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1. Introduction

1.1 Scope of this HDR

This Habilitation a diriger des recherches (HDR) is an overview of the research acti-
vities I carried out since the defence of my PhD thesis in October 2010. Because it takes place
within the framework of the ATLAS collaboration, this content benefits from being put into the
perspective of the LHC data taking schedule which timeline is illustrated on Figure 1.1 and put
in parallel with my activities on Table 1.1.

When writing this document, one of my intention was for it to be self-explanatory and not
too obscure to scientists who are not experts to the field of particle physics. In the attempt to
be understandable to a wider audience, I included an index at the beginning of the document
which the reader is encouraged to make use whenever facing an unclear terminology.

This HDR is structured in three distinct thematic parts that also unroll chronologically.

Part I describes all of my activities involving physics with photons. After providing necessary
introductory notions about how photons are reconstructed, identified and isolated in ATLAS
(2.1), it relates my involvement in the photon efficiency (2.2) and the standard model di-photon
cross section (2.3) measurements, and finally for my part in the search and discovery of the
Higgs boson (3.1) as well as the measurement of its first properties, specifically its spin (3.2).
This corresponds to my first post-doc at the Laboratoire de Physique Nucléaire et des hautes
Energies (LPNHE) in Paris which covers a period of time from early 2011 to mid-2013 and a
dataset of 37 pb~! of 7 TeV data and ~ 25 fb~! of 7 and 8 TeV data.

From mid-2013 until mid-2017 I was employed by the University of Rome, La Sapienza, and
then very briefly by the University of Texas Austin, being based in Italy for two years and then at
CERN as a simi-fellow for another two years. During that entire time I focused my efforts towards
the observation of the Higgs boson produced in association with a pair of top quarks (¢t¢H) in
view of the top-to-Higgs Yukawa coupling measurement. Part II of this document is dedicated
to explaining my interest and contributions to the tH process by first providing motivations for
it in chapter 4, then detailing in chapter 5 the final state with leptons which has been my focus,
to finally put it into the perspective of my contributions to the ttH statistical combination of
all final states and providing it for general Higgs bosons couplings measurements in chapter 6,
which also include the adaptation of the analysis into a search for beyond standard model flavour
changing neutral currents. These results use LHC data ranging from the ~ 24 fb=! of Run 1 to
80 fb~! of Run 2 data.

The analysis of the totality of the 140 fb~! of Run 2 data and preparation for Run 3 is
treated in part III of this HDR as my research project and plans. It encloses a chapter about
possible improvements of the t#tH — ML analysis (chapter 7), prospects about the future of
Higgs boson couplings measurements (chapter 9) and potential object reconstruction performance

10



1.1. Scope of this HDR

improvements (chapter 8). These future activities will take place at the Laboratoire de Physique
des Particules et de Cosmologie (LPSC) in Grenoble and University Grenoble Alpes where I was
hired as a Maitre de conférence in September 2017.

All of this research took place within the ATLAS experiment. The detector as well as pro-
blematic of pile-up at the LHC is quickly described in sections 1.2.1 and 1.2.2. The theoretical
context around the Higgs boson that captures most of the topics treated in this HDR is explained
in section 1.2.3.

Runl Runll HDR Run llI HL-LHC
25fb' @ 7-8 Te 140 fb' @ 13 Te 150 fo' @ 13-14 TeV
6x1033 cm2s™! 2x10% cm2s™! 2x103% cm2s-"
<u>=20 <u>=34 <u>=55
Phases du 2013-2015 2019-2021 2025-2026

LHC

FI1GURE 1.1 — Time-wise position of the HDR with respect to the LHC schedule.

Year Run # NE L ‘ () ‘ Documentation ‘

2007 Cosmic muons

2008 Splash events Thesis [1]

2009 First collisions 900 GeV 9 ub~1t

2010 37 pb T

2011 7TV T H—yy1

2012 Run 1 8 TeV 20 fo=1 | 20.7

ttH 11

2013-14 Shutdown

2015 36T | 134

2016 33 fb ! 25.1 ttH 11

2017 Run II 13 Tev 4 fo T | 378

2018 59 fb=1 | 37.3 Project III
2019-2020 Shutdown

2021 Run 111 | 13/13.5/14 TeV 7 [ 150 fb- 17 ]| 557 | Project I

TABLE 1.1 — Summary of ATLAS recorded LHC data, integrated luminosity (L), average number
of interactions per bunch crossing ({(x)) and chronology of work.

HDR - Marine Kuna 11



Chapitre 1. Introduction

1.2 General introductory notions

1.2.1 Instrumental setup

The ATLAS ! experiment [2] is one of the four detectors (ALICE, LHCb, CMS, ATLAS) of
the proton-proton collider LHC ? at CERN 3, Geneva. ATLAS is a multipurpose particle detector
with a forward-backward symmetric cylindrical geometry and nearly 47 coverage in solid angle.
It uses a right-handed coordinate system with its origin at the nominal interaction point (IP)
in the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP
to the centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) are
used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudo-rapidity
7 is defined in terms of the polar angle 6 as n = —ln(tan(g)). Angular distance is measured in
units of AR = \/An? + A¢? (see Figure 1.2b).

ATLAS consists of an inner tracking detector surrounded by a superconducting solenoid
providing a 2 Tesla axial magnetic field, electromagnetic and hadron calorimeters, and a muon
spectrometer (see Figure 1.2a). The inner tracking detector, covering the pseudo-rapidity range
In| < 2.5, is made of silicon pixel and silicon microstrip tracking (SCT) detectors inside a
transition-radiation tracker (TRT) that covers |n|=2.0. It includes since run 2 a newly installed
innermost pixel layer, the insertable B-layer. Lead/liquid-argon (LAr) sampling calorimeters,
also called EM calorimeters provide electromagnetic (EM) energy measurements up to |n| <3.2,
from which up to |n| <2.5 with high granularity and longitudinal segmentation thanks to the
presence of the first layer. A hadron calorimeter consisting of steel and scintillator tiles covers
the central pseudo-rapidity range (|n| <1.7). The end-cap and forward regions are instrumented
with LAr calorimeters for EM and hadronic energy measurements up to |n|=4.9. The muon spec-
trometer surrounds the calorimeters and is based on three large air-core toroid superconducting
magnets with eight coils each. It includes a system of precision tracking chambers (|n| <2.7) and
fast detectors for triggering (|n| <2.4). A two-level trigger system is used to select events. The
first-level trigger is implemented in hardware and uses a subset of the detector information to
reduce the accepted rate to a design maximum of 100 kHz. This is followed by a software-based
trigger with a sustained average accepted event rate of about 1 kHz.

From 2026, a high luminosity upgrade of the LHC, the HL-LHC is expected to provide colli-
sions with a few times higher instantaneous luminosity (see figure 1.1). Luminosity levelling will
be used, that modifies the beam characteristics, like crossing angle and focus, to momentarily
lower the instantaneous luminosity at the beginning of runs in order not to go beyond upper
limits tolerated by triggers. Thanks to this technique, the average, and therefore the integrated
luminosity is expected to be much larger. All experiments are preparing for their instruments
to be ready for this phase. In particular, ATLAS inner tracker will be entirely replaced during
the phase 2 shutdown. France is highly involved in the construction of the new all-silicon inner
tracker (ITK), designed to cope with the increased occupancy and radiation environment while
improving the tracking performance. The analyses described in this document rely on the compa-
rison of Monte Carlo simulations (MC) with LHC data to establish the existence of new particles,
and properties of existing production and decay processes. Particles are produced by generators
(MadGraph5 aMC@NLO [3], Powheg [4], Sherpa [5, 6] ...), pass through showering algorithms
(Pythia 6/8 |7, 8], Herwig+-+/7 9] ...), and in a third step interact with a full simulation of the

1. A Toroidal LHC ApparatuS
2. LArge Hadron Collider
3. the European Organization for Nuclear Research
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1.2. General introductory notions

Muon Detectors Tile Cul&\:rimeter Liquid Argon Calorimeter

vertical direction

X ™ /
\ \\_ / center of the LHC
1 | \ . \\\
| Solencid Magnet Pixel Detector ™~
Toroid Magnets SCT Tracker TRT Tracker beam axis
(a) ATLAS detector (b) n = In(tan(%))

F1GURE 1.2 — ATLAS sub-detectors scheme and coordinate system .

above described ATLAS detector based on GEANT4 [10].

The LHC being a hadron collider, events of interest are buried in a background of low momen-
tum strong interactions on top of the hard-scattering processes. Underlying events are multiple
interactions and initial or final state radiation (ISR/FSR) arising from the same pair of col-
liding protons as the process of interest. Pile-up or minimum bias entails anything produced
by proton-proton collisions in the same and nearby bunch crossings outside the p-p process of
interest.

Simulated events are generated and reweighed to match the pile-up conditions observed in
the data and are reconstructed using the same procedure as for the data (see section 1.2.2).

The work described in this document is entirely obtained analysing collision data recorded by
the ATLAS experiment. Results are often compared to equivalent studies performed by similar
multipurpose experiments, either based on previous generations of colliders like LEP 4 and the
TeVatron ® for DO and CDF, or from the LHC-based CMS (Compact Muon Solenoid) built toge-
ther with ATLAS to fully validate discoveries with two independent datasets and instrumental
setups.

1.2.2 Luminosity and in time pile-up

The luminosity, expressed in inverse barns (where 1 barn = 10724 cm?), is given by £ = o (p1)

where n;, is the number of bunch crossings, (u) is the bunch-averaged pile-up parameter and g;:ell
is the cross section of inelastic proton-proton collisions. Luminosity measurement at the ATLAS
detector is detailed in [11]. In-time pile-up, due to the increase of the instantaneous luminosity
and thus the occurrence of more numerous interactions per bunch crossing (see Figure 1.3),

causes an accumulation of tracks in the inner tracker and muon chambers, and an accumulation

4. Large Electron Positron collider at CERN (1989-2000), most powerful lepton collider built up to date
(v/s=209 GeV) and its four detectors : ALEPH, OPAL, L3 et DELPHI.

5. Proton anti-proton collider at Fermilab in Chicago (1987-2011) with an energy in the centre of mass close
to 2 TeV

HDR - Marine Kuna 13



Chapitre 1. Introduction

of energy deposits in the calorimeters. Sub-detectors are also sensitive to the out-of-time pile-up
arising from the collisions period (a bunch collision every 25 ns, ie a frequency of 40 MHz) being
shorter than sub-detectors response time, that is the time spent going back to their baseline.

=.~ 1807_“ LN L L L B L L L B L L B \\_7 fol 60074& L L I L L L L L B L t
8 gob ATLAS Online Luminosity 4 8 [ ATLAS Oniine, 13TeV  [Ldi-146.970" 7
a B [ \5=8TeV, [Ldt=20.8 0", 9> =207 3 g 500/ 2015: qu> = 134
> M40 3 Vs=7TeV, [Ldt=521" <u>= 9.1 = E 2016: <> =251
@ = 3 D 400 [ 2017:<p>=37.8 ]
2 120p 1 e r 0 2018 <u>=361 7
E 100F 3 £ C [ Total: <u>=337 J
3 F 3 3 300 —
3 8o E 3 r ]
° E J o L 7
S 60 — G 200 7
Q c | [$]
(7] = ] D C B
14 40— - o C 13
F | 100 C - %
201 B N J%
obd N TS 3 A Selce s T L .
0 5 10 15 20 25 30 35 40 45 20 80
Mean Number of Interactions per Crossing Mean Number of Interactions per Crossing
(a) Run 1 < p > 2011-2012 (b) Run 2 < p > 2015-2018

(¢) Nytz = 25 Event display

FIGURE 1.3 — Average number of interactions per bunch crossing () for run 1 (top left) and
run 2 (right) [12] and example of an event display for a Z — e*e™ candidate with a number of
vertices Ny = 25 (bottom) [13]
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1.2. General introductory notions

1.2.3 Theoretical context

As one of the major items on the LHC physics program, and the main topic of study of this
document, the theoretical section will focus on the Higgs mechanism. Indeed a large part of my
work is related to the discovery of the Higgs boson (Section 3.1) and the study of its properties :
in particular the spin (Section 3.2) and coupling to top quark (Section II) which motivation to
measure is also provided here.

Until 2012, the Standard Model of particle physics was almost complete apart from the
unexplained observed masses for the W* and Z° bosons, which are expected to be massless in
order to respect the gauge invariance of the electro-weak group SU(2)r x U(1l)y. An electro-
weak symmetry breaking mechanism (EWSB) must be introduced in order to explain that only
the electro-magnetic group remains invariant, the photon being massless : SU(2), x U(1)y —
U(1)gas- One of the mechanisms to break electro-weak symmetry breaking is to introduce a Higgs
field giving their mass to the other elementary particles. This field was theoretically predicted
in 1964 by Higgs, Englert and Brout [14, 15, 16, 17, 18, 19]. The simplest field needed for the
symmetry breaking is a complex doublet of scalar fields :

ot = $1tiga
¢= <¢0 — <Z>3\-&\-/[i§¢4> (1.1)
2

The Lagrangian Zp;44s of the Higgs field ¢ is given by the subtraction of the kinematic (T) and
potential (V) terms :

Liiggs =T =V = (Do) (Do) = V(| ¢ *) (1.2)

where D,, is the covariant derivative defined as D, = 9, — ig'Y' B,, — i%gWy (a = 1...3), g’ and
g the respective coupling constants of U(1)y and SU(2)r. By, and W} here represent massless
gauge bosons, and o, are Pauli matrices, representation for the SU(2) group.

Potential term to the Higgs field : Higgs mass, self-coupling and quartic coupling

The Higgs potential is written :

V(o)=u’ o +x]o " (1.3)

where ;2 must be negative in order to have a symmetry breaking as opposed to a minimum of
potential for ¢ = 0, and the quartic coupling A must be positive in order to ensure the stability of
the vacuum. The potential minima are found by solving 627((;)) = 0. A continuum of solutions is
found and illustrated in two dimension instead of four by the famous Mexican hat on Figure 1.4.

These solutions verify :

/_Iu2 v
V | ¢Vmin |2 = H = ﬁ (14)
where
2
v= —“7 (1.5)

is the value of the Higgs field in vacuum, or vacuum expectation value (vev). Its value is known
and measured to be v = 246 GeV thanks to its relation to the Fermi constant directly at work in
the muon decay p — e~ + Ue + v, or, modulo other effects, in the well measured radioactive /3

HDR - Marine Kuna 15



Chapitre 1. Introduction

2 . . .
decays such asn —> p+e~ +0.. Gp x 73—2 is proportional to m% because a W boson is exchan-
w w

ged, and g2 because of the presence of two electroweak vertices of amplitude g (n — p+ W~ and
W~ — e~ + 7). Once the mass of the W boson is injected, one can see the Fermi constant is

2 2
inversely proportional to the square of the vev : Gp x Tg—z X T 5%2 x ;%. The value of the vev
w1

sets the scale of the electro-weak symmetry breaking around a few hundreds of GeV.

The hypercharge Y is taken to be 1 in equation 1.1, since as it is shown below it allows
U(1)gar to stay unbroken. The first component of the Higgs doublet ¢™, with an isospin T3 = %
has therefore an electric charge Q = T3 + % = % + % = +1, whereas the ¢° component of isospin
T3 = —% is neutral : Qg = T3+ % = —% + % = 0. In order for the U(1)gps symmetry to remain
unbroken, there must be a local conservation of the electric charge. The vacuum expectation
value of ¢t must be 0, and the neutral part of the field must develop around the field minimum
v (vev) ¢p3+ipy = h+wv. Although the ¢3 and ¢4 components of the Higgs field can both take part
of the vacuum expected value, the field can be rotated with a gauge transformation of any angle
so that h becomes real, so that one can attribute the Higgs field entirely to the real component
¢3 = h + v and set the complex one to zero ¢4 = 09, resulting in :

¢ =0
¢0 _ ¢3+ids _ v+th
V2 V2
The expression once re-injected in the expression of the potential in equation 1.3 implies, when
developed and factorised again by orders of the Higgs field h :

V(¢) = p?(v+h)? + A(v + h)*

2 2
=—u (02 + /L) — 1*h? + Hops +
2 2 v
From that expression of the Higgs potential, the term remaining constant as a function of the
Higgs boson potential A could be part of the cosmological constant contributing to the vacuum
energy [20]. The Higgs mass is attributed to the quadratic term through a canonical normali-
sation : %m% = = m,% = —2u%. The Higgs boson has therefore a mass resulting in the

Higgs boson’s field coupling with itself :
mp =/ —2u2 = V22 (1.7)

The Higgs boson mass is not determined by theory, but the vev is. The free parameter here is A
which is determined once the Higgs boson mass is measured experimentally. The A% and h* terms
are respectively the trilinear and coupling terms, representing the interaction amplitudes
of the Higgs boson decaying to two Higgs bosons H — HH and a four-Higgs-boson interaction
HH — HH.

From equation 1.5 the parameter p can also be expressed in terms of the vev v so that

u? = —v%)\, and reinjected in the potential :

(1.6)

1
V() = C + M?h? + \vh3 + 1”14

. ) (1.8)
=C+ 5m%LhQ + A3h® + ZA4h4

6. The three fields/degrees of freedom left aside : ¢1, ¢2 and ¢4 result into three Goldstone bosons, absorbed
as the longitudinal polarisations of the W+, W~ and Z° bosons.
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1.2. General introductory notions

A is thereafter called the quartic coupling but intervenes also in the Higgs self-coupling term
and the Higgs mass term. It appears as a consequence the trilinear Higgs coupling A3 and the

quartic coupling A4 are both entirely determined through the Higgs boson mass measurement
2

% =XM== 217’5 Any deviation from the expected value of A means that the Higgs field does

not follow a mexican hat potential, which is the motivation for the Higgs self-coupling measure-

ment discussed in section 9.2.

V(¢)

>\ w
Re(¢)

FIGURE 1.4 — Higgs potential in the complex plan.

Kinematic term to the Higgs field : interaction with gauge bosons

When developing the kinematic term from the Higgs lagrangian :

(D,d)(D")' = (0,6 — igY B — i gW,i6) (06 — ig/qB'é — i gW ™)'

0
replacing ¢ by its value <v+h>, and after simplifications of some arising terms, five types of
V2

contributions appear :
o %éWb@“(b, that is the propagation term for the Higgs boson h
o +¢9"Y?B,BMv? (%92W§W“’“v2), a mass term for B, (W). That results in the Higgs field
providing a mass to vector bosons and resolving the issue of the electro weak symmetry
breaking : mp = \/¢?Y?v2=¢ | Y | v
o % g’QYQBMB“hv, that is a trilinear coupling between h and B,,, like for instance the decay

of the Higgs boson into two B vector bosons with a coupling
mi

A\p =¢%Pv="EL (1.9)

thanks to the expression of mpg stated above.

o % g 2YQBLLB”hQ, that are quartic interactions between two scalars h and two bosons B,,.

In fact B, and Wg’ are not the mass eigenstates as they appear to mix through a term

B
(B, W 3)///2 (W’f),) where .#? is a diagonal symmetric matrix. This matrix can be diagonalised
o

HDR - Marine Kuna 17



Chapitre 1. Introduction

with a rotation by an angle 8y called the Weak angle. Through this matrice’s eigenvalues, physics
fields associated to the photon and the Z° boson can be introduced as combinations of the B,
and Wj bosons :

7% = cos(Oy )W? — sin(6y)B

A = sin(Ow )W?3 + cos(Ow)B (1.10)
Ow and the g and ¢’ coupling constants are related through :
g sin(Ow) = ¢'cos(Ow) = e (1.11)

where e is defined as the coupling constant of field A associated to the photon with charged
fermions : namely the electric charge. Similarly W* are a combination of Wl} and Wﬁ bosons :

IVi::JEGV1$iWﬂ) (1.12)

Photons remain massless because the U(1) gy symmetry is preserved, whereas the weak bosons
W and Z acquire a mass by the Higgs mechanism :

1
mwy = sv
S S T (1.13)
Z_QCOSOW g_cosew

explaining the electro-weak symmetry breaking.
Yukawa coupling to the top quark

The Lagrangian of the Higgs boson coupling to the top quark is 7 :

ZYukawa,top = >‘t T/JEb (2)1/}3% = At (Ey E) (gtR

v+h
o [uth —v+h
=\ (t1;01) <\6§>t1%=)\t L NG tr (1.14)
= Mrtn + irth

where )\; is the Higgs boson to top quark Yukawa coupling, (fz;by) is the left doublet and tx the

right top singulet. This results in two terms. The first one is the top quark mass term 1., = Ay

NeX
The second term represents a top-top-Higgs vertex with a coupling constant %

Equation 1.14 can be written similarly for any quark. The Lagrangian for fermions thus
includes a mass term and an interaction term with the Higgs boson proportional to £, which

is low for most of the fermions except for the top quark. The mass of fermions is defined as :
VAR
mp = — 1.15
- (1.15)
where Ar is the Yukawa coupling for fermions with the Higgs boson. Its value is not determined
by theory, but all directly measured or estimated for u, d, s, ¢, b : the fermions mass are therefore
free parameters of the Standard Model.

7. Similar Yukawa terms exist for other fermions

18 HDR - Marine Kuna



1.2. General introductory notions

It was also found from equation 1.9 the couplings for vector bosons are proportional to
the square of their mass. To summarise, the Yukawa couplings of the Higgs boson to fermions
are proportional to the fermion’s masses and the coupling of the Higgs boson to other bosons
proportional to their squared mass :

. (1.16)
)\V 0.6 %

Figure 6.10a illustrates how well current measurements align with theory.

The top mass being measured at my,, = 173 GeV, equation 1.14 results in the Yukawa cou-
pling of the Higgs boson to the top quark to be Ay, = \/5% =r 2%12 825 ~ 1. The coupling
of the Higgs boson to the top quark is therefore its strongest coupling. Part II of this document
is devoted to its measurement.

Experimental Higgs boson production

Experimentally, the Higgs boson can be created at the LHC by four production modes illus-
trated by Feynman diagrams on figure 1.5 : the gluon fusion (ggF), Vector Boson Fusion (VBF),
associated production with a Z/W (V) boson WH and ZH (VH) and associated production with
a pair of top-anti-top quarks (t£H)?. These production cross sections as a function of the energy
in the centre of mass of the collider is shown on figure 4.1 right. Part I relating the discovery
mostly relies on the most abundant gluon fusion mode, while parts I and III focus on the rarest,
namely associated production with a pair of top-anti-top quarks for the direct top-Higgs coupling
measurement.

(a) ggF (b) VBF (c) VH (WH, ZH) (d) ttH

FIGURE 1.5 — Higgs production modes : Gluon fusion (ggF), Vector Boson Fusion (VBF), asso-
ciated production with a Z/W (V) boson WH and ZH (VH) and associated production with a
pair of top-anti-top quarks (ttH)

8. Throughout this text, V refers to production of an electroweak boson (W or Z/v*).
9. Other production modes are very rare (e.g. pp — tH gb) or very hard to disentangle from the most prominent
ones (e.g. pp — bbH)
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2. Standard Model vy measurement and
composition

2.1 Photon isolation & identification

Photon reconstruction

In a first step of photon reconstruction, clusters are seeded from energy deposits in the
electromagnetic (EM) calorimeter with total transverse energy above 2.5 GeV by using a sliding-
window algorithm with a window size of 3x5 in units of 0.025x0.025 in n x ¢ (Figure 2.1b).
After their reconstruction, clusters are matched to tracks from the inner tracker (Figure 2.1a).

Cells in third layer
A x Ay = 00245 x 0,05

+="square cells in
second layer

electrof
calorin

r 375 mm
piXel/SCT h 5
detector n A= 0.003,

. Bagg 8= 04,5
Strip cells
in first layer

(a) ATLAS detector (b) EM Calo granularity

FIGURE 2.1 — ATLAS sub-detectors and EM calorimeter granularity [21].

Tracks consistent with originating from a photon conversion are used to create conversion
vertex candidates. Conversion vertex candidates are matched to seed clusters, and a final algo-
rithm decides whether a seed cluster corresponds to an unconverted photon, a converted photon
or a single electron [22]. Clusters without a track are classified as unconverted photons.

The ambiguity between electrons and photons can be partially removed by the fact conversion
vertices are triggered by material and therefore happen at a larger radius than prompt electrons.
Tracks without hit at low radius are therefore possibly converted photons. To exploit that par-
ticularity, prompt electrons are required to present low radius hits in the inner tracker. For each
track, the presence of a hit in the first pixel layer during run 1, and the insertable b-layer after
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Chapitre 2. Standard Model v+ measurement and composition

2014, are used in the algorithm as discriminating variable to disentangle electron and converted
photon hypotheses. Conversions vertices are also expected to hold two tracks, but very often only
one is reconstructed because of an asymmetric conversion into one soft electron/positron and the
other one taking away most of the initial transverse energy. Values of the ratio of the energy
reconstructed in the calorimeter over the track’s momentum measured in the inner tracker F/p,
traditionally used to spot electron bremsstrahlung, can also be a hint for such an asymmetric
photon conversion. A conversion ambiguity flag using the above information is compiled and
used to further reduce the conversions as discussed in section 7.1.

To disentangle photon shower from those produced by hadrons, shower shape information
are used in the identification and isolation process described below. Indeed hadronic jets gene-
rally produce calorimetric deposits broader and less isolated than electromagnetic showers, with
sizeable energy leaking to the hadronic calorimeter.

Photon identification

In the hadronic environment provided by the LHC, a large majority of the reconstructed pho-
tons are from hadron decays in processes with much higher cross section than those producing
prompt photons. The importance of photon identification (ID) is illustrated on Figure 2.2, sho-
wing that a rejection of non-prompt photons of three orders of magnitude per photon is needed
to bring y-jet and jet-jet backgrounds below the prompt v~ signal production. With a rejection
rate of typically one thousand to five thousands against jets, photon ID is a key element of the
di-photon cross section measurement and the search for the Higgs decaying in two photons. This
will be discussed in sections 2.3 and 3.1. Non-prompt photons, or so called fake photons re-
present a big part of photon analyses background. They are the contribution to the background
arising from hadrons whose deposits in the calorimeter have similar characteristics to those of
real photons.

Photon identification is therefore necessary to disentangle photons from jets. It mainly relies
on the study of energy distribution of the shower in the calorimeter, through the longitudinal
and lateral granularity of the ATLAS EM calorimeter (see Figure 2.1b), which is a subject
widely developed in my thesis [1]. Firstly, the transverse shower shape in the second layer of the
electromagnetic calorimeter needs to be consistent with that expected for a single electromagnetic
shower. The high granularity first layer is used to discriminate single photons from overlapping
photon pairs from neutral meson (7°) decays produced in jet fragmentation, which are the main
background source. The photon candidate is also required to deposit only a small fraction of its
energy in the hadronic calorimeter. Based on these criteria, a set of identification cuts is applied
that are different for converted and unconverted candidates, being in particular looser in ¢ for
the former ones due to the opening of electron and positron pairs in the solenoid magnetic field.
Depending on the presence and tightness of cuts applied on the above described shower shape
variables, one builds two levels of photon identification, loose and tight, also respectively referred
later in this text as L and T.

Photon isolation

Another type of variable, called calorimetric isolation can be build to discriminate jets from
photons. Within a cone of size AR = /A¢? + An? around the object of interest, one defines
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2.1. Photon isolation & identification
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(b) Photon identification

FIGURE 2.2 — Left : comparison of pp— v, pp— 7-jet, pp—jet-jet and pp — H — ~y~ production
cross sections at the LHC for 8 TeV, and rejection factor R of the photon identification. Right :
use of granularity in the first calorimeter sampling for photon identification and neutral pion in

jet rejection.
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Chapitre 2. Standard Model v+ measurement and composition

the raw energy
B = Y
topo

where pfﬁp “ is the transverse momentum of topological clusters. Topological clusters (or topoclus-

ters) are built with a 4/2/0 algorithm. The cluster is namely seeded by cells with energy four
times above the noise level in that cell, then neighbours with | E |[>2xnoise are agglomerated,
and finally all their neighbouring cells. Corrections are then applied in the following way :

E%o _ %aw . %ore B Eéfak‘age . Eg_‘ile—up (21>

where :

~ B¢, is the energy of a rectangular cluster of size 5x7 in the second sampling of the
EM calorimeter and roughly assumed to be due to the photon itself, as illustrated on

Figure 2.3a.

~ Eéfakage is the energy leaking on average from this 5x7 bloc but belonging effectively to

the photon core shower. It is an average value parameterised as a function of the transverse
momentum pr and pseudo-rapidity n.

~» Finally Egil““p = pA is the average pr density p multiplied by the area A of the isolation
cone : p is estimated as being the median of the distribution of the pp of the jets divided
by their area. The area of jets is approximately m x R? where the radius R is chosen
depending on the jet reconstruction algorithm (see explanations below). The area of the
cone is corrected by the core area A =7 x R? — 5 x 7 x 0.025 x 0.025.

As seen in equation 2.1, isolation must be corrected from the average contribution of pile-up
(see section 1) which is estimated using jets. A jet algorithm is defined by the distance under
which two constituents are merged. For a kp family algorithm, this distance is :

2

min(pQTZ,pzT]?j) X }];;] (2.2)
where R is the chosen size parameter, Ag ;; the distance between sub-jets (or constituents) i and
j, and pr;, pr, their transverse momentum. If p = 0 : this is the Cambridge-Aachen algorithm
where closer objects are merged first regardless of their pr. p = 1 is the kr algorithm for which
softer constituents are merged first. If p = -1, this is anti-k7, where harder momentum objects are
combined first. For pile-up density determination, a cone of size 0.5 is used with a kr algorithm,
while jets used in the analyses are using anti-kp and a radius parameter R = 0.4 [23].

Track isolation, sharing the same concept as the calorimetric one, is defined as the sum of pp
of the tracks ' reconstructed in the inner tracker in a AR cone around the direction of the photon.
Thanks to the higher granularity of the silicon tracker compared to that of the calorimeter, the
track isolation cone size can go below 0.2. A variable cone size track isolation can also be used,
although not for photons : AR = M in(%,R) where kp is a constant fixed at 10 GeV and R
is the maximum cone size (from 0.2 to 0.4). In the rest of the document, an isolated photon is
labelled I. A tightly identified and isolated photon is denominated as 7T/, and when both photons
are in the di-photon final states, TITI.

1. The tracks associated to conversion vertices are excluded from the sum. Track isolation is also more robust
against pile up thanks to the easier association to the chosen primary vertex.
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R
/f
/
(a) topoclusters (b) photon isolated

'in jets

i

(c) jet, not isolated

FIGURE 2.3 — Illustration of the isolation reconstruction with topological clusters (left). Sketch
of the relative fraction of energy outside the cone for a photon (middle) and for a jet (right).
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Chapitre 2. Standard Model v+ measurement and composition

2.2 Photon efficiency measurement

The main contributions to prompt photons come from non-resonant production of photons
in association with jets or of photon pairs, with cross sections respectively of the order of tens of
nanobarns or picobarns. The study of such final states, and the measurement of their production
cross sections, are of great interest as they probe the perturbative regime of QCD and can
provide useful information about the parton distribution functions of the proton. To perform
the ATLAS physics program with photons, and in particular the study of the H — ~7 process
discussed later on, the efficiency of identifying photons must be known at the percent level and
on an energy range of a few GeV to several TeV. This precision cannot be achieved by MC
only, because of uncertainties arising from limited knowledge of the detector material, from an
imperfect description of the shower development and from the detector response. A data-driven
estimate is therefore needed and described in this section. The efficiencies are measured for
Run 1 data, separately for converted and unconverted photons, in four different pseudo-rapidity
regions (| 7 ]<0.6, 0.6<| n |<1.37, 1.52<| n |<1.81, and 1.81<]| n |<2.37), and various transverse
momenta between 10 GeV and 1.5 TeV. Since there is not a large data statistics at high pr, the
last bin in pr is 250 GeV to 1500 GeV.

I participated to the measurement of the photon efficiency measurement by determining
a systematic uncertainty for the matrix method [21]. Systematic uncertainties are additional
errors to the purely statistical error, considered to take into account any potential bias from
the measurement method and instruments that could degrade or modify the central measured
value. The matrix method is one of the three data-driven photon ID efficiency measurements.
Indeed, in the absence of a single pure control sample of prompt photons over a large range of
transverse energy Er, three different methods measuring the photon identification efficiency in
complementary and overlapping Ep regions with varying precision must be combined :

~» The Radiative Z decay Method selects a clean sample of prompt photons in radiative
decays of the Z boson (Z — ll7) in which a photon produced from the final-state radiation of
one of the two leptons is selected without imposing any criteria on the photon discriminating
variables. Those v have a relatively low transverse energy, and given the luminosity of data
collected in Run 1, the method is only relevant for an Ep range between [10-80] GeV. The
main source of uncertainty of this method arises from low statistics.

~> The Electron Extrapolation Method extrapolates photon properties from a large and
pure sample of electrons and positrons from Z boson decays Z — eTe™ by exploiting the
similarity between the electron and the photon EM showers. The E7 range in which the
method can provide precise results follows that of the distribution of electrons from Z
boson decays, therefore between [30, 100] GeV at the time, and up to 250 GeV in more
recent results. Its main uncertainty is due to the presence of material?> and the different
interaction of photons and electrons in that matter.

~> The Matrix Method uses the discrimination between prompt and background photons
provided by their track isolation to extract the sample purity before and after applying the
tight identification requirements. This method provides results for an Ep range of [20 GeV,
1.5 TeV]. Its main source of uncertainty (in 2011) is that of the track isolation efficiency for
fake photons failing the tight identification criteria. This document will discuss only this
latter method to which I participated.

2. See thesis manuscript [1] where I developed a method to estimate and map material upstream the EM
calorimeter.
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2.2. Photon efficiency measurement

In the matrix method, photon yield (and purity) before/after photon ID is estimated using
track isolation to discriminate between photons and jets faking photons, also called fakes, as
opposed to prompt photons that do not originate from hadron decays. One needs as an input to
this method the track isolation efficiency for photons and for fakes. Track isolation was chosen
because of its power of discrimination between photons and fakes, while being uncorrelated to
the tight identification. Similarly to the 2D template fit method and the 2D sideband fit methods
developed in section 2.3, the matrix method relies on a discriminating set of cuts that are not
correlated to the cut we are trying to determine the efficiency of. The following efficiencies shown
on Figure 2.4 are defined as :

~ eg (resp. el}, eb,)) is the track isolation efficiency for fake photons passing (resp. failing,
b

failing or passing) tight identification (e, are represented as black triangles on figure 2.4

P
right. Black triangles on figure 2.4 left are egll). It is estimated from a data sample enriched
in fake photons by reversing a few cuts on shower shape variables. Di-jet samples are used

to derive systematic uncertainties on those efficiencies.

~ €, (resp. €}y €;;;) is the track isolation efficiency for prompt photons passing (resp. failing,

failing or passing) tight identification (ef2 are represented as green dots on figure 2.4 right.
Green dots on figure 2.4 left are €,). It is estimated from prompt photon Monte Carlo (MC)
. The systematic uncertainty is the average difference between track isolation efficiencies
in data and Monte Carlo for probe electrons from Z — eTe™ events, which is the part I

was responsible for.

Iso

~ €y = pass

is the fraction of tight photon candidates that pass the track isolation criteria

pass

(blue squares on figure 2.4 right).

ail”
Nau
on figure 2.4 left).

~ €qll = is the fraction of photon candidates in the inclusive data sample (blue squares

The resolution of the matrix equations detailed in [21, 24| provides an expression of the
efficiency of the tight identification cut :

b
€p—€p T
X N,
, o €S —eb pass
6l‘/Lght ID _ °p Pb (23)

Call " €41 T
Sl NI,
all all

The result of the photon ID efficiency with the matrix method as well as the electron ex-
trapolation and the radiative decays are provided in Figure 2.5. All three methods are in good
agreement.

The results from the combination of these three data-driven techniques are then compared to
the predictions from a simulation of the detector response. Data-to-simulation efficiency ratios,
also called Scale Factors (SF) in ATLAS, are used as correction factors in physics measurements
and determined to account for the small residual in efficiency differences. The scale factors for
photon efficiencies are obtained by combining results from the three, radiactive Z decay, electron
extrapolation and matrix methods assuming uncorrelated systematic uncertainties. These factors
are measured with uncertainties between 0.5% and 10% in 7 TeV data and between 0.5% and
5.6% in 8 TeV data, depending on the photon transverse momentum and pseudo-rapidity, as
illustrated on Figure 2.6.
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FIGURE 2.4 — Track isolation efficiencies as a function of transverse energy for prompt (green
circles) and background (black triangles) unconverted photon candidates within | 7 |<0.6 in the
inclusive sample (left) or passing tight identification requirements (right). Blue squares show the

track isolation efficiency for all candidates selected in data [21].
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FIGURE 2.6 — Data-to-simulation efficiency ratios (Scale Factors) determined with 20 fb~! of
8 TeV data. Combination of the three sets of scale factors from the radiative Z decay, electron
extrapolation and matrix methods [21].

30 HDR - Marine Kuna



2.3. v differential cross-section

2.3 v differential cross-section

2.3.1 Motivations

The production of di-photon final states in proton-proton collisions may occur through quark-
antiquark t-channel annihilation, qg — 7 also called born diagram, or via gluon-gluon inter-
actions, gg— 7, mediated by a quark box diagram, as illustrated for leading order processes
on figures 2.7a and 2.7b. Despite the higher order of the latter, the two contributions are com-
parable, due to the large gluon flux at the LHC. First order radiative corrections include real
initial state radiation of both born (¢g — g7v7y) and box (qg—q7yy) diagrams, respectively Fi-
gures 2.7c and 2.7d, as well as virtual corrections as illustrated on figure 2.7e. Radiative correc-
tions from final state radiation can behave in two ways. If the radiated photon is well resolved
from the radiating quark, the process is called brem and illustrated on figure 2.7f. If the photon
remains collinear to the quark and is taking most of the energy, the process is called fragmentation
and symbolised by the blue disk on figure 2.7g. The two configurations are a physical continuum
that can be disentangled instrumentally thanks to an isolation requirement. Brem process where
the photon is isolated is therefore considered as signal. On the contrary non isolated photons
from fragmentation are considered as background.

‘ VWS VWY
a SnVAVAVAVAVE L SR Y
(a) LO Born diagram (b) LO Box diagram
R IVAVAVAVES B BN ORI ey aVAVAVAV R VAVAVAVER
A q b \ 4 g A q
q —%—\/\/\/\/—Y g < p VAVAVAVEL SR AAYAYe
g
(c) real NLO to Born (d) real NLO to Box (e) virtual NLO to Born
[ — YA
’ Zl:l » w
(f) NLO Brem ) NLO fragmentation

FIGURE 2.7 — Leading (top) and next-to-leading order (middle and bottom) prompt di-photon
production modes at the LHC.

This cross-section measurement is a test of Quantum Chromo Dynamics (QCD)?, more
specifically in precise kinematic regions. For instance the low A¢., is sensitive to simple and

3. QCD is the quantum field theory with symmetry group SU(3) respounsible for strong interactions involving
quarks and gluons through the QCD analog of electric charge called color.
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double fragmentation processes, whereas A¢., close to m and small pr -, is sensitive to soft gluon
emission whose description at fixed order by perturbative QCD computation is not yet accurate.
This process is also the background to the searches for di-photon resonances, predicted by some
exotic beyond the standard model theories, like for instance the Randall-Sundrum type of extra-
dimension models, predicting the existence of massive graviton-like particles. Finally, di-photon
is the irreducible background to the search of the Higgs boson decaying in two photons discussed
in section 3.1.

The di-photon cross-section measurement exploits differences between the isolation distribu-
tion of photons and jets. It uses data-driven methods to estimate backgrounds from hadronic jets
and from isolated electrons which are then subtracted. After introducing the data and Monte
Carlo used for the analysis in section 2.3.2, section 2.3.3 describes how Eé?o distributions for
background and signal are measured from data. Section 2.3.4 details the data-driven methods
used to estimate and subtract the y-jet and jet-jet backgrounds. It focuses particularly on the
2D Fit method to which I participated. Finally, results and interpretation of features of interest
with respect to physics processes at work are given in section 2.3.5.

This analysis to which I participated is described with more details in a publication [25] and
has been since then updated [26].

2.3.2 Selection and Monte Carlo

The analysis is performed on 37 pb~! of 7 TeV data recorded in 2010. Selected collision data
events are required to pass kinematic cuts, also called fiducial acceptance, and isolation cuts, as
follows :

~ BN > ES =16 GeV

~ | Y |<1.37 or | Y |€ [1.52;2.47] 4.

~> The separation between the photons must be AR > 0.4.
>

The isolation (see 2.1), that is the transverse energy flow of particles within a cone of 0.4
must respect E§§O <3 GeV for each photon.

The precise location along the beam axis of the primary vertex for di-photon events is de-
termined thanks to an algorithm called photon pointing relying on information from the EM
calorimeter first two longitudinal layers. It is obtained by combining the trajectories of each
photon, measured using the longitudinal segmentation of the calorimeter and hits in the silicon
detector if the photon is converted, with a constraint from the average beam spot position. In
most recent versions of this analysis, the best primary vertex is chosen with a Neural Network
algorithm (see section 5.2.2) which combines the photon pointing with information on all tracks
momenta from the vertex. This procedure provides in particular more accurate invariant mass
values, so that the resolution of the di-photon mass reconstructed using this vertex determination
is dominated by the photon energy resolution.

Once tightly identified, the selected statistics of TITI events where both photons are tightly
identified (T) and isolated (I) consists of 2022 candidate events.

The di-photon cross-section measurement is mostly based on data-driven techniques, but
for some corrections, systematics or cross checks, a Monte Carlo is used. For these cases, the

4. The EM calorimeter barrel-end-cap transition, also called crack (1.37<| n |<1.52), is an instrumentally
depleted area in which reconstructed electromagnetic objects are traditionally removed from analyses. This re-
quirement is particularly useful for photons and precision measurements with electron, but if higher statistics is
needed electrons reconstructed in the crack can be kept when other objects are present in the event.
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characteristics of signal and background photons events are simulated with Pythia 6 [7]. Inter-
action with the detector being simulated by Geant4 [10], as in all the analyses described in this
document. An alternative generator, Sherpa [5] is used to determine signal generator model sys-
tematic uncertainties. Monte Carlos with distorted geometries, meaning with different amounts
and repartition of the material upstream the calorimeter are used for systematics related to the
material estimate uncertainty. More information can be found in my thesis memoire where I
describe a material mapping method [1].

2.3.3 Isolation distributions for jets and photons

To perform the 2D fit described in section 2.3.4, the distribution of isolation (relaxed from its
final selection cuts) needs to be determined for both jets and photons. The procedure illustrated
on MC events on Figure 2.8 is the following :

(a) The E%S" template for background is obtained from a control sample having failed the tight
identification and called Non-Tight (NT) events. Figure 2.8, top frame show with Monte
Carlo simulations that Non-Tight distribution (in dashed red) follows closely that of the
background (black) selected from truth information of the MC sample.

(b) The Tight control sample contains a mixture of signal (true photons) and background
(hadrons faking photons). However, as shown on Figure 2.8 middle frame, almost all Tight
events with E§§°>7 GeV are backgrounds. The Non-Tight distribution normalised in the
E%°>7 GeV region (blue area), is considered as the background component of the Tight
sample and is subtracted to the inclusive Tight distribution.

(c) The result of that subtraction (in dashed red line) is the E%° distribution of a pure photon
signal, as illustrated when compared to the MC truth (in black) on Figure 2.8 lower frame.

This procedure is then performed on data separately for the leading and sub-leading photons
(ordered by pr), to obtain a completely data-driven E}SO distribution of the transverse isolation
energy of photons as shown on Figure 2.8 right. The main source of systematics in this method
comes from the choice of the Tight set of identification cuts. There is also a slight effect of
changing the E’$° normalisation cut value from 7 to 6 and 8 GeV. Several quantities have been
varied to successfully demonstrate the robustness of the method on MC : signal leakage into the
Non-Tight sample, correlations between the Erf'ﬁo and the reversed identification cuts, different
signal composition in term of relative fraction of photons produced by the hard scattering or by
the fragmentation process, and different background composition in term of relative fraction of
photon pairs from 7° decays compared to other hadrons.

The Eé:*o distributions were also independently determined from pure electron samples from
Z — ete” and W — etv events. The difference between the Eé}so distributions for electrons
and photons are mainly that electrons have wider bulk of the distribution due to their bremss-
trahlung in the material upstream the calorimeter [1], and photons longer tails due to photon
fragmentation, especially for sub-leading photons. The electron/photon difference is fitted from
Monte Carlo simulations and propagated to the electron based data-driven estimate. The result,
which is the blue line on Figure 2.8 right, agrees nicely with the photon derived shape.

Isolation transverse energy FE%° distribution are then smoothed. Correlation between the
isolation of the leading and subleading photon in signal and background events was investigated
with a Tag and Probe method, namely studying the Eé,?o distributions of a candidate (Probe)
under different isolation conditions of the other candidate (Tag). The result showed little to none
correlation for v signal events, but a clear positive correlation for background events where the
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FIGURE 2.8 — Left : Determination of the background and signal isolation Eé?’" distributions
(aka templates). Right : Data-driven EX2° distributions of the leading (top) and subleading (bot-
tom) photon using photon candidates (solid circles) or extrapolated from electrons (continuous

lines) [25].
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Probe is more (resp. less) isolated if the Tag passes (resp. fails) the isolation criterion. This effect
being particularly true for jet-jet events. As a result, while 2D E§§O distributions for vy, v-jet and
jety events are the products of one-dimensional PDFs (Probability Density Function ), that is
respectively 1D fy1x 1D fy2, 1D f,1x 1D fj2, and 1D f;1x 1D f,2, the E%*O distributions for jet-
jet events is a 2D f;; distribution taken directly from data with both photon candidates failing
the Tight identification requirement. Index 1 (resp. 2) stands for the leading (resp. subleading)
jet or photon. This is expressed in Equation 2.4.

2.3.4 Background subtraction with the 2D fit

Three different methods were performed and compared for the v-jet and jet-jet estimate and
subtraction. All three rely on the photon vs jet discriminating power of the isolation transverse
energy Erj:”, and the absence of correlation of that isolation information with respect to the tight
T set of identification variables. Their purpose is to sort events from the signal region (where

both objects are Tight Isolated Tight Isolated or TITI) into four different categories : NWTVITI ,

TITI TITI5 TITI
Nv]et ’ N]et7 and Njet]et

~+» The event weighing, or matrix method, consists in an inversion of the matrix of weights
giving the probability that a given final state passes or fails isolation. It has the advantage
of providing an event-by-event weight.

~» The two-dimensional fit, or 2D fit method. Two-dimensional distributions ® of v+, 7-jet,
jet-y and jet-jet events are built. The four yields in the TT sample come from an extended
maximum likelihood fit using the isolation templates. This is the method I participated to
and that is developed below. Its 2D label, also used for the 2D sideband described below,
refers to use of two orthogonal sets of discriminating variables, the identification and the
isolation (see section 2.1).

~» The isolation vs identification sideband counting, or 2D sideband method sorts events
into A(’), B(’), C(’) and D(’) regions depending on whether the (sub-)leading photon can-
didates passes the identification and isolation requirements. The two dimensions also here
refer to isolation and identification. It then determines the number of events in the signal
region A with a rule of three assuming the fraction of tightly identified objects passing the
isolation is the same as that of non-tight identified objects passing isolation, or in other
words relying on identification cuts being uncorrelated to the isolation cuts.

The three methods cannot be combined because they are using the same quantities, Eé?o
and identification shower shapes with the use of the Non-Tight control regions. They provide
comparable results and systematics uncertainties, as shown on Figure 2.10.

In the 2D fit method, the four yields in the TT sample come from an extended maximum
likelihood fit of the following model to the data 2D distribution :

NTTfP(ERS, BS) = NI £ (B9 fo (B3
ENT (B (B
—{—NTTfjl (EZSO)fﬁ/g (Ezso
zso

T (2.4)
+NT fi(BES, B

)
)
)
2)

5. The ~-jet and jety categories, depending on whether respectively the photon or the jet has higher Er, are
distinct because of the methods technical aspects but are often merged for physics considerations
6. Also called template which explains the historical name of Template Fit Method
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where the unknowns to be determined are the normalisations N,YT,YT, N%T, N jj;T and NV j:';T, namely
the number of events where both objects pass the tight identification (7'T') for the four v, v-jet,
jety and jet-jet categories. The isolation PDFs where determined in section 2.3.3, and the 2D
shape and normalisation of TT events f°*° and N7 are measured from data in the TT region.
Figure 2.9 illustrates this two-dimensional fit by projections on the leading (left) and subleading
(right) photon candidate total pdf. In order to obtain the v+ yields in the TITI region, N%T

E — ——— g — T 3
F ATLAS E ATLAS ]

3 900p . [ .4 @ 700 ‘ | =
[0} E Data 2010Ns=7TeV, | Ldt=37pb [0} Data 2010,Ns =7 TeV, | Ldt=37pb 7]
~ 800 E > 16 GeV E 5 600 E > 16 GeV E
T 700F =YY = T =YY =
% 600F Mo = & 500 e E
E ] Y e v+ E R < PP L Y+ -

500 Lo - 400 - —
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FIGURE 2.9 — Projection of the 2-Dimensional PDF fit on the transverse isolation energies of the
two photon candidates : leading (subleading) photon on the left (right). Solid circles represent
the observed data. The continuous curve is the fit result, while the dashed-dotted curve shows
the vy component. The continuous red and blue dashed line represent respectively the jety and
~vjet-+jetjet background components [25].

is multiplied by the integral of the 2-dimensional signal PDF f.; (E%f"i) fy2 (E%f’g) over the region
where E{,‘?({ <3 GeV and E%,‘?g <3 GeV. That procedure is done in each bin of the m,,, Ag,,
and pr ., distributions. The results is shown on Figure 2.10 in blue triangles and compared to
the other two method results. My main contribution to that work has been the estimate of this
method’s systematic uncertainties that are :

(i) Definition of the Non-Tight control sample (J_ré%%) which effect is measured by changing
the number of reversed identification cuts.

(ii) Signal composition 8% which impact is conservatively assessed by setting artificially the
fraction of fragmentation photons to 0% or 100% (as photons from fragmentation induce
longer tails in the transverse isolation energy especially for the sub-leading photon).

(iii) Effects of the material knowledge on the signal (fé;g%) which has been quantified by re-

producing the electron to photon extrapolation described in section 2.3.3 in Monte Carlos

with a distorted geometry [1].

(iv) Signal +0.7% and jets +1.2% PDF parameters, estimated by randomly varying the para-
meters of the smoothing functions within their covariance ellipsoid and then repeating the
two-dimensional fit.

(v) Di-jet PDF parameters +£1% determined by randomly extracting a non negligible amount
of points from the smoothed f;; PDF and then re-smoothing to repeat the 2D fit.

(vi) Signal contamination in the Non-Tight sample (féojzo%) estimated by taking the signal conta-

mination from simulation that was neglected to compute the central value.
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FIGURE 2.10 — Comparison of the three methods : matrix method (event weight), 2D sideband
fit and 2D template fit for y-jet and jet-jet background subtraction for the invariant mass 1.,
the separation in azimuthal angle A¢,, and the transverse momentum pr .- distributions [25].
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The electron to photon fake rate is estimated with Z — ete~data events where the number
of electrons falsely identified as photons is measured : fo_,,, = 0.112 £0.005 (stat) & 0.003 (syst),
and the electron background is estimated in each bin of the variables and accordingly subtracted.
The fractional contamination, amounting to ~ 5%, shows a peak around m.~, ~ 90 GeV 7 but is
rather uniformly distributed as a function of A¢,., and pr ..

2.3.5 v differential cross-section results and interpretation

The differential cross-sections dg)}”’ for observable X, where X is either the invariant mass of
the two photons m.., their separation in azimuthal angle A¢., or their transverse momentum
DT, 18 given by :

doyy Nyy

dX  €RA x ¢trigger x D x [ x AX (2:5)

where :

~+ N, is the number of signal events, determined after y-jet and jet-jet backgrounds subtrac-
tion Ny = Niot measured — Ny—jet — Njet—jet, as described in section 2.3.

~ ef*4 accounts for both the reconstruction efficiency and the acceptance of the kinematics

and isolation cuts described in section 2.3.2 that go beyond the fiducial acceptance. It
amounts to 50% to 60% mainly due to the EM calorimeter readout failures® (-18%) and
the calorimetric isolation cut (-20%).

elrigger the trigger efficiency is computed with respect to the TITI identification for an ove-

rall value of 98+ ~ 2%. It is measured from data with three possible methods : bootstrap,
tag-and-probe, or electron-to-photon extrapolation.

~ €D the efficiency of applying the T'T identification to both photons is here determined in
bins of pr and n on MC where shower shape and isolation distributions are corrected to
take into account the data/MC difference. Indeed this di-photon cross-section measurement
preceeds the data-driven photon efficiency measurement that was described in section 2.2.
The di-photon event efficiency is flat at approximately 60% for A¢,, and increases with
My~ and pr .~ from 55 to 80% with a total systematic error of ~10% uniform on the three
variables considered.

~ L= [ Zdt the integrated luminosity, 37 pb~! of 7 TeV data for this analysis
~» AX the observable bin width
The unfolding is the determination of the real differential spectrum from the reconstructed
one. The treatment of migration of events from one bin of the distribution to its neighbours is

performed with an inversion of the migration matrix determined with Pythia MC events, and its
systematic uncertainty probed with a large number of toys are found to be negligible.

Figures 2.11 and 2.12 show the result obtained for m,,, A¢,, and pr ., distributions. In
order to interprete results two processes are of particular interest :

7. A peak around mz is expected, and can be slightly different given the e — = candidate is calibrated as a
photon instead of an electron.

8. Failures of the optical transmitters (OTx) for front-end of the liquid argon calorimeter electronics readout
occurred periodically from 2007 until 2010, up to the rate of one a week. The loss of each optical link meant
loosing an entire front end board (FEB), that is 128 channels out of a total of 175000. VCSEL semiconductor
laser diode were identified as defective. A replacement was made during the 2010-2011 shutdown and no failure
were reported since.
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~» Quark to photon fragmentation is the process ¢ — ¢y where the outgoing quark energy is
so small that resulting hadrons are trailing and not reconstructed in the detector.

~» Next-to-Leading-Log (NLL) re-summation, which is the re-summation of divergences ari-
sing at low pr,, due to initial-state soft gluon emission

In the 7 TeV analysis I participated to, the cross-section experimental measurement is com-
pared to two generators : ResBos [27] and Diphox [28]. Both ResBos and Diphox, have Next-
to-Leading-Order (NLO) corrections. Only ResBos has the Next-to-Leading-Log re-summation.
DiPhox has NLO 1 and 2-photon fragmentation but ResBos only includes LO 1-photon fragmen-
tation. m,, and pr., differential cross-section distributions are overall similar for predictions
and measurements. A disagreement is observed in the low invariant mass region where m.,, <
2 x E$ (16 GeV per photon). As this region is populated by events with small Ag¢,., (see
equation 2.6), the poor quality of the predictions can be related to the discrepancy observed in
the A¢,, distribution.

My = \/2ET71ET,2(cosh(m —12) — cos(p1 — ¢2))

= \/2B71 Bra(cosh(An,,) — cos(Adyy)

Results show that the A¢..,, distribution is broader in data than in predictions. The underes-
timation of the cross-section at small azimuthal separation from prediction versus experimental
result, which was also seen in CMS and TeVatron results, can be fixed by using higher order
simulation (Next-to-Next-to-Leading Order NNLO). Indeed, for both photons not to be back-to-
back, the 7 system must recoil to a third object. An initial state radiation (ISR) jet must be
present, only described at higher orders of predictions.

The results and conclusions are compatible with those previously obtained at the TeVatron
by CDF [29] and DO [30] experiments, as illustrated on Figure 2.13 and at CMS [31].

This analysis to which I participated is described with more details in a publication [25] and
has been since then updated [26]. A more recent implementation of Sherpa, its version 2.2.1 |6]
where vy and yy+1 parton processes are generated at NLO accuracy, and yvy+2 or 3 partons
processes are generated at LO, provides better agreement.

(2.6)

HDR - Marine Kuna 39



Chapitre 2. Standard Model v+ measurement and composition

FIGURE
analysis

40

T

T T T

T

o T A “"”‘ T % 1O4§ ATLAS @=8TeV,20.2fb'1*§
5 L Data 2010,vs=7 TeV, | Ldt=37pb~ | (5 E - Data + stat. unc. 3
g i % pi>16 GeV, EX7 < 4 GeV, AR™>0.4 1 — 1 03 L & Total exp. uncertainty ]
= r & # In1<2.37 excluding 1.37<|<1.52 1 e E 2yNNLO (NNLO) 3
_g | b % - measured (stat) o= 5 F +“o. —~+SHERPA 2.2.1 (ME+PS at NLO)
‘_g ! E ? 2 -+ measured (stat @ syst) ] =10 .°o. E
. ? s DIPHOX 1 E E 0y 3
- * ResBos {4 O * B
B S 1 & 10¢ *e, E
i 1 © FE F g 1 *. ]
L 1k 200 ‘ ] - =
10" N — E 3 1 E
- — : I Y - ;
£ ] 1 0—1 L ’,. - -
E . E 3 0q, 3
L ATLAS 1 E o ookeT he: 3
A I I Ll _ 0 100 200 ’
Q 1 I I E| 10 2 ? Ll L 3
2 o 4 + DIPHOX
s SE LT S - s . —
§, o5 —+— E 8 1.5 g ]
g R .
ER + ResBos | g F ]
Q E 4
3 of 44 1 @ 0.5¢ E
A el - i v
-1
0 20 40 60 80 100 120 140 180 180 200 220
m,, [GeV] rnYY [GeV]
(a) myy@Q7 TeV (b) m,,@Q8 TeV
= T T T T ; E T T T i "'15
% Data 2010Ns=7 TeV, | Ldt=37pb’ § @ W ATLAS Vs=8TeV, 20.2 fo'™]
o C * ., p— " 1 O 10°F -4-Data + stat. unc. =
) e pi>16 GeV, E"™™ < 4 GeV, AR™>0.4 E M ) 3
e 1 i: n'|<2.37 excluding 1.37<[r"|<1.52 — ~ F & Total exp. uncertainty B
|5 E 8 ;t i<es 9 1At 1 © 103 L 2yNNLO (NNLO) .
g S P +-measured (stat) 1 = E e ——e—o, --SHERPA2.2.1 (ME+PS atNLO) ]
) L *‘ ) -+ measured (stat @ syst) | g_— C . >, J
R & s DIPHOX ] =102k + -
E oy ResBos E Q F *e 3
E @ i O F e E
g 1 5 10¢ “ 7, =
102 ded = F 400-*'¢ E * R
: e : IS f n
E S | E 200 + i 3
B ! s £ 4. m
. : -1L F 4000000, ==
107 ATLAS - E 107 o ] E
Eeat I 1 1 d F 0 50 J
" 1 1 1 1 1 0_2 L _’:E
% 2r DIPHOX] E = = [
s 0 =._-Q—f+ S5 S5 S IR . t\\ R ——-—-— © c r - -
§ L —t— | & 15 E
[$] ~ 1 E ]
=] 2 _+_ ResBos > E ]
H B i s = 8 F ]
:; B e If 0.5F Ll Ll o4
- 10 10?
0 20 40 60 80 100 120 140 160 180 200 220 p. [GeV]
Pry, [G6V] T
(¢) pr.yy @7 TeV (d) pr,,,@8 TeV
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with 20.2 fb=1 of 8 TeV [26].
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FIGURE 2.12 — Measured differential cross-sections with 37 pb=! of 7 TeV data

= T T T T T T
K | Data2010,\'s=7 TeV, f Ldt=37 pb N
g | pi>16 GeV, B < 4 GeV, AR™>0.4 + b
= In'|<2.37 excluding 1.37<[n|<1.52 Q*\;
107 =
§ F - measured (stat) 3
:Q o + measured (stat @ syst) B
- s DIPHOX A 8
- ResBos h B
= i R =
C [ NN i
\§\\\\\\\\\\\\\ 1 AII-’_AS 1 L |
9 F
gx e _+_ DIPHOX|
3 ] S I R R S e
»E
Q 2 T
= i 1 ResBos |
9] _+_
;oo e
§ 1
-2
4] 0.5 1 15 2 25 3
A:p” [rad]

analysis with 20.2 fb=! of 8 TeV [26].

; % = g5 opmom 3
=+« Scale uncertainty E|
o 2 + =
é :;_ + + +++++++.L++ e +_,_++"“'+:§
<o — £
X 355 =
Sz.g = + + i
8152 + N
§ o.% '++ +++_ ++ ++ +++ il Teree, ]
'°'3 L I .
o E
2 4 E
8 2 3
2 0:. o ++ T s 3
th o.'s 1 15 2 25 3
Ap (rad)

(a) A¢pyy@QCDF, TeVatron

[fb / rad.]

Y

do/dAg,

Theory / Data

(pb/rad)

h

do/dAo

Ratio to RESBOS

F 4 Daassttuc.  ATLAS E
[ ¢ Total exp. uncertainty Vs=8TeV. 20.2 b’
- 2yNNLO (NNLO) ' g
I —+SHERPA2.2.1 (ME+PS at NLO) -
4 _
1 0 E 50000 - # E
E PUPCS o +++++ ]
L 0 i
I saul Lt
1 03 —_#%::% _+_-+- —
B ! . =

10°F

- DO, 4.2 fb™ (c)
10
e
107
4_I L 1 1 1 1 1 Il -
3_
2l
1

A¢w [rad

(b) A¢,,@8 TeV

]

1618 2 22242628 3

Aq; (rad)

(b) A¢,,@DO, TeVatron

[25], and updated

FIGURE 2.13 — Measured differential cross-sections from TeVatron at CDF [29] and DO [30].
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3. Higgs boson discovery and characte-
risation

3.1 Higgs boson discovery

Ever since ATLAS was built and its innovative accordion calorimeter designed, the search
for the Higgs boson decaying in two photons had been prepared for. Indeed, despite a low
branching ratio (BR)! of BRy_, = 0.2% at 125 GeV, the excellent resolution of the ATLAS
EM calorimeter allows for a clear mass peak to be reconstructed, which is also the case for the
H — ZZ — 4(. The dominant decay modes at this mass, H — WW and H — bb, suffer
respectively from either missing transverse energy due to the presence of neutrinos and a poorer
hadron resolution. Hence H — ~v and H — 4¢ channels have long been known to be golden
channels for the Higgs boson discovery, with an additional edge from H — 4¢ which despite its
very low cross section times branching ratio suffers from almost no background.

For the Higgs to be decaying in a photon pair, since the Higgs boson does not couple to pho-
tons, processes include W boson or top quark loops as illustrated on figure 3.1. I participated to
the H — v analysis from 2011 to 2013, where the analysis was repeatedly performed on various
sizes of datasets, and internal documentation updated accordingly : 1.08 fb~! [32], 3.43 fb~!
[33], 4.8 fb~1 [34, 35, 36] of 7 TeV data, and 4.8 fb~! [37] of 8 TeV data. This also corresponds
to the period of time over which the "bump" has developed and become significant enough to be
claimed a discovery. The results I chose to report in this document are the ones corresponding to
the ATLAS public conference note for which I was editor [38], that included 4.8 fb~! of 7 TeV
data, and 13.0 fb~! of 8 TeV data. The H — v analysis has since been updated many times and
its most recent improvements will not be reported here. Its latest developments however include
search for deviations in differential measurements split in corners of the phase space which is a
subject developed in section 6.1.4 of this document.

3.1.1 Selection

The data sample is collected thanks to an asymmetric diphoton trigger requiring E7 of 35 (25)
GeV for the (sub)leading ? photon, while the final offline selection is chosen to be a 40 and 30 GeV
threshold. The fiducial region (7 cuts) is the same as for the diphoton cross section measurement.
Identification, isolation criteria and primary vertex choice are also applied as explained in 2.3.2.
A total of 77430 8 TeV collisions were selected with a diphoton invariant mass between 100 GeV
and 160 GeV. Events are split into twelve categories depending on whether :

1. Probability for the particle to decay in a specific final state out of all possibilities.
2. Leading as of highest Er
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3.1. Higgs boson discovery

(b)

FIGURE 3.1 — H — vy decays feynman diagrams.

¢

At least one of the photons is converted (Conv) or not (Unconv)

¢

The diphoton system has a pr; above (High pry) or below (Low pr) 60 GeV, where the

pre = pyl X t of the diphoton system is defined as the orthogonal component of the

diphoton momentum Wh(lan p2rojected on the thrust axis £ given by the difference of the

photon momenta (f = %)
lpp —p7 |

~> Both photons pseudo-rapidities are within |n| < 0.75 (Central), at least one of the photons

has |n| > 0.75 (Rest), or at least one photon is in the transition region between the EM

calorimeter barrel and the end-caps 1.3 < |n| < 1.37 or 1.52 < |n| < 1.75 (Transition)

~ Two dedicated categories are built for VBF like events (Low mass two-jet category) and
(High mass two-jet category)

~> Finally a category with at least one lepton is built to collect not gluon fusion events but
instead targeting the leptonic VH (ZH or WH) production processes (One lepton category).

The number of categories do not exactly amount to 15 (2 x 2 x 3 + 3) but to 12 since some
low resolution categories are merged because their splitting does not improve significance (for
instance Conv Transition High pr; and Conv Transition Low p7y). The categories were optimised
in terms of gain in sensitivity, which arises from creating categories where events have a very
good m.,, peak resolution. In terms of analysis optimisation, my personal contribution was about
an alternative method developed in section 3.1.3. It is to be noted the number of categories to
the H — ~v analysis increased drastically with additional luminosity, reaching 31 in the most
recent versions of the analysis [39], 7 of which targeting the t¢H process [40] developed in part 1T
of this document.

3.1.2 Signal and Background studies

The H — v analysis being characterised by the presence of a high resolution mass peak,
it consists in searching through a fit for a signal peak over a continuum background. Thanks to
the presence of mass sidebands around the peak, the background does not need to be described
by Monte Carlo but can simply be fitted inclusively as a decreasing slope. Both signal and
background are therefore described by analytical functions.

Signal is parameterised by a crystal ball function whose parameters are different in each cate-
gory to account for resolution disparities. The crystal ball function is a gaussian core distribution,
accounting for the instrumental resolution of the invariant vy~ mass, with a power law tail on the
lower energy side to account for the loss of energy through bremsstrahlung?, emitted by at least

3. radiation of a photon resulting in a deceleration
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Chapitre 3. Higgs boson discovery and characterisation

one of the electrons in the case of converted photons. Its analytical description is given by :

—t2/2 .

e if t>—acp

f(t,acpnop) = Nsignar { 7203 nCB.e_O%B/Q,(HCB —acp —t)"CB  otherwise (3:-1)
cB acBs

where t = (my — icB)/0cB- ocp is the core component of the mass resolution. This was
then changed in updated results to a double-sided crystal ball function, consisting of a Gaussian
central part and power-law tails on both sides, that was chosen because empirically best fitting
the peak from signal simulations.

Signal from gluon fusion is simulated with Powheg interfaced with Pythia while VBF and
ttH with Pythia. Signal events are generated for Higgs boson masses hypotheses every 5 GeV
between 100 and 150 GeV, since the existence and mass of the Higgs boson are still unknown
at the time. The parameters of the crystal ball are parameterised as a function of m., which
enables the analysis to be extrapolated in between MC points. The category with the best signal
resolution is Unconv Central High pr; with a resolution in terms of full width at half maximum
(FWHM) of 3.22 GeV (op =1.37 GeV). The worst category is Conv Transition with a FWHM
resolution of 5.57 GeV (op =2.37 GeV). Figure 3.2 left illustrates MC simulation of the signal
fitted by a Crystal Ball function.

The background in the H — 7 analysis is fitted from data sidebands, that are data outside
of the window where the Higgs boson mass peak is searched. Despite the analysis not relying on
a precise data-driven nor MC based estimate of the irreducible v+ and reducible v-jet and jet-jet
backgrounds, its composition is nevertheless studied to make sure the QCD diphoton continuum
is understood and corresponds to standard model expectations. The v, v-jet and jet-jet relative
composition is checked thanks to the same three methods that are described in Section 2.3.4 :
the 2D sideband, the 4x4 matrix (or event weight) method, and the 2D (template) fit method,
with the addition of a fourth method, the 1x2D sideband method which is using a fake rate
measured in data to extrapolate background components measured by the 2D sideband method
in a control sample to the signal region. I have personally determined the background composition
using the 2D Fit method for various datasets. Results show, as illustrated on Figure 3.2 that
after all selection cuts the remaining background is 75% irreducible v+ or Drell-Yann (Z — ete™
continuum) background, 22% v-jet and 3% jet-jet.

Monte carlos are used not to describe the background but to allow the choice of analytical
function to describe the background in the fit. The ~+ contribution is simulated with Sherpa,
Resbos and Diphox, 7-jet by Sherpa and the jet-jet by Pythia.

The modelling of the background has been carefully studied. Many models, mainly variants of
polynomials and decreasing exponential have been tested and chosen to minimise the possibility
of a spurious signal arising from it. For each function, a S+B fit (Signal + Background, meaning a
sum of the analytical function chosen for the background and the signal crystal ball) is performed
to a background only Monte Carlo mixture. The tested model must have a fitted number of signal
event either lower than 20% of the background statistical uncertainty, or below 10% of the total
number of expected signal events. This fitted number of signal events is used as systematic
uncertainty on the background modelling. The chosen background model, depending on the
category, is either the exponential of a second-order polynomial, a single exponential, or a fourth-
order Bernstein polynomial : By (x) = Y, Bubun = D 1—o By (Z)a:l’(l — )" . The parameters
of the analytical functions are determined in the 100 to 160 GeV mass range.
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I have been responsible for the internal note dedicated to background studies [37] with the
statistics used for the discovery of the Higgs boson in 2012 [41].
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FIGURE 3.2 — Crystall ball signal modelling on simulation (left) [41]. H — ~7v background
composition (right) [42].

Figure 3.5 shows the result of an signal-plus-background (S+B) fit to data where the back-
ground is modelled by a fourth degree Bernstein polynomial.

3.1.3 Analysis optimisation

During the analysis optimisation phase, I investigated the possibility to improve the analysis
sensitivity by fitting not only the m., distribution but also simultaneously the calorimetric
isolation of both photons, resulting in a three-dimensional (1., E}S‘i, Eé?g) fit. The isolation of
both photon candidates is providing additional information about the probability for an event
to be a reducible background v-jet and jet-jet. This method, reported in an ATLAS internal
note [43], was discarded in favour of a quicker simpler categorisation method, that fitted better
the limited timescale by which the collaboration was to publish the discovery.

In this method, the traditional Higgs to two photons analysis consisting in a one dimensional
maximum likelihood fit of the invariant mass is replaced by a three dimensional fit where the
invariant mass and the transverse isolation energy of each photon candidate are used as discrimi-
nating variables. The PDF used for the nominal extended profiled likelihood fit for the H — v~
analysis :

fs+B(myy) = nsfs(myy) + npfp(m,,) (32)

Where ng and np are the numbers of signal and background, fs(m.~) is a Crystal Ball
and fp(my) is a polynomial. For both fg and fp, parameters are determined independently
per category, since the background slope and the signal resolution depends highly on the 1 and
conversion status of photons. In the 3D fit instead, the PDF used for the nominal extended
profiled likelihood fit for the H — ~~ analysis is :

FsB(myy, BES EZO%) = ng fs(may) f,1(E5S) fr 2(EES)
F1yy fB (M) f 1 (E??)fvﬂE?g)
10 fB(My) f11 (BES) fi2(EES) (3.3)
1 fB(Mey) F51(EFS) fr2(EES)
+n5j fB(Meyy) fin (E?('f)fﬂ(E?%)
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The principle of this method is alike the 2D fit method used in the di-photon cross section
(Section 2.3), with the exception of the correlations between the leading and subleading jet in di-
jet events that are neglected. The calorimetric isolation of the leading and the subleading objects
allows an intrinsic separation of the irreducible photon-photon background and its reducible
photon-jet and jet-jet backgrounds which results in an improvement of the overall fit sensitivity.
Invariant mass and isolation correlations are found to be less than 1% for photons produced
in QCD processes, less than 6% for jets while an anti-correlation of 6% (leading) and 11%
(subleading) is observed for the photons produced by a Higgs boson decay. Results on 4.91 fb~1
of 7 TeV data show an improvement of 5% of sensitivity in both the inclusive scenario and the
nine category scenario used for the standard Higgs to two photons analysis performed on 2011
data, meaning that the improvement is orthogonal to that brought by categorisation. Systematic
uncertainties from background definition and its impact on the sample gamma gamma purity
and the isolation probability density functions lower the relative improvement to 3% in the most
conservative approach. Results with 5.9fb~! of 8 TeV data and for Higgs searches around a di-
photon invariant mass of 125 GeV give an even more optimistic 10% improvement with respect
to the baseline Higgs to two photons analysis. The better results achieved with 2012 data could
originate from a lower purity of the identification due to higher pile-up.

3.1.4 Systematic uncertainties

In this analysis several kind of systematic uncertainties are taken into account and fall into
the following categories :

~» Systematic uncertainties on the signal yield : luminosity (43.9-3.6%@Q7-8 TeV), trigger
(0.5%), identification (5.3%) and isolation (1%) efficiencies, photon energy scale (0.4%),
H — ~v branching ratio (decreasing from £5.9% @ m.,,= 110 GeV to £2.1% Q m.,=
150 GeV), theoretical uncertainties on the Higgs boson production from the QCD facto-
risation and renormalisation scales, Parton Distribution Functions (PDFs) and the strong
coupling g (up to 8% each).
The QCD scale uncertainty is determined by varying the factorisation and the renorma-
lisation scales up, pugr of the running coupling of ag which is a key parameter in making
precise perturbative QCD predictions. The PDF+a; uncertainty account respectively for
the uncertainty on the partons Probability Density Functions in the colliding protons, and
the uncertainty on the strong coupling constant itself.

~» Systematic uncertainties on the signal resolution : calorimeter energy resolution (12%),
extrapolation from the electron calibration to photons (6%), pile-up potential mis-modelling

(1.5%)

~ Systematic uncertainties on the signal migration between categories : jet energy scale and
modelling of the underlying events impact mainly the number of events selected in di-jet
categories ; Higgs boson kinematics adds uncertainty to the splitting between high and low
pry categories ; the material mis-modelling uncertainty impacts the split between converted
and unconverted photons; lepton reconstruction, energy scale and identification uncertain-
ties modifies selection of WH, ZH and ttH events in the one-lepton category.

~ Systematic uncertainties on the mass measurement : Because of a tension in 2012 between
the Higgs boson mass measured in the H — vy and the H — ZZ channels, with a lower va-
lue for H — ZZ, additional cross checks and systematic uncertainties were investigated to
increase the robustness of the m..,, result. It included several investigations of the impact of
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the following on the peak position : the electron energy scale from Z — eTe™ (0.3%), elec-
trons to photon extrapolation (0.3%), pre-sampler scale uncertainty (0.1%) non-linearities
of the EM calorimeter electronics (0.15%), uncertainty on the corrections to the cluster
lateral energy leakage measured on Z (0.1%), uncertainty on the signal resolution (0.15%),
uncertainty on the fraction of converted photons of 10% (0.13%), relative calibration of
first and second EM calorimeter samplings (0.2%), uncertainty from the angle measure-
ment evaluated by using various primary vertex selection algorithms on Z — e'Te~events
(0.03%), uncertainty arising from the background modelling, determined by measuring
the maximum median deviation of various background models on pseudo-datasets or toys
(0.1%). The resulting voluntarily conservative total systematic uncertainty on the mass
determination amounts to 0.5% (650 MeV).

For the full run 1 measurement, the electron and photon energy calibration was completely
revisited and improved [44].

3.1.5 Statistical method for signal extraction

A profile likelihood ratio based test statistic is used to test different hypothesised values of
the signal strength p, the signal strength for a process i being the product of the measured
production cross section and branching ratio over that predicted by the standard model :

(o x Br)meas
K= B\SM (3.4)
(o0 x Br)

In the profiled likelihood ratio fit, the likelihood £ is maximised. The (modified) test statistics
qu (qu), is defined to quantify how well the observed data agrees with the signal plus background
hypothesis in the context of a signal strength measurement (upper limit setting) :

—2n 2 0<p<p

260
G = (Gu =) = —2ln(A,) = O = (3.5)
AU Ry
£(0,0(0))

where p is the tested value, i the measured signal strength, 6 are the values of nuisance pa-
rameters that maximises the likelihood for a specified signal strength p, and 6 are the values
of the nuisance parameters that maximises the likelihood for the tested i value. The particu-
lar case for which the signal strength g = 0 is the background-only hypothesis, is tested with
go = —2In()\g). For frequentists, a discovery can be claimed when the compatibility of data with
the background-only hypothesis is low enough.

For a Higgs boson mass measurement, p is treated as a nuisance parameter, and the likelihood
ratio function is changed into :

)‘mh _ g(mhnuv GA) (36)
"%(mfn :[1’7 9)
The Nuisance Parameters (NP) are typically the systematic uncertainties of the analysis that
broadens the profile likelihood and degrade the accuracy on ji. The value of these parameters
are determined from a likelihood fit to data, which is called profiling.
In equation 3.5, higher values of ¢, correspond to increasing incompatibility between data
and the measured signal strength u. The first condition is the default test statistics definition,
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resulting in a x? distribution. The second condition is the capping, which states that if the
measured signal strength is higher than the tested value (f > ), then ¢, will be signal-like and
not background like. Instead of populating the tail of the g, distributions, events with higher
signal strength than the tested value create a Dirac peak at g, = 0. Finally the third condition
is the one-sided definition, added to tackle with the impossibility of having negative values of a
signal strength, which would amount to stating the physical impossibility of measuring a negative
number of signal events. Therefore, for negative measured values, { is set to 0. This modified
test statistics is written g,. The one-sided test if preferred for discoveries (when measuring the
Po, see below), or for finding an upper-limit, whereas the two-sided definition is used when trying
to measure the signal strength. In that last case the number of signal events can be negative up
to the point that the total number of events, signal and background, is not negative in which
case the function is not defined. That can happen for very pure regions for which no data event
is selected, such as for the run 1 version of the four leptons category of the t¢H analysis (see
section 6.1.1.1).
The p-value quantifies the statistical significance of an observed signal :

+oo
Pp = [ f@u ‘ M)dﬂjﬂ
et (3.7)
po = / f(ao [ 0)dgo
do,0bs
The pg value is the probability of data to be compatible with the background-only hypothesis. P-
values can be translated into a Gaussian statistical significance Z or standard deviations through
the quantile (inverse of the cumulative distribution) of the standard Gaussian Z = ¢~!(1 — p).
an observation or discovery is claimed when the probability for data to be compatible with the
background-only hypothesis is three chances out of ten million (p=2.87 x 107 or Z=5 o), and
an evidence when the probability for data to be compatible with the background-only hypothesis
is one out of a thousand (p=1.35 x 1073 or Z = 30 ). The commonly used p-value of 0.05 is
equivalent to a 95% Confidence Level (CL =1 — p) and amounts to Z=1.96 ~ 2 o.

The pg at a particular m., is represented on Figure 3.5 on the right, also called the discovery
plot. The result is to be considered in light of the look elsewhere effect (LEE), which accounts for
fact that the probability of observing an excess when testing a whole mass range (here 110 GeV
to 160 GeV) is higher that checking for an excess at a specific mass point [45].

A frequentist procedure is used to derive exclusion limits on p using C'Lg which is the
probability to have data compatible with the signal hypothesis knowing the background.

(3.8)

where CLgy p is the test for the signal+background hypothesis and C'Lp is the test for back-
ground only hypothesis (u = 0).

A median significance can be defined assuming data is distributed according to a specified
signal model, with which one would expect to exclude the background-only hypothesis. This
is done by setting p/ in f(qo | ¢/) from equation 3.7; in our case the Standard Model signal
strength for the Higgs boson signal x4/ = 1. The estimate of the median significance by replacing
the ensemble of simulated data sets by a single representative one, here referred to as an Asimov?

4. The name comes from the short novel Franchise by science fiction author Isaac Asimov, where an election
is held with a single representative voter to replace all.
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dataset [46]. In the rest of this document, expected results are obtained by performing a fit on
the representative Asimov dataset of a Signal+Background model where the signal strength is
that of the Standard Model Higgs boson (1 = 1). Observed values are instead the ones obtained
from the fit to the recorded data.

The asymptotic approximation of the likelihood statistical interpretation states that the
distribution of the test statistic g, defined in equation 3.5 is %5 + %XQ, that is the sum of half
a Dirac and half a x?. One consequence from this is the significance can be obtained from the
measured test statistics with the formula Z = /g, . Most of ATLAS statistical interpretations
rely on this approximation which is valid for sufficiently high statistics analyses. Large numbers
of simulated pseudo-experiments, also called Toy Monte Carlos, are used for cross checks or for
low statistics channels, such as ttH to four leptons (See Section II). Both observed and expected
significances are therefore determined by the value of the test statistics measured on data for the
observed (Z = /g, ) and on an Asimov dataset for the expected (Z = /g, .

3.1.6 H — ~~v analysis results

Between 2011 and 2013, I was regularly updating the H — ~~ statistical results and giving
a report in the group meeting. As LHC data was accumulating, there was enough material to
update results from Paris every week and compare to those from Wisconsin university whose
team was performing the same task with a different framework. These were both stressful and
exciting times since we knew a bump could appear anywhere in the 110 to 160 GeV mass range.
The most significant bump to be seen was one in the exclusion plot as illustrated on Figure 3.3.
At this point measuring the py became more appropriate to check the statistics was sufficient to
confirm the excess around 126 GeV (see figure 3.4). On July 2012, a Higgs boson-like particle
observation was announced jointly by ATLAS and CMS.

(2]

= T e e L o B e R B A
o :ATLAS Prelfminary L Observed ]
2 gy Expected i
S [ [Ldt=4.8fb", {s=7TeV +10 ]

C1 dqt=12fl (o ]
% o[ JLt=1310", (s=8TeV +9G 1
3] ]
2 3 3
o ]

TTT T T[T TTT[1TT

=

L \ ! *\/ ! ! J
110 115 120 125 130 135 140 145 150
m,[GeV]

FIGURE 3.3 — The observed 95% CL exclusion of value of y as a function of m.,, and the expected
(dashed) corresponding to the background-only hypothesis, from the combination of the 7 and
8 TeV data. This limit can however not be applied to a second boson since the fit assumes only
one contribution [38].

The significance of the excess combined over all data years and channels occurs at mg=
126.5 GeV with an observed significance of 6.00 (po=1.7x10°) [47|, for 4.90 expected from a
Standard Model Higgs (1 = 1). This observation was consistent with the indirect constraints
from the global fit to precision electroweak measurements [48| which arises from the Higgs boson
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mass being linked to the masses of the W boson and the top quark. This result could be achieved
by combining the following final states :

~ H — 4y (4.7 b1 of 7 TeV and 5.8 tb~! of 8 TeV data)
~ H—WW, WW — v, lvgq (7 TeV); evur (8 TeV)
~ H— ZZ,77 — 4, N, llqq (7 TeV); 4¢ (8 TeV)

~ VH, H— bb, Z— vv, W— lv, Z— 11 (7 TeV)

~ H =TT, TiepTiep, TiepThads ThadThad (7 TeV)

The result also included an exclusion at 95% CL of the mass range between 110 and 582 GeV at
the exception of the excess around my ~ 126 GeV. The mass range beyond 150 GeV is covered in
particular by the H — WW and the H — ZZ channels since these decay modes are predominant
at higher masses of the Higgs boson. For the mass determination, the H — vy and H — ZZ
high resolution channels are considered. As illustrated on Figure 3.4, H — ~ was at the time
of the first combined discovery the leading channel.

\s=7TeV: fLdt=481f" ™ N
(s=8TeV: [Ldt=581" T

Local p
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E —20120bs. {s=8TeV: [Ldt=581b"
110 11‘5 12‘0 12‘5 13‘0 13‘5 14‘10 145

m, [GeV]

FiGUurReE 34 - H — ZZ, H — vy and H — WW pq values for ICHEP conference, July 4th,
2012 [47].

The release of the subsequent H — v+ public result with 20 fb~! of 7&8 TeV data in

December 2012 as a conference note of which I was editor, confirmed the combined discovery
achieved in July 2012, and was the first observation of the Higgs boson with a standalone channel.
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The significance of the excess with the almost doubled statistics of 20 fb~! was 6.1 (5.40 after
LEE correction), corresponding to a p-value of pg=4.4x10'0 (pg=2.8x10%), as illustrated in
Figure 3.5. The expected value for a Standard Model like Higgs boson signal strength of p =1
was 3.30, which means if the Higgs boson was the standard one, that there was an upward
fluctuation of the signal in this dataset which lead to a measured signal strength above the
Standard Model expected value : = 1.80 £ 0.30 (stat) ™07t (syst) 07y (theory).
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FIGURE 3.5 — H — ~y invariant mass (left) and pg as a function of the diphoton mass for CERN
council, December 13th, 2012 [38].

For the new particle’s mass measurement, the parameter of interest in the test statistic is
changed to mpy as explained in equation 3.6, and the signal strength parameter is treated here
as a nuisance parameter. The best-fit value is mpy= 126.6 £ 0.3 (stat) + 0.7 (syst) GeV. In that
public result, and to go one step further down the road of Higgs couplings measurements, Higgs
production modes signal strength were allowed to float independently to exploit the specific
production enriched categories. With 20 fb~! of 8 TeV data, gluon fusion (ggF) was grouped
with ttH since they are both result of the coupling of the Higgs boson to the top quark (fermion),
as illustrated on Figure 3.1 while VBF and VH strength, coupled together since both depend on
its coupling to bosons. The result of this fit is the two-dimensional ellipse shown in Figure 3.6
left. The updated result with 36.1 fb=! of 13 TeV data allowed to split further to each production
mode (see figure 3.6 right). This work on the couplings is still an on-going effort in the H — ~~
team with the latest published result having nine ttH/tH, seven VH, four VBF and ten gluon
fusion dedicated categories [39]. The latest result amounts in particular to a 1o precision on the
signal strength for top u:. Part II of this document is devoted to the couplings measurement of
the Higgs boson, in particular to the top quark.
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FIGURE 3.6 — Best-fit values of pggryiun X B/Bsy and pvpriva x B/Bgy where B is the
Higgs to gamma gamma branching ratio, and their 68 % (solid) and 95 % (dashed) CL contours
(left) [38]. H — ~yy coupling results with 36.1 fb=! of 13 TeV data (right) [39].
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3.2 Spin Tests

Right after its discovery, one important step towards the characterisation of this newly dis-
covered particle and its properties measurement was to check it was indeed a scalar as predicted
by the Standard Model (see section 1.2.3). In 2013, I participated to the first study of the spin
of the Higgs-boson-like particle in its H — v decay [49].

3.2.1 Theoretical motivation

Spin and parity are quantum numbers, i.e. intrinsic quantum quantities used to characterise
the particle. They are subject to conservation laws. Among quantum numbers one can count
angular momentum, spin, parity, and charge parity °.

Parity P is equal to +1 or -1 and related to the particle properties under a reflection in space,
for example to whether the decays of the particle into two mirror-symmetric configurations, have
an identical probability or not.

For the Higgs boson, spin and parity are determined by the Standard Model to be J¥=07 in
other words the Higgs boson is a scalar. The observation of the Higgs boson in its H — 7 decay
discards the spin-1 hypothesis because of the Landau-Yang theorem that forbids the direct decay
of an on-shell spin-1 particle into a pair of massless spin 1 particles. Elements of its conceptual
demonstration is the following. The projection of the total angular momentum on the di-photon’s
direction is the difference in helicity of both photons A; — Ag. The helicity of one photon being
A==1, |A1 — A2| can either be 0 or 2. Now, by conservation, the angular momentum is that of the
initial decaying particle. In case of a spin-1 particle decaying to two photons, |A; — A2| <1 and
thus A\j= Ag. It can be shown that the di-photon quantum state respecting the Bose symmetry,
allowing for which both photons can we swapped, can be written :

| v1,72) =] A, A2 ) + (=1)7 | Aa, Ar)

Since the total angular momentum must be conserved, J=1. It results that for a spin-1 particle,
the two di-photon state would be null which results in a contradiction.

3.2.2 Instrumental setup

In this result, and in order to reach evidence for a spin-0, the 4~y final state has been combined
with other more sensitive decay channels : the H - WW — evuv and H — ZZ — 44 channels.
Thanks to the several leptons in their final states, they are more sensitive to parity as well as the
spin through the numerous angular observable. In particular in this paper, J©=0,17,1,2% models
are excluded at confidence levels above 97.8%. The study provides evidence for the spin-0 nature
of the Higgs boson, and a strong preference for positive parity.

In the present document I will nevertheless focus on the description of my contribution on the
H — ~~ channel which, for a graviton-like spin-2 particle with minimal couplings described in
section 3.2.3, is only sensitive to spin and not parity, providing therefore a discrimination against
the JP=2% hypothesis®. Spin studies have been since then updated with additional integrated
luminosity [50], but I will focus on the 2013 result that I participated to.

5. Charge conjugation is the operation that changes the sign of all elementary quantum charges effectively
transforming a particle to its anti-particle.
6. As opposed to more original spin-2 models for which H — 7+ could provide some parity discrimination.
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3.2.3 Spin-2 model

The alternative model descriptions is a spin-2 model originating from the most generic cou-
plings model of spin-2 resonances as explained in [51], where the production and decay of a
generic boson with various J¥ quantum numbers are described. The most general amplitudes
are defined, to be consistent with Lorentz invariance, angular-momentum conservation, Bose
symmetry and the unbroken symmetry of the SU(3)xSU(2)xU(1) gauge group.

The general interaction of spin-2 particle with gauge bosons pair has ten independent tensor
couplings making the exclusion of the generic spin-2 model impossible at this stage for statistics
reasons. Among the large number of possible spin-2 models arising from this general description
only one is chosen : the 2;} graviton-like tensor with minimal couplings defined as g§ = g5 75 0
highlighted on figure 3.7, in which the only dependency of the model are the intensities of the
spin-2 particle to the standard model fields.

A(X N VV) — [2g(2)t f*l [Laf*2 ved | 29(2)t;w qj/)z\gﬁ f*l,,uaf*Z,u,ﬁ

q q * v * v q q *1,c *
+gD gt (M fi% 4 £ £20) + 0P Tt S £

G
+m? ( @t etes” 4292 qua tu (61765 — €1%57) + g(2)qA2 tw,e’{%)

9Dt 06"

Qulv 1
(2) 2] Tfuupoq 7% (€1"(qe3) + €5” (qel)):|

8 A2 ;“/f*l aﬁf*(Z) +g(2)t'uocq Euljpael 6 qa' +
FIGURE 3.7 — Most general couplings of spin-two resonances to Standard Model matter and

gauge fields expression, and graviton-like tensor with minimal couplings (g§ ) = g5 ;é 0) used
for this result highlighted in blue [51].

Two production mechanism are considered for this spin-2 model : gluon fusion g¢g initial state,
or the quark-antiquark annihilation process ¢¢. The gg mechanism is dominant at leading order in
Quantum Chromodynamics (QCD), but that ratio can be significantly modified at higher order
QCD corrections, so that the analysis was performed for various proportions ” of quark-anti-quark
annihilation fyz =1 — €g44 between 0 and 100 % by steps of 25%.

The SM H — ~~ production and decay is generated by Powheg+Pythia, while the spin-2
alternative model 27 is modelled by the leading order QCD generator described in [51] and de-
nominated JHU in reference to Johns Hopkins University where it has been developed. They are
then both interfaced with Pythia8 for parton showering and hadronisation. I developed a tool to
reweigh pr distributions for the gluon fusion signals from JHU to reproduce the Powheg+Pythia8
spectrum of the SM spin-0 hypothesis. No reweighing was applied to the ¢gg production process,
but it was checked that the distributions of all kinematic variables used for the spin analysis are
compatible between the two MC after that reweighing is applied.

The H — 7 decay mode is sensitive to the spin of the Higgs boson through the measurement
of the polar angular distribution of the photons in the resonance rest frame. The discriminating
variable is |cos(6*)|, the polar angle of photons with respect to the z axis in the Collins-Soper

7. So here fy3 is not a pdf but a fraction of production mode
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frame : ' ot
008(9*) S,th(n’h B 7]72) 2pT Pr

= . 3
\/1 + (p3 Jmas)2 Ty
In this frame, as illustrated on figure 3.8 the x-axis is chosen to bisects the angle between
the momenta of incoming hadrons p4 and pg, the z-axis defined as bisectrix of p4 and —pp and
finally a y-axis to complete a right handed coordinate system. This referential was chosen as it

is in principle least sensitive to ISR and has also shown to be the most discriminant between
spin-0 and spin-2.

(3.9)

ZCs

F1GURE 3.8 — Illustration of Collins-Soper referential.

The |cos(6*)| discrimination comes from the different profiles of each process determined from
the helicity formalism with Wigner’s coefficients :

~» The SM Higgs with spin-0 has a flat behaviour because of an isotropic decay — it is a
uniform distribution before acceptance cuts.

~» Spin-2 production via gluon fusion : ﬁ%*) oc 1+ 6cos?(0*) + cos*(6%)

~+ Spin-2 production via quark-anti-quark : #]{9*) o 1 — cos*(6%)

These truth level distribution are then convoluted by instrumental acceptance cuts, and in
particular the usual photon kinematic cuts pr > 25 GeV and |n| <2.5 cuts that remove events
in the high-end of the |cos(6*)| distribution. |cos(0*)| distributions for all of these processes is
given on Figure 3.9 left, showing there is a good discrimination for gg initiated final states but
low for the gq. The discrimination is therefore better for low gq production fraction as illustrated
on the exclusion Figure 3.9 right.

3.2.4 Fit model

As explained in the previous section, cos(0*) is the variable used to discriminate between the
SM Higgs and the spin-2 hypothesis. To discriminate against the non-resonant vy background,
M.~ is also used as a discriminating variable. The fit is a one-dimensional m., fit in the mass
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sideband regions (m., € [105;122] & [130;160] GeV), and two-dimensional m.~ xcos(0*) in the
signal (peak) region between 122 and 130 GeV. The 2D fit in the signal region required a thorough
check of the correlations between m~., and cos(6*) which revealed not to be significant compared
to the statistical uncertainties. The residual correlation at the level of 0.6% for cos(6*) <0.8 and
2% elsewhere is treated as a systematic uncertainty.

Background and signal are respectively modelled as a fifth order polynomial and a crystal
ball function as in the H — ~ analysis described in section 3.1, but all categories are merged
into an inclusive category. The fit to data is therefore carried out simultaneously in the signal
region (2D-fit) and the two sideband (1D fit) regions. The use of either one (m.) or two (M, x
cos(0*)) discriminating variables as a function of the invariant mass of the two photons in a single
fit turned out to be an original and relevant idea, but prone to many technical difficulties. My
participation to this analysis has been mainly to help in the technical elaboration of those unusual
statistical workspaces and their production. In the signal region where the fit is performed on
the product of the m.~ and cos(#*) distributions, the likelihood is of the form :

& = (ns+np)— Y Inlns.fs(jcos(07)]). fs(myy) + np.fo(|cos(07)]). fo(myy)]  (3.10)

events

The m., dependent part of the background PDF, fp(m.,), is determined from sidebands in
the same fashion as is done for the H — 7~ signal strength measurement, following the rules
of the spurious signal as described in section 3.1.2. The fp(|cos(6*)|) PDF used in the signal
region is also determined from data in the m,, sidebands. The 1Dx1D treatment is justified
by the fact that m,, and cos(6*) are assumed to be uncorrelated, which is insured by applying
photon acceptance cuts on pr/ m~, instead of pr. A bin-by-bin uncertainty in the fg(|cos(6*))
distribution is allowed to float, introduced as degreed of freedom to absorb potential remaining
correlation between cos(6*) and m.~. Most of technical difficulties came from the use of this
1D(binned) x 1D(analytical) PDF.

The signal PDF, for reasons developed in section 3.2.3 is parameterised as a function of the
gluon-gluon and quark-quark initiated spin-2 components :

fS(COS(e*)IEOa 62) =eofo+ (1 - E0)(62ggf2gg + (1 - €2gg)f2qci)

where €y (resp €2) is the probability for the Higgs boson to be a scalar (resp. a spin 2 particle),
namely if the spin is 0 (2), o = 1(0). fs, fo, fogg and foqg are here the pdfs for signal, spin-
0, spin-2 initiated by gluon fusion and quark-anti-quark. The exclusion is decreasing with the
increasing fraction of qq produced signal as shown on Figure 3.9 right. The test statistics to
discriminate between the spin-0 (Hy+) and the spin-2 (Hy+) hypotheses consists in the ratio of
the two likelihoods :

~

q _ _ln§(50+) _ _lng(ﬁ[) = 1,//?5:17?60:1) (311)
(Ha+) Z(e =0, fle=0, Oc=0)

where ﬁ is the signal strength and 6 the nuisance parameters fitted under the spin-0 and spin-2
hypotheses. The distribution for both test statistics is obtained with pseudo-experiments or toys.
The p-values are determined by integrating the ¢ distributions of each hypothesis as illustrated

on figure 3.10 left. The exclusion of the alternative 27 hypothesis in favour of the Standard Model
p(2")
1—p(0+)"

0" hypothesis is evaluated in terms of the corresponding C'Lg, defined as CLg(2%) =
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FIGURE 3.9 — Left : Discriminating variable cos(6*) distribution for diphoton background (black)
a SM Higgs boson (01) (blue), a graviton-like spin-2 tensor with minimal couplings signal (2;)
produced from gluon fusion (red), and a graviton-like spin-2 tensor with minimal couplings
signal (2;) produced from ¢g (green) after the analysis selection cuts [38]. Right : Observed
values of the test statistic q described in equation 3.11 (black solid line) as a function of the
fraction of the ¢gg production of the spin-2 state fq,3. The blue and red dashed lines indicate the
positions of the median expected values of the sampling distributions for the spin-0 and spin-2
signals, respectively, obtained from pseudo-experiments. The green and yellow bands correspond,
respectively, to one and two standard deviations around the spin-0 median curve [49].

When the measured data are in agreement with the tested J? hypothesis, the observed value
of ¢ is expected to be close to the median, corresponding to a p-value around 50%. Very small
values of the integral of the J distribution, corresponding to large values of ¢, are interpreted
as the data being in disagreement with the tested hypothesis. On figure 3.10 left, the result of
the fit for the gluon fusion only case is shown. It corresponds to the test statistics ¢ distribution
of the first set of points at f,z = 0 in figure 3.9 right, where the blue (resp. red) distribution is
the expected distribution of the test statistics for the 0% (resp 2%) hypothesis, with a central
values of ¢ ~ 4 (¢ ~ —2.5) and the black dot for the observed value around ¢ ~ 4 becomes the
black Dirac. It shows the observed fitted value (black Dirac) is poorly consistent with the spin-2
hypothesis in red (because of a low p-value) but highly consistent with the spin-0 SM hypothesis
in blue, with a p-value close to 50%.

3.2.5 Results

Figure 3.10 right displays the data distribution for cos(6*) in the signal region, overlaid
with the signal and background components, fitted under the J = 0% hypothesis. Figure 3.11
shows the cos(6*) distributions in the signal region obtained after subtracting the estimated
background, and compared with the expected distributions for spin-0 and spin-2 signals. Data
points are slightly different under the spin-0 and the spin-2 hypotheses because of the profiling
of its bin-by-bin systematic uncertainties or nuisance parameters. The spin analysis naturally
inherits all systematics related to the m.,, fit as they were described in the discovery section.
Specific systematics are taken into account for the modelling of cos(6*).
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FIGURE 3.10 — Left : Expected distributions of the test statistics q for the spin-0 and spin-2
(produced by gluon fusion) hypotheses. The observed value is indicated by a vertical line. The
coloured areas correspond to the integrals of the expected distributions used to compute the
p-values for the rejection of each hypothesis. The red dashed area on the right-hand tail is barely
visible as the p-value for data to be compatible with spin-2 is very small [49]. Right : Distribution
of cos(6*) for events in the 122 < m., GeV < 130 signal region. The data (dots) are overlaid
with the projection of the signal (blue) and background (yellow) components obtained from the
inclusive fit of the data under the spin-0 hypothesis [49].
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~» Systematics on the SM spin-0 cos(6*) signal modelling (from MC) include the interference
between the signal g¢g — H — 77 and the non-resonant background gg — 7y [52] and
NNLL-+NLO corrections to the transverse momentum. The photon identification efficien-
cies in different pseudo-rapidity and the systematic uncertainty on the photon energy scale
are negligible.

~> Systematics on the spin-2 signal cos(6*) is conservatively taken as the full magnitude of
the MC pp reweighing correction (see section 3.2.3). No interference is considered because
there are no theoretical models that describe it.

~> The uncertainty on the cos(6*) background modelling is lead by the limited statistics in
the sidebands and small remaining correlations between m.~ and cos(6*), observed in high
statistics MC samples (see section 3.2.4) which are summed in quadrature and uncorrelated
between bins.
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FIGURE 3.11 — cos(0*) distributions of background-subtracted data in the signal region after a fit
to data for the spin-0 (left) and spin-2 (right) gluon fusion produced hypotheses. The light blue
bands around the horizontal lines at zero show the systematic uncertainties on the background
modelling before the fits, which include the statistical uncertainties on the data sidebands [49].

The graviton-like with minimal couplings model hypothesis is excluded by the H — ~vy
analysis at 99.3% Confidence Level assuming the production mode is 100% gluon fusion (f, = 0)
which is the scenario ensuring the maximum sensitivity. When combined with the other two
bosonic channels H — ZZ and H — WW that are less dependent on the quark-anti-quark
annihilation fraction, the J* = 2% model is rejected at more than 99.9% CL over the whole Jag
range.
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4. Motivations for ttH and couplings mea-
surements

Ever since the Higgs boson was discovered in 2012 (see Section 3.1), interests from the ATLAS
and CMS experiments shifted towards the measurement of its properties. The intentions of the
community has been to verify whether its spin (see Section 3.2), parity and coupling to other
particles correspond to those predicted by the Standard Model (SM) (see Section 1.2.3). Higgs
boson couplings are completely determined by the SM and consequently a very good handle for
new physics to be spotted. Some couplings, among which the couplings to the top quark, are
also challenging measurements.

After the discovery and spin measurement of the Higgs boson in its H — -~ final state in
2013, I decided to continue getting involved in the study of the properties of the newly discovered
Higgs boson, and more specifically in its couplings to other particles. The Higgs boson having
been initially discovered through its bosonic decays (W, v, Z), its coupling to bosons did not
need to be demonstrated, although still to be measured with improved accuracy. On the contrary
some more work was needed at the time to observe its fermionic decays to 7 and b-jets. As of
today, the Yukawa coupling of the Higgs boson to tau leptons has been observed [53, 54] and
observation for the coupling to b-quarks has been found through direct searches [55, 56, 57].
The four dominant Higgs boson production modes and major decays have now been observed.
The Yukawa coupling of the Higgs boson to the top quark has however been one of the most
challenging couplings to measure and among the last ones to be observed.

In the SM, the fermion couplings to the Higgs boson are proportional to their mass; the top
quark is hence the fermion with the strongest coupling which has been verified by experimental
measurements (see Figure 6.10). It is at work in the dominant gluon fusion production mode, but
hidden in a loop. The Higgs boson production in association with a top quark pair (ttH) allows
however a direct measurement of this coupling, since the tops are part of the reconstructed final
state, as illustrated in Figure 1.5. This measurement is challenging since apart from tH, ttH
is the rarest production mode, representing only 0.6% of produced Higgs bosons at 8 TeV and
0.9% at 13 TeV, compared to respectively 87% and 88% of production rate for gluon fusion. On
the other hand, ttH is the Higgs boson production mode that benefited the most from the LHC
increase of the centre of mass energy /s from 8 TeV to 13 TeV. The increase of the collisions
energy is particularly beneficial to this heavy final state that counts two top quarks of 173 GeV
each and a Higgs boson of 125 GeV : Myy = 2Myop + Mpiggs >~ 2 X 173 + 125 ~ 471 GeV.
Furthermore, the increase of energy changes the PDF of protons, and gluon initiated processes
are the ones that got the most enhanced as illustrated on figure 4.1a. As a result, the tH cross
section increased by a factor 3.9 compared to less than a factor 2.3 for other processes as shown
on Figure 4.1b (2.0 for WH, 2.1 for ZH, 2.4 for VBF and 2.3 for gluon fusion). The tH production
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cross section for a Higgs boson of mpy= 125.0 GeV, computed at next-to-leading order (NLO) in
quantum chromodynamics (QCD) with NLO electroweak corrections [58], is 129.3 fb at 8 TeV
and 507 fb at 13 TeV.
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FIGURE 4.1 — Relative increase of gg and ¢g luminosities with LHC energy increase [59] (left)
and Higgs production mode cross sections as a function of the energy in the center of mass for
proton-proton collisions.

Despite a cross section at the LHC two orders of magnitude smaller than the total Higgs
boson production cross section (~55 pb vs 0.5 pb), the distinctive signature from the top quarks
in the final state gives access to many Higgs boson decay mode. Three types of final states are
relevant to be experimentally studied.

~ ttH, H — bb. Its clear advantage is the high decay rate of the Higgs boson into bb com-
pensating for the low production cross section of ttH. Its drawback is an overwhelming
systematic uncertainty from the very difficult and poor theoretical modelling of its irredu-
cible ttbb background. ttH — bb was the leading channel in sensitivity for run 1 integrated
luminosities (up to 20fb=1).

~» ttH, H — Multi-Leptons are ttH final states presenting two, three or four leptons (electrons,
muons or taus). This includes contributions from the following Higgs decay : H — WW,
H — 77 and H — ZZ. Its main irreducible backgrounds, the ¢tV (¢tW and ttZ) processes
being much better theoretically handled than ¢tbb. This array of final states has been the
leading channel for the ttH 30 evidence (36.1 fb~! of 13 TeV data).

~ ttH, H — ~7. The v~ final state allows a high background rejection rate thanks to the high
resolution of the invariant mass of the two photons. This channel has very low systematics
but also a very low branching ratio. It has therefore become the dominant channel when
more integrated luminosity has been recorded (> 80fb~1).

I decided to change final states with respect to my past involvement in vy and get involved
in the multilepton final state that sounded the most promising for Run 1 and Run 2 statistics
of 20 to 140 fb~'. Indeed for those integrated luminosities, bb would become too systematically
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limited and vy would not have yet quite enough statistics. But above all, multilepton channels
are very rich and interesting final state to study and learn from, presenting all objects that can be
reconstructed by the ATLAS detector. It has a high jet multiplicity (> 3), two b-tags, electrons,
muons and taus, and even some missing transverse energy due to neutrinos from W leptonic
decays, although not explicitly exploited in selection cuts.

My contribution was to develop and prove the 2¢gg+m,,q channel was relevant. I optimised
this analysis for Run 1 (20.3 fb~! of 8 TeV data) [60], and Run 2 with ICHEP 2016 dataset :
13.2 fb~! of 13 TeV data [61] and 36.1 fb~! of 13 TeV data [62]. I now supervise a PhD student
working on this channel development. The optimisation process of this channel will be described
in section 5.

During Run 1 analysis, I was responsible for the combination of all multilepton final states,
and the inclusion and correlation treatment of systematic uncertainties. I reshaped those results
for ttH — ML to contribute to the ATLAS Higgs boson global couplings combined measure-
ment [63] and combination with CMS [64]. I re-interpreted t¢H — ML in the perspective of the
search for the beyond standard model flavour-changing neutral currents analysis (t — ¢H) [65].
As ttH — ML coordinator and then HTop convenor during Run 2, I closely supervised a student
and then a team of people responsible for this combination. The statistical combination of all
multilepton channels, its interpretation in the overall Higgs couplings measurement combination,
and its re-interpretations as a search are developed in sections 6.1 and 6.2.

During my mandate as HTop convener, in about a year, the t¢tH — ML analysis has been
drastically improved at every level. During run 1 [60] (20.3 fb~! of 8 TeV data), and the first
13.2 fb=! of 13 TeV data from run 2 [61], analyses were simple cut-and-counts using common
objects selection working points described in section 5.1.4. Yet, in the process of being opti-
mised in order to reach an evidence, every step of the process have been carefully scrutinised
and upgraded. Additional final states with hadronic taus were considered, rising the number of
independently optimised channels to seven, described in Section 5.1. Section 5.1.5 relates how
the reducible backgrounds rejection factor has been boosted. Section 5.1.6 explains how multi-
variate analyses have been used to enhance the signal purity, and irreducible background control
regions defined in the fit. Finally, data-driven reducible background estimates have moved from
inclusive fake factor to Matrix Method or extended fake factor with event-by-event weight and
been parameterised as a function of the variables they are most sensitive to. The data-driven
estimates for the 2¢17y,,4 channel is described in section 5.3, and results shown in section 5.4.
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5.1 Map of the ttH — ML final states

The analysis described here is its most recent public version, based on 36.1 fb~! of 13 TeV
data. Multilepton (ML) channels or final states are regions built as a function of the number
of reconstructed and identified leptons. In this analysis, a distinction is made between electrons
and muons, more easily identified in the detector and denominated as light leptons or just
leptons, as opposed to hadronically decaying taus 7jqq. ttH — ML channels are defined by
their number of light leptons ¢ and hadronically decaying taus 73,4 as illustrated on
Figure 5.1a. Channels are orthogonal by construction because exclusive in leptons multiplicity.
Events with a given number of leptons and taus selected in one analysis are vetoed in the others.
This absence of overlap is important for their statistical combination described in section 6.1.1.
Multilepton channels pre-selection cuts are also designed to avoid any overlap with the other
ATLAS Higgs searches in order to avoid all double counting of events which would cause statistical
interpretations errors in the final combination couplings measurement. Depending on the version
of public results, up to seven channels have been studied, sorted here by sensitivity. 2{gg : two
tightly identified same-charge light leptons and no hadronic 7; 3¢ : three light leptons and no
hadronic 7; 20g5+Thaq : two same-charge light leptons and one hadronic 7; 30+17y,q : three
light leptons and one hadronic 7; 4¢ : four light leptons; 1/+27y,q : one light lepton and two
opposite-charge hadronic 7 ; and 20pg+ 17,4 : two opposite-charge light leptons and one hadronic
7. The total number of expected signal events selected by all ttH — ML channels in 36.1 fb~!
of 13 TeV data is 91 which corresponds to 0.50% of all produced ttH events.

In all channels, the multiple leptons requirement is useful to reject the otherwise overwhelming
tt background. For a top quark mass of m; = 172.5 GeV, oxg(tt) =~ 832730 (scale) +35(pdf+as) £23(if
unfixed mass) pb, to be compared to oxg (ttH) ~ 0.5 pb at 13 TeV. Some channels like 3¢ or 4/
present a lepton multiplicity superior to that of ¢£. Channels requiring two light leptons, 2¢gg and
205 5+Thad request for the two leptons to be of same sign (Kiﬁi) to reject the ¢*¢T signature from
tt. That induces a type of background called charge mis-identification, described in section 5.1.2,
which arises from the wrong identification of lepton signs.

Final states with only light leptons accept signal in majority from the H — WW decay, while
channels with hadronic taus also include a significant H — 77 signal component, as illustrated
on Figure 5.1b. In particular the 2¢gg+7.q channel has approximately 40% of Higgs bosons from
H — WW decays and 60% of H — 77. The 2{gg signature for a signal event is formed by one
light lepton coming from the Higgs boson decay (H — WW,W — lv or H — 77,7 — lyi;),
and because of the same sign requirement, the other light lepton must come from the leptonic
decay of one of the tops (t — Wb, W — lv), as illustrated on Figure 5.2a. To have a 20g5+Thaq
signature, a hadronic tau, essentially opposite sign to the lepton pair can arise either from one
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of the remaining W from the top (W — 7,v), or from the remaining tau or W from the Higgs
boson decay as illustrated on Figure 5.2b.
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FIGURE 5.1 — Multilepton channels map and Higgs decay composition [62].

(a) 20ss (b) 2055+Thad

FIGURE 5.2 — 2055+ Thaq and 2/gg final states in ttH events.

5.1.1 Signal and background
5.1.2 Backgrounds

The main backgrounds for the search of t#tH — ML can arise from :

~ ttV (LW, ttZ). ttW or ttZ can present the same final state as the signal, modulo a lower

jet multiplicity at tree level, as illustrated on Figure 5.3. t£V cross sections cross sections at
NLO QCD-+EW for 13 TeV collisions o,z = 0.6 pb T129% (scale) +2.0% (pdf) +2.7% (),

~11.5%
o4tz = 0.8 pb i’?f?’% (scale) £2.8%(pdf) £2.8%(cs) namely the same level of magnitude as
oy = 0.51 pb fg:ggﬁ(scale) +3%(pdf) £2%(as)

~+ Non-prompt lepton reducible backgrounds. They arise mainly from the high cross section
of the tt process (0,7 = 832 pb) where a lepton from a B-hadron decay is wrongly identified
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66

FIGURE 5.3 — ttZ (left) and ttW (right) processes with multileptonic final states.

as a prompt lepton. This type of background is often colloquially called fake leptons, or
heavy flavour fakes.

Fake taus reducible backgrounds that arise mainly from light jets mimicking the signature
of a hadronic tau.

Q-MisID, standing for charge mis-identification of a lepton. It is a reducible backgrounds
resulting from a instrumental mis-interpretation of the final state where one of the lepton’s
charge sign is reconstructed as opposite to its truth sign. There are two main sources of
electron charge mis-identification (Q Mis-ID)

o Hard bremsstrahlung (v taking most of the initial electron’s energy and electron-
positron pair production) producing trident electrons (et — et + v* — etete™ ),
where the electron/positron’s track from the conversion with opposite charge to the
initial one is reconstructed, leading to a mis-identification of the charge. This source
represents the main contribution to the @ Mis-ID background. The fraction of trident
electrons and associated mis-identification rates depends on the amount of material
that the electrons traverse and is therefore strongly |n| dependent.

o A slightly curved track that induces a measurement error. Since the sign of charged
particles is measured thanks to the bending of electron’s trajectory in the magnetic
field produced by the solenoid, this effect is more important for higher transverse
momentum electrons that have straighter trajectories. Thus, a small dependence on
electron pr is also expected in the mis-identification rates.

For muons this background is negligible because as minimum ionising particles, hard brem-
sstrahlung are extremely rare, and secondly because muons tracks curvature sign can be
reconstructed not only in the inner tracker, but also in the muons chambers.

The frequency of occurrence of this fake component is measured from data in Z — eTe™
samples in bins of pr and 7. Charge mis-assignment rate varies from 5x10~° for low-pr
electrons (pr =~ 10 GeV) at small || to 1072 for high-pr electrons (pr > 100 GeV) with
|n|>2.

Other backgrounds determined from MC include final states that are more easily discarded
thanks to respectively the two jets and one b-tagged jet requirements (dibosons, VV—11XX)
and a same-flavour opposite-sign leptons Z mass veto (Z— (71~ +jets) ; or processes with
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lower production cross section : tZ, tWZ, Wt, qqVV, VVV| three-tops and four-tops (ttt,
tttt), ttW W single tops s-channel and t-channel.

5.1.3 Monte Carlo Setup

For this analysis, the Higgs boson mass is assumed to be 125 GeV, following the Run 1
combined ATLAS and CMS measurements [66]. The top quark mass is taken to be 172.5 GeV.
The ttH signal, and irreducible ttW and ttZ are generated using the NLO generator MadGraphb
aMC@NLO (3] with Pythia 8 [67] for showering. The Parton Distribution Functions (PDFs) used
are NNPDF 3.0 NLO [68] with the A14 [69] (ATLAS 2014) tune. MadGraph5 aMC@NLO |3]
is a generator that computes the tree-level and next-to-leading order processes cross sections
and their matching to parton shower simulations. Pythia [67] is a showering tool to model the
evolution from a few-body hard generated process to the complex multi-hadronic final state.
The MC generator tune refers to the chosen set of free parameters used in the optimisation
process towards a reasonable description of measured observables in models that approximate
high-multiplicity perturbative QCD calculations, or non-perturbative physics. Uncertainties on
the ttH production cross section include QCD factorisation and renormalisation scales (J_rgggg)
and PDFs and the strong coupling ag (£3.6%), both described earlier in section 3.1.4.

The cross section for tt4t¢~, with m({T¢7)> 5 GeV, is 124 fb, and 601 fb for ttW |70].
The QCD scale uncertainties are £12% and uncertainties from PDF and ag variations are
+4%. Events in the t¢ sample with radiated photons of high transverse momentum are vetoed
to avoid overlap with those from the ¢ty sample. Dedicated samples are included to account
for backgrounds from ttZ/~*where the Z/v* has low invariant mass but the leptons enter the
analysis phase space via asymmetric internal conversions, or rare t — Wbl radiative decays also
called rare top decays.

5.1.4 Objects selection

Multilepton final states include all possible objects to be reconstructed in ATLAS. Their
selection is detailed below.

~» Trigger

All multilepton channels share the same trigger, based on the presence of a single or two
light leptons, and a common set of of loose jet, lepton and event pre-selection. The trig-
ger requirement for single lepton triggers is pp> 24 (20) GeV for electron (muon) in 2015
and raised to 26 GeV for 2016 data. The di-electron threshold is 12+12 (17+17) GeV and
the di-muon 8+8 (22+8) GeV in 2015 (2016). Electron+muon triggers pr thresholds are
17+14 GeV for both datasets. The trigger efficiency ranges from 82% to 99% depending
on the final state and dataset. The reconstructed light leptons are required to be trigger-
matched. The primary vertex of an event is chosen as the vertex with the highest sum of
squared transverse momenta of the associated tracks with py > 400 MeV.

~» Muon candidates are reconstructed by combining inner detector tracks with track seg-
ments or full tracks in the muon spectrometer. They are requested to have pr >10 GeV
and |n| < 2.5 and pass loose identification requirements [71]. To reduce the non-prompt
muon contribution (see section 5.1.5), the track is required to originate from the pri-

HDR - Marine Kuna 67



Chapitre 5. ttH— ML and 2{gg+Thaq channel

mary vertex thanks to requirements on the track impact parameters! : |dg|/oq, < 3 and
|z0]sinf <0.5 mm. To discard muons from hadron decays, muon candidates are also requi-
red to be separated by a variable distance of AR > min(0.4,0.04 + (10GeV')/pr, ) from
any selected jets in order to optimise non-prompt rejection and prompt muons efficiency.

~> Electrons are reconstructed from an electromagnetic cluster matched to a track in the
inner detector. It is similar to that of converted photons detailed in section 2.1, at the
exception of the requirement of one hit in the innermost pixel layer (called the insertable
b-layer or IBL). The usual acceptance cuts are applied : pr > 10 GeV, |nuster|<2.47 and
crack removal (see section 2.3.2). The electron identification in ATLAS relies on a multi-
variate likelihood discriminant combining shower shape and track information. It is used
to distinguish real prompt electrons from fake and non-prompt electron candidates from
hadronic jets, photon conversions and heavy flavour (HF) from ¢ and b hadron decays.
Similarly as for the photon identification two working points are defined, Loose and Tight,
depending on the prompt electron purity required [72, 73]. The preselection common to all
multilepton final states and on which the channel categorisation is done relies on the Loose
working point. The same longitudinal impact parameter cuts as for muons is applied, and
the transverse cut is |dg|/og, < 5. A selected electron is removed if within AR <0.1 of a
selected muon.

~> Hadronically decaying tau leptons 73,4 are reconstructed from clusters in the calorime-
ters and associated tracks in the inner detector |74]. Candidates are required to have either
one or three tracks, following the possible tau decay modes with one charge particle (~85%
of the time) or three charged particles (~15%), and are subsequently called one-prong and
three-prong tau candidates. The total charge of the tracks must be +1. Kinematic cuts
include pr > 25 GeV and |n| < 2.5, and the calorimeter crack region removed.

A boosted decision tree (BDT) (see section 5.2) discriminant using calorimeter and tracking
based variables is used to identify 71,,q candidates and reject jet backgrounds. Three types
of Thaq candidates are defined depending on the tightness on the BDT output, referred to
as loose, medium and tight : the latter two are defined by working points with a combi-
ned reconstruction and identification efficiency of 55% and 45% (40% and 30%) for one
(three)-prong maq decays, while the first one has a more relaxed selection and is only used
for background estimates. The corresponding expected rejection factors against light quark
and gluon jets vary from 30 for loose candidates to 300 for tight candidates. Tau recons-
truction, identification and their performance are respectively described more thoroughly
in References [74, 75]. Electrons that are reconstructed as one-prong m,,q candidates are
removed via a BDT trained to reject electrons called the electron veto. Additionally, T,.q
candidates are required to be separated by AR > 0.2 from any selected electrons and muons
to discard all tau leptonic decays 7 — frpv-. The contribution of fake 73,4 from b-jets is
removed by vetoing the candidates that are also b-tagged, which rejects a large fraction
of the tt background. The contribution of fake 7,4 from muons is removed by vetoing the
candidates that overlap with low-pr reconstructed muons. Finally, the vertex matched to
the tracks of the 7,,q candidate is required to be the primary vertex of the event, in order

1. The transverse impact parameter do is the distance between the point of closest approach of a track and
the primary vertex in the x,y plane (transverse to the beam direction). The longitudinal impact parameter zq is
the z-coordinate of this point.
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to reject fake candidates arising from pileup collisions.

~ Jets are reconstructed from three-dimensional topological clusters built from energy de-
posits in the calorimeters [76, 77|, using the anti-kp algorithm with a radius parameter
R=0.4 [23] (see section 2.1). Their calibration is based on simulation with additional cor-
rections obtained using in situ techniques [78] to account for differences between simulation
and data, and result in the Jet Energy Scale set of systematic uncertainties.

~> B-tagged jets, simplified as b-tags or b-jets are jets that were tagged as being more likely
to contain b-hadrons. B-hadrons decay through the weak interaction, they have therefore
a sufficient lifetime to travel typically a few millimeters before their disintegration. They
are identified, or b-tagged, via a multivariate discriminant combining information from
algorithms using track impact parameters and secondary vertices reconstructed within the
jet |79, 80].
The b-tagging weight is a relevant information to be used in multivariate analyses (see
Section 5.2) but the whole discriminant shape cannot be properly calibrated, hence the
scale factors are determined for only five working points : €,_jer > 85%, T7% < €p—jer <
85%, T0% < €p—jer < T7% and €,_jer <60%, determined as the b-jet average efficiency for
jets containing b-hadrons with pr > 20 GeV and |n| <2.5 in tt events. The tighter the
working point (WP), the purer the region and the smaller the efficiency. The use of several
working points is called the pseudo-continuous b-tagging (PCB).

The working point used for this search corresponds to the 70% average b-jet efficiency for
which the expected rejection factors against light-quark/gluon jets, c-quark jets and ha-
dronically decaying 7 leptons are respectively 380, 12 and 55 [79]. Scale factors are applied
to the simulated samples to compensate for differences between data and simulation in the
b-tagging efficiencies and mis-tagging rates [80].

~» The missing transverse energy E’Tmss is the norm of the negative vector sum of the
transverse momenta of all identified and calibrated leptons and jets plus remaining un-
clustered energy estimated from low-pp tracks associated with the primary vertex but not
assigned to any lepton or jet candidate [81, 82].

5.1.5 Non-prompt and charge mis-identification reduction

Non-prompt leptons are all leptons that are not coming from the direct decay of W, Z, H and
tau ; they are leptons coming from a hadron decay or from a photon conversion. Their reduction,
and consequently the reduction of reducible backgrounds in the signal region of multilepton
channels (see Section 5.1.2) is a key aspect of the analysis.

On top of the electron and muon selection described above, non-prompt leptons are further
reduced thanks to a tool that was specifically developed and calibrated within the HTop group
and called Prompt Lepton Iso (PLI). It consists in a Boosted Decision Tree (BDT) (see sec-
tion 5.2) multivariate analysis. PLI was named in reference to the traditional ATLAS isolation
(see Section 2.1), since the inputs variables include energy deposits and charged particle tracks
in a cone around the lepton direction.

Since most non-prompt leptons are often originating from jets initiated by bottom or charm
quarks, the most discriminating variables in the PLI are b-tagging algorithm outputs, together
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with the angular distance between the lepton and the reconstructed jet, the calorimetric and
track isolation variables of the lepton, the number of tracks within the jets and the ratio of the
lepton and jet pp. The training is performed separately for electrons and muons on prompt and
non-prompt leptons from ¢¢ simulation. A working point was chosen with an efficiency of 70% for
muons and 60% for electrons for pr 10 GeV and reaches a plateau of 98% (96%) at pr 45 GeV,
as shown in Figure 5.4. The rejection factor against leptons from the decay of b-hadrons is about
20. Data-to-simulation efficiency ratios (Scale Factors) for PLI as well as trigger, reconstruction
and identification are determined with a tag-and-probe method.
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FIGURE 5.4 — Prompt Lepton Isolation (PLI) BDT chosen working point efficiency on identified
prompt muons (left) and electrons (right) as a function of the lepton pp. Muons are required to
pass the loose identification requirements, while electrons are required to pass the tight identifi-
cation requirements. The measurements in data (simulation) are shown as full black (open red)
circles. The bottom panel displays the ratio of data to simulation results, with the blue (yellow)
band representing the statistical (total) uncertainty. This ratio is the scale factor that is applied
to correct the simulation [62].

In order to reduce the amount of wrongly identified charge for the selected electrons, a BDT
discriminant called Charge Flip Killer is built using electron cluster and track properties as
input : the electron’s transverse momentum and pseudo-rapidity, the track curvature significance
(defined as the ratio of the electric charge to the track momentum divided by the estimated
uncertainty in the measurement) and its transverse impact parameter times the electric charge,
the cluster width along the azimuthal direction, and the quality of the matching between the
track and the cluster, in terms of both energy/momentum and azimuthal position. The chosen
working point achieves a rejection factor of ~17 for tightly identified electrons with wrong charge
assignment and provides an efficiency of 95% for electrons with correct charge reconstruction.

5.1.6 Multilepton channels definitions
The event selection and signal extraction for each of the multilepton channels is :

~» 20gg requires two tightly identified same-charge light leptons with pyr > 20 GeV and no
hadronic 7. Four jets are required to reduce tt and ttW backgrounds, and at least one or
two of them must be b-tagged.
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~» 3¢ requires three light leptons and no hadronic 7. The sum of charge of the three leptons
must be +1. The lepton with opposite charge to the other two is almost always prompt
in tt events (97% of cases) which allows to increase acceptance by requiring only a loose
selection described in section 5.1.4. The other two are tight with pr > 15 GeV. Same-
flavour opposite-charge lepton pair with an invariant mass below 12 GeV are removed to
suppress background from resonances that decay to light lepton pair. Events containing
a same-flavour opposite-charge (OSSF) lepton pair with an invariant mass within 10 GeV
of the Z boson mass are removed (Z-veto) to suppress the ¢tZ background. Finally, to
eliminate potential backgrounds with Z decays to y*) — €0~v* — £00'¢', where one lepton
has very low momentum and is not reconstructed, the three-lepton invariant mass must
satisfy |m(3¢)-91.2 GeV| >10 GeV.

~» 20g5+Thaq two same-charge light leptons and one hadronic 7. This is the channel I have
been involved in : why and how is described in section 5.2.

~> 30+1Tpaq three light leptons and one hadronic 7. The requirements on the three light leptons
follow that of the 3¢ channel, except that the two same-charge leptons must be tight with
pr> 10 GeV and the opposite charge lepton must be loosely identified and isolated. The
reconstructed hadronic tau must be of opposite charge to the total charge of the light
leptons.

~+ 4f four light leptons. This channel is very pure but has very low statistics.

Exactly four leptons with a null total charge are required. Only the third and fourth leptons
ordered by decreasing pp are tightly identified to reject the non-prompt contribution. No
requirement is made on the number of selected hadronic taus. The same Z-veto as for
the 3¢ channel is applied to suppress the ttZ contribution. Same-flavour opposite-charge
lepton pairs with invariant mass below 12 GeV are removed to suppress background due to
resonance decaying to light leptons. To ensure orthogonality with the H — ZZ dedicated
channel [83] towards general Higgs couplings combination, a Higgs to four leptons mass
veto is applied |m(4¢)-125GeV|>5 GeV.

~+ 10+27p,4 one light lepton and two opposite-charge hadronic 7. Selected events are required
to present at least one tight lepton and exactly two medium identified tau candidates of
opposite charge, with at least one of them tight. In order to suppress the ¢ background,
events must have at least three jets.

~ 20ps+1Thaq two opposite-charge light leptons and one hadronic 7. Selected events have
exactly two loose and isolated leptons of opposite charge and exactly one medium identified
hadronic tau candidate. A minimum of three jets requirements is used to reject tt, Z-+jets
and ttV backgrounds. A Z-veto applied to same-flavour leptons pairs rejects the Z+jets
background with a fake tau. To suppress background from resonances that decay to light
leptons, events containing a same-flavour lepton pair with an invariant mass below 12 GeV
are also removed.

The background composition and signal purity for all considered regions are shown on Fi-
gure 5.5.
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FIGURE 5.5 — Multilepton channels purity, S/v/B significance (left) and background composition
(right) [62].

5.2 Optimisation of the 2/gs+m.q channel

5.2.1 Signal region selection

I joined the ttH — ML team right after the run 1 analysis kick-off meeting in June 2013. At
that time, only the 2¢gg, 3¢ and 4/ final states with electrons and muons were considered. As a
first step into the team, I checked whether optimising categories with hadronically decaying taus
was relevant, starting with the 2/gg final state, that would later on be followed by many other
channels involving hadronic taus (127h,q, 200SThad, 3¢1Thad, maybe even 2027,,4 has proven to
be worth considering in the future). The combined significance of 2¢17,,q and 2055074, since
Thad had to be vetoed in the latter category, was surpassing the significance of an inclusive 21SS
channel. That was the start of my involvement in the t#H — ML team that was then followed
by working on combining all final states as described in section 6.

I participated to three different published versions of the 2¢gg+mhaq channel. The first draft
of the analysis was important to define its main cut-and-count features, that were found later on
to remain optimal for run 2 update. These features include :

~+ Two same sign leptons, to reduce the otherwise overwhelming opposite sign leptons from the
tt background. Same sign leptons can arise from one lepton coming from the top decay and
another one from the Higgs boson decay (see Figure 5.2b). These leptons are additionally
prefered to be identified with the tighest working point to reject background arising from
b-jets faking leptons.

~> One hadronic tau is required, with a medium identification, which optimises the 2¢g5+maq
channel sensitivity. In order to ensure channels orthogonality for the ttH — ML combina-
tion, the 2¢gg channel vetoes events with a medium tau but accept events with looser taus,
that are not considered as taus in the ML analysis. Any event with two tight light lepton
is therefore either entering the 2¢gg or the 2{gg+mhaq channel. In order to optimise the
tau identification working point, the sensitivity estimate was checked jointly on 2¢gg and
20 55+Thaq channels, which still concluded to an optimal medium hadronic tau selection.

~+ Njets > 4. The signal purity in the signal region was found to be optimal for selected events
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with at least 4 jets.

~» Tau opposite sign to the leptons In signal events, the tau can come from the top that did
not generate one of the leptons or from the Higgs (see Figure 5.2b). Its sign has to be
opposite to that of the lepton pair. It is therefore required for the tau to be opposite sign
to the lepton pair, which is cutting background arising from light jets faking taus with no
favoured sign.

~> A Z-mass veto |m(ee) —91.2GeV| > 10GeV is applied on di-electron events to reject Z+jets
background where one of the electron’s charge is wrongly reconstructed.

These features used for the run 1 analysis [60] were regularly tested for each analysis update,
found to remain optimal and kept, for the run 2 analysis made with 13.2 fb~! of 13 TeV data [61],
and the run 2 paper with 36.1 fb~! of 13 TeV data.

5.2.2 Multi-variate analysis

In this last analysis, also used for the evidence and observation of the ttH production mode,
the analysis with an inclusive region (so called I-bin analysis) was however improved thanks to a
Multi-Variate Analysis (MVA), also known as machine learning techniques. For structured data
analysis, the optimisation consists in making use of supervised learning, where the algorithm is
trained to recognise features, knowing the truth (typically from Monte Carlo simulation where
the truth is stored), then tested on another independent set of MC (typically the other half of
the previously split-in-two MC sample), and finally applied on data to derive results.

An important part of MVA analyses validation is to avoid over-training, the interpretation
by the algorithm as real physics processes features of effects that are actually due to the limited
available Monte Carlo statistics. To do so, an additional method called n-fold cross validation is
done by splitting the available MC statistics into n folds, training on one of them and testing on
all the remaining folds. In the 2{gg+mhaq analysis, a 2-fold cross validation was performed : the
MVA was trained on even-numbered events and tested on odd-numbered MC events.

While Neural Networks are widely used for pictures analysis, one of the most efficient supervi-
sed machine learning algorithm for structured data are decision trees. The analysis purpose being
to separate signal from background, classification? trees sorting events into those two labelled
classes are used.

The decision tree algorithm is a is a recursive partitioning which separates events into two
nodes : one passing the criteria and one failing it. At each node, the criteria is a cut on the discri-
minating variable that achieves the best separation, based on a quantification of the probability

to obtain misclassified events. The default criteria is the Gini index defined as p(1 — p) = ﬁ

where p is the purity of signal (and therefore 1-p the purity of background). The worst possible
separation comes with a purity of % and Gini of 0.25, and gets better as it approaches 0. As
a consequence, out of the two resulting nodes, one contains mostly signal events and the other
mostly background events. The process is repeated on each resulting node and ends when there
is insufficient improvement from further splitting3, at which point events end up in leaves. The
individual decision tree output is a weight of £1. Events in leaves where the purity (S%b) is above
50% are given the weight +1 and events in background enriched leaves are given a —1 weight.

2. Other trees exist, called regression trees, where the outcome is the estimate of a target numeric value
(reconstructed energy for instance).

3. or the minimal minimum leaf size is reached, or perfect classification is achieved (not likely for our analyses)
or the maximal tree depth is reached
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A boosting procedure is then applied, which consists in applying a function giving a higher
weight to mis-classified events and rebuilding a decision tree. This effectively results in a forest
of decision trees. Depending on the function applied the boosting procedure is called adaptive
or gradient, the latter being used for our case. Boosting stabilises the response of the decision
trees with respect to fluctuations in the training sample and is able to considerably enhance the
performance with respect to a single tree. The final Boosted Decision Tree (BDT) is the weighted
average of individual decision trees outputs. In effect, the BDT attributes a real number between
0 and 1 to each event, signal-like (background-like) events having a BDT close to 1 (0).

Decision trees can be sensitive to a number of parameters that are carefully chosen and
optimised by the user such as the number of input variables, the number of trees in the forest,
the depth of the tree, etc. The choice of variables to use prioritarily in the decision trees rely on
the ranking of their discriminating power as measured in terms of separation :

o _ 1 [ Us() = fo@)?
<S>_2/ Fs@) + fo@) (5-1)

where fg and fp are respectively the signal and background PDFs of x. The separation is
therefore zero for identical signal and background shapes, and it is one for shapes with no
overlap and quantifies the discriminating power of reconstructed variables. The set of variables
is optimised by choosing subsets of the most highly ranked according to their separation or
discriminating power. The BDT algorithm used is coded by TMVA package [84], with the benefit
of a simple interface, and is demonstrated by machine learning experts from the collaboration
as having similar performance as the new and trendier XGBoost package, otherwise used in the
ML analyses.

The final 2¢gg+7h2q BDT is using 13 variables and trained in a region with loose leptons and
lower jet multiplicity (Njess > 2) to reject t& background enriched in reducible t¢ events. The
variables used in the BDT are related to :

~> lepton properties : second leading lepton pr, second leading lepton track isolation, the
maximum |7| of both leptons

~+ jet properties : number of jets, number of b-tagged jets, second leading jet pp, scalar
sum Hrp of all jets pp, b-tagging weight of second and third leading jets, pseudo-rapidity
of fourth leading jet

~> tau properties : invariant mass between the hadronic tau and the furthest lepton

~» angular variables : AR between the leading lepton and the leading jet and AR between
the two leading jets

After being trained on the relaxed region to enhance statistics, the BDT is only applied to
events in the SR described in section 5.2.1.

Considering 2¢gg-+Thaq is still a rather low statistics channel, the BDT shape used as input
to the fit was chosen to have only two bins, as illustrated on Figure 5.8a. Consequently to what
was explained above on the construction of the BDT output, events with a BDT score close to
1 are signal-like events while the left-most category is enriched in background.

In the analysis leading to the evidence, a simpler cut-and-count categorisation was developed
for 20gg+Thaq as well as for the other two most sensitive channels 2¢gg and 3¢. This provided
an independent cross-check of the multi-variate analysis, with comparable sensitivity. In the
20 g5+Thad analysis, three categories are built relying on the maximum || of the two light leptons,
and the pr of the subleading jet.
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5.3 Non-prompt leptons estimate 2/s5+7m.q channel

The most abundant source of reducible background arising from jets wrongly identified as
leptons is the tf process. The 2¢gg+Thaq channel is the only ML channel that has significant
contributions from both non-prompt light leptons (fake electrons and muons), and non-prompt
hadronic taus. Data-driven methods are used to estimate backgrounds arising from both.

Non-prompt tau events are majoritarily arising from light jets as shown on Figure 5.7. Non-
prompt leptons come however mostly from heavy flavour jets, and data-driven fake estimates
methods are built to estimate that source of fakes, even if photon conversion’s importance is
growing as will be developed in the section dedicated to the future plans in ttH 7.1.

There are two ways a tt event can enter the 20gs+maq signal region. In all of the cases, tt
provides at least one prompt lepton, and in all cases one b-jet from one of the top decays fakes
the same sign light lepton, which is the only way a tt event can enter the same sign lepton signal
region. If there is no true m,,q, as illustrated in Figure 5.6a, and a light jet fakes a hadronic tau.
That happens in 70% of the cases. In the other 30% of events, the hadronic tau is prompt from
one of the W decays as shown on Figure 5.6b.
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(a) tt with fake 7 and fake lepton (70%) (b) tt with true 7 and fake lepton (30%)

FIGURE 5.6 — Illustration of how a tf event can enter the 2fgg+Thaq signal region with both a
light jet faking a 75,44 and a b-jet faking a light lepton (70% of the t¢ selected events) or with a
true hadronic tau and a fake light lepton (30%).

Non prompt tau events scale factors are derived in a 20pg-+17haq control region, enriched
in fake 1,4. They are defined as the ratio of the number of fake 1,,q data over those predicted by
simulation. This scale factor is then applied in the 20gg+m,aq and 3¢+ 17,4 signal regions, which
is made possible from the fact the origin of the fake 73,4 is similar across all of these regions
(Figure 5.7). Its dependence on pr was found to be negligible. Uncertainties in this scale factor
are derived by comparing the value in the nominal control region to those obtained in control
regions enriched in ¢t and Z boson events, varying the relative abundance of each source of fakes.
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FIGURE 5.7 — Origin of non-prompt hadronic taus in various signal and control regions [62].

The final scale factor is 1.36 + 0.16 including statistical and systematic uncertainties.

In the 20gg-+maq channel, the scale factor is applied only to backgrounds containing prompt
leptons and MC-truth-identified fake m,,q candidates. An additional fake factor method is used
to estimate the background from events containing non-prompt light leptons.

The non-prompt leptons background estimate is using a fake factor method, also called
ABCD method, where A is the signal region, B a region where one of the leptons has relaxed
ID, C, a region where the jet multiplicity is lowered to 2 and 3, and D has both relaxed criteria.
This method, simpler but very similar to the Matrix Method used in 2¢gg and 3/, relies on the
assumption that lepton ID is uncorrelated with the jet multiplicity. The data-driven fake estimate
in the SR A is taken from the number of data events in regions B, C, and D : N4 = %%DNC. The
signal ttH and prompt backgrounds contribution, in particular ¢tV is subtracted from all the
regions and their normalisation and uncertainty are fully correlated with the rest of the analysis
for combination. When the analysis was a simple cut-and-count, the inclusive number quoted
above was enough. A pr parameterisation was then included to account for shape effects when
the BDT was introduced. As in the 2¢gg and 3¢ non-prompt lepton estimates, the change in the
fraction of conversions from the control to the signal region is taken into account, with the same
associated uncertainties. The total systematic uncertainty in the non-prompt lepton estimate in
this channel is 55%, dominated by the statistical uncertainty in the closure test of the method
found in simulation.

Overall across various channels, data-driven methods estimate a factor two more non-prompt
background than MC predicts.

5.4 Results for the 2/¢¢+maq channel

Results for the successive versions of the analysis are given in figure 5.8. Top plots show
results for the Run 1 analysis with 20.3 fb~! of 8 TeV data [60]. One data event was observed for
an expected number of background events of 1.440.6 and signal event of 0.47+0.08. An event
display for this single Run 1 event is available in Appendix A. The fitted signal strength back
then was therefore negative p = —0.95’:(1].

Middle plots from figure 5.8 show the results for Run 2 with 13.2 fb=! of 13 TeV data [61].
Due to a combined effect of the increase of energy in the center of mass, and an observed excess,
this time 14 data events were observed for 4.8 + 1.4 background and 1.43 + 0.31 signal events
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expected, resulting in a best value of y = 6.23:?. The event display from one of these events is
available in Figure A.2 in Appendix A.

Finally, bottom plots from figure 5.8 provide the update with 36.1 fb~! of 13 TeV data, where
the simple cut-and-count was turned into a BDT analysis (Figure 5.8a) with a categorisation
backup (Figure 5.8¢) [62]. The observed number of data events is 18 for 8.2+1.6 expected back-
ground and 3.0940.46 signal events. The best fit value for the standalone channel is the highest
of all ttH — ML results with a u = 3.51’%:;, that translates into an observed significance of 3.40
(1.10 expected).
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FIGURE 5.8 — Successive published results of 255-+7haq channel for 20.3 fb~! of 8 TeV data on
top (Run 1) [60], 13.2 fb~! of 13 TeV data for middle plots [61], and 36.1 fb~! of 13 TeV data
for bottom plots (Run 2) [62].
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6. ttH — ML combination, couplings
and re-interpretation

This chapter relates my involvement in statistical interpretations of the ttH — ML analyses.
I pursued statistical combination of all multilepton final states, its adaptation for the overall
ATLAS and ATLAS-CMS Higgs boson couplings measurement, and re-interpretation into the
beyond standard model search for flavour changing neutral currents. Across the years my res-
ponsibility in statistical interpretations evolved from being the main developer, to student close
supervisor, to finally coordinate a whole combination team. For pertinence sake, only the most
recent run 2 results at the time of the redaction of this manuscript will be detailed (see the
datasets description in Table 1.1).

The layout of this chapter is the following. Section 6.1 is devoted to the measurement of the
Higgs boson’s couplings to other particles. Section 6.1.1 is a description of the ttH — ML com-
bination method and results, section 6.1.3 focuses on the physics related to the Higgs produced
in association with a single top. Section 6.1.2 and section 6.1.4 respectively describe statistical
combination with all the other t¢H decay modes, and with all the other Higgs boson production
and decays. Finally, my participation to the re-interpretation of the t#H — ML result into the
search for flavour changing neutral currents will be reported in section 6.2.

6.1 Measurement of the Higgs boson’s couplings

6.1.1 ttH — ML combination
6.1.1.1 ttH — ML fit regions

During run 1 analysis, the ttH — ML combination included five final states, as illustrated on
Figure 6.1 [60]. Each of these channels were optimised as cut-and-count analyses with only one
bin contributing to the simultaneous maximum likelihood fit, at the exception of the 4¢ channel
further split into an ultra-pure and a "rest" category. This first multilepton analysis resulted
into an intriguing signal strength measurement of twice the expected standard model value,
although very compatible with the SM hypothesis : 4 = 2.1'3:3, as shown on Figure 6.1 left [60].
Interestingly enough, ttH — vy (u = 1.37%52) and ##H — bb (1 = 1.571) also fitted higher
than standard model values [63|. Even more interestingly, CMS was getting puyg = 2.9 + 1.0
for their corresponding dataset, resulting in a combined LHC measurement of pug = 2.3f8:g as
shown on Figure 6.1 right [64].

Run 2 analyses have been greatly optimised with respect to the first run 1 measurement. For
starters, the number of investigated final states went from five to seven. Most of the channels
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FIGURE 6.1 — Left : Run 1 t¢H — ML best fitted signal strength for the five considered channels
and their combination [60]. For the 4¢ Z-depleted category, p < -0.17 results in a negative
expected total yield and therefore the lower uncertainty is truncated at this point. Right : Best
fit results for the production signal strengths for the combination of ATLAS and CMS Run 1
data [64].

now resort to the usage of BDT output as final discriminant instead of a simple event counting.
Some final states also include control regions and/or several categories. While the analyses pre-
selections were described in section 5.1.6, the analyses strategies, sensitivity optimisation and
the choice of the number of simultaneously fitted categories is as follows :

80

~ 20gg : its discriminating variable, shown in Figure 6.2a, is the average of two boosted

decision trees, targeting respectively at rejecting reducible (¢t H-vs-tt, actually t¢ H-vs-data-
driven-non-prompt-leptons) and irreducible (ttH-vs-ttV') backgrounds.

3¢ : the analysis strategy results from the optimisation of a five-dimensional multinomial
BDT, also called multi-class BDT which simultaneously defines a signal enriched region
and four control regions enriched in ttW, ttZ, tt and diboson. All of five of them, the signal
region and four control regions, are used in the fit to exploit the background normalisation
constrain they provide. The BDT is trained using the input from 28 topological variables.
The ttH output provides the final discriminant used in the signal region, as showed on
Figure 6.2b.

2055+Thaq : the channel optimisation, which final BDT discriminant is shown on Fi-
gure 5.8a, is described in details in section 5.2.

30+1Thaq @ due to the relatively high purity and low statistics of this channel, a simple
event yield illustrated on Figure 6.2c is used in the fit, following the selection described in
section 5.1.6.

4/ : the signal region described in section 5.1.6 is further split into two categories : Z-enriched
and Z-depleted, respectively defined as the regions where events have at least one same-
flavour opposite charge lepton pair, or none at all. While the Z-depleted category is very
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6.1. Measurement of the Higgs boson’s couplings

pure (S/B =~ 1.8), a BDT is used in the Z-enriched category (S/B =~ 0.5) to discriminate
against the dominant ttZ background. The BDT uses kinematic variables as well as a
pseudo-matrix element discriminator to partially reconstruct top quarks, Higgs boson and
Z boson resonances. A cut is then applied on the BDT discriminant to define the Z-enriched
signal region. In the end, the Z-depleted (Figure 6.2d) and Z-enriched (Figure 6.2¢) regions
are counting categories.

~> 104+27h.q : a BDT is trained to reject tt events which represent a large majority of the
background when having one or two fake taus. Seven variables are used in the training to
build the final discriminant (Figure 6.2f) and in particular the invariant mass of the visible
decay product of the Tj,4qTheq System.

~ 20ps+1Thaq : previously a channel with rather low sensitivity, the 2¢pg+1mm,q channel
became a control region dedicated to the measurement of the scale factor between data
and MC efficiency for non prompt tau (tau fakes). A BDT (Figure 6.2g) is trained with six
discriminating variables to reduce tt events with a fake hadronic tau candidate.

The twelve categories, of which eight signal regions and four background-enriched control
regions are fitted simultaneously, setting the parameter of interest as the signal strength sy
defined as in equation 3.4, which is a free parameter fully correlated across all channels. The post-
fit numbers of expected signal and background in each category are presented on Figure 6.3.

6.1.1.2 {tH — ML systematics correlation scheme

One key point to combining channels is the choice of the correlation scheme of all nuisance
parameters, or systematic uncertainties, detailed in Table 6.1. More details about the definition
and treatment of them in the likelihood fit are provided in Section 3.1.5. The sources of uncer-
tainty sorted by their importance as a function of their impact on the error on the fitted signal
strength p is shown on Figure 6.4. There are three main sources of systematics in the analysis.

~» One is the theory modelling of the ttH signal and irreducible backgrounds, mainly t£V.
They include the uncertainties on cross sections, Higgs boson branching fraction for ttH,
as well as the usual renormalisation and factorisation scale, also called QCD scale un-
certainties, parton shower and hadronisation model, or PDF+a; , both described earlier
in section 3.1.4. Finally an uncertainty is applied to the shower tune used to model the
parton shower, hadronisation and underlying events. As illustrated on Figure 6.4, theory
related systematics entering the top fifteen systematics are all related to ttH, ttW and ttZ
processes.
All theory systematics are fully correlated across channels.

~» A second type of systematic uncertainties arises from instrumental effects. They include
the LHC luminosity measurement (£ 2.1% for 2015 and 2016 combined, see section 1.2.2)
and the pile-up reweighing applied to MC in order to make the distribution of number
of interactions per bunch crossing g match the one from data, presented in figure 1.3 of
section 1.2.2. Experimental uncertainties are related to the reconstruction and the identifi-
cation of electrons, muons, taus, jets and b-tagged jets which are all part of the ttH — ML
final state. Sources of uncertainty contributing to the jet energy scale and b-jet tagging are
decomposed into uncorrelated components and treated as independent sources |78, 79, 80].
The jet energy scale (JES) overall uncertainty varies from 1% to 5.5% depending on the
jet pr. The three largest JES contribution to the analysis systematics are its component
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FIGURE 6.3 — Left : Comparison of prediction to data after the fit in the eight signal and four
control regions of the t¢tH — ML fit [62].

related to the pile-up uncertainty subtraction, the different responses to quark and gluon
jets (flavour composition), and in situ calibration in data. The multilepton analysis com-
bination is particularly sensitive to JES because of a consistently high jet multiplicity of
all of its final states, and the fact JES component are fully correlated across channels. In
comparison, the lepton types and multiplicity vary across channels which mitigates the
global impact.

The approximate relative size of the b-tagging efficiency uncertainty is 2% for b-jets, 10%
for c-jets and 7s, and 30% for light jets. The impact of the tagging uncertainty for jets
containing either c-hadrons or 7,4 is significant and, due to the calibration procedure
applied, is taken as fully correlated between the two jet flavours.

Uncertainties in electron and muon reconstruction, identification, isolation and trigger ef-
ficiencies have negligible impact. The uncertainty in the identification efficiency for .4 is
6% [75].

All individual experimental systematic uncertainties are fully correlated across channels
with the exception of those related to the quark/gluon jet composition, that composition
varying depending on the channel considered.

~> The last type of systematic uncertainties is related to the fake light leptons and taus
estimates.

The uncertainty on data-driven non-prompt light leptons have large effects on individual
channels since they cover a large proportion of the background, but their correlation across
channels is not possible due to the difference of the methods, except for the Matrix Method
used both for 2¢gg and 3¢ and for which all parameters are correlated. The biggest source
of uncertainty for data-driven methods generally are the non-closure, which is defined as
the difference between the number of MC events in the signal region and the number found
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by applying the fake estimate method to MC control regions (as if it were data). If the
statistical uncertainty from applying the data-driven estimate method to MC is bigger than
the observed deviation, then it is taken as the non-closure number.

Additional systematics are added to account for prompt leptons backgrounds subtraction
from the control regions where the methods are applied. Finally, the total uncertainty in
the non-prompt lepton estimate varies from 20% to 30% for 2¢gg and 3¢. Due to lower tt
MC statistics it is instead 55% for 20gs+Thaq (see 5.3).

For jets faking taus, a semi data-driven method is used, where a scale factor is defined as the
ratio of data and MC in a tau fakes enriched region 20ps+ 17,4 (see Figure 6.2g). Indeed
in 200s+17haq all light leptons are true because of the widely dominant ¢ contribution
to the opposite sign final state. This normalisation is measured to be ¢ = 1.36 4 0.16,
including statistical and systematic uncertainties. The size of the systematic uncertainty
is estimated by measuring the different scale factors in ¢t enriched and Z-enriched control
regions, to take into account the variation of composition of the source of tau fakes. It
is applied to other channels, 3¢+17,,q and 20gg5+Thaq by scaling MC predicted fake taus
simultaneously in the fit.

The dominant background in the 1/+427,,q channel is ¢t where one or two of the tau is
faked by a jet. As there is equal probability for a jet to be reconstructed as a positively
or negatively charged 71,4, the fakes are estimated from a control region identical to the
signal region except that the two 73,4 in the event are required to have the same charge.
The estimate is extrapolated to the signal region after using simulation to subtract the
contribution from real 73,4 in the control region. Using simulation, the non-closure of this
method was found to be below 30%, which is included as a systematic uncertainty.

In total 315 nuisance parameters (NP) are considered, most having experimental origin.
A pruning procedure is applied, meaning that systematic uncertainties that have a negligible
impact on the final results are removed to improve the speed of the fit : a normalization or a
shape uncertainty is not applied if the associated variation is below 1% in all bins. This reduces
the number of nuisance parameters to 230. Most of the neglected nuisance parameters are those
related to flavour tagging.

6.1.1.3 ttH — ML combination results

A maximum-likelihood fit is performed on all these twelve categories simultaneously to extract
the ttH signal cross section normalised to the SM prediction (u). The statistical analysis of the
data uses a binned likelihood function £(u,#), which is constructed from a product of Poisson
probability terms to estimate p. The Higgs boson branching fractions and the cross section for
associated production of a Higgs boson and a single top quark, which is treated as background,
are set to their SM expectations with appropriate theoretical uncertainties (see section 6.1.3).
As explained in section 6.1.1.1, five signal regions use a BDT as discriminant and four others are
a single bins. The total number of bins used in the fit is 32.

The impact of systematic uncertainties on the signal and background expectations is described
by nuisance parameters (NPs), 6, which are constrained by Gaussian or log-normal probability
density functions. The latter are used for normalisation factors to ensure that they are always
positive. The expected numbers of signal and background events are functions of 6.

The test statistic, g, is constructed from the profile log-likelihood ratio from Equation 3.5.

The contribution from given systematic uncertainties to the uncertainty on the signal strength

84 HDR - Marine Kuna
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Systematic uncertainty Type Components
Luminosity N 1
Pileup reweighting SN 1
Physics Objects
Electron SN 6
Muon SN 15
Thad SN 10
Jet energy scale and resolution SN 28
Jet vertex fraction SN 1
Jet flavor tagging SN 126
Eiss SN 3
Total (Experimental) - 191
Data-driven non-prompt/fake leptons and charge misassignment
Control region statistics SN 38
Light-lepton efficiencies SN 22
Non-prompt light-lepton estimates: non-closure N 5
~-conversion fraction N 5
Fake T4 estimates N/SN 12
Electron charge misassignment SN 1
Total (Data-driven reducible background) - 83
ttH modeling
Cross section N 2
Renormalization and factorization scales S 3
Parton shower and hadronization model SN 1
Higgs boson branching fraction N 4
Shower tune SN 1
t{W modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1
ttZ modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1
Other background modeling
Cross section N 15
Shower tune SN 1
Total (Signal and background modeling) - 41
Total (Overall) - 315

TABLE 6.1 — ttH — ML sources of systematic uncertainties, type of treatment (SN = shape and
normalisation ; N = normalisation only) and number of nuisance parameters attached (compo-
nents) [62].
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are found by subtracting in quadrature the statistical uncertainty, determined by fixing all NPs
to their best-fit values, from the total uncertainty.

The expected results are obtained in the same way as the observed results by replacing
the data in each input bin by an asimov dataset of the prediction from simulation and non-
prompt estimates. Even for expected results, all NPs are profiled, namely set to their best-fit
values obtained from the fit to data. The significance is obtained from the test statistic in the
asymptotic limit [46]. As the 4¢ channel has few events, the validity of this assumption was
verified using pseudo-experiments.

The behaviour of the global fit is studied by performing a number of checks including eva-
luating how much each NP is pulled from its nominal value (pulls), how much its uncertainty
decreases from the nominal uncertainty (constraints) and which correlations develop between ini-
tially uncorrelated systematic uncertainties. The stability of the results was tested by performing
fits for each channel independently and in combination.

The impact of each systematic uncertainty on the final result is assessed by performing a
fit with the parameter of interest fixed to its fitted value varied up or down by its fitted 1o
uncertainty, whereas all the other parameters are allowed to vary, and calculating the Ay with
respect to the baseline fit. The result on Figure 6.4 right is called a ranking plot. The impact
of nuisance parameters grouped by type of systematic uncertainty source is shown on figure 6.4
left. The most highly ranked source of systematic uncertainties on the measurement are the
ones related to the theoretical modelling of t£H, followed closely by jet related uncertainties and
uncertainties arising from non-prompt light lepton estimates.

Pre-fit impact on p: Ap
T 16=B+a6 6=8-46 -015 04 -005 0 005 01 0.15
Post-fit impact on p: DUARAAREARE AR
[ 6=8+A8 6=0-A8 ATLAS
—e— Nuis. Param. Pull Is =13TeV, 36.1 o Uncertainty Source Ap
ttH cross section (scale variations) :—._'5 : (e modeling‘ (CrOSS SECtion) +0.20 —0.09
Jet eneray scsle (pleup subiraction) Jet energy scale and resolution +0.18 —0.15
Luminosity o E—————— Non-prompt light-lepton estimates +0.15 —0.13
Jet energy scale (flavor comp. 2/58) th flavor t:dgging and Thaq identification  40.11  —0.09
Jet energy scale variation 1 E—r’—v—" : tl‘}’V mode.hng 010009
- . ! , 1 ttZ modeling +0.08 —0.07
ttW cross section (scale variations) , }_?—0—:— Other background modeling +0.08 —0.07
t#Z cross section (sce?le varlallo.ns) : _\:_.—: Luminosity 40.08 —0.06
Trad identification —b— ttH modeling (acceptance) +0.08  —0.04
tH cross section (PDF) —’— Fake 7},,q estimates 40.07 —0.07
1tH modeling (shower tune) —b—' Other experimental uncertainties +0.05 —0.04
Flavor tagging c-jet/Thad e Simulation sample size +0.04  —0.04
rare top decay cross section _'__."— Charge misassignment +0.01  —0.01
3¢ Non-prompt closure T Total systematic uncertainty +0.39  —0.30
W modeling (generator) | —f—f’—‘
Non-prompt stat. in 4th bin of 32 SR i _;—0—§—
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FIGURE 6.4 — ttH — ML dominant systematics and impact on signal strength measurement
uncertainty [62].

The measured values standalone sensitivities and fitted signal strength of all channel are
given in Figure 6.5a.

Figure 6.5b shows the combined event yields in all analyses categories as a function of the log
of their purity log(S/B), where S is the expected signal yield and B the background yield extracted
from the fit with freely floating signal. A clear ttH signal-like excess over the background is
visible for high purity. On Figure 6.5a, the relative size of the statistical and systematic related
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6.1. Measurement of the Higgs boson’s couplings

uncertainty component shows that the 44, 30+ 17,,q and 2¢gg-+Thaq channels are still statistically
limited, whereas 2{gg, 3¢ and 1/+27,,q4 are systematics limited.

< T ]
S - ATLAS ¢ Data ]
ATLAS {s=13 TeV, 36.1 fb" 2 L Vs=13TeV, 36.1 b WiH 1 =16) |
g Post-Fit tH (=1)
TR [JBackground —
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121 (416 +14 C - Bkgd. (u=0) -
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1.6 (411 411 r 1
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(a) Best fit values (b) Purity-weighted events distribution

FIGURE 6.5 — Results from the t¢tH — ML statistical combination [62]. Left : Observed best-fit
values of the ttH signal strength i and their uncertainties, by final state category, and combined.
The individual g values for the channels are obtained from a simultaneous fit with the signal
strength parameter for each channel floating independently. Right : Event yields as a function of
log10(S/B) : each event is weighted by his category purity [62].

Once corrected by the fiducial acceptance, the signal strength result p;7y can be translated

into a tt H production cross section measurement of o, = 590:’%28 fb, which is in good agreement

with the SM prediction oy = 507"_%8 tb.

6.1.2 ttH final states combination

The ttH — ML result described in section 6.1.1 is then combined with all studied t£H final
states :

o H — bb final states [55], split into two channels depending on the type of tt decay :
> tt — lepton+jet, also called 1-lepton
> dileptonic tt, also called 2-lepton

o H — 7y decay channels [85], analysis also optimised separately according to the type of
ttpair decay :

> lepton-+jets/dileptonic tt
> all-hadronic ¢t

o H — ZZ— 44 is a single category including all ¢¢ decay channels [83].

In addition, specialised categories sensitive to tHgb/WtH production also have significant
ttH acceptance and are included [85], [40].
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Chapitre 6. ttH — ML combination, couplings and re-interpretation

The overlap between the signal and control regions of all the analyses was checked and found
to be negligible. All analyses use the same Monte Carlo event generators for tH production, and
use nominal Higgs boson decay branching fractions from reference [70] assuming mpg = 125 GeV.

The single top quark and Higgs boson associated production processes tHgb and WtH (see
figure 6.7), described in section 6.1.3, are considered backgrounds and fixed to their SM predic-
tions with appropriate theoretical uncertainties. All Higgs boson production mechanisms other
than tH and tfH contribute negligibly to the multilepton and H — bb analyses and are ignored.
The H — vy and H — ZZ events considered in this combination are tt H-enhanced dedicated
categories in the global analysis including all production modes. These categories have non-
negligible contamination from other production mechanisms. The t£H signal strength 1,777 is the
free parameter of the fit. Signal strength from other Higgs boson production modes are all set to
their SM expectations with theoretical errors considered as systematic uncertainties.

The combined likelihood function £(u, 6) is obtained from the product of likelihood functions
of the individual analyses, where the nuisance parameters are fully correlated whenever possible.
In particular, all Higgs boson production and decays theoretical uncertainties are linked. That
is also the case for cross-sections and modelling uncertainty of MC-predicted ttZ, ttW, tZ, di-
boson, Wt, tttt, ttW W backgrounds used for both H — bb and ML analyses. This is not the case
for the dominant £ (t£bb) background from H — bb that is estimated in different phase space
and with data-driven methods in the ML channels. The dominant jet energy scale, jet energy
resolution and flavour tagging uncertainties are fully correlated across analyses at the exception
of the jet flavour composition that is channel dependent, and the b-tagging uncertainty which
working point (see 5.1.4) is different for ML+H — bb and H — vy + H — ZZ. The flavour-
tagging uncertainty are strongly constrained by the H — bb analysis due to its large samples
of ¢ and b jets. Other experimental systematic uncertainties such as luminosity, pile-up effects,
lepton identification, isolation, and trigger efficiencies are treated as correlated. When updating
to 80 fb~!, the H — vy and H — ZZ analyses used updated and improved reconstruction
software, hence their experimental systematic uncertainties are de-correlated from the ML and
bb ones. For the same reason, most of instrumental systematics are not correlated between run 1
and run 2. H — bb and H—ML analyses use the same 36.1 fb~! of 13 TeV data, whereas H — v
and H — ZZ were updated to 80 fb~! of 13 TeV data.

In the 36 fb~! analysis [62], the ML final state is the most sensitive final state with a
significance of 4.1 o (2.8 o) observed (expected). The combination of all final states allows to
claim for an evidence for the ttH production mode with 4.2 o observed and 3.8 ¢ expected. The
signal strength of each tZH final state and their combination is shown on figure 6.8a. The bb and
77 final states are slightly below standard model value while ML and ~~ are above, although
all results are compatible within a little more than 1 sigma uncertainty. Another important
message from this plot is the fact that bb and ML are from now on limited by their systematic
uncertainties, meaning that an important amount of work is needed to improve results, not only
on the analysis strategy, but also on reconstructed objects and theory modelling. On the contrary,
the vy and four leptons final states will benefit fully from additional integrated luminosity.

The extension of the H — vy and H — ZZ analyses with 2017 data [47] [40] (see table 6.6)
then allowed to claim for an observation, with 5.8 standard deviations for 4.9 ¢ expected. By
combining with Run 1 results, in particular the Run 1 multilepton analysis, the observed (expec-
ted) sensitivity goes up to 6.3 (5.1) . The statistics of data used for the combined observation
of the ttH process are summarised in table 6.6.

Assuming standard model branching fractions, the total ¢t¢H production cross section at
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Analysis Integrated FExpected Observed
luminosity [fb™1] significance significance
H — vy 79.8 370 410
H — multilepton 36.1 28 ¢ 410
H — bb 36.1 160 ldo
H— Z7* — 4¢ 79.8 120 0o
Combined (13 TeV) 36.1-79.8 490 58 ¢
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8 510 6.3 0

FIGURE 6.6 — Analyses and datasets used for the ttH observation [40].

13 TeV is measured to be 670 + 90 (stat.) 7109 (syst.) fb which is compatible with the SM
expected value (507 fb). Thanks to the variety of final states studied, the t¢H combination is
sensitive to several Higgs boson decay modes, multilepton channels contributing to WW, 77 and
77 decays. The combination of tH channels is also able to resolve the relative sign of the two
couplings excluding the possibility that kp < 0 at 95%. Figure 6.9a shows a likelihood scan
performed in the Ky — kK plane obtained by a combination with others Higgs boson production
and decay modes. The k-framework is introduced in section 6.1.3.

6.1.3 Single top + Higgs boson production (tH) and the x-framework

In the nominal ¢t¢H analysis, tH is considered as a SM background that scales with the Higgs
boson production signal strength as fitted in the data from t¢H. But for couplings measurement
purposes, a dedicated signal strength parameterisation for tH and ttH signals can be used as
handle to measure and constraint the relative sign of the Higgs boson coupling to bosons and
fermions.

Let I';o¢ be the total width of the Higgs boson and I'y the partial width for Higgs boson
decay to the final state f. A set of coupling modifiers, &, is introduced to parameterise possible
deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
For a given production process or decay mode, denoted j, a coupling modifier x; is defined such
that :

2_ 0j Lj
J O.,jS'M FfM ( )

By construction, s are equal to unity in the SM case. Kappas ease spotting of beyond SM
physics when they deviate significantly from one. In a first parameterisation, one can assume
that all processes involving fermion couplings are scaled by kp = Kk = Ky = k; and all weak
vector boson couplings by Ky = Kk = Kkz.

In the case of the tH process, the interference of production modes involving x; and production
modes involving sy illustrated on Figure 6.7 can be parameterised as :

o(tH) = ak? — bky * iy + criy (6.2)

where a, b, ¢ >0. In the Standard Model case kK = kK = 1, o(tH) ~ 19.9 fb at /s=8 TeV
and for my =125 GeV (18.7 fb for t-channel 6.7 and 1.2 fb for s-channel [86]), and 76.9 b at
V/s=13 TeV (74 fb for t-channel 6.7 and 2.9 fb for s-channel [86]).

In the case where x;=-xyw, then the tH cross section is increased by a factor ten due to
constructive interference. Analyses sensitive to the tH process are therefore sensitive to the
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relative sign of the Higgs boson’s coupling to fermions and bosons, and used to spot a potential
deviation from SM.

The final state of tH is very close to that of tH, with a lower jet multiplicity. It can also be
searched for in bb, 4y and multilepton final states.

CMS has performed tH-targeting specific analysis whereas ATLAS has so far built tH-specific
categories in the v final state only.

q 9 "0000000————1t ¢ W
fo — >— — — H SO
~H
g
b —— "NV b ¢
(a) tHq (b) tHW

FIGURE 6.7 — Feynman diagrams for tH production (dominant t-channels).

The kp/kKy measurement can be done in two scenarios. In the first scenario, the H — vy
(3.1) and gluon fusion (1.5) loops are resolved, meaning we assume the processes are result of
the respective interaction of the Higgs boson with the W boson and top quark. In that case the
ggF and H — ~+ analyses apply a strong but indirect constraint on kp/ky that is evoked in
section 6.1.4 which is dedicated to the overall Higgs boson couplings measurement. In a second
scenario where we do not make such assumption on the loops and allow for them to host new
physics, the sensitivity to kp/ky is provided by the presence of tH events in the t¢H analyses.
As only the relative sign of the k factors is meaningful, the convention that xy > 0 is chosen.
The couplings modifiers used in the effective and resolved scenarios are given in table 6.2.

6.1.4 Higgs boson couplings results

The Higgs boson’s mass is a free parameter of the standard model. Its discovery at 125 GeV [66] [87]
is a serendipity for experimentalists considering it is the mass where decays in all final states is
possible, and the measurement of its couplings to many elementary particles is enabled.

My contribution to the global combined result during run 1 was to provide the ttH — ML
combination workspace and insure its compatibility with general ATLAS couplings policy as well
as those from CMS, such as the alignement of ¢tV generators, in order to allow ATLAS [63] and
LHC couplings combination paper [64]. For run 2 analyses I have been advising students and
teams on providing these results.

The analyses used to derive the latest results and corresponding datasets are detailed in
table 6.3, and the analysis is described in [88]. The measurement combines results from the
H—>~yy,H—ZZ—40, H - WW = evuv, H — 77, VH, H — bb, H — py and ttH — MLand
ttH— bb. One of the major task towards combining these channels is a thorough examination
of the correlation scheme. Anything that can possibly be correlated is, which is in particular
enabled by the use of common objects reconstruction and identification, and previously agreed
similar classification for theoretical sources of uncertainties. The global measured signal strength,
all production modes combined as shown on figure 6.8b, is y = 1.13f8:8§ = 1.13 £ 0.05 (stat.)
+ 0.05 (exp.) 7007 (sig. th.) £ 0.03 (bkg. th.).

The simultaneous measurement of Higgs boson couplings to fermions and bosons gives a
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Production Effective modifier ~Resolved modifier

OggF 53 1.04 /{? + 0.002 Hi — 0.04 KKy,
OVBF - 0.73 ’{%/V +0.27 /{22

%qq/a9—2ZH - Ky

Ogg—ZH - 2.46 RQZ + 0.46 rif —1.90 Kz Ky
owH - K3y

OwH - w7

TtHW - 2.91 /ﬁf + 2.31 Ii%v — 4.22 Kikw
OiHq - 2.63 /{f + 3.58 ’{%/V — 5.21 Kerkw
OvbH - ki

Partial decay width

Effective modifier

Resolved modifier

r, 53, 1.59 “?/V +0.07 /{f — 0.67 K k¢
I - KQZ

Tww - f{%/v

FTT - ’{72—

Tw - f{f

Cup - fﬁi

Lyg Ko 111K} + 0.01 6 — 0.12 K¢k
Lz K2y 1L12k%, — 0.12 Ky sy

Total width

Efective modifier

Resolved modifier

Nz

2
Ka

(0.58 k3 + 0.22 K3y, + 0.08 52 + 0.06 £2 + 0.03 K3 + 0.03 2
+0.0023 % + 0.0015 7, + 0.0004 £7 + 0.00022 £7,) /(1 — Bpsn)

TABLE 6.2 — Description of the effective and resolved modifiers used for the resolved and effective

scenarios [63].

Analysis

Integrated luminosity (fb~ 1)

H — ~v (including ttH, H — vv)
H-—s ZZ*— 4( (including (TH, H— ZZ*— 40)

H—-WW*— evuv

H— 7

VH, H— bb

H — pp

ttH, H — bb and tLH multilepton

79.8
79.8
36.1
36.1
36.1
79.8
36.1

TABLE 6.3 — Analyses and datasets used for the Higgs boson couplings measurement [88].
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L LN B B B R B B B 17 LI L L L L L
ATLAS e Total Stat. [ Syst. — SM ATLAS Preliminary fe+ Total Stat. B Syst. — SM
Vs=13TeV, 36.1 - 79.8 b V5=13TeV,36.1-79.8 fb"

Total  Stat. Syst. my = 125.09 GeV, ly, [ <2.5
ftH (bb) I'El'l 079+ 0% (+ 92 ,+053) Total  Stat.  Syst.
i 9gF 107+ 555 (+ 557 % 05 )
iH (multilepton) H=— 186+ 54 (% 035 ,% 03 )
VBF 1212 G5 (£ 5% .% 5%)
tH (r7) —E= 139+ 535 (£ 5% % 0%
WH e 157: 0% (+ 03 .+ 0)
ttH (Z22) _ < 1.77 at 68% CL
___________________________________________________________________________________ ZH ——— 074+ 32 (9% £ 9%
Combined H==H 182+ 0% (£0.18,+ %) HH + tH ,‘5_1 1224 02 (£ 07 1 02
cocoeoc b e e b b e e b v v b b b b Lo v L as

-1 0 1 2 3 4 05 0 0.5 1 1.5 2 2.5

Cyf ool Cross-section normalized to SM value
(a) ttH combination (b) Higgs production modes combination

FIGURE 6.8 — Combination of all t¢H results [40] (left) and combination of all Higgs production
modes [88] (right). Right : Cross-sections for ggF, VBF, WH, ZH and ttH-+tH normalised to
their SM predictions, measured with the assumption of SM branching fractions. The black error
bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the
measurements, respectively. The grey bands indicate the theory uncertainties in the cross-section
predictions.

result of Ky = 1.06 £ 0.04 and xp = 1.05 £ 0.09, for which confidence ellipses are shown in
Figure 6.9b. The compatibility of this measurement with the SM corresponds to a p-value of
31%. Tables 6.4 shows the couplings modifiers measured on 80 fb~! of 13 TeV data by combining
all available Higgs boson production modes and decays analyses. As explained in section 6.1.3,
the resolved loops scenario assumes means that we assume no unknown particle is entering the
loops in the Higgs production and decay diagrams. That is in particular for the gluon fusion
loop (Figure 1.5) and the H — 7 loop (Figure 3.1). The effective photon and gluon coupling
scenario makes no such assumption. The no Bpgys hypothesis means the branching ratio of the
Higgs boson decaying to beyond standard model particles is set to 0, whereas it is left free in
the fit in the scenario with Bpgps. Effective and resolved scenarios rely on the scheme displayed
in 6.2.

Parameter  (a) Biny = Bundet = 0 (b) Biyy free, Bynger > 0, k7 < 1 (¢) Bsam = 0, Kot = Kon

Parameter Result

Kz 11140.08 ~ 0.87 at 95% CL 1167078
Kz 1.10 £ 0.08 Rw 1.05 £ 0.09 > 0.85 at 95% CL 1123018
K 1.0350:15 0.88 +0.13 1087035
w 1.05+0.08 Ky 1097015 [~1.03,-0.79] U [0.93, 1.24] at 68% CL 1147513
Ky 1.06791% K 1.054919 0.97 £0.13 112793
1. 0ot0-11 iy 1.05 £ 0.09 0.98 £ 0.07 1101019
ot He-0.10 o 099*01 1017012 1027022
Ky 1.07£0.15 Biny - <0.30 at 95% CL
Bundet - < 0.22 at 95% CL -
o < 151 at 95% CL. Bpsu - - < 0.47 at 95% CL

TABLE 6.4 — Measured couplings modifiers [88] (see equation 6.1) with 80 fb~! of 13 TeV data.
(a) No invisible (Bijp, : H—>E7’I”SS) or undetected (Bynget : undetected decays or to which no
analysis is sensitive such as H—light quarks or H-BSM) contributions. (b) Bjy, and Byger left
free floating. (¢) Bpsy = Binv + Bundet as free parameter, and the off-shell and on-shell Higgs
boson intensities are assumed to be the same.
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LB At ApsSAAAARSS A nans Anss Rassnmanhe
v E ?TLAS Preliminary , o+ Best fit ] O ATLAS Preliminary + Bestfit
1.5? ;:;13;5% (23‘;-3"[;9‘-?25 —68%CL [ Vs=13TeV,36.1-79.81b" —68%CL ]
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FIGURE 6.9 — Left : kp and kv 1o ellipse with combined result [88|. Right : Constraint on relative
Higgs boson couplings with fermions and bosons [88].

Reduced couplings strength as a function of the mass of the particle is shown 6.10a, and
their best fit values in figure 6.10b. This plot illustrates how perfectly does the Higgs boson fit
its standard model prediction, and seems to be symptomatic of how the phase space to spot
new physics in the Higgs sector is shrinking. However, the relative precision measured on Higgs
couplings parameters Agl is related to the scale for new physics Aggys through Agsyr > g{é%ALH

rel
where v is the Higgs field vacuum expectation value, ¢* and g™ are the new and standard model
couplings constants respectively. Therefore, while measured deviations of the order of 10% only
probes new physics at a scale of Apgyr =~ 500 to 1000 GeV, a phase space that has already
ruled out by direct searches at the LHC, reaching a percent-level precision in the Higgs sector is
however highly desirable in the search for beyond standard model physics. Several plans are made
to go beyond a seemingly perfectly non-deviant Higgs boson. Further precision measurement on
the kappas, splitting the kinematic phase space (see the STXS framework below) and measuring
the Higgs boson self-coupling addressed in section 9.2, are ways to continue to challenge the
standard model Higgs boson paradigm.
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FIGURE 6.10 — Left : Measured coupling of elementary particles as a function of their mass
(see equation 1.16), in particular the largest Yukawa to the top quark. The coupling to the

2
bosons Ay % is in GeV, so it is divided by the vev v for homogeneity with the unit-less

Ap =

[88]. Right : couplings strength modifiers « for photons, fermions t, b, 7, u and

weak gauge bosons W and Z. The couplings modifiers are measured assuming Bpgyr = 0 (black)
/ Biny and Bypget left free floating (red) / off-shell and on-shell Higgs boson intensities assumed
to be the same (blue). The SM prediction for both cases is shown by a dotted line [88].
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6.2. Flavour changing neutral currents re-interpretation

Analyses also now tend to be optimised in the context of the Simplified Template Cross
Section (STXS) scheme, as for instance were the general H — ~v and H — ZZ couplings
results [89] performed on 36.1 fb~1 of 13 TeV data. Inclusive cross sections of all production and
decay modes being so far SM-like, the objective is to further challenge the model by searching
for deviations in various separated kinematic phase spaces. STXS is an ensemble of kinematic
phase-space specific categories illustrated in Figure 6.11. Due to low statistics ttH is not yet
split into categories for the first stages of the measurement, but on the contrary merged with tH
production.

ATLAS preliminary L o e IS e o e e R
99->H (C-jet l'E'l ATLAS Preliminary

-1
gg—H (1-jet, p¥ < 60 GeV) Vs=13TeV, 36.1 fb
! H—yy and H—ZZ*—4l
“ m,, =125.09 GeV, |y |<2.5
(1-jet, 60 < p’; <120 GeV) H

991 B, /B
(1-jet, 120 < p:’ <200 GeV) EE_| vyl Pay

gg—H (> 2-jet, p" < 200 GeV }Eq
or VBF-like) 1
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+ qq—Hqq (‘Jr >200 GeV)
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M Stat. uncertainty
99/9q ~HIlHIY El ] Syst. uncertainty D
n
99/qq —>ttH —— SM prediction ]
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FIGURE 6.11 — Left : Simplified template cross section and stage-1 categories merging (red
squares) [89]. Right : Best-fit results of the nine stage-1 STXS measurement regions for gluon
fusion H — vy and H — ZZ for 36.1 fb~! of 13 TeV data [89].

It is to be noted that, with the recent observations of H — bb decay, as well as ttH and VH
production by ATLAS [57], all major production modes and decays have been observed.

6.2 Flavour changing neutral currents re-interpretation

Considering the masses of the neutral bosons (Higgs boson with mj, =125 GeV, Z boson with
myz =91 GeV and massless v and gluon) compared to that of the top quark m; =172.5 GeV, it
is kinematically permitted for the top quark to decay into a charm or up quark and a neutral
B boson t — ¢B. In the SM, FCNC decays are very strongly suppressed since tqH interactions
are forbidden at the tree level and even suppressed at higher-orders by the Glashow-Iliopoulos-
Maiani (GIM) mechanism, where the flavour changing is done with a loop of two flavour changing
charged current, see Figure 6.12a. The branching ratios are therefore theoretically predicted to
be BR(t—Hu)~ 10~!7 and BR(t— Hc)~ 10~'°. However, large enhancements in these branching
ratios up to the level of BR(t—Hq)~ 10~2 are possible in some beyond-SM scenarios where the
GIM suppression can be relaxed and new particles can contribute to the loops, such as two-
Higgs-doublet models (2HDM) among which the minimal supersymmetric SM (MSSM). This
process can be searched for in tH production where one of the top quarks decays through a
FCNC process, as illustrated on figure 6.12b.

In the pp — tt, t — bW, t — qH final state, where one top decays leptonically and the
Higgs decays to a pair of W bosons, a same sign lepton pair can arise and events can enter
the ttH — ML signal region. As a consequence, thanks to this vicinity of their final state, the
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Chapitre 6. ttH — ML combination, couplings and re-interpretation

multilepton analysis could be statistically re-interpreted as a search for FCNC, which I performed
by defining t — gqH as signal, ttH as a standard model background, introducing new handles
and reshaping the run 1 ¢¢H — ML combined workspace [65]. Indeed for that round of the
multilepton analysis, the jet multiplicity was low enough (N; > 4) for the ML analysis to include
FCNC signal. For Run 2, ML final states jet multiplicity requirement for 2¢gg regions was later on
raised from N; > 4 to N; > 5, since the change induced no loss in sensitivity but allowed for the
data-driven fake estimate to increase its low Njets control region statistics. Because of the lower
jet multiplicity of the FCNC process compared to ttH, a simple ttH — ML re-interpretation
was thus not possible. The analysis was then specifically re-optimised for run 2 with 36.1 fb=!
of 13 TeV data [90][91].

In run 1 analysis, only the three most sensitive ML channels, 2¢gg, 3¢ and 2fgg+7ha.q are used.
A counting experiment is performed with 3¢ and 2¢gg5+Thaq as single bins and the 2¢gg final state
split into six regions according to the lepton flavours (ee, ey, pp) and jet multiplicity (N; = 4
or N; > 5). Comparison between data and predictions in each of those eight categories is shown
on Figure 6.13. As shown on Figure 6.14 top, run 1 FCNC analyses results are coincidentally
almost all pointing across final state to a ¢ = Hu and ¢ — Hc branching ratio of 0.2% [65]. The
latest 13 TeV results for ML are now closer to zero (0.04% for tHu and -0.01% for tHu), as shown
on Figure 6.14 bottom, and no significant excess is observed either in the ~ final state. The
best observed upper limit on the branching ratio is measured by the ML analysis to be 0.16x103
(resp. 0.19x10%) for tHe (resp. tHu). Run 2 upper limits on the branching ratios for combined
77y, ML and bb final states [92] are 1.1x1073 observed (8.3x10~* expected) for t — Hu and
1.2x1073 observed (8.3x10~% expected) for t — He.

FIGURE 6.12 — Left : Example of Feynman diagram for the decay ¢t — c¢H in the SM. Right :
Feynman diagram for flavour changing neutral current ¢ — ¢H production.
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6.2. Flavour changing neutral currents re-interpretation
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7. Future of ttH — ML

The multilepton final state is currently facing two main limitations for its update with the full
run 2 luminosity, that will be developed in the following sections. One of these issues concerns
the fake leptons estimate, developed in section 7.1 and the other the growing relative importance
of the irreducible ¢tV backgrounds 7.2. Finally, any longer term strategy involves the use of
more refined techniques to extract every bit of information from the available dataset provided
by the experiment. The possibility of using event reconstruction techniques and their compared
advantages with deep learning techniques will be also be raised in this chapter.

Most of ttH — ML final states are now starting to be limited by their systematic uncertainties.
One of the best ways to improve its performance like that of many other analyses is to be involved
in performance improvement studies. In particular, the high jet multiplicity of this final state
makes it sensitive to jet energy scale and jet energy resolution. This aspect will be developed in
section 8.

Now, one of the limitations to the ML analysis is the absence of resonance, unlike for the
v~ and bb final states, which means that an excess in t#H — ML alone without confirmation
from other final states can be interpreted with difficulty. Indeed multilepton final states are the
signature of many beyond standard model searches, in exotics and supersymmetric theory models.
There is therefore a need for this analysis to be combined with other decay and production modes.
A more global view of what can be done in terms of the couplings measurement of the lastly
discovered elementary particle is developed in section 9.

7.1 Improvement of non-prompt lepton background rejection and
estimate

One of the main issue appearing for ttH — ML as data statistics accumulates concerns how to
estimate the non-prompt leptons contribution in presence of photon conversions. Indeed photon
conversion are not uniformly distributed across the kinematic discriminating variables used to
optimise the channels, and their rate are different in control and signal regions. The increasing
proportion of photon conversions is challenging the current fully data-driven estimate because it
is only targeting b-jets faking leptons.

Indeed the composition of the fakes entering the ttH multilepton signal regions is not domi-
nated by a single type, but a mixture of several types (semileptonic b-decays, photon conversions,
etc.), as shown on figure 7.1.

In the current update of the future analysis, the custom lepton isolation described in 5.1.5
is further tightened to increase the rejection of the reducible background due to non-prompt
leptons (fakes). This algorithm being based on isolation-related variables, like charged particles
in a cone around the track, it is particularly efficient at rejecting heavy flavour (HF) jets faking
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Chapitre 7. Future of ttH — ML

leptons, but tends to spare photon conversions. As a consequence, the relative composition of
the non-prompt leptons is now very different in the tight region with respect to the loose where
these cuts are not applied. In the loose region, non-prompt lepton fakes from heavy favour are
dominant (90%), while after tight lepton requirement, a large fraction of photon conversion fakes
emerges (up to 40%).

The Matrix Method, fake factor and ABCD methods are all relying on the usage of data
events in low njets and loose lepton control regions, and are then badly biased. This bias gets
even worse for some kinematical regions of discriminating variables that are used as training
inputs for the multi-variate analyses (MVA). Studies on the Monte Carlo truth of same sign
leptons events show photon conversion fakes and HF non-prompt fakes can have very different
shapes, for instance the AR = \/A¢? + An? between the two leptons ARyy. In order to solve this
problem, additional selection criterium like ARy > 0.5 was applied (for events with at least one
electron fake candidate) to exclude the region highly enriched in conversions. But that measure
might not be sufficient to ensure a reliable fake estimate.

Given the limitations of the Matrix Method to handle the different mixture in control regions
and signal regions, an alternative fakes estimate method has been developed : the template fit
method. In this method, the normalisation of the different types of fakes are left free-floating
in a fit to data, while the kinematic distributions (templates) of each background type is taken
from Monte Carlo. The template fit method is therefore a semi-data-driven method.

[ conversions
(Y

[ light quark+gluon
[ c-quark

I b-quark

Fraction of fake and non-prompt leptons [%]

0
2ISSep  2I1SSpu 3le 3lu  2ISSe+1t 2ISSp+Tt

FIGURE 7.1 — Origin of non-prompt electrons and muons in various signal and control regions [62].

The main contribution to non-prompt lepton background comes from ¢, followed with a much
smaller contribution by V-+jets and single top. The truth classification of events containing a
non-prompt lepton can be described as follows :

— Prompt leptons : leptons from Top , Bremsstrahlung radiation or rare Top decay.
— Conversion : Conversion photon fakes to electron

— B decay : non-prompt leptons from B decay

— C decay : non-prompt leptons from C decay

— Other decay : leptons from light quarks or other processes.

In the objective of understanding the origin of this large expected contribution from photon
conversions, more advanced studies revealed that ATLAS reconstruction software requests a
minimum of 20 mm radius for a conversion to be reconstructed as such. That choice was made
because of the traditional v — ete™ conversions needing material and thus not happening in
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7.1. Improvement of non-prompt lepton background rejection and estimate

the vacuum of the beampipe. However it is found that many events with low ARy, are actually
conversions at a smaller radius. They arise from so called internal conversions (as opposed to
material conversions or external conversions), where a v* is radiated by partons from the initial
or final state (ISR/FSR) at the interaction point. These conversions are predicted by t¢ standard
generator, Powheg+Pythia8, through the photon splitting provided by Pythia8. They can also
arise from rare top decays t — bWITI~ which overlap with the standard ¢f but which invariant
mass is that of the top, while it is above m; for the tty* [93].

The event topology where a tt event with a conversion can enter the signal region is typically
a true lepton coming from one of the tops decaying leptonically, and the other same sign lepton
is from a v*) — eTe~ conversion where one electron was lost. These events can be therefore
drastically reduced (or exploited) by adding a cut on (or fitting) the number of tracks associated
to the electron, peaking at 1 for a prompt electron, and peaking at 2 for a conversion. Another
way to further reduce background from internal conversions is to apply a cut either on My, or
ARy both close to 0 for the dominant case of internal conversions with a low mass, virtual,
off-shell v*.

Based on the truth classification stated above, the following main contributions are distin-
guished, and a free-floating normalisation factor (NF) is assigned to each of them :

— NFg”CO : normalisation factor applied to events with one fake electron from photon conver-
sion. External conversions are defined as having a radius r>20 mm and a mass of tracks at
the conversion vertex 0 < m(trk — trk)QCV < 100 MeV

— N Fé"tco : normalisation factor applied to events with one fake electron from photon internal
conversion defined as not being external and having an invariant mass of tracks at the
primary vertex 0< m(trk — trk)QPV < 100 MeV

— NFfF : normalisation factor applied to events with one non-prompt electron from B, C
decay, or light hadron (dominated by B decay).

— NFE F: normalisation factor applied to events with one non-prompt muon from B decay,
C decay or light hadron (dominated by B decay).

— NFyuw : this additional normalisation factor is added to the fit because of the large conta-
mination from ¢tW in the low jet multiplicity same sign control region used to derive
the above three normalisation factors. The constriction power of this normalisation factor
would benefit from the simultaneous fit of t¢W enriched regions. The extraction of such
regions is discussed in section 7.2. Furthermore, it is found that ttH — ML regions select
so much #tW process that free-floating its normalisation would result in a very efficient
standard model measurement of the ¢¢¥ cross section.

Additionally, due to the higher probability for the sub-leading lepton based on pr to be the
non-prompt, control regions are split into the ones enriched in muon fakes (up and ey events) and
the ones enriched in electron fakes (ee and pe). The fit can also be done separately in bins of b-
tagged jets for the subleading electrons categories Np = 1,2 to provide additional discrimination
between conversions and HF non-prompt electrons.

To better handle the normalisation of backgrounds, signal-depleted low jet multiplicity regions
(Njet = 2,3) are considered. The low jet multiplicity region provides high statistics control regions
enriched in non-prompt leptons from semileptonic b-decays. The lepton identification applied to
both same sign leptons are as tight as those of the signal region to better reflect the composition.
Leptons are therefore tightly identified and isolated, they also undergo the prompt lepton veto
algorithm that is the upgrade of the prompt lepton isolation described in section 5.1.5. Finally
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they also must pass the ambiguity flag described in section 2.1 to further reduce the conversion
contribution.

In the 1 b-tag low Njcs ee+pe region the fit is done on the ARy variable to provide discri-
mination between conversions and HF fakes.

In the 2 b-tag low Njes eetpue and pp+ep regions, the scalar sum Hé?p of all leptons pr is
fitted in the two other regions to provide some discrimination against t¢tW.

In high Njess 20gs regions, a two-bin shape based on the sign of the same sign lepton pair
(either ++ or —) is fitted in order to take advantage of ¢t production charge asymmetry and
allow discrimination against the abundantly present ¢t/ background.

To summarise, the fit of the five aforementioned normalisation factor is performed simulta-
neously on 17 regions which discriminant is specified into brackets :

o High Njets (> 4) heavy flavour 2¢gg related control regions (3) :
> tt control region for ee+pe (++; )
> tt control region for putep (++; )
> ttW control region (++ ; —)

o Low Njes (=2,3) heavy flavour 2/gg related control regions (3) :
> tt 1-b control region for ee+pe (ARy)
> £ 2-b control region for ee+pe (HAP)

> tt control region for puu-+epu (Héfp)

¢ Conversions dedicated control regions which definition follows that given for normalisation
factors (4) :

> External Conversion 2/gg (counting)
> External Conversion 3¢ (counting)
> Internal Conversion 2¢gg (counting)
> Internal Conversion 20gg+Thaq (counting)
o Signal regions (3) :
> 2lgg signal region (BDT against ttV)
> 3¢ signal region (BDT from multiclass)
> 2055+ Thad signal region (counting)
o 3¢ control regions from multiclass BDT (4) :
> ¢t (BDT from multiclass)
> ttW (counting)
> ttZ (counting)
> VV diboson (counting)

The fits being performed on data, the blinding policy imposes a two-step study where a first
set of the normalisation factors is derived from a fit to signal-depleted low jet multiplicity region
and do not free-float the ttH signal strength. After validation of the method and unblinding
approval only will the simultaneous fit be performed and provide its final values.

A simultaneous fit is preferred to a fit to the CR with an application of the normalisation
factors in the SR (MVA application region) in order to insure a coherent treatment of all of the
systematics correlations, both instrumental and modelling.
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7.2. Reduction of the irreducible backgrounds and further sensitivity improvement

Due to the complexity of the fit described above, many checks must be done to understand
the behaviour of normalisation factors and their dependence in particular to pile-up conditions
and statistical fluctuations in the data. As of the date of edition of this thesis, issues concerning
the management of this matter are still in the process of being understood.

7.2 Reduction of the irreducible backgrounds and further sensi-
tivity improvement

The other issue is the tackling of the irreducible t¢WW and ttZ backgrounds. Thanks to a new
version of the Prompt Lepton Isolation tool, reducible background can be more tightly cut away
from the signal region. As a consequence the main purpose of multi-variate analyses becomes the
separation of ttH and ¢tV (as well as diboson for 3¢) through event topology, angular variables
and objects multiplicity.

The simultaneous fit of t£V normalisation provided by the template fit fake estimate method
described in section 7.1 is all the more beneficial once ttW control regions are defined. In par-
ticular, the multiclass BDT used in the 3¢ analysis already defined such a control region. The
ttV-vs-ttH BDT from the 2/gg analysis, previously averaged with the tt-vs-ttH BDT, would ins-
tead benefit from having its lowest BDT-score bin being used as a ttW control region. 255+ Thad
has lower statistics, and does not have a specifically designed ttWW control region yet, but can
benefit from those from 3¢ and 2¢gg because of their final state vicinity. Although seemingly op-
timal, this new solution raises the conceptual problem of effectively measuring not only the tt H
component, but also constraining the Standard Model value of the W process which already
has a dedicated analysis and with which compatibility must be insured.

One side of the project is to re-orient categorisation and multivariate analyses towards the
rejection of irreducible backgrounds. That is being done for the 2¢gg+mhaq channel in two ways,
one with a BDT and one with a simpler categorisation. With increasing statistics, that formerly
historically low statistics channel now selects a sufficient number of events for shapes of discrimi-
nating variables to be checked in control regions and used in multi-variate analyses. In the future,
higher level discriminating variables can be built, and for that purpose two different strategies
can be confronted. One consists in building reconstruction variables. There is a french effort in
that direction particularly from Clermont-Ferrand institute, with whom a collaboration is fore-
seen. Their preliminary studies show a combination of several methods seems very promising.
First the use of a reconstruction BDT, which, on the contrary to the classification BDT used to
increase the significance, is optimised to pick the most probable association of objects to their
mother particle, in particular Ws from the top or the Higgs decay. That first step is not sufficient
to create a discriminating variable but is necessary to decrease the number of combination to be
tested in the second algorithm. That second algorithm is a Matrix Element Method (MEM).

In the MEM, the likelihood for a given event to be signal or background is a function of
the parton distribution function, the theoretical matrix element, and the cross sections after the
analysis cuts and efficiencies, as illustrated in Equation 7.2. For invisible particles like neutrinos,
the quadrivector must be integrated over the whole phase space. In order to take into account
detector resolution, transfer functions should be included and integrated over since the matrix
element is a function of the truth as opposed to reconstructed particles quadrivectors. In the limit
where the quadrivectors for each object in the final state are assigned to the right truth particle
and known with perfect accuracy, the quantity calculated in this manner is the optimal test
statistic. Hence, in optimal conditions, the MEM should be the most sensitive analysis possible.
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parton distribution function

accounts for production mechanism

transfer function

maps detector response to diagram level
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flavor

describes signal or background process

FIGURE 7.2 — Matrix element method formula.

The biggest advantage of event reconstructions techniques is that discriminants can be fully
understood with physics. Built variables use physics theory predictions as inputs through the
simulation, which make sense, is transparent and can be understood by the user.

The biggest limitation of the event reconstructions method is the computing time. And ano-
ther parameter to be taken into account is the a priori unknown gain in discrimination of such
methods. They have in the past, for other multilepton channels, sometimes been used (like the
pseudo-Matrix element method for the 4¢ channel), sometimes be dropped because of a too de-
manding computing time (like in 2{gg), and sometimes been dropped because not bringing any
additional sensitivity compared to other simpler variables in the BDT (like it has been the case
for the 3¢ channel). The time investment in those techniques must therefore be carefully assessed.

Another possible strategy consists in using the higher statistics of collected data events to
train low-level inputs BDT and let the algorithm decide of its high-level discriminating outputs.
That second orientation can be related to a form of deep learning. As far as deep learning
techniques go, data statistics is the key. In order to disentangle t¢tH and ¢tV processes, training
must be done on simulated events. Hence the need to come up MC with smarter filters, like for
instance a m,,q requirement in the t£+X simulations.

The advantage of advanced machine learning methods is that with the right settings, the
machine should manage to find the best combination of information required to the classification
problem at hand with the minimum of central processing units (CPU), as opposed to the event
reconstruction that needs to be oriented by the user and can be incomplete. The drawback
from the use of deep learning algorithms in physics is its obvious lack of transparency, and
on a more anthropocentric tone, the loss of initiative from the physicist. These obstacles can
be overcome when realising that a backward-engineering review is needed to understand the
algorithm, through the correlations of the output with known high level variables. Under that
condition, one can be favour of exploiting the resources brought by current artificial intelligence
progress and compare the relative benefits of human-mind-constructed and machine-build high
level discriminating variables.
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FIGURE 7.3 — t{W and t¢Z control regions as defined and used from the multiclass 3¢ analysis [62].
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8. Improvement on the performance of
objects reconstruction

After ttH modelling uncertainties, jet energy scale and resolution are the dominant syste-
matics of the multilepton analysis. This counter intuitive importance for a final state focused
on leptons is due to the high jet multiplicity of the considered final states, the omnipresence of
jets whatever the lepton multiplicity, the full correlation of jet related systematics across final
states, and the fact that electro-magnetic and muon systematic uncertainties are for instrumental
reasons smaller than those of hadronic objects.

The future of this analysis and many others also therefore passes through the improvement
of reconstruction and identification performance. A good jet resolution is also a key ingredient
for the identification of an HH signal on top of the large non-resonant background which is a
project developed in section 9.2. The project developed below, for which the LPSC has a leading
role, is that of unifying two methods, particle flow at low jet pr and TCC at high jet ppr. This
merging into a unique jet collection represents a double advantage for ttH analyses, the first one
being to feed a more optimal and simple jet reconstruction to the analysis, and the second one is
to improve large-R jet reconstruction and pave the way to future inclusions of boosted category
in the search for new physics in dedicated corners of the phase space.

The study of large-R jets is particularly relevant to heavy particles which decay product
hadronic showers overlap and are reconstructed in one large-R jet because of a large boost. That
applies for instance to H — bb, H— W (qq)W*(qq) and t— W (qq)b decays. The distribution of
energy inside a jet or jet substructure contains information that can be used for the discrimination
of W, Higgs, and top jets against multi-jet QCD background originating from gluons or light
quarks. In the simple example of a hadronically decaying vector boson V (W or Z boson), V—qq,
the two quarks become increasingly collimated as the parent particle becomes more energetic,
following the approximation AR ~ 2my /pr where my and pp are the mass and transverse
momentum of the vector boson and AR = /A¢? + An? their angular size. Up to recently,
ATLAS was mostly using calorimeter-based jet substructure, which works well for jets initiated
by particles with low to moderate boost, but is not suited to highly boosted regime.

Several methods now exist to include information from the tracker that allow to better resolve
jet substructures.

At low pr, the use of particle flow techniques [94]| can improve jet angular and energy resolu-
tion by removing the calorimeter energy deposits from charged hadrons during jet reconstruction,
and instead using measurements of their momenta from the inner tracker, while the calorimeter
measurements of neutral-particle energies is kept. Particle flow also provides an effective sup-
pression of jets originating from pile-up interactions by an order of magnitude within the tracker
acceptance, with negligible inefficiency for jets from the hard-scatter interaction. It is efficient at
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transverse momenta up to ~ 100 GeV. At higher pr, clusters from various objects are more and
more overlapping which creates confusion at the cell subtraction stage and causes particle flow
performance to degrade to being slightly worse than standard reconstruction.

At higher pr, one of the most efficient techniques to reconstruct jets is called the Track-
CaloCluster (TCC)[95] method, that builds a new quadrivector using topoclusters for the energy
scale component, exploiting the excellent calorimeter energy resolution, while using the track
parameters to determine the angular (7, ¢) coordinates, benefiting from the high tracker spatial
resolution. Another algorithm designed to improve resolution for both jet mass and substructure
variables are track assisted techniques for substructures (TAS)[96]. TAS algorithms use tracks
whose pr is scaled using calorimeter information to calculate mass and other substructure ob-
servables for standard large-R jets (jets with a large R = radius). They are called "assisted"
techniques because the momentum of tracks from charge particles is "assisted" by additional
calorimetric information on neutral jet components to which the tracker is not sensitive. The
performance of TAS can be further improved by applying local corrections from particle flow or
TCC when assisting tracks, instead of using a more traditional calorimetric only jet definition.
This new type of object unifying tracking and calorimeter information, can then be an input to
jet reconstruction. At very high pr, even the tracking efficiency and accuracy is degraded due to
the finite angular resolution of the detector, so both TCC and p-flow techniques that are relying
on it are meeting limitations.

The objective is to merge both techniques, particle flow at low pr and TCC at higher pr,
in order to have only one collection of jets most performant on the whole spectrum. At LPSC
Grenoble, the team has strong expertise in jets reconstructions and is involved in the linking
of these two techniques for improvement of the performance at medium jet pr, the region of
interest of many analyses. Such techniques promise to increase the sensitivity of the ATLAS
physics program.
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9. Future of Higgs boson couplings mea-
surement

In this chapter, longer term future developments of the aforementioned Higgs couplings mea-
surement endeavour will be discussed. Firstly, the future of the top Yukawa coupling with data
from the high luminosity LHC will be broached in section 9.1. Finally, as a continuity of the
discussion on the general Higgs couplings measurements developed in section 6.1.4, the ultimate
project of measuring the Higgs coupling with itself is addressed in section 9.2.

9.1 Yukawa and couplings of Higgs boson to other particles

As far as the measurement of the Yukawa coupling of the Higgs boson to the top quark goes,
the only existing high luminosity LHC t¢H extrapolations concern the v+ final state [97]. Indeed
bb and ML, respectively ttH leading final states during run 1 and run 2, were discarded from
those studies for two main reasons :

— ttH— ~v is one of the only final state together with ttZ— ZZ — 4¢ to be solely limited
by statistics instead of systematics, meaning they are the one that will benefit the most
from the accumulated integrated luminosity. In comparison, bb and ML final states that are
limited by systematic uncertainty will contribute by far less to the final statistical power
of the combination at 3000 fb~! of 14 TeV data.

— The sources of the dominant systematic uncertainties at work in bb and ML are difficult

to extrapolate because of the unpredictable behaviour of their dominant background at
higher pile-up. That is in particular true for the non-prompt fake estimates in ML, that
has already proven its potential for unexpected issues, due to conversions for instance (see
section 7.1). For the bb final state, systematics uncertainty control is highly dependent on
the accuracy of predictions for its dominant background ¢tbb which evolution is not clear
to experimentalists.
On the contrary, the vy and the 4/ signatures systematics are mostly related to very well
handled electromagnetic and muon-related systematics, which performance we can expect
to at least not degrade and at best improve thanks to higher granularity trigger system
readout to be installed during phase I and the upgrade of all of its electronics during
phase II (see Figure 1.1).

Now that all Higgs production and decay modes have been observed as already discussed in
section 6.1.4, constraining the Higgs sector goes through the increase of precision on the couplings
measurement. Current values of uncertainty of the coupling on each particle (from ATLAS only)
are roughly 20% for ry, 15% for k., 10% for xy, 8% for Ky and Kz, and 7% for k- and k4. These
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9.2. Higgs self-coupling measurement

values are expected to shrink with 3000 fb~! of 14 TeV data to, depending on the systematic
uncertainty scenario, to 2-3% for k., kw and kz, 3-4% for k4 and k., 4-6% for k, and Ky, and
~7% for ky, values roughly agreeing for CMS (98] and ATLAS [99] projections.

9.2 Higgs self-coupling measurement

Ultimately, as discussed in section 6.1.4, the goal of the t¢tH analysis is the measurement of
the Yukawa coupling of the Higgs boson to the top quark, which is the largest of its couplings, and
more generally the search for deviations from the Standard Model in any particle to the Higgs
boson. But beyond the coupling of any particle to the Higgs boson, the Higgs self-coupling,
discussed in equation 1.7, allows a very good test of it being Standard Model. This measurement
suffers from low statistics at the LHC center of mass energy because it requires for the Higgs
boson to be produced in an excited state above 250 GeV to allow for the H — HH decay.
The process is made even rarer than t¢H which final state weighs 475 GeV, because of the HH
production diagram presenting a loop, and because of a destructive interference between the
triangle and box top loop diagrams, as illustrated on Figure 9.1.

9 ooooo— ----H

FI1GURE 9.1 — Destructive interference between the two production diagrams of the di-Higgs final
state.

Because of its low production rate, the HH analysis is expected to provide its full potential
with the total integrated luminosity provided at the end of the exploitation period of the high
luminosity LHC (HL-LHC) some time during the 2030 decade (see section 1.1). The expected
integrated luminosity recorded then should be at the order of three thousand of inverse femto
barns or three inverse atto barns 3000 fb=! =3 ab™!

To compensate for its low production rate, final states with at least one of the Higgs decays
into a pair of bottom quarks following the largely dominant branching ratio. Depending on the
decay of the other Higgs, different advantages are provided by various channels. The LPSC
Grenoble is active in the search for bbyy and bbr7 channels.

The ATLAS HH — bbr7 [100] currently sets the world’s more stringent limit on the di-Higgs
production with a single channel with an upper limit on oy x BR(HH — bbr7) assuming
standard model kinematics of 30.9 fb, that is 12.7 times the SM expectation at 95% CL with
36.1 fb~!' of 13 TeV data. Two channels are defined, one for which both 7 being hadronic
(ThadThad) and one where one of the taus decays leptonically (7jepThaq). For both channels a BDT
(see section 5.2) is trained using kinematic variables such as the invariant mass of the di-Higgs
mass, the di-7 system, the two b-jets invariant mass or the AR between the two 7 decay products
or the two b-jets. In recent extrapolation studies [101], it is found that the analysis can set an
upper limit of 0.99 times the SM expectation with 3000 fb~' of 14 TeV data for a scenario where
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Chapitre 9. Future of Higgs boson couplings measurement

the instrumental systematics remain unchanged at the exception of the b-quark identification
that would improve by 8% from the better performance of the upgraded tracker (ITK) to reject
light jets (see section 1.2.1).

The HH — bby~y [102] is the most promising channel for higher luminosity projections, thanks
to its narrow 7y mass peak that provides a very clean di-Higgs signal. The analysis select events
presenting two photons which invariant mass belong to a wide mass range 105 to 160 GeV mass
range. Events are then split into two categories respectively called 2-tag and 1-tag depending on
whether they have two 70% b-tagged jets (see section 5.1.4), or only one, more tighlty identified
60% b-tag jet. For the I-tag category, the second b-jet used to reconstruct the H — bb invariant
mass is picked thanks to a BDT relying on the vicinity of the dijet mass to that of the Higgs, and
other kinematic variables namely the jet pr, dijet pr, dijet mass, jet n, dijet i, the An between
the selected jets, and whether the jet satisfies one of the looser b-tagging criteria. The correct
jet is selected with an efficiency of 60-80%.

Each 1-tag and 2-tag category is further split into a loose and a tight categories. In the
loose selection, the highest-pr jet is required to have pr>40 GeV, the sub-leading pr jet must
satisfy pr>25 GeV, with the invariant mass of the jet pair (m;;) required to lie between 80
and 140 GeV. For the tight selection, the leading and sub-leading jets are required to have
pr>100 GeV and pr>30 GeV, and 90 GeV < m;; < 140 GeV. A profile likelihood fit is then
performed simultaneously on the four categories.

The limit observed (expected) upper limit on the di-Higgs production rate times branching
ratio oy x BR(HH — bbyy) is 0.73 (0.93) pb which corresponds in terms of multiple of
the SM production cross-section to an observed (expected) limits of 22 (28). Fixing all other
SM parameters to their expected values, the Higgs boson self-coupling is constrained at 95%
CL to -8.2< k) = )\HHH/A%%H <13.2 whereas the expected limits are -8.3< k) <13.2. The
expected allowed range at 95% CL for /\fl]\é’, g with 3000 f b~! of 14 TeV data including systematic
uncertainties is —1.4 < Agpu /A, < 8.2 [101].

The Standard Model analysis described here is non resonant. A beyond standard model
resonant analysis also exist, that is searching for Kaluza-Klein gravitons or heavy H bosons
decaying in two 125 GeV Higgs bosons. This analysis is very similar to the SM one and described
in the same note [102].

All information about physics at the HL-LHC (High-Luminosity) and perspectives for the HE-
LHC (High-Energy LHC) is summarised in the a HL-LHC Technical Design Report (TDR) cite ATL-
PHYS-PUB-2019-006.

The HH — bby~ run 2 analysis has potential to be greatly improved with the introduction of
more elaborate techniques, in particular the ones evoked in section 7.2 : the event reconstruction
through matrix element method, and a deeper usage of machine learning techniques. Contributing
to its optimisation is one of the leading projects of the LPSC ATLAS team, and has already
started.
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A. 20gg+mag €vent displays

Event displays of 20gg+7haq events from the Run 1 (Figure A.1) and Run 2 (Figure A.2)
analyses.

JATLAS

A EXPERIMENT
http://atlas.ch

FIGURE A.1 — Event display of a 20gg+Thaq event recorded in 2012 [60].

112



2{SS171,,,4 event display

04:42 CEST

(ICHEP 2016)

| muon |electron A ghad A jets A b-tag J Tile

FIGURE A.2 — Event display of a 20gg+Thaq event recorded in 2016 [61].
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