimated and then extrapolated to the signal region. It is
defined with the same isolation selections, but the pair charge require-
ment is inverted (same sign or SS).

e Region C It is composed by events with an opposite sign tau pair
where 7, objects pass the very loose working point of the tau isolation
discriminant, but are required to fail the medium WP that defines the
signal region. In the 7,7, and 7.7;, channels this tau isolation selection
is applied to the only 7, candidate present in the event, while in the
T final state it is applied only to the lowest pr 73, candidate selected.
Together with region D, region C is used to evaluate the extrapolation
factor from the SS to the OS region.

e Region D It is the region most different from the signal phase space
as it has the same tau isolation criteria of region C, but it also requires
that the leptons in the tau pair have the same electric charge.

In order to properly estimate the multi-jet yield, firstly the contributions
coming from the other backgrounds estimated with MC simultaion, are sub-
tracted from the data yield in the B,C and D regions. The QCD background
yield in the signal region A is then estimated from region B through the
(kOS/58) extrapolation factor:

Ny = Np x kO = Np x =< (4.1)
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Figure 4.2: Schematic representation of the four regions used to
estimate the QCD multi-jet background as described in Section .

The differential distribution (or "shape") of the QCD background is eval-
uated by subtracting from the data all the remaining MC simulation con-
tributions in each bin of the distributions. As the statistics in the B region
is typically limited, the shape of the multi-jet background is derived from
a new region, denoted B’, that is an extension of the previously defined B
region. B’ is obtained relaxing the 7, isolation criterion to accept candidates
passing the very loose working point of the discriminator. An example of
the observed data and expected MC distributions in the B and B’ regions
for the three final states is shown in Figure for the 2b05 category.

In the final maximum likelihood procedure described in Section [5.2] the
multi-jet estimation is expressed as parametric function of the observed data
and residual background contribution and is simultaneously fitted in the B,C,
and D regions in order to fully correlate the background subtraction and to
take into account the constrains that come from the signal region.

107



Chapter 4 - Monte Carlo simulation

> /FCMS b, > ®[cMs oo,
8 preliminary channel + Data 8 preliminary channel + Data
= =
— —
ﬁ + [ otver big. o 204 [ oter bk
= =
g D Drell-Yan g D Drell-Yan
s B« s i«
§ bkg. uncertainty § bkg. uncertainty
\ 10 N
5|
ol gl
100 200 300 400 500 600 00 100 200 300 400 500 600
M, [GeV] M, [GeV]
> JCMs  woer, > [CmMs e,
8 preliminary channel + Data 8 14]+preliminary  channel + Data
= =
— ~ =, ~
=% - . E
= =
g D Drell-Yan g D Drell-Yan
S . Other bkg. ° . Other bkg.
§ bkg. uncertainty &\\\ bkg. uncertainty
I | | | | |
200 300 400 500 600 00 100 200 300 400 500 600
My, [GeV] My, [GeV]
S [ENMs | vy, S [ENIS by,
8 || prefiminary channel + Data 8 0.25H iminary channel + Data
3 0.12}¢- S : H|+
._“,l‘ 1 . Other bkg. _,é 1 . Other bkg.
S 0.3k S 0.2H
§ H D Drell-Yan § H D Drell-Yan
© 0.081 . I ° 015 [+t . I3
I N . I N X
0.06[- & bkg. uncertainty I & bkg. uncertainty
r 0.17
0.04~ [
. 0.05-
0.021~
‘m“um\umu‘u
00 100 200 300 400 500 600 O0 100 200 300 400 500 600

Mr, [GeV]

My, [GeV]

Figure 4.3: Distributions of the MT?2 variable (defined in Sec-
tion for the 7,7, (top row), 7e7, (central) and 73,7, (bottom
row) channels. The distributions show events in the 2b0; category
for the B region (SS-isolated on the left) and for the B’ region (SS-
relaxed isolation on the right).

4.3 Drell-Yan Z/v* — 77 background

As already mentioned in the introduction to this Chapter, Drell-Yan decays
in association with the production of two jets represent one of the main
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background contributions for the bbr7 analysis. The MC simulation used
for the DY sample is based on the MADGRAPHS5 aMCQ@NLO generator at
Leading Order precision and the total theoretical cross section is computed
at NNLO precision as o(Z/y* — €¢) = 5765 pb. Given the narrow phase
space studied in the analysis, the DY statistics is increased by combining
the inclusive sample with complementary ones, where the emission of 1, 2,
3 or 4 additional jets, or the emission of 1 or 2 b jets, is required. Since
the full MC simulation process is quite consuming, in terms of computing
time and power, in all the events of these samples the invariant mass myy is
forced to be larger than 50 GeV without loosing any information from low
mass events that would be in any case be excluded from the analysis by the
selections used to define the signal region.

If, on one hand, the differential distributions of the DY events show a
good agreement with the observed data, as shown in Figure .4 the mod-
elization of the yield, especially when the production is in association with
multiple jets, is known to be imperfect and thus require a correction, that
in the case of the bbr7T analysis is computed from data in a control region.
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preliminary channel I Drell-Yan 2b
m Drell-Yan 1b

Drell-Yan Ob
ot
[ Other bkg.
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Figure 4.4: Differential distribution of the Z boson pr for Z —
U events in association to two "light" jets that do not pass the b
tagging medium WP. The data/MC ratio is flat as function of the
transverse momentum and only the normalization factor presents a
disagreement.

Z — pp events are selected using the same 7,7, triggers described in
Section and requiring the presence of two muons with pr > 23 GeV
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and |n| < 2.1 for the leading one and pr > 10 GeV and |n| < 2.4 for the
trailing one, both isolated and passing the tight working point of the muon
identification discriminator. In addition, the invariant mass of the muons
must be in the window 60 — 120 GeV and the event must contain two jets
with pr > 20 GeV and |n| < 2.4. The invariant mass requirement on the jet
pair is 80 < m;; < 160 GeV, in order to select a phase space as similar as
possible to the signal region.

Both data and MC simulated events thus selected are split in three re-
gions according to the number of jets that pass the medium working point
of the b tag discriminant.

e Z + light jets This region is obtained by inverting the b tagging re-
quest on the two jets selected, so that the main contribution of events
arises from the erroneous identification of light jets as b jets. Event
if the contamination from other backgrounds is negligible a further
selection is applied by requiring that the missing transverse momen-
tum of the event is smaller than 45 GeV in order to fully reject tt
contributions.

e Z + one b jet This region is optimized in order to enhance the
contribution coming from Z+1 b jet processes, thus one of the selected
jets is required to pass the medium b tagging WP, while the second is
required to fail it.

e Z + two b jets This represent the most important source of back-
ground as its final state is composed of exactly the same particles as in
HH — bbrT events, with the only exception that the tau and b pairs
do not originate from Higgs bosons. Both selected jets are required to
pass the medium b tagging working point.

Scale factors for each of these regions is estimated through a likelihood fit
on the m,, distribution in the range 60 < m,, < 120 GeV and they are used
to correct the Drell-Yan background yield. Thus, three templates obtained
from the three control regions and one additional for the complex residual
background contributions are simultaneously fitted and their normalization
is allowed to float around the initial value estimated from the simulation.
The result of the likellihood fit is composed by three scale factors that are
reported in Table while the distributions of m,, for the three control
regions, before and after the application of the scale factors, is shown in
Figure

Given the large cross section of Z+ light jets, quite large contamination
of this process is expected in the other regions that thus can not be consid-
ered independent. To account for this effect, the fit introduces correlations
between the correction factors and their errors and covariance matrix are
handles as systematic uncertainties and included in the final limit setting
procedure (detailed in Section as nuisance parameters of the model.
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Process Scale Factor
Z+ light jets | 1.1412 +0.0017
Z+ one b jet 1.187 £ 0.015
Z+ two b jets | 1.170 £ 0.029

Table 4.1: Scale factors for the three Drell-Yan components.

4.3.1 2017 LO to NLO reweighting

The procedure followed in the 2016 analysis provides a good agreement be-
tween data and Monte Carlo for some basic kinematic variables, however,
some more complex observables, such as the invariant mass of the four bod-
ies, may still suffer from the known imperfect modelization provided by the
LO Drell-Yan samples.

The analysis of the differential cross section measurement of a Z boson
production in association with jets [64] shows that the use of the NLO sam-
ple leads a much better modeling of data. Nonetheless, this sample has a
maximum of 2 jets at generator level, while, in the bbr7 final state, a major
contribution from DY + > 2 jets is expected, especially in the 2b0j cate-
gory which represents the most sensitive region of the analysis. In addition
to this, the limited DY NLO statistcs renders the sample almost useless for
this analysis purpose.

In order to overcome this issue, a reweighting procedure to match the
LO sample to the generator level quantities of the NLO simulation, has been
implemented after the publication of the 2016 analysis, and is part of the
improvements that are been developed in view of the Run II bbr7 legacy
paper.

Two sets of scale factors are determined.

The first is used to match the fractions of events with a particular combina-
tion of light- and b-jets at generator level from the LO to the NLO Drell-Yan
Monte Carlo sample. Since the NLO sample at generator level involves the
emission of at most 2 jets, in order to compute these scale factors, six con-
curring processes can be identified:

Z = pp + Nyghe + np (4.2)
with 0 < ngigne, np < 2 and nggne +np < 2 '

where ny;gn: and ny represent the number of light and b jets emitted at gener-
ator level. The py(Z) distributions of these processes defined in Equation
are reported in Figure simply to show the difference between the L.LO and
NLO simulation.

The second set of corrections is determined as the ratio between the LO
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Figure 4.5: Distributions of the my,, variable before (left column)
and after (right column) the application of the scale factors. The top

row shows the Z+ light jets category, the central one shows the Z+
one b jet and the last row the Z+ two b jets.

and NLO Z boson transverse momentum distributions of all the possible
contributions to the DY + jets background, which of course are not limited
at the emission of just two jets (as it was the case with the NLO sample).
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Figure 4.6: Comparison of the Z boson pr distributions at genera-
tor level between the LO and NLO Drell-Yan Monte Carlo samples.

Six event categories are defined:
e 7 + two b jets
e 7 + two b jets + any number of light jets
e 7 + one b jet + < one light jet
e Z + oneb jet + > one light jet

o 7 + < two light jets
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e 7 + > two light jets

The pr(Z) distributions of these categories are used as input to a simulta-
neous likelihood fit where the normalization of the processes is left floating.

The data control regions used for the SF extraction are the same used also
in 2016, but with an additional requiremens on pgﬂm‘ss < 45 GeV to further
reduce the QCD and tf contributions. Furthermore, events are required to
pass an invariant mass requirement that is similar to the selection defined in

Equation in Section but with relaxed conditions:

(M — 116 GeV)? (myp, — 111 GeV')?

+ <1 4.3
(35 +5 GeV)? (45 + 5 GeV)? (43)

Both sets of scale factors are reported in Table [4.2]

Drell-Yan LO to NLO reweight

Gen process Event fraction SF' | - | DY contribution Zpp SF
0 light + 0 b jets 1.36 - | Z+ < two light jets 1.1465 4+ 0.002
1 light + 0 b jets 1.50 - | Z+ > two light jets 0.01 £ 0.0002
0 light + 1 b jets 2.02 - | Z+ one b jet + < one light jet 1.577 £ 0.066
2 light + 0 b jets 0.7 - | Z+ one b jet + > one light jet 0.01 +0.01
1 light + 1 b jets 0.86 - | Z+ two b jets 1.903 + 0.568
0 light + 2 b jets 0.59 - | Z+ two b jets 4+ any num of light jets 0.189 + 0.519

Table 4.2: Scale factors for the Drell-Yan LO to NLO reweight. The
first two columns report the SFs relative to the the fraction of events
with a particular combination of number of light jets and number of
b jets at generator level, while the tlast two columns report the SFs
based on the transverse momentum of the Z boson.

Even though this procedure was developed using 2016 samples and its
deployment on 2017 DY samples may be sub-optimal, the improvement in
the comparison between observed data and MC simulation is clearly visible

in Figure [£.7]
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Figure 4.7: Distributions in the 7,7, final state of the visible mass

of t

V1S
TT ?

he tau pair (m

top row) and of the transverse momentum of

the HH system reconstructed as sum of the visible decay products

(pr

(bbrT), bottom row).

No selection is applied on the b tagging

score of the jets. The left column represents the distributions before
applying the scale factors, the right one the distributions after the

SF

application.
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4.4 it background

The principal contribution of background, especially in the semileptonic
channels, originates from tf events, that in the bbr7 analysis are modeled
through a Monte Carlo simulation with the POWHEG 2.0 generator at NLO
precision. Events are simulated assuming a top quark mass of 172.5 GeV
and normalized to the inclusive coss section at NNLO precision which cor-
responds to 831.8 pb.

In 2016, in order to obtain a satisfying coverage of the phase space ana-
lyzed, the inclusive ¢t sample was supplemented with two additional samples
generated for the fully leptonic and semileptonic decays of the top quark pair.
During the MC production campaign related to 2017 instead, the CMS Col-
laboration decided upon generating three different samples that cover the
total phase space (fully hadronic, fully leptonic and semileptonic) and that
are thus used in the bbr7 2017 analysis.

Measurements of the ¢t differential production cross section in CMS [65]
show that this process is well described by the MC simulation and the excel-
lent agreement with the observed data is shown in Section [3.3.3]for some kine-
matic variables of interest. In particular, the plots in Figures and
for the 7,7, and 7.7, channels respectively, show the distributions in the
2b0j category, which becomes dominated by ¢t events once the request of
two b tagged jets is applied.

Residual differences are nonetheless present, especially in the transverse
momentum distributions, and, given the importance of the ¢¢ background in
the bbrT analysis, must be taken into account. An event reweight technique
is used to derive a systematic uncertainty, that is based on the generated top
quark pp following the recommendations of the Top Physics Analysis Group
(Top PAG) and is described in Section [5.3]

4.5 Other backgrounds

Other background contributions show a very limited presence in the phase
space considered in the bbr7 analysis and their contribution and modeling,
both in shape and event yield, are assessed relying solely on Monte Carlo
simulation.

The next Paragraphs describe the contributions originating from W bosons
production in association with jets, single top quark production, pair produc-
tion of vector bosons, electroweak production of a vector boson in association
with jets and Standard Model single Higgs boson production.

W-jets
In this analysis the contribution of W + jets background is highly sup-
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pressed by the requirement applied to b tagging discriminator value of the
jets The production of W — fvp (with ¢ = e, pu,7) is simulated with the
MADGRAPHS aMC@QNLO generator at Leading Order precision and nor-
malized to the theoretical NNLO cross section (W — (1) = 6.15 x 10% pb.

Single top

The contribution of single top quark production in association with a W
boson is extremely small and is simulated with the POWHEG 2.0 generator
at NLO precision, normalized to the NNLO theoretical cross section o (tW') =
71.7 pb.

\A%

The background contributions arising from vector boson pairs, included in
this search, are ZZ, ZW and WW and are generated using both MAD-
GrAPHS aMC@NLO and POWHEG 2.0. The ZZ process is split in four
different samples according to the final decay state simulated (£€0¢, (lvyvy,
llqq and qqqq) and normalized to the NNLO inclusive production cross sec-
tion 0(ZZ) = 16.5 pb. Samples for the WW process are generated for the
lvplyy, Lvpqq and qqqq channels, and are normalized to o(WW') = 118.7 pb,
while those for ZW, normalized to o(ZW) = 45 pb, comprehend the 0y,
vevelyy, qqfvy and £lqq final states.

Electroweak V-jets

Electroweak production of WT, W~ or Z in association with two jets is
simulated with the MADGRrRAPHS aMCQ@NLO generator and each process
is normalized to the LO cross section obtained from the MC generator:

o EWE(W+) = 25.69 pb, cEWE (W) = 20.25 pb and ¥V E(Z) = 3.987 pb.

Single Higgs

The single Higgs production cross section is small compared to the other
backgrounds. However the associated production of single Higgs with a vec-
tor boson (V H) or with a pair of top quarks (¢¢H) have similar final states
with the HH — bbrT signal and therefore are considered as backgrounds in
this search. The MC simulation of these processes is realized through the
PowHEG 2.0 generator assuming a mpg = 125 GeV Higgs boson in the final
states ZH — £0bb/qqbb and Z — any H — 7. The samples are normalized
to the inclusive cross section computed at NNLO precision of the QCD cor-
rections and at the NLO precision of electroweak corrections, that amounts
to o(ZH) = 0.884 pb.

In 2017, the inclusion of the vector boson fusion HH production mech-
anism in the search prompted us to evaluate the presence of contributions
coming from other single Higgs processes. The gluon and vector boson fu-
sion samples, with the Higgs boson decaying to a 77 pair, were added to
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the list of possible backgrounds. The MC simulation is performed through
the POWHEG 2.0 generator and the samples are normalized to the single
Higgs cross section scaled by the branching fraction of the 77 final state:
oVBE(H) x B(H — 77) = 0.24 pb and ¢99(H) x B(H — 77) = 1.35 pb.

4.6 Pileup treatment

In order to obtain a valid comparison between observed data and Monte
Carlo simulation, a correct treatment of the pileup must be taken into ac-
count. The interaction point environment at the LHC, especially in experi-
ments like ATLAS and CMS where particle beams collide "head-on", is not
easily reproducible in MC and the simulated distribution of the number of
real proton-proton interactions in a bunch crossing is slightly different than
the observed data, as shown in Figure for the 2016 analysis. The MC
events therefore must be reweighted in a manner such that the distributions
of the additional energy and tracks from the extra pileup interactions are
adjusted to be the same as in data. This is accomplished by giving each
MC event a weight that corresponds to the probability that the number of
interactions in a given MC event occurs in the data sample.

In 2017, the CMS Monte Carlo production campaign suffered from a
problem related to the multi-threaded infrastructure of the CMS software
(CMSSW) that affected some of the samples produced. As a consequence,
the pileup distributions of the affected samples erroneously display sharp
peaks randomly distributed over the spectrum. In order to properly account
for these features in the MC samples, dedicated weights were computed for
each MC sample used in the 2017 bbr7 analysis and applied to the simulated
events accordingly.
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Pileup in 2016
5 .06/
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Figure 4.8: Distributions of the number of proton-proton interac-
tions as measured in 2016 data (green shadowed histogram) and as
generated by the Monte Carlo simulation for a ¢t sample (blue solid
line). The data distribution is obtained assuming a minimum bias
cross section of 69.2 mb and it is derived for 35.9fb' which corre-
spond to the full integrated luminosity collected in 2016. The ratio
of the distributions is used to define the weight to be applied to the
MC simulation.
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Chapter 5

Results of bbr+ 7~ Searches

The aim of the bbrT search is to explore both the resonant and the
non-resonant double Higgs production mechanisms in order to explore the
electroweak sector of the Standard Model and probe the existence of New
Physiscs predicted by BSM models, as described in Chapter [T}

The exploration of HH production with CMS data requires the definition
of variables with high discriminating power between signal and background
events (Section5 . A proper statistical model and a good knowledge of the
systematic uncertainties affecting the measurements (Sections and
respectively) are also needed to evaluate the presence of a signal, or, in case
of its absence, to set exclusion limits based on the observed data and the
MC simulations.

In Section[5.4]I will present the final results obtained from the analysis of
the data collected in 2016 and published in [I]. Finally, in Section [5.5]I will
give an overview of the improvements put in place for the 2017 analysis and
I will evaluate the enhancement in sensitivity. The future CMS combined
(2016+2017+42018 data) legacy paper will benefit from the studies performed
on 2017 data and illustrated in this thesis.

5.1 Discriminating variables

The definition of sensitive observables to explore double Higgs production is
a crucial step to maximize the sensitivity of the analysis.

In 2016, different variables were used to search for the presence of signal
events in the resonant and non-resonant searches and they are detailed in
Sections[5.1.1]and [5.1.2] respectively. The distributions of these variables for
the different channels and categories of the analysis are shown in Section

In 2017 instead, as described in Section [5.1.3] a similar approach was
adopted in both searches.
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5.1.1 2016 resonant search

The expected signal signature of two Higgs bosons originating from a high
mass resonance, a sharp peak over a continuous background, drives the choice
of the discriminating variable adopted in the resonant search, that is the
invariant mass mx of the resonance itself.

The resolution of mx is spoiled by the presence of neutrinos in the final
state, thus requiring the usage of a kinematic fit to correct for the missing
energy information and obtain a valid m gy estimate. The use of a kinematic
fit was already adopted in the same search with Run I data [66].

The constraints imposed in the kinematic fit follow from the hypothesis
of two 125 GeV bosons decaying in bb and 77 pairs:

m(11,m2) = m(by,by) = myg = 125 GeV (5.1)

For the reconstructed b jets, it is assumed that the measurement of the
directions mp, , and ¢y, , is very accurate compared to the b jet energy. As
any measurement of the jet momentum applies also for the jet energy, the
ratio E = p/E does not change in first approximation and the same holds
for v =1/4/1 — 2. The energy of one b jet can directly be calculated from
the other’s using the invariant mass constraint:

2, new new

2 2
my = py, + D0, + 2Dy, D, (5.2)
2, - :
= mp, + B, 2 + 2By, Epctk

where £k =1 — B;l ﬁZQ is assumed constant and can therefore be calculated
from the pre-fit event kinematics. Equation [5.2 can thus be solved as:

m2 _ m2
EpY = Ey kg, | -1+ 4/14 Bt E’; —~ ‘;12 (5.3)
1 2

Since the tau leptons originate from a heavy object, compared to their
own mass (mg/m; ~ 70), they are highly boosted and the collinear approx-
imation holds: the reconstructed direction of the visible decay products of
the tau leptons is assumed to point into the direction of the original 7 lep-
tons. Again, only the energy of one tau is a free fit parameter, as the other
can be constrained analogously to Equation [5.3

Furthermore, it is also assumed that the reconstruction of the n and ¢
directions of the two b jets and of the reconstructed tau decay products are
accurately determined with uncertainties negligible when compared to those
arising from their energy measurement.
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These assumptions reduce the number of parameters needed to describe
the bbrT system to two, which are the energies of the first b jet (Ej, ) and of
the first tau lepton (E,,). By varying these parameters, a x? minimization
is performed and the best estimate is used to reconstruct the mass of the
heavy resonance.

For the two measured b jets, the x? terms can be written as

B, - Bpe”
Xy o = ( - = ) (5.4)

Oby,b2

where ngtbd and Ej9" are the fitted and reconstructed b jet energies,

respectively, while o3, p, represent the energy resolution.

For the x? term coming from from the 77 pair, the presence of neutrinos
prevents any accurate measurement of the original tau energies, but con-
tributes to the missing transverse energy reconstructed in the event. The
MET can therefore be exploited to constrain the tau lepton energies by
comparing the expected transverse momentum of the resonance

it fit _fit ofit | ofit | fit | ofit
Prx =Pru, T Pru, =Prp, T Prp, T Pro + P74 (5.5)

with the transverse momentum measured experimentally

~m

PHSE" = DY + PES = PR + PRis” + Piss” + P’ + MET  (5.6)

which by definition corresponds to the reconstructed transversal recoil of the

resonance
~meas ~meas (5 7)

pT,recoil = _pT,X
Any nonzero residual recoil vector can thus be written as

—res _ Sfit —meas __ =fit —meas
pT,recoil - pT,X - pT,X - pT,X + pT,recoil (58)

and contributes to the y? as
2 __ (res T Vi . res 5.9
Xrecoil — (pT,recoil) recoil * PT recoil ( . )

where Vj.ecoi 18 the covariance matrix of the reconstructed recoil vector.

The complete x? function finally reads

2 2 2 2
X = Xb1 + sz + Xrecoil (510)
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After minimization of this function by varying Ejp, and E; , their best esti-
mate is used to compute the final value of mx.

The usage of the kinematic fit allows for a very accurate reconstruction
of the heavy resonance mass on an event-by-event basis with a distribution
of the reconstructed mg}?F i centered around the the mass of the resonance.
The invariant mass reconstructed with the kinematic fit is compared to the
invariant mass obtained considering only the visible decay products of the
7 leptons and the b jets, and the distributions for possible resonances of

different masses are shown in Figure [5.1
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Figure 5.1: Comparison of mypy obtained with the kinematic fit
(shadowed histograms) and as the visible bbr7 invariant mass (solid
lines). The correct value of the resonance mass is reported in the plot
for the four samples displayed. The events belong to the 2b05 cate-
gory for the 7,75,, 7.7, and 7,7, channels, after the mass selections
described in Section are applied.

5.1.2 2016 non-resonant search

In the non-resonant production mechanism, double Higgs events do not have
a signature as clear as the resonance peak described in Section [5.I1.1] A
different variable, denoted as "stransverse mass", or M7T2, is thus used to
disentangle the signal and background contributions.

Originally proposed for supersymmetry searches , and later ad-
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justed for HH — bbrT analyses [69], MT?2 is developed to exploit the kine-
matic information of events containing two equal mass particles undergoing
a two-body decay into a visible and invisible particle. The stransverse mass
is a generalization of the transverse mass my and is defined as the largest
mass of the parent particle that is compatible with the kinematic constraints
of the event.

In the context of the HH — bbr7 analysis, the tf process is one of
the main background and it represents the perfect example to showcase the
power of the MT?2 variable. A top quark is interpreted as the parent particle,
while its decay products, a b quark and a W boson, are considered as the
two daughter particles.

In the following description g, 1% , myp and my denote the momenta of the
two selected b jets and their masses, respectively. The remaining particles
produced in the top quark decay, ¢.e. the measured leptons and the neutrinos,
are globally denoted as ¢ and c , while their masses, due to the undetectable
neutrinos, are set, as suggested in [69], to m. = m?* (1) and me = mV*(7y),
where m¥* denotes the invariant mass of the measured leptons or 7,. The
components ¢ and ¢ are defined as the sum of the decay products of the W
boson and contain both visible and invisible components so that they form
the transverse momentum constraint

e+ dp = py = Py (n1) + P (r) + MET. (5.11)
For each particle the "transverse energy" e is defined as

e=1/m?+pk (5.12)

while the transverse mass is:

mr (gT, cr, My, mc) = \/mlg + mg + 2 (ebec — ET . ET> (5.13)
Starting from Equation the stransverse mass can be defined as:

MT?2 (mb, my, I;T, g%,ﬁ%,mc, mcz) = min {max (mT, m'T)} (5.14)
er+d r=py

where myp is the transverse mass constructed from my, m., Z;T and ¢p, while
m/, is the transverse mass constructed from my, m., 1% 7 and d 7. In the bbrr
analysis, the minimization in Equation is over the measured momenta
of the tau lgptons and the missing transverse momentum previously defined

P =cr+cr.
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Equation is computed with the bisection method provided in |70],
which yields a fast and stable minimization procedure, and can achieve ma-
chine numerical precision.

The MT?2 variable has, by construction, a large discrimination power
of HH events against the irreducible tt — bbW W — bbrv,Tv, background
which is bounded above at the top quark mass, while it has no such limitation
for the HH signal where the 7 and b jet do not originate from the same parent
particle. Any presence of signal events would thus appear as an enhancement
of the event yield in the tail of the MT2 distribution.

Finally, it should be noted that the distributions of the stransverse mass
reported in Section show a small contribution of ¢t events also at high
values of MT?2 due to detector resolution effects and other decay modes of
the tt system that result in an extension of the tail of the M T2 tt background
distribution.
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5.1.3 2017 search

Given the excellent BDT performance in rejecting the t¢ background during
the analysis of 2016 data, the method was improved and extended to include
also the fully hadronic channel 7;,7,. In this multivariate approach, the
information from kinematic variables is fully exploited in order to produce a
single score to be used as final discriminating variable.

Three separate trainings are performed for the resonant samples in the
low mass (LM) region (from 250 GeV to 320 GeV), in the medium mass
(MM) region (from 320 GeV to 450 GeV'), and in the high mass (HM) region,
which covers the mass range up to 900 GeV. These regions are identified
studying the compatibility among the probability density functions (PDFs)
of the variables at different mass points. An additional training is performed
for non-resonant signals (NR). To further improve the available statistics, in
each mass region the BDT is trained using events from both spin hypotheses
and combining the three final states. A parametrized learning approach is
chosen to add information (e.g. the mass of the resonance and the 77 final
state) to keep track of the origin of the events.

For each one of the four mass regions training, the set of input variables
must be carefully selected taking into account both the kinematic differences
between signal and background events, and considering the necessity to pro-
vide to the BDT as much information as possible. A statistical method based
on "mutual information" (MI) [71], is used to determine, starting from an
extensive set of variables, the optimal ones to be used as input to the BDT.
The MI is a measure of the information that two variables share and it can
quantify how much information can be obtained about one variable, through
the other one. The MI is used to sort the variables in descending order for
their ability to distinguish signal from background, either individually or in
pair with other selected variables. Out of a broader set of possible inputs,
which has been recursively pruned of the least discriminating and most cor-
related variables, the twenty highest performing ones are chosen for each
training and are reported in Table

Most of the variables reported in Table [5.1] have already been described
in this thesis, the remaining ones are listed here:

e Starting from my, defined in Equation [3.6] a generalized variable can

be defined as mtToml = \/mT(Tl, MET)? + myp(re, MET)? + mp(11, 72)?

e ¢ and ¢ are the angles defined between the decay plane of the first
jet or the first lepton, respectively, and a plane defined by the vector
of Hy, or H.; in the four final objects rest frame and the positive
direction of the collision axis.

o ¢(Hyp, Hr) is the angle between the decay planes of the four final state
objects expressed in their rest frame.
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Input variables

LM [250 — 320] GeV

MM [320 — 450] GeV/

HM [450 — 900] GeV/

NR

mrp(ti, MET)
iy
cos O(HEY I MET)
b2 (Hyp, HEY ')
m(X]WET)

P i)
m(XV)
AR(Hy,, MET)
MT?2
mr(HEY T MET)
Ap(r1,72)

P’

A¢(ri, MET)
Pr(Hwp)
AR(t1,72) - pr(HEY ™)
A (b1, b2)
Pr(HMET)
Mtop,

Pr(MET)

AR(71,72) - pr(HMPT)

[AG(HEY T MET)|

KinFit
MuH

X2 (mggr,Fit
|Ap(Hew, MET)]
mr (11, MET)
AR(71,72)
|A¢ (b1, b2)|
|An(Te, MET)|
|An(b1, b2)|
|An(Hyy, MET)]
¢(Hpp, HZY ™)
mrXeduced
cos O(HEZY T MET)
o1 (Hyp, HZYT™)
mr(HY T MET)
f 25
migtal
Pr(H?)
cos 0(b1, Hyp)

m(XVis)

AR(11,72)

X (mig )

Pr(HEY )
Hr

(i)

pgis
AR(Hyy,, HMFT)
mg{educed
m(XSVfit)
Pe
Pr(72)
m(xvis)
|AG(HZY T, MET)
Pr(m1)
m(XMET)
mr(HMET MET)
Pi(Hyp)
MT?2
m(HZYT)

A¢(Her, MET)

cos O(Hp,, MET)

KinFit
MuyH

Xm0
Pr(72)
mgduced
P¢
Pr(HZYT™)
plie
m(XSVIit)
MT?2
Pr(m1)
m(X¥)
Pr(bs)

Hr
mp (HMET)
AG(HEY T MET)
Ap(T1,7T2)
Pr(Hy)

TOT

mr

m(XMET)

Table 5.1:

Input variables for the four different BDT trainings,

reported in order of discriminating power between signal and back-
ground events. Variables highlighted in bold are common among the
three resonant and the non-resonant training.

o 01(m2, H;7) and 65(ba, Hyp) are the angles between the second lepton or
jet and the direction of flight of H.; or Hy, in their rest frame.
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e p¢ and pgis take into account the relative direction of flight of the two
7 leptons and the MET, and are defined as:

~

pe = (Pr(r)+Pr(m) +07) ¢ pi* = (Fr(n) +Pr(r2))-¢ (5.15)

where é is a unit vector oriented as the bisector of the pr vectors of
the two leptons.

The agreement between observed data and MC simulation for some of the
BDT input variables is shown in Figure @ for events selected in the 7,7,
final state in the 1615 category, i.e. only the leading b jet is required to pass
the medium working point of the b-tagging discriminant. A more extensive
set of BDT input variables is reported in Appendix [A]
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Figure 5.2: Distributions of some representative BDT input vari-
ables for events selected in the 7,7;, channel in the 1b1j category. A
good level of agreement between data and MC can be observed.

As previously described, in order to increase the number of events, signal
samples with different mass and spin hypothesis are joined together in the
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tree mass regions used to train the resonant BDTs. This merging, however,
can in principle affect the performance of the BDTs themselves by deteriorat-
ing the discrimination power of the selected input variables. A parametrized
learning is thus introduced by including in the trainings additional knowl-
edge to keep track of the origin of the events. For each event, supplementary
information is provided in the form of the mass and spin of the resonance,
and the reconstructed final state of the 77 pair. The same considerations
hold for the non-resonant BDT, where the 77 pair final state and the gen-
erated value of h) are provided to the training. The additional inputs are
added to each list of selected variables described in Table 5.1} so that, even
mantaining a single training, the discrimination of signals, whose kinematic
properties vary depending on those parameters, is enhanced. Technically, the
parameters variables are treated by the BDT as all the other inputs, but a
proper reweighting of the events is needed not to assign too much importance
to those signal hypotheses whose samples have a larger statistics.

As already done in the 2016 data analysis, the GradBoost algorithm is
chosen to perform the trainings since it represents the most robust alternative
against overtraining issues. Within the TMVA package, the BDT classifiers
can be customized with several configuration options that can assume a
wide variety of values and can affect the performance of the BDT classifiers
themselves. In the parameters hyperspace more than 900 different points
have been identified and tested in order to reject all those that lead to an
overtrained BDT. This pruning process is performed through the comparison
of the training and testing output distributions via the y? test. Between the
100 point surviving this skimming procedure, the final set of parameters is
chosen by evaluating the area under the ROC curve (AUC) since a larger
value of AUC implies a better performance of the BTD. The BDT training
parameters selected are reported in Table[5.2} NT'rees is the total number of
trees that constitute the BDT "forest", MaxzDept = 3 indicates the number
of consecutive selections applied in each tree, while MinNodeSize is the
minimum percentage of training events required in a leaf node and it is fixed
to 3% in this case. The number of grid points used to define the optimal
cut in a variable range is denoted nCuts, while the Shrinkage parameters
defines the learning rate for the GradBoost algorithm. Finally, the "bagging"
fraction (BaggedSampleFraction) defines the randomly chosen subset of
events on which each tree is trained.

Some example distributions for the BD'T output scores are illustrated in
Figure [5.3| There is a general good agreement between observed data and
MC simulation and, especially in the last bins close to 1, the t¢ background
is suppressed. In addition, QCD multi-jet events are pushed to the lowest
values of the BDT score, while DY + jets contributions become dominant
in the most sensitive bins.

The BDT output provided by the TMVA package is usually limited be-
tween —1 and 1, however, the conditions imposed by the classifier for events
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Parameter \ Value ‘
NTrees 700
MaxDepth 3
MinNodeSize 0.03
nCuts 500
Shrinkage 0.05
BaggedSampleFraction | 0.5

Table 5.2: Selected values of the parameter for the BDT training.

to be considered as signal or background can alter the shape of the BDT
score so that the minimal or maximal values might be shifted inwards, as
can be seen in Figure In order to compare the distributions from dif-
ferent classifiers and with different learning parameter values (i.e. mass,
spin, ky), the BDT score with values between min and max can be easily
renormalized in the range from min’ = 0 to max’ = 1 with the formula:

/ -7
maz’ —min
/ . . !
score’ = —————— - (score — min) + min (5.16)
max — min

As this represents a simple mono-dimensional translation, for sake of sim-
plicity, the plots in the following will be shown before such transformation.
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5.2 - Statistical treatment

5.2 Statistical treatment

In order to asses the presence or absence of signal events in the selected
final distributions, a statistical procedure is needed. In the context of Higgs
searches, the ATLAS and CMS collaborations use a modified frequentist
approach referred to as C' L and defined in [72].

A binned maximum likelihood fit is performed on the discriminating vari-
ables described in Section [5.1} The expected event yield of the signal and
the total background are denoted as s and b, respectively, and, in order to
perform a model-independent search, the signal normalization is arbitrarily
fixed to 0 x B = 1 pb and scaled by a signal strength modifier p. Given
that the variables used are binned, s and b are vectors containing the yield
expectations in each bin of the distributions.

The systematic uncertainties, described in Section [5.3] are included in
this model as nuisance parameters 6;, collectively denoted as 6, that affect
the expected event yield for both signal and background processes which can
thus be written as s(6) and b(6).

The likelihood function can be written as
£(n,8111,0) = P(n|us +b) - p(6]6) (5.17)

where P denotes the probability density function of the observation of n
events in a particular bin given by the sum of signal us and background b
expected events. For binned distributions, P is the product of the Poisson
distributions for every bin:

+ b))

P(nlus+b) =] (13 e~ (nsi+b) (5.18)
J

n;!

The second term on the right side of Equation [5.17] represents the knowl-
edge about the values of the nuisance parameters: each term reflects the
probability for the true value to be equal to 6;, given the best estimate 0,
obtained from auxiliary measurements on control region events or directly
from the MC simulation. Since all systematic uncertainties are assumed to
be uncorrelated, the combined term is the product of the single uncertainties

p(010) = [1; pi(6:16:).

The functional form of pz(éz\ﬁz) depends on the type of uncertainty de-
scribed. Uncertainties which arise from independent measurements, such as
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luminosity or trigger efficiencies, are modeled with log-normal functions:

1 C(n(8/0))*\ 1
pl0) = Vorin(k)F ( 2(Ink)? )9 (5.19)

where k is the parameter that defines the width of the log-normal distribu-
tion and thus represents the interval of possible variations of the observable.
Systematic uncertainties that are of statistical origin instead, like the num-
ber of events observed in a control region, are represented by a Gamma
distribution . N

o) = -
where N is the number of events observed in the control region and « is the
extrapolation factor by which the expected event yield in the signal region,
n, is determined: n = N-«. The extrapolation factor is a nuisance parameter
itself and is accounted for as an additional log-normal term.

exp(—n/a) (5.20)

Uncertainties on the template shapes are taken into account during the fit
procedure, using the Vertical Template Morphing technique: for each quan-
tity that affects the shape, multiple instances of the templates are produced
from the simulated events by varying that quantity by +1¢ and bin-by-bin
interpolation is performed between them. A nuisance that represents the
variation of such quantities from the nominal value, is added to the likeli-
hood model.

In order to quantify whether the observed data supports the presence
or absence of signal events, two hypotheses are tested for the signal plus
background or background only cases, H,1, and Hy respectively. To set an
exclusion limit on the presence of a signal, one has to find the value of u
that allows to reject the H,4p in favor of Hj,.

The test statistic chosen to set the exclusion limit is the likelihood ratio:

lnﬁ(data|/"b7 M)

- with 0 < 0 < 5.21
L(datalji,0) == (5:21)

qu = —

where HAM refers to the conditional maximum likelihood estimators of 8 given
the signal strength modifier p, while "data" refers to the set of event yields
n; observed in all bins of the observed variables. The pair of parameter
estimators i and 6 correspond to the global maximum of the likelihood
defined in Equation The lower constraint on [ is dictated by physics
(positive signal rate only), while the upper constraint is imposed by hand
in order to guarantee a one-sided confidence interval. This definition of
the test statistic implies that larger values of g, represent an increasing
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5.3 - Systematic uncertainties

incompatibility between the data and the hypothsized value of pu.

Given a signal strength modifier u, the observed value qzbs is obtained

through the test statistic using the observed data n. In order to quantify the
degree of compatibility of the observed data to the signal plus background or
background only hypotheses, the probabilities for ¢ to be equal or larger

than qzl’s are computed:

CLgtb(p) = Plau = quS|Hus+b)

" (5.22)
CLy() = P(qu = 4" | Hp)

Finally, C'Ls is computed, for the given value of p under test, by the
ratio of these probabilities:

. CL5+b(,U)

CLs(p) = CLy(n) (5.23)

A signal of strength p is said to be excluded at a Confidence Level 1 — «
if CLg(u) < . In the bbr7 search we adopted o = 0.05 and varied the
parameter p until the condition C'Ls(p) < « is met so that the exclusion
limits are always quoted with a 95% Confidence Level. The value of p thus
obtained is converted into a limit on oy x B(HH — bbrT) by simply
rescaling the signal normalization initially fixed.

5.3 Systematic uncertainties

Residual differences between data and MC simulation, due to uncertainties
on theoretical predictions, on unforeseen detector responses as well as on
statistical uncertainties affecting the data-driven methods, result in an im-
perfect knowledge of the modeling of signal and background processes. In
order to properly account for all these effects they are included in the final
fit as systematic uncertainties, described in the likelihood model by nuisance
parameters, as described in Section

Section [£.3.1] describes the so-called "normalization uncertainties" that
only the yield of a given process, either signal or background, while in Sec-
tion the systematics affecting the differential distributions of the final
discriminating variables ("shape uncertainties") are listed.

A summary of the systematic uncertainties considered together with their
value and the processes affects is reported in Table
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5.3.1 Normalization Uncertainties

Luminosity

An uncertainty is applied to all MC simulated processes that are normalized
by the total integrated luminosity collected. Since the normalization value
is the same this uncertainty is considered fully correlated across all sample,
channels and categories. The normalizations of the multi-jet and Drell-Yan
backgrounds are obtained directly from data and thus are not subject to the
luminosity uncertainty. The value is obtained through special Van Der Meer
scans performed during the data taking period and it is measured to be 2.6%
in 2016 [73] and 2.3% in 2017 |74].

Trigger, isolation and identification efficiencies

The trigger, identification and isolation efficiences of electron, muon and
7, candidates are measured from Z — ee/uu/7,7, events as described in
Section 3.2l The uncertainties related to these measurements are consid-
ered uncorrelated across channels since they are specific for each final state
and values or 3%, 2% and 3% are measured for electrons, muons and 7,
respectively.

Tau energy scale

An uncertainty coming from the 7 energy scale knowledge is applied to all
7, candidates. Different values are observed depending on the decay mode
of the candidate and vary between 0.2 and 2.3%. A conservative approach
is adopted by assuming a single value for the energy scale, varying its uncer-
tainty by 3% and evaluating the changes in acceptance after the invariant
mass selections: the overall impact on the analysis is between 3 and 10%
depending on the process and channel considered. A shape uncertainty in
the MT?2 and mgﬁF i distributions is also defined and fully correlated to
the normalization uncertainty.

Jet energy scale

As for the tau energy scale, also jet energy scale uncertainties are taken into
account by measuring the changes in acceptance that occur when the selected
jet energies are shifted inside the boundaries defined by the uncertainty and
by estimating the possible induced changes in the process normalization.
In the bbrT analysis an inclusive uncertainty is applied that represents the
combination in quadrature of 27 different sources that affect the jet energy
scale. The effect of the single sources has been anyway studied in preparation
for the combination of CMS HH searches, as detailed in Chapter [6]

b tagging scale factors
Uncertainties from the b tagging efficiencies as function of jet transverse
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momentum and pseudorapidity are estimated by propagating the uncertainty
on the MC-to-data scale factors and range from 2 to 6% for samples with
true b jets in the final state.

Cross section

Uncertainties due to the imperfect knowledge of the normalization and sim-
ulation are considered for the MC simulated processes. The backgrounds
affected are tt, W + jets, single top, single Higgs and di-boson, with values
ranging between 1 and 6%.

Data-driven techniques

The QCD background, estimated from data in a relaxed control region, is
affected by statistical fluctuations of the number of events observed in the
same-sign sidebands. The uncertainty is modeled with a Gamma function
that depends on both the number of events observed and the k9955 extrap-
olation factor described in Section and ranges from 5 to 30% depending
on the channel and the category.

The uncertainties related to the three correction factors derived in control
regions with 0, 1 or 2 b-tagged jets in order to correct the Drell-Yan Z/v* —
77 contribution are propagated to the signal regions taking into account the
covariance matrix that describes their correlations.

5.3.2 Shape Uncertainties

Tau and jet energy scales

Shape uncertainties are defined fully correlated to the normalization ones for
the jet and 7, candidates energy scales. Alternative shapes for the simulated
processes are computed by varying the scale of the selected objects and
considering the effect of the distributions of the final discriminating variables
MT?2 and mglﬁF it Uncertainties on the energy scales of other objects are
very small given the distributions binning chosen and their total impact is
thus non taken into account.

Top quark pr reweighting
To account for the residual differences in the transverse momentum distri-
bution an event reweight technique is used to derive a systematic uncer-

tainty. In tf events, the weight is computed as w = \/SF(p%F) - SF(p2)

where SF(pr) = P71 while the parameters a and b are provided from the
Top PAG and correspond to 0.0615 and 0.0005, respectively. The nominal
distribution shape is obtained when no reweighting is performed, while the
alternative shape includes the weights and affects mostly the high mass tails
of the distributions.
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Low statistic bins

For any background process, if the ratio between the bin uncertainty and
the bin content itself is larger than 10%, an additional shape uncertainty is
added to the model by allowing to the bin to independently fluctuate around
the observed value. Two shapes are created by shifting the bin content up
and down accordingly to the bin uncertainty value. These uncertainties
are denoted "bin-by-bin" (bbb) uncertainties and mainly affect the multi-jet
process because of the statistical fluctuations observed in the data sidebands
used to estimate the QCD background.

Uncertainty Value Background ‘
Normalization
Luminosity 2.5% all except DY and QCD
Lept. trig., ID and isolation 2 —6% all except QCD
T energy scale 3—10% all except QCD
Jet energy scale 2 — 4% all except QCD
b tagging 2 —6% all except QCD
Cross section 1-6% all except DY and QCD
DY scale factors 0.1 -2.5% DY
Multi-jet 5—30% QCD
Shape
7 and jet energy scale - all except QCD
Top pr reweighting - tt
Bin-by-bin - all

Table 5.3: Systematic uncertainties affecting the normalization or
the shape of differential distributions. For each uncertainty the cor-
responding value and the processes to which it is applied is listed.
DY and QCD represent the Drell-Yan Z/v* — ¢¢ and the mult-jets
backgrounds, respectively.
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5.4 2016 analysis results

In this Section, the results of the bbrT analysis, obtained with data collected
in 2016 at an energy of /s = 13 T'eV and corresponding to and integrated
luminosity of 35.9 fb~!, are reported.

The non-resonant double Higgs production search is conducted both in
the context of the Standard Model and in an effective Lagrangian framework
where it is characterized by anomalous Higgs boson couplings. The produc-
tion of two Higgs bosons through the decay of an heavy resonance instead is
explored in the mass range between 250 and 900 GeV under the hypotheses
of either a spin-0 or a spin-2 particle.

In both cases, the exclusion limits are derived starting from general as-
sumptions on the signal kinematics so that a subsequent reinterpretation of
the limits is possible in different specific BSM models.

5.4.1 Event yields and final distributions

Both resonant and non-resonant searches are performed in three final states
(TuTh, Tety, and 75,73,) and three categories based on the b jet topologies. In
case of the semileptonic channels two differents BDT, Low and High Mass,
are applied to the signal hypotheses mx < 350 GeV and myx > 350 GeV,
respectively.

The number of expected and observed events in each category is sum-
marized in Tables and for the 7,7, channel for the resonant and
non-resonant searches, respectively. Tables and reports the numbers
for the 7,73, channel, while for the 73,7, final state, since no BDT is used and
thus the definition of the signal region is the same for both searches, the
event yields are detailed in Table [5.8]

The distributions of MT2 and mg}?F i used to compute the event yields
and later on to set the exclusion limits, are reported in Figures[5.4] [5.5]and [5.6]
for the three channels.
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Figure 5.4: Distributions of the events observed in the sig-
nal regions of the 7,7, final state. The first, second, and third
row show the 10135, 2605 and boosted regions respectively. Figures
(a),(b),(d),(e),(g) show the distribution of the m" variable and
Figures (c),(f),(h) show the distribution of the MT?2 variable. Points
with error bars represent the observed data, while shaded histograms
represent the backgrounds; finally, solid lines represent the expected
signal yields and are not stacked to the background histograms. The
dashed areas correspond to the systematic uncertainty band of the
background estimates.
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Figure 5.5: Distributions of the events observed in the sig-
nal regions of the 7.7, final state. The first, second, and third
row show the 1b1j, 2607 and boosted regions respectively. Figures
(a),(b),(d),(e),(g) show the distribution of the m& 7 variable and
Figures (c),(f),(h) show the distribution of the MT?2 variable. Points
with error bars represent the observed data, while shaded histograms
represent the backgrounds; finally, solid lines represent the expected
signal yields and are not stacked to the background histograms. The
dashed areas correspond to the systematic uncertainty band of the
background estimates.
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Figure 5.6: Distributions of the events observed in the signal re-
gions of the 7,7, final state. The first, second, and third row show the
1615, 2b05 and boosted regions respectively. Figures (a),(b),(d),(e)
show the distribution of the mEifi variable and Figures (c),(f)
show the distribution of the MT?2 variable. Points with error bars
represent the observed data, while shaded histograms represent the
backgrounds; finally, solid lines represent the expected signal yields
and are not stacked to the background histograms. The dashed ar-
eas correspond to the systematic uncertainty band of the background
estimates.
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7,7y final state - Resonant search

Process By res ‘1b1J Y By res. Tbo‘] N boosted
tt 523.1+19.2 | 507.4£15.5 | 263.5 +11.2 | 267.1£84 | 182+1.0
QCD 266.2 £29.2 | - 245+ 2.7 19.0+£3.7 | 6.3£1.6
Z+jets 373.8+159 | 160.0£6.8 | 40.8+1.7 16.5+£1.0 |3.7+0.1
Wjets 45.0+£2.1 14.1£1.3 1.5+ 0.07 2.8£0.1 0.76 £ 0.04
single top 38.3+3.2 36.8 £2.5 7.6+0.7 10.8£0.7 |23+0.2
di-boson 7.5+0.5 7.5+0.6 1.5+0.1 1.44+0.1 0.75 £ 0.05
EWK W/Z 4.6£0.2 5.1+0.3 0.77+0.04 | 0.85+£0.05 | 0.15+£0.01
SM Higgs 0.72£0.04 | 097+0.06 | 0.46+0.02 | 0.68+0.04 | 0.14£0.01
Tot. exp. bkg. 1259 + 39 732 £ 17 340 £ 12 319+9 32.2+1.9
Expected signal for o(g9 — X) x B(X — HH — bbrT) =1 pb

mx = 300 GeV | 59.6 11.5 47.3 10.2 0.6
myx = 600 GeV | 38.6 264.2 36.5 237.1 55.4
mx = 900 GeV | 23.0 176.3 12.2 127.9 419.6

| Observed data | 1252 782 363 | 318 28

Table 5.4:

uncertainties.

Observed and expected event yields in different sig-
nal regions of the resonant search for the 7,7, final state. Quoted
uncertainties represent the combination of statistical and systematic
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T.Th, final state - Resonant search

Process — res. ‘1b1J _— _— res. ‘QbOJ _— boosted
tt 187.5+6.8 | 227.4+7.3 | 95.2+£4.0 118.7 £ 4.0 8.1+04
QCD 62.7+£6.9 |16.8+33 |68=£21 - 7.34+22
Z-+jets 106.7£5.0 | 59.6 £2.2 | 8.240.7 8.3+£0.4 0.69 £0.03
Wjets 104+09 |103£1.1 | 0.029£0.001 | 0.099 £ 0.004 | 0.45 £ 0.02
single top 146+£1.2 |159+£1.2 |22+0.2 42+04 0.68 £ 0.05
di-boson 3.7£0.2 3.9+04 0.56 = 0.06 0.61 +0.06 0.27 £ 0.02
EWK W/Z 1.2+0.1 0.63£0.02 | 0.093 £0.004 | 0.43 £0.01 0.14 £0.01
SM Higgs 0.26 £0.01 | 0.48 £0.03 | 0.14 +0.01 0.29 £0.02 0.10 £0.01
Tot. exp. bkg. | 387+ 11 3359 113 £5 133+4 17.7+£2.2
Expected signal for o(g9 — X) x B(X - HH — bbr7) =1 pb

mx = 300 GeV | 21.2 6.8 16.2 5.1 0.1
mx = 600 GeV | 15.5 127.5 16.1 118.5 28.0
mx = 900 GeV | 10.6 100.3 5.1 57.3 213.8

| Observed data | 388 316 114 | 123 7

Table 5.5: Observed and expected event yields in different sig-
nal regions of the resonant search for the 7.7, final state. Quoted
uncertainties represent the combination of statistical and systematic
uncertainties.

’ 7,7 final state - Non-resonant search ‘

’ Process res. 1blj res. 2b0j boosted ‘
tt 1617.6 £38.7 | 802.2 £22.4 | 20.0£ 0.9
QCD 443.9+£38.2 [ 80.9+7.0 56+1.9
Z-+jets 629.6 £22.3 | 64.8+29 71£03
Wjets 124.7+ 6.7 4.94+0.2 0.95+0.04
single top 121.9 £ 7.8 220+ 1.5 2.5+0.2
di-boson 183+£1.2 2.94+0.3 0.89 + 0.06
EWK W/Z 9.4+0.5 1.240.1 0.15+0.01
SM Higgs 1.7+0.1 1.14+0.1 0.18 £0.01
Tot. exp. bkg. | 2967 &+ 60 980 + 24 38+2

Expected signal
kx =1 (SM) 0.38 0.33 0.08
ky =20 25.75 20.88 1.12
| Observed data | 3020 996 35 \

Table 5.6: Observed and expected event yields in different signal
regions of the non-resonant search for the 7,7, final state. Quoted
uncertainties represent the combination of statistical and systematic
uncertainties.
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’ 7.7y, final state - Non-resonant search ‘

’ Process res. 1blj res. 2b0j boosted ‘
tt 631.8£16.3 | 311.1£9.3 | 8.9+04
QCD 135.9+11.7 | 6.7 £ 2.1 6.5+ 2.1
Z+jets 213.3+7.0 |202+0.8 |2240.1
W-jets 70.2 £ 3.2 0.42+0.02 | 0.47 £0.02
single top 48.9 £ 3.2 10.5£0.8 | 0.82+0.05
di-boson 7.9+0.5 1.14+0.1 0.42 +0.03
EWK W/Z 3.3+0.1 0.91+0.03 | 0.33 £0.02
SM Higgs 0.69£0.04 | 0.41£0.03 | 0.12+£0.01
Tot. exp. bkg. | 1112 + 22 351 +£10 19.7+ 2.1

Expected signal
kx =1 (SM) 0.16 0.14 0.04
kx =20 10.28 8.26 0.55
| Observed data | 1057 355 11 \

Table 5.7: Observed and expected event yields in different signal
regions of the non-resonant search for the 7,75, final state. Quoted
uncertainties represent the combination of statistical and systematic
uncertainties.

|

T, T, final state - Resonant and non-resonant searches ‘

’ Process res. 1blj res. 2b0j boosted ‘
tt 33.6+1.5 | 16.5+1.1 0.068 + 0.004
QCD 40.6 +7.9 14.5+ 2.8 0.012 +£0.012
Z-+jets 48.7+6.2 | 9.1£1.0 2.2+0.1
W-jets 1.11 £ 0.06 | - 0.031 £+ 0.002
single top 4.24+0.3 0.026 £+ 0.002 | -
di-boson 23+04 0.57 +0.08 0.33 £0.03
EWK W/Z 0.78 £0.04 | - 0.15 £ 0.01
SM Higgs 0.63 +0.08 | 0.38 +0.05 0.14 +0.01
Tot. exp. bkg. 132+ 10 41 +£3 29+0.1
Expected signal for o(g9 — X) x B(X - HH — bbrT) =1 pb
mx = 300 GeV | 20.48 15.03 0.08
mx = 600 GeV | 185.27 165.44 40.51
mx = 900 GeV | 126.17 105.13 379.10
kix = 1 (SM) 0.24 0.21 0.05
ky =20 9.20 7.88 0.60

’ Observed data ‘ 140 ‘ 33 3

Table 5.8: Observed and expected event yields in different signal
regions of the 7,7, final state. Quoted uncertainties represent the
combination of statistical and systematic uncertainties.
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5.4.2 Exclusion limits

No evidence for the presence of signal events is found in the channels and
categories considered, neither in the kinematic fit (m#&#%) nor in the MT2
case, thus, the distributions are used to set upper exclusion limits at 95%
confidence level on o(g9g — HH) x B(HH — bbrT).

Resonant production

In the resonant search the exclusion limits are set on the production cross
section of the resonance times the branching fraction of the decay of the
resonance itself into two Higgs boson (0(9g9 — X) x B(X — HH)), as a
function of the mass mx.

The limits, for the combination of all channels and categories considered,
are shown in Figure under the radion (spin-0) and graviton (spin-2)
hypotheses. The values of ¢ x B excluded vary from 500 to 5 pb depending
on the resonance mass.
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Figure 5.7: 95% CL upper limits on (99 — X) x B(X — HH)
for a spin-0 (left) and spin-2 (right) resonance. The green and yellow
bands indicate the regions containing 68 and 95% of the distribution
of limits expected under the background-only hypothesis. The red

curves indicate the theoretical prediction for the production of a ra-
dion (spin-0) or of a graviton (spin-2) decaying to a HH pair .

Figure [5.§ reports the separate contribution of each channel and cate-
gory in the case of a spin-0 category. Thanks to the higher signal purity,
the 7,75, final state has the best sensitivity for mx > 300 GeV, while the
semileptonic channels, having lower pr thresholds and thus larger accep-
tance, are more sensitive for lower values of my. As expected, the resolved
2005 is the dominant category for masses up to ~ 700 GeV when the frac-
tion of events containing boosted b jets becomes dominant and the boosted
category achieves best results.
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Figure 5.8: Comparison of the 95% CL upper limits separately for
the three final states (left) and for the three categories (right) |75].

These results are reinterpreted in the context of a specific supersymmet-
ric model, the so-called hMSSM. As described in Chapter [I} in models
with two Higgs doublets, three physical neutral Higgs bosons are predicted:
h, assumed to be the 125 GeV scalar boson observed at the LHC; H, a
heavy CP-even scalar assumed to be the heavy resonance object of this
search; A, a heavy CP-odd scalar. The observed results are tested against
the model predictions and a portion of the parameter space, corresponding
to 230 GeV < my < 360 GeV and tan 8 < 2.5 is excluded at 95% CL, as

shown in Figure [5.9

Non-Resonant production

The non-resonant HH production can be parametrized, in an EFT context,
with the five Higgs boson couplings described in Chapter [ Two sets of
results are derived: in the first case assuming as function of the ratio k) /k;
with ¢g = ¢4 = ¢3¢ = 0, in the second one an exclusion limit is set for each
of the 12 EFT benchmarks.

Figure displays the 95% CL exclusion limit on o(g9 — HH) X
B(HH — bbrT) as function of the ratio ky/k;. The observed constraints on
ky, assuming all the other couplings to be k; = 1 and ¢ = ¢4 = ¢34 = 0, are
—18 < k) < 26, for the expected ones being —14 < k) < 22. The observed
exclusion limit in the Standard Model case (ky = 1) is o9 x B(HH —
bbrT) < 75.4 fb, while the expected limit is < 61 fb. These values correspond
to about 30 and 25 times the SM prediction, respectively.

Assuming ¢ = ¢4 = cp4 = 0, double Higgs production is completely de-
termined by the interference between the "triangle" and the "box" diagrams
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CMS 35.9 fb1 (13 TeV)
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Figure 5.9: Interpretation of the exclusion limit in the context of the
hMSSM model. The blue transparent curve denotes the region of the
tanf and m, parameters space excluded by the observation, while
the dashed line and the grey bands denote the expected exclusion
and its associated 68 and 95% exclusion intervals. The dotted lines
indicate trajectories in the plane corresponding to equal values of the
mass of the CP-even heavier scalar of the model mg [1].

described in Section This gives rise to the peculiar shape obtained for
the limit as different values of k) /k; are investigated. At the edges of the
distribution in Figure [5.10} where |ky/k:| > 1, the "triangle" diagram be-
comes dominant and the limits asymptotically tend to the same vale. On the
opposite, towards the value of maximum interference (ky/k; = 2.46), even
small modification of the parameters are responsible for profound changes in
the event kinematic, giving rise to the sharp feature in the limit plot.

The contributions to the exclusion limit of the single final states and
categories are shown in Figure As it was the case in the resonant pro-
duction, also in the non-resonant analysis the 7,7, channel and the resolved
2005 category are the most sensitive.
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Figure 5.10: 95% CL confidence level upper limits on o(g9 —
HH) x B(HH — bbrt) for the combination of the three final states
and three event categories. The two red lines denote the theoretical
cross section times the branching fraction for a value of k: of 1 (SM

prediction) and 2 .
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Figure 5.11: Comparison of the 95% CL expected upper limits as
a function of the ratio ky/k; , separately shown for the three final
states (left) and the three event categories (right) [75].
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The results can be also plotted in the bi-dimensional phase space of the
two parameters as simultaneous exclusion of k) e k; values, as shown in
Figure [5.12

CMS 35.9 fb1 (13 TeV)
x-i—l 1 A‘I"/If‘,l’l LI j/,.l'ﬂ LI I/}xl LI I,l ‘ ‘.\

A
v 4 a

'l_.llll»_‘llll
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Figure 5.12: Exclusion limits in the k) and k; plane. The blue re-
gion denotes the parameters excluded at 95% CL with the observed
data, while the dashed black line and the grey regions denote the
expected exclusions and the 1 and 20 bands. The dotted lines indi-
cate trajectories in the plane with equal values of cross section times
branching fraction that are displayed in the associated labels. The
SM couplings, corresponding to k) = k; = 1, are indicated by the
red diamond-shaped marker [1].

Finally, Figure [5.13] reports the exclusion limits set on o x B for the
twelve EFT benchmarks described in Section [L3.1l The different values for
the limits, obtained in each scenario, are a direct consequence of the variety
of kinematic properties that is generated by different assumptions of the
Higgs boson couplings.
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Figure 5.13: 95% CL upper limits on o(g9 — HH) x B(HH —
bbrT) for the twelve EFT shape benchmarks, the SM and the k) =0
signals [75].
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5.5 2017 analysis

The final analysis strategy for the legacy paper, including all the Run II
data, is not yet completely defined. Nevertheless, the study of 2017 data
allows to design and develop new techniques and algorithms to improve the
search.

In order to asses the presence of signal events or, in case of their absence,
set the 95% confidence level exclusion limits, the C'Lg; method, described
in Section [5.2 is commonly used by CMS physics analysis. However, its
full computation is quite computing expensive, especially in cases like the
HH — bbrT analysis where many different signal hypotheses are tested
against the observed data. In addition, a complete knowledge of all the
uncertainties and their effect on the processes is necessary to obtain proper
exclusion limits. Despite some of the systematics for the 2017 analysis are
already known (e.g. the uncertainty on the integrated luminosity collected),
many more are still to be properly evaluated: in particular regarding the
energy scales of tau leptons and jets, which are known from the 2016 analysis
to be the among the most influential.

Thus, in order to give an estimate of the improvements coming from the
new tools described in this thesis, I will adopt as figure of merit for the sensi-
tivity the estimator Z4 described in Section[5.5.1} Section[5.5.2]describes the
performances of the new BDT discriminant developed for the case of gluon
fusion searches and described in Section [5.1.3] of this Chapter, while Sec-
tion contains some considerations on the VBF selections performances.
Finally, in Section [5.6] I report some suggestion on how to further optimize
these new techiniques and the analysis strategy.

5.5.1 Sensitivity estimators

In particle physics, the quantity s/ v/b has been used to measure the expected
discovery significance. For a process with Poisson distributed events, the
likelihood function can be written

b n
£(s) = EED o (5.24)
n!
Using the test statistic gg defined in Equation and the Wilks’ the-
orm [76], the significance can be approximated in this case as:

Z = /g = \/2 (nln%—l—b—n) (5.25)
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Using the Asimov dataset, i.e. substituting the number of observed data
with the expected s + b, the significance becomes:

Za=f2 (s +0m (142) ) (5.20)

which, when expanding the logarithms in s/b, returns the aforementioned

formula: 5

)

As shown in Figure the formula s/ Vb is usually a good approxima-
tion of the sensitivity obtained with the full statistical C'Ls method described
in Section of this Chapter. Even if the results thus obtained can’t be
used to set proper exclusion limits at 95% of Confidence Level, being much
less computing intensive, the s/ NG approximation represents an optimal ap-
proach to design algorithms and optimize the selections to improve the sen-
sitivity of the analysis.

Z4 (1+ O(s/b)) (5.27)

bb TT, CMS simulation bb it + bb et, + bb 1T, CMS  simulation
5
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Figure 5.14: Comparison of the sensitivity to a 2016 gluon fu-
sion HH signal sample as function of the selection applied to m;
and Anj;.  On the left the sensitivity is obtained through the
approximation 5/\/5, on the right the 95% CL upper limits on
o x B(HH — bbrT). The estimate given by the method is the same
as higher sensitivity is indicated by high values of s/v/b (left plot)
and lower values of C'L, (right plot). In this specific case, given
the fact that a gluon fusion sample is considered as signal, the two
additional jets, to which the selections (m;; and Anj;;) are applied,
originate mainly from the parton shower process or from pileup con-
tributions and are thus focused at low values. When the selections
are tightened, more and more events are rejected and the sensitivity
drops.
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As demonstrated in [77] the s/v/b approximation holds when s < b.
Moreover, if the expected number of background events, b, is not known one
must treat it as a nuisance parameter in the likelihood function. Since b could
be adjusted to accommodate any observed number of events, it would be
impossible to reject the background-only hypothesis unless some additional
information is introduced that constrains b. Usually this is done by means
of a control measurement by counting the number of events in a data sample
where signal events are believed to be absent ("control region"), and where
the mean number of events can be related to the number of background
events in the signal region.

This turns out to be exactly the case of the HH — bbrT analysis, where
the QCD multi-jet background is estimated from control regions (Section
and where in the final signal regions of some categories, such as the 2605 and
the boosted ones, the expected backgrounds yield is also very small.

Following |77], the signal significance can be modified to to account both
the statistical and systematic error on b (o3):

CETILES. )[R o.M ) e

Figure [5.15 shows that both methods agree with the Monte Carlo values
for sufficiently large values of b, but the formula defined in Equation [5.2§] is
clearly in far better agreement for low b.

Zo=[2 (4 om|
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c,/b=0.2,05,1
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Figure 5.15: Comparison, as function of b, of the median discovery
significance for s = 5 obtained both with the s/ Vb approximation
and with Z4. Different values of o;,/b are shown: the upper set of
curves (points) corresponds to the smaller o,/b [77].
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In Sections and thus, the expected significance Z4 defined
in Equation [5.28] will be used to evaluate the performances of the BDT
developed in 2017 for the signal extraction (Section and of the VBF
selections described in Section

5.5.2 Performanced of the gluon fusion BDT

The BDT discriminant described in Section [5.1.3|has been developed to max-
imize the discrimination of bbr7 events originating from the decay of a HH
pair from those initiated by other background processes. A parametrized
learning is introduced in the training depending on the characteristic prop-
erties of the signals investigated: the mass mx for the resonant case, and
the Higgs boson self-coupling strength modifier k) for the non-resonant one.

As an example, Figure[5.16]shows how this approach proves to be an ideal
choice when investigating different signal hypothesis. The BDT output score
distributions are displayed for two out of the three mass regimes investigated:
Low Mass regime with learning parameter mx = 280 GeV on the left and
High Mass regime with learning parameter mx = 650 GeV on the right. In
both plots the distributions for three signals with different resonance masses
(280, 400 and 750 GeV'), are shown superimposed to the backgrounds stack.
It is evident how the introduction of parametrized learning helps the BDT
in discriminating the signal events that correctly match the input parameter
by assigning them a score closer to +1.

CMS  Preliminary 41.6 b (13 Tev) CMS  Preliminary 416 b (13 Tev)
% bb 1,1, — - GF radion m, =750GeV GF radion m, =400Ge! % bb T, — - GF radion m, =750GeV GF radion m, =400Ge
2 baseline — - GF radion m, =280Gev 111 QcD 2 baseline — - GF radion m,=280Gev ] QcD
S o e P S Bl ove s T
E I W+ jets B others E
c c
[ [
> >
w w

-1 -08-06-04-02 0 0.2 04 06 08 -1 -08-06-04-02 0 0.2 04 0.6 08 ‘L
BDT score (11, spin=0, mx=280 GeV) BDT score (1T, spin=0, mx=650 GeV)

Figure 5.16: Comparison of the BDT score distributions for three
resonant signals (radion 280, 400 and 750 GeV'). The left plot shows
the BDT output from a training with learning parameter myxy =
280 GeV, the right one shows the BDT score obtained with learning
parameter my = 650 GeV'.

Usually two different approaches are possible in order to exploit the dis-
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crimination power offered by the BDT: either selecting only the high tail of
the output distribution, thus removing the background dominated low tail
("cut-based approach"), or feeding the full output distribution to the likeli-
hood fit described in Section [5.2] The former case is usually employed when
the final discriminating distributions are dominated by a specific background
that can be removed with a selection on the BDT score, this was the case of
the BDT developed for tt rejection in the 2016 analysis. In the latter case
instead, the full BDT output distributions is fed to the likelihood model and
used as discriminating variable: the main advantage of this approach lays
the fact that the signal events that have a low BDT score aren’t exluded from
the analysis, thus increasing the signal acceptance. This second approach is
the one adopted for the development of the 2017 BDT.

In order to qualitatively evaluate its effectiveness in terms of sensitiv-
ity, the estimator Z4 can be computed in each bin of the distribution and
compared to the same value computed for the variables used in the 2016
analysis. As an example, this comparison is illustrated in Figure for the
non-resonant case. Two signal hypotheses are displayed: the SM gluon fu-
sion (black line), with parameters ky = 1,k; = 1,2 = ¢y = ¢4 = 0, and the
EFT beanchmark 7 (blue line), with parameters ky =5,k =1,c2 = 0,¢4 =
0.2,c94 = —0.2. The distributions show events selected in the 7,7, channel
in two regions, one where no selection on the jets b-tagger is applied, and the
other where both jets are required to pass the medium b-tag working point.
It can be noticed that, as expected, in both the BDT and the MT2 distri-
butions the sensitivity increases when moving to the resolved 2b0j category.
Furthermore, the Z4 values computed from the BDT score distributions are
higher than those obtained from the MT?2 distribution, which is indicative
of an increase in the sensitivity to HH — bbTT events.

5.5.3 Performanced of VBF selections

As described in Section [3.3.3] when defining the "VBF region", the easiest
way to get rid of background contributions without spoiling the signal ac-
ceptance is to apply a selection on the invariant mass and on the spatial
separation of the two jets identified as VBF jets. Figure [5.1§ illustrates the
sensitivity, evaluated with Z4, as a function of the cuts applied on m;; and
An;;. The plot is obtained using a SM double Higgs VBF sample as signal
and the sum of all other the processes as background. As expected from the
VBF event kinematics, the sensitivity increases when the selections are tight-
ened until a certain value is reached (around An;; ~ 6 or mj; ~ 1300 GeV'),
after this threshold the statistics becomes too small also for the signal and
the sensitivity drops.

Once most of the backgrounds are rejected, a BDT is applied to discrim-
inate bbTT events that originate in vector boson fusion processes from those
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Figure 5.17: Comparison of the Z4 estimator values computed
in each bin of the distributions. The upper plots report the BDT
output obtained for a training with learning parameter k) = 1 (SM
case), the lower plots show the MT?2 variable which was used to set
the exclusion limits in the 2016 analysis. Left distributions contain
events selected without any requirement on the b-tagging of the jets,
while right distributions show the resolved 2b05 category.

initiated by gluon fusion. The distribution of the BDT score is shown in Fig-
ure for events selected in the 75,7, channel. A good agreement, although
not yet optimal, is observed between the data and the MC simulation.

To evaluate its performance, the BDT score distributions for the back-
grounds and for some signals are reported in the top plot of Figure for
events in the 7,7, channels selected after the invariant mass cuts on m>; Jit
and my,. As an example, three different signals are considered, one reso-
nant and two non resonant. The former is the VBF production of a spin-0
radion (my = 280 GeV) decaying in a HH pair, while the latter are two
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Figure 5.18: Distribution of Z4 as function of the cuts applied to
mj; and An;; and used to define a "VBF region".

non-resonant VBF samples: one is produce accordingly to the predictions
of the Standard model, the other represents a BSM model where the self
coupling of the Higgs boson (k) ) is set to zero.

The same signals, with the addition of the heavy VBF radion (mx =
750 GeV') are used in the bottom plot of Figure where the sensitivity,
estimated with Z4, is illustrated as function of the cut on the BDT score.
While for the non-resonant samples the sensitivity increases as expected
for tighter selections, for the resonant signals the sensitivity decreases with
tighter selections: this reflects the fact that the BDT was trained using non-
resonant samples only and its application to radion and graviton searches
may not be the the optimal choice.
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Figure 5.19: Distributions of the VBF BDT output scores for events
in the 757, channel. In the top row no selection on the b-tag of the
jets is applied, on the bottom row in the left plot only one jet is
required to pass the medium b tag working point, while in the right
one both jets must be b tagged.
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Figure 5.20: On the top, comparison of the VBF BDT output
scores for background and signal events selected after the invariant
mass cuts on meV it and myp in the 75,7, channel with no additional
requirement on the b tagging of the jets. On the bottom, Z, as
function of the selection applied to the BDT score: as expected, for
tighter selection the sensitivity in non-resonant searches increases.
The decrease observed for resonant signals is due to the fact that no

VBF resonant samples where included in the training of the BDT.
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5.6 Final remarks and future prospects on the

HH — bbrT analysis

Having worked on the HH — bbrT channel since 2016 I was lucky enough to
have the opportunity to participate in the analysis design and development
from the initial approach to the first /s = 13 TeV data, until the end of
the LHC proton-proton data taking period of Run II, officially ended on the
24" October 2018.

This also gave me the chance of understanding what the most critical
aspects of this analysis are and what main issues could represent an obstacle
in its future development. So far, the algorithms and techniques put in
place for the bbrT search have led to excellent results when analyzing 2016
data; the improvements introduced in 2017, that I described in this thesis,
represent their natural continuation on the path to the analysis of the full
Run IT statistics and, in a wider perspective, to the High Luminosity phase
of the LHC (HL-LHC).

Here I wish to briefly summarize some specific aspects that I think should
be the focus of the efforts in the years to come in order to fully exploit the
opportunities offered by an interesting channel such as the bbr7 final state.

Following the structure of this thesis, which in turn mirrors the struc-
ture of the analysis itself, I first comment on the trigger selection and object
reconstruction. Unfortunately, both aspects are strictly driven by the limita-
tions and needs of the experimental apparatus. Despite the upgrade foreseen
for the CMS detector, as we enter the environment shaped by the HL-LHC
collisions, a mean pileup of about 200 proton-proton interactions every bunch
crossing will force the trigger threshold to be raised, with a subsequent loss
of acceptance. Thus, the techniques and algorithms implemented for the
reconstruction and identification of physics objects will play a major role in
maintaining an high selection efficiency.

The SVfit algorithm, applied to reconstruct the H — 77 decays, already
provides very good performances and will profit from the improvement in
the reconstruction of objects like hadronically decaying taus and the missing
transverse momentum of the event. For the former, new discriminators,
based on Deep Neural Network infrastructures, are being studied to reduce
the contamination originating from gluon and quark jets misidentified as 7
lepton and to include different tau decay modes other than those already
considered and detailed in Section 3.1l The reconstruction of MET instead
will benefit from the upgrade of the HCAL calorimeter (HGCAL) that will
provide a finer granularity and a better control of the observable related to
the jets and to the multiplicity of objects in the event.

Regarding the selection of H — bb candidates, the possible improvements
are mainly related to the correct identification of b jets originating from
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an Higgs boson. Beside a better understanding of the object multiplicity
and variables related the object energy, the improvements will come from
the development of new algorithms, either for the b tagging, such as the
DeepFlavour tagger that is being commissioned with Run II data, or through
dedicated MVA techniques designed to identify H — bb candidates.

In searches like HH — bbrT, that are characterized by a small expected
number of signal events, the choice of the "working points" is always a com-
promise between the performance of the discriminators and the statistics
available. Thus, the increase of data collected in Run II, then in Run III
and finally in HL-LHC, will allow CMS to tighten the requirements on the
discriminators to select only the purest events (the 2b0j category in this
specific case) and obtain a better object identification maintaining a good
statistical power.

As anticipated at the beginning of this Section, the techniques developed
in 2017, and described in this thesis, represent a further step in the opti-
mization of the final analysis. The introduction of a BDT discriminator to
be used as input to the likelihood fit has proven to be very effective when
tested on 2016 data, with a gain in sensitivity up to 40% in some chan-
nels and categories. The training of the BDT has been performed on 2016
samples but, due to unavoidable changes in the detector and reconstruction
performances, the input variable distributions and the agreement between
the observed data and the MC simulation may change during the years, thus
the BDT training needs to be upgraded to include the full 20164+2017+2018
statistics.

Moreover, the study of the vector boson fusion (VBF) production mode
is a relatively new field in double Higgs searches; its impact on the overall
bbrT analysis will be better understood and evaluated only when the full
Run IT statistics will be analyzed.

CMS prospects of the bbr7 analysis in the HL-LHC phase (at 3000 fb~1
integrated luminosity), have been recently studied in the context of the Eu-
ropean Strategy for Particle Physics (EuSPP) and reported in the document
CMS-FTR-18-019 |78| and in the Yellow Report CERN-LPCC-2018-04 |79].

Results are projected under the assumptions that events are collected
with triggers and selections similar to those used in Run II collisions, but
with a trigger efficiency of 100% for the reconstructed objects. These as-
sumptions appear reasonable considering the improved capabilities of the
upgraded CMS detector, the usage of track information in the L1 trigger,
and the possibility to develop more sophisticated kinematic triggers to specif-
ically target the HH — bbrT signal.

No specific fitting technique is applied to reconstruct the H — 77 candi-
dates which are simply defined as the sum of the four momenta of the visible
decay products of the tau leptons and the missing transverse energy. Events
are selected for this study only if they contain at least two b-tagged jets, i.e.
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mimicking the 2005 category as defined in Section [3.3.2]

A neural network discriminant (DNN) is developed to separate the sig-
nal contribution from the background processes and its output is used to
determine the expected discovery significance and cross section upper limit
at 95% confidence level. An upper limit on the HH cross section times the
branching fraction of 1.4 times the SM prediction is obtained, corresponding
to a significance of 1.40.

The bbrT final state is combined with other HH decay channels (i.e.
bbbb, bW W | bby~y, bbZZ) to estimate the overall sensitivity. The exclusion
limits are summarized in Table the combined 95% CL upper limit on
the SM HH cross section amounts to 0.77 times the SM prediction, with a
corresponding significance of the signal of 2.60. This result can be directly
compared with the exclusion limit of 12.8 times the SM prediction, obtained
from the combination of all the CMS HH analyses performed with 2016 data
and discussed in Section [6.3]

Channel Significance 95% CL limit on ogp/ 01‘3%
Syst. + Stat. Stat. only Syst. + Stat.  Stat. only
bbbb 0.95 1.2 2.1 1.6
bbrT 1.4 1.6 14 1.3
bOW W (Lviv) 0.56 0.59 3.5 3.3
bbyy 1.8 1.8 1.1 1.1
bbZ Z (£e0r) 0.37 0.37 6.6 6.5
Combination 2.6 2.8 0.77 0.71

Table 5.9: Upper limit at the 95% confidence level, significance,
projected measurement at 68% confidence level of the Higgs boson
self coupling Ay for the five channels studied and their combina-
tion. Systematic and statistical uncertainties are considered. |78§|

Prospects for the measurement of the Ay coupling are also studied
and, under the assumption that no HH signal exists, 95% CL upper limits
on the SM HH production cross section are derived as function of k) =
Aamm/ A?I%H, where )\%]\I{,H denotes the SM prediction. The results are
illustrated in Figure and can be compared to the same exclusion limit
obtained for the combination of all the CMS HH analyses performed with
2016 data and reported in Figure

The High-Luminosity LHC will thus provide a unique opportunity to
study HH production as predicted in the SM and identify possible deviations
induced by BSM physics in the signal cross section and kinematic properties.
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Chapter 6

Combination of 2016 HH Analyses

6.1 Introduction

Higgs boson pairs decay in several channels, each with specific topologi-
cal and kinematic features, that result in different sensitivities to different
regions of the anomalous coupling parameter space and of the resonant in-
variant mass spectrum. A fundamental characteristic of the decay channels,
is the complementarity offered in terms of sensitivity, as displayed in Fig-
ure[6.1]for the non-resonant case. The exploration and combination of several
channels is therefore necessary in order to probe, in the most efficient and
effective way, BSM physics in the context of HH processes.

This Chapter describes the combination of double Higgs searches per-
formed by the CMS collaboration using an integrated luminosity of 35.9 fb~!,
collected for each final state in 2016 |81]. Four different decay channels are
considered, where one Higgs boson decays to a bb pair, and the other decays
to vy |82], 77 |1], bb [83-86] or V'V [87], where V' stands for a vector boson
decaying leptonically. I worked in the context of this combination as the
contact person of the bbr7 final state.

6.2 Analyses description

In Sections [6.2.1] [6.2.2] and [6.2.3] the bby~y, bbbb and bbV'V analyses are
briefly described, while the bbr7 search, which is the object of this thesis,
has been already described in detail in the previous Chapters.
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Figure 6.1: The 95% CL exclusion limits on non-resonant Higgs
boson pair production cross sections for different EFT benchmark
topologies (bins 1 to 12). The last two bins show the 95% CL ex-
clusion limits for the SM and for the k)5 = 0 scenarios. Limits are
shown for each of the four final states separately and for the combi-

nation [80].

6.2.1 bbyy

The bbvy~y analysis is currently the most sensitive to double Higgs production
in CMS. Despite the low branching fraction (~ 0.26%), the small back-
ground contamination and the excellent di-photon mass resolution of the
CMS detector allow for very clean event signatures. In order to maximize
the sensitivity, events are split in categories according to two variables. The
first is the "reduced mass", defined as My = My — M;j — M,y 4250 GeV,
and the second is a BDT discriminator, built from the b-tagging probabili-
ties of the jets, the angles in the HH systems, and the transverse momentum
of the two Higgs boson candidates. The analysis relies on a 2D fit to the
H — bb and H — 7 invariant mass distributions to calculate the exclu-
sion limits. The main background contribution comes from the continuum
N~ + jets and is estimated from mass sidebands, while the modelization
of the other backgrounds, mainly coming from single Higgs events, relies
on Monte Carlo simulations. Given the small event yield, the analysis is
dominated by statistical uncertainty.

6.2.2  bbbb

Among all the possible HH final states, the one with four b quarks has the
highest branching fraction, about 33%. Two different analyses are developed
for the non-resonant and resonant cases. The former is performed targeting
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four b-jets in the final state, and the sensitivity is enhanced by the use of
a BDT technique that exploits jet-related and Higgs kinematic variables.
Further sensitivity is gained adding the final state where one or two Higgs
bosons have a boosted topology. For the resonant case, the analysis is further
optimized to target different resonance masses: below 700 GeV four b-tagged
jets are required in the final state, while for resonances with myx > 1200 GeV,
events are selected only if they contain two "fat jets", where the products
of the Higgs boson decays are actually merged in a single large jet. Finally,
in the intermediate region (700 < mx < 1200 GeV'), the search sensitivity
is improved by considering both the final states with four b-jets and the
case with one "fat jet" and two b-jets. The dominant background in the
bbbb searches comes from QCD multijet production that is estimated using
sideband regions and an hemisphere mixing technique.

6.2.3 bwVV

The bbV'V analysis include the bbWW — bblvly and bbZZ — Clvv final
states, for a total branching fraction of ~ 2.7%. Two main backgrounds
affect this analysis: tt events, estimated from MC simulation, and Drell-
Yan processes in association with jets, estimated from data. In order to
reduce the background contamination in the signal regions, a parametrized
Deep Neural Network (DNN) approach is exploited: in the resonant case the
DNN is parametrized accordingly to the resonance mass, while k) and k;
are used as parameters in the non-resonant search. Signal extraction relies
on the shape of the neural network output binned in three different regions
of the m;; spectrum, while the main source of systematic uncertainty arises
from the b-tagging efficiency and the electron identification.

6.2.4 Analyses cross-checks: the bbrt7~ case

When combining various analyses in a single result it is important to take
into account all the possible correlations. In this Section, as an example,
only the bbrT case is detailed.

Special care must be given to the estimate of the phase space of the differ-
ent searches involved in the combination, due to the fact that any overlapping
event represents a potential double count contribution. By construction the
bbrT and bbV'V channels are mutually exclusive, since the former applies a
"third lepton veto" in its selections, rejecting every event where a second
electron or muon is found, while the latter explicitly requires in the final
state the presence of two leptons (e or i) coming from the decay of the Z or
W bosons.

Even if the fraction of events firing the trigger requirements for the bbbb and
bbrT analyses is significant, less than 1% of bbrT selected events have four
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b tagged jets and, at the same time, less than 1% have hadronic taus that
could be misidentified as b jets. The few bbrT events still passing the bbbb
analysis selections are anyway kinematically very different with respect to
pure bbbb events, and are therefore pushed to low values of the BDT score
where their impact on the final result is very limited, if not null at all.

The treatment of systematic uncertainties and its inclusion in the final
fit is better detailed in Section [6.3] while here only the special case of the
bbrT jet energy scale (JES) systematics is described.

Jet energy corrections are a common feature in CMS double Higgs searches,
since all of them require the presence of at least two jets in the final state.
The systematic uncertainty related to these corrections can be split in 28 dif-
ferent sources that affect the JES estimation in both the rate and the shape
of the final observables considered. In the bbrT result published in |1], the
jet energy scale systematics were applied inclusively: the cumulative effect
of all the JES sources both on yield and shape was applied to the different
signal and background processes. In order to properly correlate the JES un-
certainties across the different channels, the effect of the 28 sources has been
evaluated independently. The dominant effect comes from the yield varia-
tion, but it remains well contained to less than 3 and 4% for the signal and
tt background process, respectively. The shape effects from the individual
sources have been verified to be negligible, as shown in Figure [6.2] for a signal
sample and for the ¢ background.

It was thus decided to introduce in the final fit 28 nuisances affecting the
normalization of the processes and one uncorrelated shape uncertainty that
covers the cumulative shape effect of the JES.

6.3 Statistical combination and results

For both the resonant and non-resonant searches, likelihood fits are per-
formed using as parameter of interest the signal strength modifier u, defined
as the ratio between the observed and expected signal rates, and estimated
with its corresponding confidence interval via the profile likelihood ratio
test statistic. The expected value for the signal strength is assumed to be
the Standard Model gluon fusion double Higgs cross-section, which corre-
sponds to 33.49 fb. For all measurements, the Higgs boson mass is fixed
at my = 125 GeV and its branching fractions are assumed to be equal to
the Standard Model predictions. Systematic uncertainties and their corre-
lations are modeled in the test statistic by introducing nuisance parameters
described by likelihood functions that express the various experimental and
theoretical uncertainties.

A proper handling of the systematic uncertainty sources and their correla-
tions is particularly important when combining the various analyses entering
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Figure 6.2: The bbrT alternative shapes of the MT2 variable in the
2005 category. The prp, and 7,7, decay channels are shown on the
left and on the right, respectively, for the Standard Model HH signal
(top) and the tt background (bottom).

the double Higgs combination. Some of the systematics are assumed to be
fully correlated across the different channels, for example the uncertainties
on the integrated luminosity and on the total cross sections of the common
background processes, or the theoretical uncertainties affecting a, the PDFs
and the finite top mass effects in next-to-next-to-leading order calculations.
Some uncertainties, related to the reconstruction and identification efficien-
cies, and to the energy scale corrections, are assumed to be fully correlated
across the channels that use the same objects. Others are related specif-
ically to a single final state, such as the uncertainty on the same sign to
opposite sign candidate ratio used in the bbr7 analysis, or the photon iden-
tification, selection and resolution uncertainties, relevant only for the bby~y.
Uncertainty sources related to the b tagging process are considered the same
across all analyses except for the non-resonant bbbb search that makes use of
a different b tagging algorithm.

In total, more than 450 individual nuisance parameters are identified and
included in the final fit. The main sources of systematic uncertainties come
from the bbbb and bbrT analyses, that have similar sensitivity. In particular,
the normalization fluctuations in the most sensitive bins of the bbbb BDT
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and the 7 energy scale effects in the bbr7T analysis are the systematics with
the largest impact.

Once all the correlations across the different channels are included, the
observed and expected exclusion limits at 95% confidence level on the non-
resonant double Higgs production signal strength are measured to be 22.2
and 12.8 times the Standard Model predictions, respectively. A scan is per-
formed for different values of the kj parameter, that impacts not only the
HH production cross section but also the kinematic properties of HH events.
When keeping all the other parameters fixed to their SM value, the k) pa-
rameter is observed to be constrained in the interval 11.8 < k) < 18.8 at
95% CL, for an expected value of 7.1 < k) < 13.6. Figure illustrates
the exclusion limits in the SM case for the individual channels and their
combination, and the scan as function of k.

CMS supplementar
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Figure 6.3: On the left, 95% CL exclusion limits on non-resonant
Higgs boson pair production for the individual channels and their
combination. On the right, the exclusion limit as value of k). The
green and the yellow bands indicate the regions containing 68 and
95%, respectively, of the expected limits distribution [81].

The resonant search is performed for either a spin-0 or a spin-2 resonance
and no significant excess of events is found. The range of masses investigated
in the different searches spans from 250 to 3000 GeV. The results are com-
bined and displayed in Figure for both the spin hypothesis.

In light of these results, it is clear that the combination of different HH
analyses is a fundamental tool in order to explore the scalar sector of the
Standard Model by fully exploiting the Run II collected statistics, and even
more so in view of the High Luminosity phase of the Large Hadron Collider.
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6.3 - Statistical combination and results
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Figure 6.4: Expected (dashed) and observed (solid line) 95% CL
exclusion limits on the production of a narrow, spin-0 (left) of spin-2
(right) resonance decaying into a pair of Higgs bosons. The green
and the yellow bands indicate the regions containing 68 and 95%,
respectively, of the expected limits distribution .
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Appendix A

2017 search: BDT input variables

This Appendix reports the agreement between observed data and MC
simulation for a more extensive set of the input variables of the 2017 analysis
BDT. Plots are shown for events selected in the 7,7, final state in the 1b1j
category. A general good level of agreement between data and MC can be
observed.
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Figure A.1: Distributions of some representative BDT input vari-
ables for events selected in the 7,7, channel in the 1b1j category.
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Figure A.2: Distributions of some representative BDT
input variables for events selected in the 7,7, chan-
nel in the 1blj category. Here mp is computed as
_ : total
mr(z,y) = /2 pr(x) pry) - (1 - cosb(z,y)), while mf

\/m%(Tl, MET) + m%(TQ, MET) + m%(n, T2).

176



CMS  Preliminary 416" (13 Tev)
g Fom .
2 3001 s
5] r [ Others
Lﬁ 250} e Data
200 E:
150}~
100 =
50 }t .
. -
0 ;;—_ % 0le o 4 I . .
o, [ Iy
] PO—— - =
“E 05 54 L Il Il L L ‘\ T L =
8 0 200 400 600 800 100012001400160018002000
InvariantMass(th,H‘I"f)
CMS  Preliminary 416 b (13 TeV)
g 240 ? bb bt [ QCD
2 220 161 ik
£ 200F v
Lﬁ 180 ; e Data
160f- i
o |
120F
100 =
80 c
60F- .
40F- -
20F- &
0 Q@M

800009000840y g-

Data/Bkg
o
(%) % (%)

| S | I I L L L I L
0 200 400 600 800 100012001400160018050\1%00
InvariantMass(H_,H>"™)
bb’ Tt
. CMS  Preliminary 41.6 fb™ (13 TeV)
5 [ bb [ QCD
% 350 F lbfjn — 3V+]ets
S F W+ jet
< 300[- = oners
w o e Daa
250;
200
150
100f o3
S50 =%
0 R L la.al
2asE
% 1 e > = . 0 *
g 05; L L L Il L L L L L *
-1 -08-06-04-02 0 02 04 0.6 0.8
cose(be,MET)

Figure A.3: Distributions of some representative BDT input vari-
ables for events selected in the 7,7, channel in the 1b1j category.
Here HT represents the scalar sum of the transverse momentum of

0

CMS  Preliminary

41607 (13 Tev)

Events/80.0
N N
o a
o o

-
15
o

100

50

[ Qeb
N DY +jets
it
W+ jets

N Others
e Daa

. I .

0
21 4
Q . b |
Zosk S 2 LE L PR
“E | | | | | | | |
Q0 200 400 600 800 100012001400 160018002000
InvarlantMass(be,MET)
CMS  Preliminary 4167 (13 Tev)
i | bbut [ Qep
o o 1b1] | Ev +jets
o 600~ W +ets
8 F [ Others
m I . Data
£ 500 i
[7) .
>
* 400

100 Lo
;‘ e
0 n L e e
5

215f
2 et 6.0 8 00 o8 0 oo o
g 05 I | | | | | |

0 50 100 150 200 250 300 350 400

CMS  Preliminary

HT [GeV]
41.6 b (13 TeV)

N bb pt e co
"
goooo 101 = v jets
w t:
£8000 = e

.l

e Data

|
15 2 25 3
AQMETH,)

all jets with pp > 20 GeV, excluding the two selected b-jets.

177



Chapter A - 2017 search: BDT input variables

178

CMS  Preliminary

41.6 o™ (13 TeV)

> F CcD
v 800l bb pt [ Q
g E 1b1j 1 t[‘gv +jets
g - . W it
S 700 = 1 onrel?ss
= F e Daa
c 600
& E
> F =
W 500
400
300 iﬁ
F -]
200f+ B
F .
100 ..
§ e
0
215F
% J_E‘.jftt"."i...".j P - ¢‘++*}
g 05§ L ! L
0 50 100 150 200 250 300 350
MET [GeV]
CMS  Preliminary 416" (13 Tev)
2 500 bb pt = oo
S [ by — it
2 s
B I Others
2 400f- e Data
m I B
300 [ &
200 —E =
> -
100~
C .
i~
Oi e biaesl " |
21sF
0 Becess o0
3 o5E “ees,
s CE o e
0 100 200 300 400 500 600 700 800
P
T
CMS  Preliminary 416" (13 Tev)
> [ bbpt [ QCD
0] E b1 h [ DY +jets
o 600[ 10l @
4 o W+ jets
=t} o [ Others
3 F e Dam
2 500[-
S r
> F
W 400F
300 i =
Foe .
200~
r E .
100} = -
£ e
= S 4=ty
215
2 15 . O
g 0.5F | | | | \
0 50 100 150 300

200
S""‘(Hrr) [GeV]

CMS  Preliminary

41.6 fb™ (13 TeV)

&5000[ bb pr, = oo
2 1b1j =t
§0000 o
w e Data
25000
20000f :
15000
10000 =
5000f— L
£
0 a%ie el
215F
2 e
g 0.5 ;
0 1 2 7 8 9 10
An(H ,MET)
bb
CMS  Preliminary 41.6 b (13 Tev)
2 Fobw [ QCD
S 800F- 1b1j o Ry
= F W+ jets
E, 700F [ Others
LI>J F o e Data
600 Eﬂ
500
400F- | B
300
200;
- -
1003:
21sE 3
g E T
go'sg\HH\HH\HH\‘H%\H‘ P -
0 100 200 300 400 500 600 700 800
P
CMS  Preliminary 416 b (13 Tev)
>
1000 bb pt m QCD
o L 1b1j h -Ev jets
2 r — W jets
r — Oth
< 800 o bda
27t
e [
* 600/~ E =
4oo—c -
L .-
ZOOE .
+ .-
R TR T
21sE
o S T
fg 05¢ I I L I I hd
0 50 100 150 200 _ 250 300

pYe) [GeV]

Figure A.4: Distributions of some representative BDT input vari-
ables for events selected in the 7,7, channel in the 1b1j category.
Here p¢ and pms are defined as p; = (pr (1) +pr(m) + MET)-¢ and

VLS
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= (pr(m1) + pr(m2)) - €, where C is a unit vector in the direction
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