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Chapter 1

Introduction

Mankind is driven by questions concerning the universe since time immemorial. As our

ancestors looked above at the stars, some imagined the glimmering lights to have super-

natural origins whereas some built instruments to actually peer into the truth. In current

society, both oriental and occidental, scientific ignorance still prevails. However, in stark

contrast, the achievements of modern science are extra-ordinary in all fields of funda-

mental knowledge. This group of people that had started with humble apparatus such

as a piece of polished glass have come a long way to present day, where conditions of the

early universe are re-created by smashing sub-atomic particles together. Experimental

particle physics studies the building blocks of Nature reaching into smallest-ever length

scales with highest-ever energies with the help of particle colliders. The experimental

and theoretical findings of the minute details of matter are best described by the Stan-

dard Model (SM) of particle physics [1–3].

The electromagnetic interactions of particles were the first to be explained in terms of

quantum electrodynamics (QED) within the framework of a quantum theory in the 1940’s.

Following the success of QED, weak and strong interaction theories had also been pro-

posed based on local gauge symmetries. The unification of QED and weak interactions

predicted massless gauge bosons, but no such particles were detected mediating the weak

force. It was realized then that spontaneously broken symmetries due to the existence of

a massive neutral scalar particle, the Higgs boson, can give mass to gauge bosons [4–7].

The massive gauge particles, W± and Z
0, have been discovered in experiment in the

1
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1980’s [8–11], with the predicted properties. This strengthened the case of the Higgs

boson and experiments at the Large Hadron Collider (LHC) were designed to search for

it. One of the major achievements of Physics in recent history is the discovery of the

Higgs boson in 2012 [12, 13], 50 years after it was postulated, completing the spectrum

of fundamental particles according to the SM. The current mandate of the experiments at

the LHC is to characterize the newly-discovered particle by measuring its properties and

search for new physics phenomena beyond the SM prediction. This thesis is a continua-

tion towards this global e↵ort as presented in the following.

1.1 The Standard Model

1.1.1 Particles and symmetries

As the smallest constituents of matter at high energies are governed by quantum laws,

their fields and interactions aremost elegantly described byQuantum Field Theory (QFT).

Using this approach SM interprets quantum excitations of a field as particles, categorized

into two groups: fermions (spin 1/2) which constitute matter and vector bosons (spin 1)

which mediate interactions.

Fermions are further divided into leptons and quarks, each of which come in three gen-

erations with increasing mass. The weak and electromagnetic interactions are described

by the gauge symmetry group SU(2)L ⇥U(1)Y while the strong interaction or quantum

chromodynamics (QCD) is described by SU(3)c symmetry group. Each fermion or matter

particle has a quantum number corresponding to each of the symmetries, which remains

conserved according to Noether’s theorem [14]. These quantum numbers are electric

charge, weak isospin corresponding to electroweak interaction and color charge corre-

sponding to QCD interaction. Table 1.1 shows the electroweak quantum numbers of the

fermions as described by SM. Leptons do not have any color charge and hence they do not

experience strong interaction, whereas quarks can have three possible colors: red, green,

blue.

The vector bosons mediate the fundamental interactions relevant for elementary particles



Chapter 1. Introduction 3

Table 1.1: Quantum numbers of the three fermion generations. Left-handed fermions, denoted

using L, are doublets under weak interaction whereas right-handed fermions, denoted using R,

are singlets. Right handed neutrinos are not included in the SM. Leptons constitute the electron

(e), the muon (µ) and the tau (⌧) along with corresponding flavors of neutrinos (⌫). Left handed

quarks are paired in isospin as: up (u) and down (d), charm (c) and strange (s), top (t) and bottom

(b). Here T3 stands for the third component of the weak isospin, Q is electric charge and Y weak

hypercharge, defined as Q = T3 + Y
2 .

Particles T3 Q Y

Leptons ⌫eL,⌫µL,⌫⌧L +1
2 0 -1

eL,µL,⌧L -12 -1 -1

eR,µR,⌧R 0 -1 -2

Quarks uL,cL,tL +1
2 +2

3 +1
3

uR,cR,tR 0 +2
3 +4

3

dL,sL,bL -12 -13 +1
3

dR,sR,bR 0 -13 -23

– electromagnetic, strong and weak. The infinite range electromagnetic force is carried

by the massless photon, described by QED. Gluons, mediator of the strong force, are also

massless. But unlike photons, gluons self-interact as they carry the color charge, leading

to confinement which results in the limited range (⇠ 10�15 m) of the strong force. Weak

nuclear interactions are also short range (⇠ 10�18 m), mediated by W and Z bosons.

The widespread acceptance of SM as a theory of the building blocks of the physical uni-

verse lies in the sheer success of explaining the existing and broken symmetries of the

fundamental forces of Nature, except gravity.

1.1.2 Gauge interactions

The gauge invariant kinetic term of the SM interaction Lagrangian is written as:

Lgauge = �
1
4
W

a

µ⌫W
µ⌫,a
�
1
4
Bµ⌫B

µ⌫
�
1
4
G

a

µ⌫G
µ⌫,a (1.1)
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where
W

a

µ⌫ = @µW
a

⌫ �@⌫W
a

µ � g✏
abc

W
b

µW
c

⌫

Bµ⌫ = @µB⌫ �@⌫Bµ

G
a

µ⌫ = @µG
a

⌫ �@⌫G
a

µ � gsf
abc

G
b

µG
c

⌫ .

(1.2)

W
a
µ , a = 1,2,3 and Bµ are field strengths of the electroweak interaction and G

a
µ, a = 1, ...,8

corresponds to gluon field strength. The g and gs are gauge coupling strengths of weak

and strong interactions respectively, and ✏
abc and f

abc are structure constants of the

SU(2)L and SU(3)c symmetry groups respectively. The gauge index a indicates di↵erent

number of gauge fields: in general, for SU(N ) group it will run from 1 to N
2
� 1.

The kinetic and interaction parts of the Lagrangian describing fermions is expressed in

terms of covariant derivative Dµ which preserves the gauge invariance:

Dµ ⌘ @µ + ig
�a

2
W

a

µPL + ig
0Y

2
Bµ + igs

�a

2
G

a

µ (1.3)

where PL = (1 � �5)/2 is the left-handed projection operator, �a are the Pauli matrices

and Ta = �a/2 are the generators of SU(2)L symmetry, g 0 is the coupling strength of elec-

tromagnetic interaction and �a are Gell-Man matrices, ta = �a/2 being the generators of

SU(3)c symmetry. The complete gauge invariant Lagrangian describing electroweak(EW)

and QCD interaction is thus:

LEW+QCD = �
1
4
W

a

µ⌫W
µ⌫,a
�
1
4
Bµ⌫B

µ⌫
�
1
4
G

a

µ⌫G
µ⌫,a + i ̄�µD

µ
 (1.4)

where  denotes the fermion field. Explicit mass terms of the vector boson fields are pro-

hibited as they violate gauge symmetry. Fermionic mass terms mix the left-handed and

right-handed components and are thus forbidden, as by above formulation their transfor-

mation properties under SU(2)L ⇥U(1)Y clearly di↵erentiates chirality (handedness).

1.1.3 The Higgs mechanism

Masses of the vector bosons are generated in the SM by the Electroweak Symmetry Break-

ing (EWSB) mechanism [15–19]. In the Glashow-Salam-Weinberg (GSW) model, a weak

isospin doublet of a complex scalar field (�) spontaneously breaks the SU(2)L symme-

try by acquiring a non-zero vacuum expectation value (VEV). In this process the elec-
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tromagnetic gauge group U(1)EM remains unbroken and electric charge continues to be

conserved. The interaction Lagrangian of � is written as:

LHiggs = |(@µ + ig
�a

2
W

a

µ + ig
0Y

2
Bµ)�|2 �V (�) (1.5)

which includes the scalar potential of the form:

V (�) = �µ2|�|2 +�|�|4. (1.6)

By choosing a VEV v and expanding about the vacuum such that

� =
1
p
2

0
BBBBBB@

0

v +H

1
CCCCCCA (1.7)

where v =
p
µ2/� with µ

2
> 0, � > 0 and H is the Higgs field, the electroweak symmetry is

broken. Using Eq.(1.7) in Eq.(1.5) the mass terms of the vector bosons are generated from

the kinetic terms:

MW =
1
2
vg ; MZ =

1
2
v

q
g2 + g 02; M� = 0. (1.8)

The Higgs field also gains a mass term mH =
p
2�v, if we substitute Eq.(1.7) in Eq.(1.6).

The mH is thus generated by the self-interaction of H and depends on the self-coupling

parameter �.

The bosonic sector of the GSW model is solely described by the four parameters: g , g 0, µ

and �. The weak coupling constant g is evaluated using the muon lifetime measurement

experiment [20–23] based on the Fermi’s theory of weak interaction [24] and the low-

energy value is 0.652. Precise masses of W and Z bosons are known to be 80.385 GeV

and 91.1876 GeV respectively [25], thus using Eq.(1.8) the value of v ⇡ 246 GeV andU(1)

coupling constant g 0 is determined to be 0.357. The Higgs boson was discovered in the

experiments having mass near 125 GeV [26], implying � ⇡ 0.13 and |µ| ⇡ 88.8 GeV at

the electroweak scale. The Higgs couplings to the vector boson particles (V = W, Z) are

proportional to m
2
V
/v. Hence, determination of the physical masses of various particles

gives an exact picture of the underlying theory, a very important feature of the SM.



6 Chapter 1. Introduction

1.1.4 Higgs coupling to fermions

Fermion masses are generated by the Higgs field through the Yukawa interaction, the

most general form of which can be written as:

LYukawa = �yd ̄L� R � yu ̄L�̃ R +h.c. (1.9)

Here yd , yu are Yukawa coupling strengths to quarks and leptons with quantum numbers

T3 = �1/2 and 1/2 respectively, and �̃ = i�2�
† is the charge conjugate of the field �.

Neutrinos do not take part in this interaction since there exists no right handed neutrinos

within the framework of SM. After the VEV is generated the fermions gain masses of the

form: mf = yf v/

p
2 from the interaction terms of Eq.(1.9), neutrinos remain massless.

The strength of the individual interactions with the scalar field essentially determines

the mass of each particle. Given the Higgs boson mass, then, each of the couplings is

predicted by the SM.

1.2 Shortcomings of Standard Model

The SM can explain most of the experimental observations with spectacular success but

quite a few open questions still remain. Various parameters such as the Higgs boson mass

itself is not predicted by the theory, neither are the other particle masses: they are inputs

to the theory. The appearance of particles in several generations and disparate mass spec-

trum cannot be explained nor can they be predicted a-priori. The physical Higgs boson

mass diverges in this theory due to higher order radiative corrections from particle loops,

commonly referred to as the hierarchy problem [27]. An unsatisfactory explanation can

be given in terms of fine tuning of the mass correction terms, but this has to be done

order-by-order in a perturbation theory. SM does not incorporate the fourth fundamental

interaction, viz. gravity and therefore breaks down at very high energy scale ⇠ 1019 GeV

where gravity becomes strong. Equally critical is the lack of understanding of the nature

of dark matter [28, 29], origin of neutrino masses and oscillations [30–33] which have

been observed in experiments. Several other known issues include matter-antimatter

asymmetry observed in the universe, extent of CP violation etc. [34] that render the for-
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malism incomplete. It is possible that SM is only a low-energy manifestation of a theory

encompassing several other symmetries relevant at higher energy scales. Before LHC, ex-

periments were carried out at an energy scale of several hundred GeV. LHC has opened

the door to studying fundamental interactions at centre-of-mass energies (
p
s) ten times

higher and hence test the validity of the SM at TeV energies.

1.3 Possible existence of new physics

Beyond Standard Model or BSM theories try to address the open questions by proposing

existence of new symmetries, higher dimensional operators etc. The most popular theory

alternative that answers some of the drawbacks of SM is Supersymmetry (SUSY). It pro-

vides an elegant solution to the hierarchy problem by postulating bosonic superpartners

of fermions and fermionic superpartners of gauge bosons which contribute to cancel the

diverging correction terms [27]. It can even incorporate possible dark matter candidates

in the theory. However, the beauty of this mathematical construct is not supported by

current observation, unlike SM. SUSY doubles the particle content of SM, yet none of the

superpartner particles have been observed. This leads to the conclusion that SUSY must

be a broken symmetry, where the superpartner particle masses are much greater than the

corresponding SM particle.

The most simple supersymmetric model that extends the SM is the Minimal Supersym-

metric Standard Model (MSSM) [35–40]. In particular, MSSM theory includes two com-

plex scalar Higgs boson doublets under SU(2) symmetry:

H1 =

0
BBBBBB@
h
0
1

h
�

1

1
CCCCCCA , H2 =

0
BBBBBB@
h
+
2

h
0
2

1
CCCCCCA (1.10)

with VEVs v1, v2 respectively such that v2 = v
2
1 + v

2
2 where v is the VEV from SM, and

defining the parameter tan� = v2/v1. h01, h
�

1 are isospin ±1/2 components of H1 and h
+
2,

h
0
2 are isospin ±1/2 components of H2.

An important facet of MSSM is that there can be mixing between scalar states resulting

in di↵erent mass eigenstates after EWSB. The physical particle spectrum of MSSM Higgs

boson sector contains two CP-even scalars h and H , one CP-odd pseudoscalar A, and two
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charged scalars H
± and described by the two parameters: pseudoscalar mass mA and

tan�, the ratio of the VEVs. In contrast to SM which cannot predict the mass of the Higgs

boson, at least one neutral scalar Higgs boson mass, which is a linear combination of h01
and h

0
2, is predicted to be lighter than 135 GeV in the MSSM [41,42]. It is interesting that

the observed 125 GeV particle falls nicely under this description.

1.4 Higgs physics at the LHC

Before the discovery of the Higgs boson, a lower bound of 114.4 GeV [43] was set on its

mass using data from the Large Electron-Positron Collider (LEP) with highest collision

energy reaching 209 GeV. An upper bound of 1 TeV [44] was set much earlier on the

grounds of unitarity violation above this scale. The relative contributions of di↵erent

Higgs boson production modes as well as the decay branching fractions depend strongly

on the Higgs boson mass. Figures 1.1 and 1.2 show the theoretical predictions for varia-

tions of production cross sections and the decay fractions as a function of the Higgs boson

mass at
p
s = 13 TeV.

At the LHC, the strongest evidence of the resonance was obtained around 125 GeV using

the H ! �� and H ! ZZ
⇤
! 4` channels by probing the reconstructed mass range,

shown in Fig. 1.3.

Incidentally these two decay modes also provide the best mass resolution for the Higgs

boson. Currently the Higgs boson mass is measured with better than 2% precision using

the H! �� and H! ZZ
⇤
! 4` [49,50]:

mH = 125.35± 0.15 GeV.

Given this information, the predicted natural width of the Higgs boson is �H ⇠ 4 MeV

which is much smaller than the experimental resolution achievable as seen in Fig. 1.3.

Thus �H can only be constrained by studying various production and decay modes of

Higgs boson. For the measured mass, the main production processes at the LHC are [51]:

• Gluon-gluon fusion (ggF): It is the dominating production mode at the LHC since

gluons carry a large fraction of the proton momentum. The leading Feynman dia-



Chapter 1. Introduction 9

 [GeV] HM
10 20 30 100 200 1000 2000

 H
+X

) [
pb

]  
  

→
(p

p 
σ

3−10

2−10

1−10

1

10

210

310

410
= 13 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (NNLO+NNLL QCD)

→pp 

 qqH (NNLO QCD)

→pp 

 WH (NNLO QCD)

→pp 

 ZH (NNLO QCD)

→
pp 

 ttH (NLO QCD)

→pp 

 bbH (NNLO)

→
pp 

 tH (NLO)
→pp 

Figure 1.1: The SM Higgs boson production cross sections as a function of the Higgs boson

mass [45]. The VBF process is indicated as qqH.

 [GeV]HM
90 200 300 400 1000

H
ig

g
s 

B
R

 +
 T

o
ta

l U
n

ce
rt

-410

-310

-210

-110

1
L

H
C

 H
IG

G
S

 X
S

 W
G

 2
0

1
3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ

Figure 1.2: The SM Higgs boson decay fractions as a function of the Higgs boson mass [46].



10 Chapter 1. Introduction

0

0.5

1

1.5

2

2.5

3

3.5

4
 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

CMS
γγ →H 

0.34 GeV ±  = 124.70Hm
0.23−
0.26+ 1.14=µ

310×

 (GeV)γγm
110 115 120 125 130 135 140 145 150

-100

0

100

200
B component subtracted

S/
(S

+B
) w

ei
gh

te
d 

ev
en

ts
 / 

G
eV S/(S+B) weighted sum

Data

S+B fits (weighted sum)
B component
σ1±
σ2±

 (GeV)l4m
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

5

10

15

20

25

30

35 Data

Z+X

, ZZ*
γZ

 = 126 GeVHm

CMS -1 = 8 TeV, L = 19.7 fbs ; -1 = 7 TeV, L = 5.1 fbs

Figure 1.3: Reconstructed mass spectrum showing the Higgs resonance in the H! �� (left) and

H! ZZ
⇤
! 4` (right) channels [47,48].

gram involves a quark loop through which the massless gluons couple to the color-

less Higgs boson. The contribution to the loop varies as the square of quark-Higgs

coupling and hence it is dominated by the top quark. The latest best predicted cross

section at
p
s = 13 TeV is

�ggF = 48.61 pb +4.27%
�6.49% (theory) ± 1.85% (PDF) +2.59%

�2.62% (↵s)

with an accuracy of three higher order corrections or next-to-next-to-next leading

order (N3LO) in QCD and next-to-leading order (NLO) correction in EW interac-

tion. Here ↵s is the strong interaction coupling strength given by ↵s = g
2
s /4⇡. PDF

refers to parton density functions (see Chapter 3).

• Vector boson fusion (VBF): This production mode has the second largest cross

section at the LHC:

�VBF = 3.766 pb +0.43%
�0.33% (scale) ± 2.1% (PDF+↵s)

at
p
s = 13 TeV, considering NNLO QCD and NLO EW corrections. The momentum

transfer between the two scattering quarks being small, they appear as jets with
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high rapidity in the final state. Further, the di-jet system has large rapidity gap and

high invariant mass. Due to this unique event signature VBF production mode is

useful to search for rare decay modes of the Higgs boson, such as H ! invisible,

H! µµ etc.

• Associated production with a vector boson or Higgstrahlung (VH): In this pro-

cess the Higgs boson is emitted by W or Z bosons. The leptonic decay products of

the vector bosons are useful to identify the events of interest from multi-jet back-

grounds in case of hadronic decay modes of Higgs boson, e.g., H! bb̄. The produc-

tion cross section is small compared to ggF and VBF:

�WH = 1.358 pb ± 0.51% (scale) ± 1.35% (PDF+↵s)

and

�ZH = 0.880 pb +3.50%
�2.68% (scale) ± 1.65% (PDF+↵s)

at
p
s = 13 TeV, considering NNLO QCD and NLO EW corrections.

• Associated production with a top-quark pair (tt̄H): This is an important produc-

tion mode of the Higgs boson where the top-Higgs coupling is involved in the tree

level diagram, unlike in the loop in case of ggF. The decay products of the top quarks

lead to a variety of final states, making it di�cult to reconstruct. Further, the cross

section is

�tt̄H = 0.5065 pb +5.8%
�9.2% (scale) ± 3.6%(PDF+↵s)

at
p
s = 13 TeV at NLO QCD+EW accuracy, roughly two orders of magnitude less

than that of ggF production.

Feynman diagrams for the above processes are shown in Fig. 1.4.

The decay fractions of the 125.09 GeV Higgs boson are given in Table 1.2 along with the

theoretical uncertainties. H! ⌧⌧ has been recently observed at the LHC [52] and it gives

first direct evidence of Higgs boson coupling to fermions. The dominant decay mode of

the Higgs boson is H ! bb̄ with a branching ratio (BR) of 58.4%. Due to the hadronic

activity in proton-proton (p-p) collisions, this decay mode may get swamped in with a
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Figure 1.4: Main leading order Feynman diagrams contributing to the Higgs boson production

at the LHC: (a) gluon-gluon fusion, (b) vector boson fusion, (c) Higgstrahlung, (d) associated pro-

duction with top quark pair [25].

Table 1.2: Decay branching fractions of the Higgs boson with theoretical uncertainties [45].

Decay mode BR Th. uncertainty

H! �� 2.270⇥ 10�3 +1.73%
�1.72%

H! ZZ
⇤ 2.641⇥ 10�2 +0.99%

�0.99%

H!WW
⇤ 2.152⇥ 10�1 +0.99%

�0.99%

H! ⌧⌧ 6.256⇥ 10�2 +1.17%
�1.16%

H! bb̄ 5.809⇥ 10�1 +0.65%
�0.65%

H! cc̄ 2.884⇥ 10�2 +1.20%
�1.20%

H! Z� 1.541⇥ 10�3 +5.71%
�5.71%

H! µµ 2.171⇥ 10�4 +1.23%
�1.23%

large QCD background. H ! bb̄ decays have also been observed during Run 2 [53, 54].

The next largest BR is for H ! WW
⇤ at 21.4%. This decay leads to multi-leptonic final

states 55% of the time, making it useful to study Higgs boson productions with relatively

lower background. The H ! cc̄, H ! Z� and H ! µµ have limited sensitivity with

currently accumulated data.
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1.4.1 Higgs couplings measurement

In the absence of any specific knowledge about beyond SM physics, it is assumed that ef-

fectively the Higgs couplings to vector bosons and fermions can be modified. At the LHC,

the measurement of the couplings is performed using the simplified kappa () frame-

work [46,55], where scale factors or coupling modifiers are used to determine deviations

from SM couplings. The coupling modifiers appear in the expressions for individual pro-

duction and decay modes with zero-width approximation:


2
i
=

�i

�
SM

i

, 
2
f
=

�f

�SM
f

(1.11)

where �i denotes cross section and �f denotes decay width for ith production mode and

fth decay mode. Using this framework, the Higgs boson coupling modifiers are obtained

from the Run 1 LHC data combining results from ATLAS and CMS experiments [56].

Figure 1.5 shows the observed best-fit values and 65% confidence level (CL) contour for

fermion and vector boson coupling modifiers, F and V respectively, obtained from dif-

ferent decay modes of Higgs boson. The fit allows negative values of F if no assumption

on its sign is made, also it has large uncertainty for individual decay modes. By con-

vention V values are considered to be positive. The best fit value gives F > 0 which is

driven by the large asymmetry between the positive and negative coupling ratios in case

of H ! �� . Results from LHC Run 1 indicate that couplings of the Higgs boson to W

and Z bosons are compatible with the predictions of SM [56]. In contrast, Higgs boson to

fermion couplings have been constrained only with large uncertainties.

1.4.2 The top-Yukawa coupling

Top quark being the heaviest fermion, has the largest Yukawa coupling, yt =
p
2mt/v ⇠

O(1). It is highly possible that top quark also plays a significant role in the EWSB due

to its large mass [58–61]. Deviations of yt from the SM prediction would unambiguously

indicate presence of BSM physics.

The determination of the sign of the top-Yukawa is an important handle to test several

BSM theories, including MSSM. In general the two Higgs doublet model (2HDM) [62,63]
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Figure 1.5: Run 1 combination of Higgs coupling modifiers measurement [56]. Negative log-

likelihood contours are shown at 65% CL in the F vs V plane for the combination of ATLAS and

CMS showing individual decay channels (colored). The best-fit combination of all  is shown in

black with 65% and 95% CL contours.

extensions of the SM allow several possibilities of the Higgs boson to fermion couplings.

The couplings are such that a fermion can couple to only one of the doublets to avoid ex-

istence of tree level flavor changing neutral currents (FCNCs) in the theory. For example,

first doublet (�1) cannot couple to any fermions whereas the second doublet (�2) does

(Type I). Another valid choice may be �1 coupling to down-type quarks and leptons, �2

coupling to up-type quarks (Type II). The second model is the required choice of MSSM

theories, as discussed in a previous section. The physical mass eigenstates of a 2HDM

model are given by:

H =
p

2[(<�
0
1 � v1)cos↵ + (<�

0
2 � v2)sin↵]

h =
p

2[�(<�
0
1 � v1)sin↵ + (<�

0
2 � v2)cos↵]

(1.12)

where ↵ is the mixing angle between the CP even Higgs bosons. The couplings of the
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light (heavy) higgs boson, h (H), with W and Z is the same as that in SM multiplied by

a factor sin(� �↵) (cos(� �↵)). The couplings of fermions to the scalar and pseudoscalar

Higgs bosons relative to the value mf /v are given in Table 1.3.

Table 1.3: Couplings of the fermions to the scalar and pseudoscalar Higgs bosons in 2HDM

model, relative to the value mf /v. Relative couplings to charged leptons are same as that for the

down type quarks.

Type I 2HDM Type II 2HDM

h H A h H A

Up type quarks cos↵/ sin� sin↵/ sin� cot� cos↵/ sin� sin↵/ sin� cot�

Down type quarks cos↵/ sin� sin↵/ sin� �cot� �sin↵/ cos� cos↵/ cos� tan�

Assuming 0  ��↵  ⇡, the light CP-evenHiggs boson h is SM like in the limit cos(� �↵)!

0. Depending on the tan� value, fermion couplings can be enhanced or suppressed for a

given cos(� �↵).

Inverted sign of Yukawa couplings are possible with some choice of the parameters ↵ and

� in the 2HDM theory [64]. By convention the coupling of h to vector bosons is always

non-negative: sin(� �↵) � 0. In the Type II 2HDM the relative fermion couplings can be

re-written for convenience (using 3rd generation quark notation) as:

ghtt̄ =
cos↵
sin�

= sin(� +↵) + cot� cos(� +↵) ,

g
hbb̄

= �
sin↵
cos�

= �sin(� +↵) + tan� cos(� +↵) .
(1.13)

For the case of sin(� +↵) = �1 the htt̄ coupling normalized to the SM value is �1, whereas

g
hbb̄

= +1. In this limit sin(� �↵) = cos2� which implies that the inverted or wrong

sign of the coupling is only possible for tan� < 1. Similarly, for Type I 2HDM both ghtt̄

and g
hbb̄

are equal to �1 if tan� < 1. Even though it has been pointed out that only

inverted down-type couplings in Type II 2HDM are phenomenologically viable, global

fits to experimental data still leave some room for the inverted up-type couplings [65,66].

This motivates the precise determination of both the magnitude and the sign of Yukawa

couplings from all possible processes involving the Higgs boson.
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1.4.3 Associated production of theHiggs bosonwith a single top quark

One of the significant highlights of the LHC Run 2 is the observation of Higgs boson pro-

duction with top quark pair [67,68], providing direct access to the top-Yukawa coupling.

Even though yt is involved in Higgs boson production in ggF process and in H ! ��

decay through particle loops, any deviation from SM may be compensated by unknown

particles in the said loops. In case of tt̄H production, the cross section varies as y2
t
, i.e.,

it is only sensitive to the magnitude of the coupling. Hence in the scenario of inverted

top coupling (ITC) where t = �1, tt̄H cross section will not change, although some in-

direct e↵ect may be observed in inclusive H ! �� final state measurement where the

interference is also present.

Apart from the tt̄H production, yt can also be directly probed with the single top asso-

ciated production of the Higgs boson (tH). This process is sub-dominant at the LHC;

however it brings to light important information about the relative sign of the top-Higgs

and W-Higgs couplings due to an interference e↵ect between leading order diagrams,

discussed in Chapter 5.

The single top associated production of the Higgs boson can resolve this sign ambiguity

and also provide a model independent search of new physics in the top-Higgs sector.

Due to the subtle interplay of the leading order diagrams it is possible to study the Higgs

boson CP properties and FCNC scenarios as well (more detail in Chapter 5), making this

channel very much interesting for analysis. This thesis is based on the studies of this rare

production process with p-p collision data collected at the Run 2 in 2016 and 2017 by

the CMS detector, with
p
s = 13 TeV. From Run 1 data at

p
s = 8 TeV a 95% CL upper

limit on t-channel tH production in the ITC scenario was extracted for the first time [69],

which yielded an upper limit twice that of the expectation. With the increase in
p
s from

8 TeV to 13 TeV in Run 2, the cross section increases from 18 fb to 71 fb for the t-channel,

thus more number of signal events are accessible. The Run 2 analysis also employs more

sophisticated techniques for signal extraction, resulting in a more stringent upper limit

on ITC production of tH process as well as restricting the allowed range of t . Further

studies in this thesis include probe of CP phase scenarios for the Higgs boson.
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Chapters 2 and 3 of this thesis briefly discuss the experimental setup of the LHC and

CMS detector. Work done on trigger and reconstruction performance studies as part of

service work for CMS collaboration is described in Chapter 4. Chapter 5 gives outline

of the tH analysis and detailed results from studies with multi-lepton final states are

given in Chapter 6. The work has been carried out in collaboration with others, in fact a

parallel analysis exists with the 2017 data employing matrix element method techniques

that arrives at a similar result. In the case of 2016 data, significant contribution is made

toward studying the di-lepton channel. In Chapter 7 the combination results with other

final states and future prospect of the analysis in the context of high luminosity LHC

(HL-LHC) are discussed. The conclusions and final results are summarized in Chapter 8.



Chapter 2

The LHC and the CMS experiment

Historically, the first experimental observation of a sub-atomic particle was made when

high voltage di↵erence between two electrodes caused unknown rays to be emitted that

had electromagnetic properties [70]. In the early days of particle physics, spontaneous

decays of radioactive sources were used to produce low energetic particles and study

various properties of matter, e.g., the discovery of the neutron. It was becoming clear

that in order to understand finer structures, higher energy particles would be needed

since they correspond to e↵ective probe of very short wavelengths in the quantum realm.

J. Cockcroft and E. Walton were the first to attempt splitting the atom using an accelerated

proton beam in 1932 [71]. Although extra terrestrial sources of highly energetic particles

can be utilized, neither the energy nor the flux can be controlled. Systematic study using

such cosmic particles will require investment of longer time. This motivated the rapid

growth in accelerator physics – Van de Graaf generator, cyclotron, linear accelerators,

cavity resonators etc. enabled access to TeV energy ranges in laboratories. There has been

remarkable technological advancement in particle detectors as well, from hand-counting

scintillations on a ZnS screen to real-time digitized electronic pulses in computers.

2.1 The Large Hadron Collider

The LHC, located at the Conseil Européen pour la Recherche Nucléaire (CERN) in Geneva,

Switzerland, is the most powerful particle collider today which uses superconducting

18
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magnets to accelerate proton bunches through radio-frequency (RF) cavities. The proton

beams are accelerated inside a 27 km long ring, designed to reach up to 7 TeV energy per

beam and peak instantaneous luminosity of 1034 cm�2s�1 in a collision. Particles from

two beams travel in opposite directions and collide at four interaction points where the

rings intersect. The first beam was injected in the LHC in 2008 with first collisions oc-

curring in 2009, quickly surpassing the record of highest collision energy of
p
s = 1.96

TeV previously held by the Tevatron accelerator in Fermilab in that same year. The high

energy run in 2009 were recorded with
p
s = 2.36 TeV. The collision energy was increased

to 7 TeV in 2010 and to 8 TeV in 2012. This data taking period spanning 2008–2013 is

referred to as Run 1 of the LHC. Run 2 started with 13 TeV collision energy in 2015 and

a record amount of luminosity is delivered till 2018.

Figure 2.1 shows the schematic of the CERN accelerator complex. The life of protons at

the LHC starts from a bottle of hydrogen gas. In the first part of the accelerator electric

field in a duoplasmatron strips electrons from the hydrogen atoms and produces protons.

They are then accelerated to 50MeV using a linear accelerator (LINAC2) and injected into

Proton Synchrotron Booster (PSB). The booster accelerates the protons to 1.4 GeV and

injects into the Proton Synchrotron (PS) where they reach an energy of 25 GeV. Protons

then enter the Super Proton Synchrotron (SPS) and accelerate to 450 GeV after which they

are fed into the LHC ring. Two proton beams circulate in clockwise and anti-clockwise

directions in ultra-high vacuum (10�13 atm) to reach up to 6.5 TeV energies each and then

brought to four pre-determined collision points. Four major experiments operate at each

of the points: A Large Ion Collider Experiment (ALICE) [72], A Toroidal LHC ApparatuS

(ATLAS) [73], the Compact Muon Solenoid (CMS) [74] and the Large Hadron Collider

beauty (LHCb) [75] experiment.

An important aspect of the accelerator is the magnetic field. The LHC has 9593 magnets

in total. Largest of them are the 1232 superconducting dipole bending magnets operated

at very low temperature of 1.9 K (-271.3�C). In addition there are correcting magnets

with larger number of poles in order to focus the beam. RF cavities are used to actually

accelerate the protons and maintain constant beam energy. Energy gained per second by

a proton is 0.18 TeV.
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Figure 2.1: Overview of CERN accelerator complex.
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The performance of the collider depends on the design parameters, most important quan-

tity being the instantaneous luminosity (L) which is a measure of the collision rate:

L =
N1N2f Nb

4⇡�x�y
(2.1)

where N1 and N2 are the number of particles in each colliding bunch, f is the frequency

of revolution, Nb is the number of colliding bunches per beam, �x and �y are the bunch

spread in x, y directions, assuming Gaussian beams. Typical longitudinal width of the

beam is 3-4 cm. The integrated luminosity Ltot =
R
Ldt corresponds to the total data

collected and is related to the number of events produced for a given process of cross

section � :

N = Ltot� . (2.2)

At the LHC, N1 = N2 = 1.2 ⇥ 1011, f = 11245 Hz, Nb = 2808 were chosen as the design

parameters. Quadrupole magnets are used to squeeze the beams to smallest possible size

to have large L. During Run 2, the measured values of �x and �y are 14 µm and 12.5 µm

respectively and peak instantaneous luminosity reached a value ⇠ 2⇥1034 cm�2s�1, twice

larger than what was designed. Ltot at the end of 2018 is ⇠ 150 fb�1. By design, minimum

separation between two proton bunches is 7.5 m or 25 ns, leading to maximum bunch

crossing rate of 40 MHz. In practice, bunch crossing rate : Nb ⇥ f ' 32 MHz.

Figure 2.2 shows Ltot as a function of time and number of interactions per crossing or

pileup distributions for each year of the LHC operation, as seen by CMS. The number of

pileup interactions (NPU ) are calculated considering the total inelastic cross section (�pp

in
)

at a particular energy: NPU = (L⇥�pp

in
)/(Nb ⇥ f ) with varying L over time.

In addition to p-p collisions, the LHC also accelerates Lead ions using Low Energy Ion

Ring (LEIR). Both Pb-Pb and Pb-p collision data were recorded during Run 1 and 2, used

to study the physics of quark-gluon plasma.

2.2 The Compact Muon Solenoid

In this thesis, analysis of the LHC Run 2 collision data recorded by the CMS detector

is presented. CMS is a general purpose detector, similar to ATLAS, that records many
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Figure 2.2: Total integrated luminosity (left) and average pileup distribution (right) recorded by

CMS in di↵erent years from 2010 to 2018.

di↵erent kinds of events. The data are analyzed to test the validity of the SM and look for

new physics phenomena in a multitude of physics processes.

2.2.1 Overview

The CMS detector is located near Cessy, France inside a large underground cavern ap-

proximately 100 m below surface. It is an almost hermetic detector built around a large

solenoidal superconducting magnet of internal diameter 6 m and length 12.5 m. The

magnetic field with axis aligned with the beam can reach up to 3.8 Tesla which essen-

tially helps detect charged particles with very high momenta by bending the trajectories.

The detector design is based on the shape of the superconducting magnet, with tracking

sub-systems placed at regions with the highest transverse field. A steel yoke is used to

return the magnetic flux which also supports the body of the whole detector.

The detector itself is cylindrical in shape, 21.6 m long and 14.6 m in diameter. The

central region is called barrel and disks covering the area near the beam pipe are called

endcaps. The name of the detector comes from the compact design which puts most of

the calorimetry inside the magnet and dedicated muon sub-detectors placed outside the

magnet. Unlike other detectors of the LHC, CMS was built on the surface and pieces were

lowered inside the cavern and assembled. This feature is exploited to easily disassemble
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and access di↵erent parts of the detector for maintenance and upgrade. Figure 2.3 shows

the schematic diagram of the full detector.

Figure 2.3: Schematic view of the CMS detector.

2.2.2 Particle kinematics

Right handed co-ordinate system is used in CMS with the origin at the centre of the

detector, y axis points vertically upward and x axis towards the centre of the LHC ring.

The z axis points along the anti-clockwise direction of the beam. The azimuthal angle

� is measured from the x axis in the x–y plane and the radial co-ordinate is denoted

as r. The polar angle ✓ is measured from the z axis. Rapidity (w) of a particle having

four-momentum p = (E,~p) is defined as:

w = ln
 
E + |~p|cos✓
E � |~p|cos✓

!
. (2.3)
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Rapidity di↵erence is invariant under Lorentz transformation along the z axis, which

makes it more useful compared to ✓ for a hadronic machine. However, for highly ener-

getic particles (E�m) coming from a collision, rapidity reduces to pseudorapidity defined

as:

⌘ = � ln
✓
tan

✓

2

◆
. (2.4)

Often angular co-ordinates of a particle are denoted in terms of (⌘,�) and angular sepa-

ration between two particles as:

R =
q
(�⌘)2 + (��)2. (2.5)

The 4-dimensional space-time vector is thus expressed as (E,pT ,⌘,�) where pT is the

transverse component of ~p in the x–y plane. For collisions of proton beams moving along

z direction, the initial longitudinal momentum of the interacting sub-atomic particles,

which carry some fraction of the proton energy, are not known. However, the initial mo-

mentum in the transverse plane is known to be zero. Thus to characterize highly inelastic

events, pz of the particles is not as useful as pT in terms of studying event kinematics.

2.2.3 Sub-detectors

CMS employs di↵erent types of detectors to identify and measure di↵erent particles.

Sub-systems are placed in radially outward layers with various services forming dead re-

gions in-between. Closest to the interaction point the silicon pixel and strip detectors are

positioned constituting the tracker sub-system, followed by lead-tungstate crystal elec-

tromagnetic calorimeter (ECAL) and a brass/scintillator sampling hadronic calorimeter

(HCAL). Muon detectors are the outermost sub-system since muons are mostly minimum

ionizing that traverse through the detector material without losing much energy.

Inner tracking system

In order to accurately determine the positions of interaction vertices and reconstruct tra-

jectories (tracks) of charged particles before they lose their energy, the tracker [76] is

placed at the innermost position of CMS. Momenta of the emerging particles are de-

termined using the curvature of the tracks, hence minimization of interaction with the
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detector material is required. Since near the interaction point there is maximum flux of

energetic particles, a radiation hard detector material and electronics is required. As pro-

tons collide in every 25 ns, good timing resolution is required to identify collisions from

the same bunch with that from previous bunch. Silicon semiconductors were chosen as

they perfectly fit the requirements of being extremely fast and radiation hard. Two types

of detectors are used by CMS in the tracker:

• Pixels: These are placed closest to the interaction point. Each pixel has the area

100 ⇥ 150 µm2 and thickness of 285 µm. There are 66M pixels arranged in 1440

modules. The initial design of the pixel detector had three 53 cm long coaxial lay-

ers (BPIX) at the distances 4.4, 7.3 and 10.2 cm in the barrel (|⌘ | < 0.9) and 2 + 2

disks (FPIX) in the endcap (0.9 < |⌘ | < 2.5) region. From 2017 onwards number of

barrel layers have increased to four, at radii 3.0, 6.8, 10.2 and 16.0 cm centred at the

interaction point [77]. Number of disks in each endcap is also increased to three.

This upgrade gives four-hit coverage which is an improvement to the track recon-

struction quality as previously only three hits were possible. Each disk is divided

into 24 blades, rotated by 20� in a turbine geometry to improve the resolution. A

single hit in the pixel system can be resolved within 10-20 µm. Operating tempera-

ture for pixel detectors were changed from 0�C to �10�C in Run 2 to handle higher

instantaneous luminosity.

• Strips: Around the pixels structure, the silicon miscrostrip detectors or strips are

arranged. Within the barrel, strips are divided into inner barrel (TIB) and outer

barrel (TOB) regions covering radial distances 20 to 55 cm and 55 to 116 cm respec-

tively. TIB has four layers with varying pitch. In TOB the particle flux is lower and

strips of larger pitch are arranged in six layers. The thickness is also more to main-

tain good signal to noise ratio in the larger strips. In both TIB and TOB the first

two layers provide stereo measurement, i.e., hits in both r �� plane and z direction

can be resolved. The endcaps (TEC) contain nine disks between |z| of 124 and 282

cm. Three inner disks (TID) are located in the gap between TIB and TEC, spanning

the length 58 < |z| < 124 cm. The pitch sizes and thickness of strips in each of these
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regions are listed in Table2.1. Position resolution in r � � is 13-38 µm in TIB and

TID, 18-47 µm in TOB and TEC. Operating temperature for strips were changed

from +4�C to �15�C in Run 2 to deal with radiation damage.

Table 2.1: Types of silicon strip detector used in CMS in Runs 1 and 2.

Part No. of detectors Thickness (µm) Mean pitch (µm)

TIB 2724 320 81/118

TOB 5208 500 81/183

TID 816 320 97/128/143

TEC 2512 320 97/126/128/143

TEC(2) 3888 500 143/158/183

The tracker layout as in Run 1 can be seen in Fig. 2.4.

Figure 2.4: Schematic view of the inner tracking system in r � z plane during Run 1. In Run 2

pixel sub-system layers were adjusted to include a fourth layer of silicon detectors.

Electromagnetic calorimeter

ECAL [78] is located just outside the tracker, designed to identify e/� objects. It is made

of ⇠ 76000 lead-tungstate (PbWO4) crystals and homogeneous in nature. PbWO4 has a
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small Moliere radius (2.2 cm) which makes high granularity (lateral) possible in this sub-

detector. Short radiation length (0.89 cm) of this material helps contain the longitudinal

shower development, crucial for calorimetry. The response time to radiation is also very

fast ⇠ 15 ns. Overall, these crystals are economical both in terms of production cost and

application purpose, having reasonable radiation hardness as well. When an electron

or photon passes through the crystal, electromagnetic interaction causes shower of sec-

ondary particles that produce scintillation light. The light is collected by photo-sensors

that convert it to electrical pulse. The chosen photo-sensor for the ECAL system in CMS

is the Avalanche Photo Diode (APD) in the barrel region and Vacuum Photo Triode (VPT)

in the endcap. VPTs are specially developed for the CMS experiment, able to withstand

high magnetic field and resilient to radiation.

The barrel (EB) section (|⌘ | < 1.479) is positioned at an inner radius of 129 cm. The

crystals are of dimension 2.2 ⇥ 2.2 ⇥ 23 cm3 pointing toward the interaction point, tilted

slightly by an angle of 3� to avoid particles escaping through the gaps between crystals.

The granularity is 0.0175⇥0.0175 in ⌘�� plane corresponding to an angular width of 1�.

The endcap (EE) extends to |⌘ | = 3, however precision electromagnetic measurement is

only possible up to |⌘ | = 2.6. The crystals here have size 2.86⇥2.86⇥22 cm3 and located at

a distance of 314 cm from the interaction point. Crystals are preceded by a silicon based

fine grained detector called preshower in the region 1.653 < |⌘ | < 2.6, intended to resolve

prompt photons from pions and help in electron identification against minimum ionizing

particles. It is a sampling calorimeter with lead radiators and silicon strip sensors with

a total thickness of 20 cm. The high granularity of this sub-detector improves also the

position determination of the electrons and photons. The operating temperature of the

ECAL is +18�C, while the preshower is operated at �5�C.

The resolution (�) of the ECAL is given as a function of energy (E) deposited in an array

of 3⇥ 3 crystals:
✓
�

E

◆2
=

 
S
p
E

!2
+
✓
N

E

◆2
+C

2 (2.6)

where, S is the stochastic term, N the noise term and C the constant term, measured

values of which are S = 2.8%
p
GeV, N = 0.12 GeV and C = 0.3% [79].
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Hadronic calorimeter

The evidence of strongly interacting particles such as quarks and gluons are picked up by

the HCAL [80] bymeasuring hadronic activity. Like ECAL, HCAL is also placed inside the

magnet, the third sub-detector layer from the interaction point. It is made of alternating

layers of absorbing (brass, 70% Cu and 30% Zn) and active (plastic scintillator) materials

between the radial distance of 1.77 m and 2.95 m. The HCAL is composed of two main

sections: barrel (HB) within |⌘ | < 1.3 and endcap (HE) within 1.3 < |⌘ | < 3.0. The absorber

layers are 5 cm thick in the barrel and 8 cm thick in the endcap. The innermost and

outermost absorber layers are not brass, but 7 cm thick stainless steel which also provide

structural strength. Active layers are 4 mm thick and contain wavelength shifting fibres

(WLS) to collect the scintillation light and carry it to the readout electronics. A forward

calorimeter (HF) between 3.0 < |⌘ | < 5.2 is also part of the HCAL, increasing the coverage

for jets at high rapidity and crucial for measuring missing transverse energy. The active

material for HF are quartz fibres embedded in iron absorber.

The nuclear interaction length (�I ) of the brass absorber is 16.42 cm. Sampling depth

of the HCAL varies between 5.8�I and 10.6�I within the barrel, ECAL crystals adding

another 1.1�I . Since this is not su�cient to contain the hadronic shower, an additional

layer of scintillator tiles called outer HCAL (HO) is placed outside the magnet up to

|⌘ | < 1.3. Including HO, the total depth of the calorimeter is extended up to 11.8�I .

The granularity of HCAL is provided by the scintillator tiles which is 0.087 ⇥ 0.087 for

|⌘ | < 1.74. This corresponds to 5� granularity in �, which is reduced to 10� for |⌘ | �

1.74. Along ⌘ the granularity ranges between 0.09 to 0.35 within HE. In the HF, the

sections are mostly 0.175 ⇥ 0.175 in ⌘ � �, except for |⌘ | > 4.7 where the segmentation

is 0.175 ⇥ 0.35. The readout electronics of HB, HE and HO system were multi-channel

hybrid photodiodes (HPD) during Run 1 and most of Run 2, they have been replaced

in phases with silicon photomultiplier (SiPM) devices since 2013 [81]. Photomultiplier

tubes (PMTs) are used in HF due to lower magnetic field in that region. Figure 2.5 shows

the configuration of ECAL and HCAL sub-detectors.

The energy resolution for the hadronic activity of HCAL and ECAL combined is parametrized
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Figure 2.5: Location of the ECAL and HCAL around the magnet [82]. PS refers to the preshower

detector.

as follows [83]:

✓
�

E

◆2
=

 
84.7%

p
GeV

p
E

!2
+ (7.4%)2 for HB, HE and HO, (2.7)

✓
�

E

◆2
=

 
198%

p
GeV

p
E

!2
+ (9%)2 for HF. (2.8)

Muon system

The muon detectors in CMS [84] are placed at the outermost layer, beyond the supercon-

ducting solenoid. As a result, the magnetic field experienced by the particles here are

opposite in direction to that in the inner layers. This helps in independent momentum

measurement for the muons once within the tracker and the second time in the muon sys-

tem. The detectors are embedded inside the iron return yoke for the magnetic field. The

iron absorber helps to reduce hadronic shower leakage from the calorimeters and only

minimum ionizing particles like muons can reach the outermost layer. The structure of

the muon sub-system includes five separate wheels in the barrel having four layers of

detectors, and four independent disks in each endcap. Detectors in the fourth disk were

installed during the long shutdown period of 2013-14 after Run 1. The arrangement of

the detectors can be seen in Fig. 2.6.



30 Chapter 2. The LHC and the CMS experiment

0 2 4 6 8 10 12 z (m)

R
 (m

)

1

0

2

3

4

5

6

7

8

1 3 5 7 9 11
5.0
4.0

3.0

2.5
2.4
2.3
2.2
2.1
2.0

1.9

1.8

1.7

1.6

1.5

1.4

1.3

1.2

1.00.9 1.10.80.70.60.50.40.30.20.1
40.4°44.3° 36.8°48.4°52.8°57.5°62.5°67.7°73.1°78.6°84.3°

0.77°
2.1°

5.7°

9.4°
10.4°
11.5°
12.6°
14.0°
15.4°

17.0°

18.8°

20.7°

22.8°

25.2°

27.7°

30.5°

33.5°

θ°
η

θ°η

M
E4

/1

M
E3

/1

M
E2

/1

M
E1

/2

M
E1

/1

M
E2

/2

M
E3

/2

M
E1

/3

R
E3

/3

R
E1

/3
R

E1
/2MB1

MB2

MB3

MB4

Wheel 0 Wheel 1

RB1

RB2

RB3

RB4

Solenoid magnet

Silicon 
tracker

Steel

Wheel 2

R
E2

/3

R
E3

/2
M

E4
/2

R
E4

/3
R

E4
/2

R
E2

/2

CSCs
RPCs

DTs

R
E2

/2

HCAL

ECAL

Figure 2.6: Schematic diagram depicting the CMS muon detectors (colored) in one quadrant as

in Run 2.

Three types of gas-ionizing detectors are used in this sub-system:

• Drift tubes (DT): DTs are used in the barrel (|⌘ | < 1.2) where the neutron flux is

low, muon rates and residual magnetic field is small. They are organized in four sta-

tions, each station contains superlayers which consist of four chambers. First three

stations have three superlayers each, two measuring the co-ordinates in the r � �

plane, one in the z direction. The outermost station does not contain the superlayer

measuring the z co-ordinate. The four chambers in a superlayer are staggered by

half-a-cell to provide dis-ambiguity in particle direction. This also provides time-

tagging capability, with a resolution of few ns.

• Cathode strip chambers (CSC): In the endcap region (0.9 < |⌘ | < 2.4) where the

radiation and magnetic field are high, CSCs are used. There are four stations per-

pendicular to the beam line, each station containing six CSC chambers. Six layers

of anode wires are sandwiched between radial cathode strips, providing position

measurement in r �� plane and ⌘ direction.
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• Resistive Plate Chambers (RPC): RPC detector layers are placed in both barrel and

endcap (|⌘ | < 2.1), providing additional position measurement. However, its main

advantage is the very fast timing response which is used to trigger signal events.

There are six RPC layers in barrel, four layers in the endcap.

2.2.4 Trigger and data acquisition system

With an instantaneous luminosity of 1034 cm�2s�1 and a bunch crossing rate 40 MHz,

about 109 p-p interactions happen every second at the collision points of the LHC, as-

suming total cross section is about 100 mb. Each fully reconstructed event having an

average size of 1 MB requires a data archiving rate of 1 PB/s which goes beyond the cur-

rent capacity of the electronics to transfer and store data. However, a large fraction of

these events are not-so-interesting, hence a judicious selection is applied at the time of

data acquisition itself to collect the events on time. Keeping these in mind, the CMS trig-

gering and data acquisition system (TriDAS) [85, 86] is designed to continuously process

and record events with maximum possible rate.

Energetic particles produced in collisions fly out of the interaction point and traverse the

detector layers. Along the way they deposit energy or produce accumulation of charge

(hits) that are converted into electrical pulse by the front-end electronics. A fraction of

this information is used to obtain a preliminary trigger decision (Level-1 or L1) only after

which the full event information is forwarded to the back-end by the data acquisition

(DAQ) system. In the next stage, a second trigger decision (high level trigger or HLT)

reduces the event rate even further and the selected data is transferred to o✏ine storage

of Worldwide LHC Computing Grid (WLCG). The design parameters for the CMS trigger

and DAQ system are listed in Table 2.2.

CMS detector was originally designed to study high pT physics, mainly motivated to dis-

cover the Higgs boson and new physics at TeV energy scale. However, it was realized

that the excellent particle detection and reconstruction capability can also be used in var-

ious other analyses involving B-mesons, quarkonia etc. Apart from searches for particles,

there are also electroweak precision measurements (e.g., W , Z production cross-section)

that can be performed. All of these require high e�ciency of selecting trigger objects,
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Table 2.2: Design parameters of the CMS trigger and DAQ system.

Parameter Value

L1 rate 100 kHz

HLT rate 100 Hz

Event size 1 MB

Event builder bandwidth 100 GB/s

Data production 10 TB/day

mainly leptons and jets in both high and low pT regimes. The system must also be able

to trigger on di↵erent objects at once and be able to handle higher multiplicity of each

object; this requirement is more aptly applicable in case of heavy-ion collisions which

have a very busy environment. In addition a two-level trigger system of CMS experi-

ment o↵ers the flexibility to have overlapping triggers and lowering of thresholds with

decreasing luminosities to adjust with the bandwidth of data transfer.

Trigger

The event filtering process at CMS is done in two steps to retain high e�ciency of select-

ing interesting physics phenomena since the rejection factor is very large (106). At the

first level, all collision data is stored in readout bu↵er or pipeline for 3.2 µs. A global

trigger decision is issued in the presence of local “trigger primitive” objects for photons,

electrons, muons, and jets, using information from calorimeters and muon systems in a

given ⌘ �� region. This information can also trigger on the global sum of energy deposit

or ET and missing energy or E
miss

T
. All the objects are required to pass a set of pre-

determined pT or ET thresholds. The time taken by the L1 trigger decision is less than

1 µs and the final output rate is 100 kHz. The L1 trigger electronics consists of custom

hardware components like Application Specific Integrated Circuits (ASICs), Field Pro-

grammable Gate Arrays (FPGAs) etc. housed in the counting room away from the cavern.

Combined with the propagation delay through the electronics from the detector to the

counting room and back, the total latency of the L1 decision is 3.2 µs.
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After receiving the L1 accept signal, the data enters front end readout bu↵ers. An event

builder “switch” transfers all information of one single event every 10 µs to the HLT.

This time is su�cient to store all front-end data to commercial electronics processors

or computer farm in the counting rooms. Sophisticated algorithms similar to o✏ine re-

construction are used, including the tracker information in addition to information from

calorimeter and muon chambers. The algorithms, also called paths, look for specific event

signatures and have multiple thresholds for flexibility. It also has access to L1 trigger de-

cision and can make further complicated combinations of L1 reconstructed objects. For

HLT paths leading to very high rates, events are prescaled i.e., one event is chosen at ran-

dom from many similar events. The prescale rate is adjusted with luminosity, making it

possible to study events with low energy objects. Typically HLT processing takes about

100 ms and the reduction factor is 103. In the end the HLT system writes the data at

the rate of several hundred events/s in mass storage, separating datasets with di↵erent

signatures. The maximum capacity is 1 kHz, corresponding to reduction factor of 106.

DAQ

The DAQ system of CMS takes care of the above functionality of reading and writing the

collision data through the trigger system. Data is read from the front-end by the readout

system that sends the data to Filter system or processors via switches or Builder network.

The Filter system are the actual elements of the HLT farm. The flow of data is managed

by the Event Manager and looks after the overall system synchronization. In addition,

DAQ provides an interface to control and monitor the entire process of data-taking with

individual access to sub-detectors. During the operation, it is the responsibility of the

DAQ to maintain the deadtime of storing data below 2% of overall latency. It can also

raise alarms to protect the detector from hardware failures and can automatically power

o↵ sub-systems in case of emergency situation.
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2.2.5 CMS computing and software

The various datasets are stored in WLCG sites, primarily in “Tier-0” centre at CERN,

supplemented by several “Tier-1” and “Tier-2” centres across the globe. Tier-0 resources

store and reconstruct the primary collision data. These are then replicated in Tier-1 sites

for further reconstruction with simplified data structures. The computing grid allows

seamless access to any dataset and also provides resources to run simulation and analysis

jobs. Most of the jobs are run in Tier-2 sites which provide user storage. Smaller clusters

or “Tier-3” are provided to carry out final stage of the analysis and submit the jobs to the

grid using an user interface. The overall collection of software used for analyzing the data

is referred to as CMSSW, based on C++ and python programming languages. It consists of

an application framework which are a collection of classes that describe the detector and

event features. There are specific physics modules used for reconstruction while running

the software and they can be easily replaced with di↵erent versions as required by the

analysis. Finally, the output is integrated with physics type services like histograms, fits

and other calculations.

The processed results of the trigger system is delivered in a particular format to analyz-

ers using CMSSW, referred to as the Event Data Model or EDM. An “event” contains all

information that was recorded in a single beam crossing and is defined by a class that

represents the observed readout and inferred objects. Additional information about de-

tector calibration, alignment and the configuration of software used for reconstruction of

that event is also stored, called “metadata”. The EDM structure keeps the history of the

previous reconstruction phases of a given event.

The analysis jobs can be run on WLCG clusters using CMS Remote Analysis Builder or

CRAB that manages resource availability and storage across the sites. Within a Tier-3

site, moderately long interactive jobs can be managed through condor submission, which

have taken over the batch processing method used till Run 2. The next chapter describes

briefly the information structure of the collision events and simulations as presented to

the analyzers.
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Simulation and reconstruction

The flow of information available for analysis is in the EDM format which is the result

of interpreting the digitized signal into physics signatures. In CMS experiment this in-

terpretation is done with the help of the Particle Flow (PF) algorithm [87]. This step is

performed o✏ine after HLT accept, combining detector layers to best identify physical

objects like e, � , µ, jets etc. In any analysis, observation is compared against SM expecta-

tion provided by Monte Carlo (MC) simulations having similar reconstruction and pre-

sented in an equivalent format to data. The comparison is done in terms of cross section

on the basis of total event yield in a particular final state, as well as the shape of kinematic

variable distributions. MC events are generated using the best physics knowledge of the

particle interactions as well as the detector condition. An essential prerequisite of the

physics interpretation is studying the detector performance and monitoring the calibra-

tion for better understanding of the experiment. In a well understood physics model the

MC yields and shapes match to that of the data within uncertainties or nuisances. The total

uncertainty has two components: statistical and systematic. The systematic uncertainties

can be both theoretical (lack of higher order predictions of cross section, dependence on

interaction energy scale etc.) or experimental (e↵ect of pileup events, luminosity mea-

surement etc.) and can have a variety of sources depending on the final states considered

in an analysis.

35
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3.1 Theoretical structure of collision events

In order to test the predictions of the SM, theoretical calculations need to be implemented

in a certain way to compare with the observation. Given the initial state particles and the

centre-of-mass energy, interactions take place according to the probability of a given pro-

cess. The final state particles are the outputs with their kinematics dictated by the phase

space. For hadron collisions the situation is more complex since the fundamental inter-

action takes place among the constituents of the hadrons, i.e. quarks and gluons, called

partons. The event generators provide the four-momenta of final state stable particles,

taking into account the intermediate phases, e.g. parton shower, hadronization, decay

etc. For individual particles, the four-momentum in multi-dimensional phase space can

be obtained via Monte Carlo method. This is primarily used to decide “cuts” or selection

strategy to separate events of interest with high e�ciency and reject background pro-

cesses. The expected physics can then be compared to observation, after accounting for

detector e↵ects and calibration, necessary to draw a conclusion on the feasibility of the

particle interactions considered.

3.1.1 Hard scattering

If the partonic interaction in a p-p collision involves large momentum transfer resulting

in high energy (greater than few GeV) final state particles, it is referred to as a hard scat-

tering process. At the LHC, fractional energy carried by the interacting partons can be as

high as several TeV, enabling to test known interactions at these energy scales. The exact

momentum information of the partons cannot be known but a probabilistic solution is

given in terms of parton density functions or PDFs. The PDFs depend on the momen-

tum fraction (x) carried by the parton and also the interaction scale energy (Q). They

are extracted mainly from deep inelastic scattering experiment data at the hadron colli-

sion experiments at lower energy. The most accurate extrapolation to the LHC energies

is given by Neural Network PDF or NNPDF [88] parametrization. The cross section of

parton interaction can be calculated using the matrix element (ME) for the given tran-

sition which takes into account momentum transfer and couplings between initial and
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final state particles, as well as interaction propagators. For a particular initial and final

state, all possible Feynman diagrams need to be considered along with their interference

e↵ects. The inclusive cross section at collision energy
p
s can be written as:

�total(s,Q) =
X

ij

Z 1

x1=0

Z 1

x2=0
fi(x1)fj(x2)�partonic(x1,x2, s,Q)dx1dx2 (3.1)

where Q is the energy scale of the interaction, x1 and x2 are the momentum fraction

carried by the two initial partons, fi(x1)dx1 denotes the probability that ith parton carries

a momentum fraction x1 of the proton energy or the PDF. The partonic cross section

�partonic depends on the sub-process energy defined as
p
ŝ =
p
x1x2s.

Cross sections calculated considering only the lowest order of the coupling constant of

a particle interaction is termed as leading order or LO. However, initial, final state ra-

diation and loop interactions consisting of higher orders of the coupling constant signif-

icantly add to the LO cross section and need to be taken into account in order to pre-

cisely determine rate of any process. This is achieved using perturbative method imple-

mented in event generators, such as next-to-leading order (NLO), next-to-next leading

order (NNLO) and so on. Within CMS, simulated samples are generated at LO or NLO

accuracy using ME generators such as MADGRAPH [89], POWHEG [90] etc.

3.1.2 Parton shower and hadronization

In a similar manner to bremsstrahlung, quarks and gluons can lose energy by QCD ra-

diation depending on the momentum. Gluons split into parton pairs and quarks emit

soft gluons, in this way many particles are produced, a phenomena referred to as par-

ton shower (PS). In MC simulations this is implemented using QCD evolution equa-

tions [91–93]. In case of final states with have more than two hard partons, the per-

turbative shower needs to be matched with the ME calculation to avoid double counting.

There are dedicated algorithms used for this matching, e.g., MLM [94] implemented for

LO interactions, FxFx [95] for NLO etc. An energy scale is chosen as the cut-o↵, partons

having greater energy than the cut-o↵ are simulated by theME, otherwise they are treated

as radiation in the PS.
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Hadronization or fragmentation refers to the process where quarks and gluons in the final

state produce the color singlet hadrons that are finally observed in the data. The evolution

of energy scale is described by the Lund string model [96], where all outgoing partons are

assumed to be connected by color field lines called strings. As the color forces between

the outgoing partons increase with distance, the strings break apart to produce quark

anti-quark pairs. Hadrons are produced as quarks and anti-quarks from adjacent string

break combine to form color neutral particles. The combined energy of the many hadrons

produced in such a way correspond to the initial energy scale of the partonic interaction

Q. Parton shower and hadronization is implemented using PYTHIA [97], HERWIG [98]

etc. in case of CMS analyses.

3.1.3 Underlying event and pileup

Other partons of the colliding protons not taking part in the hard interaction, appear

as beam remnants. These partons may hadronize, or undergo soft (low Q) interactions

known as underlying event (UE). According to di↵erent models adopted by generators,

e.g., PYTHIA or HERWIG, the features of UE may vary significantly. Thus understanding

of these soft QCD interactions is mostly driven by experimental observations. In order to

better match the simulation with data, significant e↵ort is given to tune the parameters

of existing models [99].

Event pileup refers to overlap of more than one interaction within the detector integra-

tion time. Two types of pileup are possible: in-time and out-of-time. In-time pileup are

due to interactions in the same bunch crossing, whereas out-of-time pileup are tracks and

energy deposits from earlier bunch crossing still remaining in the detector due to timing

resolution e↵ects. Both of these pileups in event generation are controlled by configura-

tion modules in CMSSW which take as input the mean number of primary vertices during

the data taking period. Pileup events are separately generated and added to the hard

interaction for realistic simulation of the p-p collisions at LHC.
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3.1.4 Detector simulation

Detector e↵ects may change the particle kinematics to a significant extent as it intro-

duces matter-particle interactions. To compare the simulated events from event gener-

ators to the observed data, the e↵ect of various detector material needs to be taken into

account. An accurate description of the CMS detector is implemented using the GEANT4

package [100]. Energy and momentum resolutions are smeared with detector e↵ects and

electronics signals within readout sensors are replicated. The output of the detector sim-

ulation step is simulated hits or “SimHits” which undergo digitization where the detector

electronics response is reproduced. In the next step, energy deposits are converted into

charges and shaped into a waveform similar to electronics signal, noise is also added.

Trigger primitives required for L1 is generated for calorimeter and muon chamber energy

deposits. The digitized MC events are then converted to the raw format and undergo HLT

reconstruction to arrive at the same structure of information as in the recorded collision

data in the CMSSW EDM framework.

3.2 Event reconstruction

For both collision data and simulated events, the same flow of reconstruction is under-

taken for CMS analyses. Figure 3.1 shows pictorially the steps to arrive at the analysis

level format of the data and simulation.

At the first step, local reconstruction algorithms in sub-detectors take “RAW” data from

the DAQ system as input and produce “RecHits” or reconstructed hits. The RecHits are

hit positions in case of tracker and muon chambers, energy deposits in case of ECAL and

HCAL. Track segments or energy clusters are built by grouping together nearby RecHits.

Using these low level reconstructed objects, the PF algorithm proceeds to identify di↵er-

ent particles as PF candidates in the reconstructed or “RECO” events. Further selection

based on the RECO information is used to make concise collections of particles for Analy-

sis Object Data or “AOD” format which is used in the analyses. During Run 2, the AOD is

further shortened to formMiniAOD, NanoAOD datasets, having lesser but more compact

information of the event. Typical size of an AOD event is ⇠500 KB and that for MiniAOD
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Figure 3.1: Steps of event reconstruction in the CMS analyses.

and NanoAOD are ⇠100 KB and ⇠1 KB respectively. Collision datasets immediately re-

constructed with default detector calibrations for analysis are referred to as PromptReco

(prompt) data. These datasets are reprocessed with updated CMSSW versions and detector

calibrations at later time, called ReReco (re-reco).

3.3 The PF algorithm

The PF algorithm [101] combines information from di↵erent sub-detectors to first pro-

vide particle identification and then put forward a global picture, eventually resulting

in a better measurement of energy, momentum and position of the concerned particles.

This is possible because of the fine segmentation and excellent performance of the silicon

tracker and electromagnetic calorimeter. These sub-detectors are crucial for removing

overlap between energy deposits from charged and neutral hadrons with photons, as dis-

cussed later on.

The global reconstruction of the event starts with locally reconstructed charged tracks in

the tracker, matched to muon chamber hits using an iterative process. Once good quality
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tracks are formed they are removed from the event for further reconstruction. After

muons, tracker hits are matched to calorimeter clusters to identify electrons and charged

hadrons. When all tracker hits are associated to charged particles, in subsequent steps

passage of photons and neutral hadrons are reconstructed using remainder clusters in

ECAL and HCAL. These objects are called PF particles, which are used as input to jet or

missing transversemomentum (pmiss

T
) clustering algorithms. The PF algorithm is also able

to identify particles form pileup interactions in this approach and correct for the e↵ects

in identification. A simplified depiction of the typical signatures of various particles in

di↵erent sub-systems of the CMS detector is shown in Fig. 3.2.
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Figure 3.2: Slice view of CMS detector showing examples for muon, electron, photon, charged

and neutral hadron [87]. In this depiction the muon and charged hadron are positively charged,

the electron is negatively charged.
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3.3.1 Track and vertex

In Run 2, there was on average 25–40 pileup interactions in a single bunch crossing lead-

ing to ⇠ 1000 charged tracks. To determine the event kinematics of the hard scattering, it

is important to correctly associate the tracks to respective interaction vertices. However,

reconstructing the tracks in such a busy environment is a challenge in itself. Falsely re-

constructed tracks from combination of unrelated hits or spurious noise must be as low

in number as possible. In addition, the reconstruction must be fast enough (⇠ 100 ms) to

be integrated with the HLT algorithm.

Hit reconstruction

In the first step zero-suppressed signals (i.e., after noise subtraction) above a specified

threshold in pixel and strip sensors are clustered into hits. The clusters are formed in

both transverse and longitudinal directions in an identical way by matching adjacent

pixels, side-by-side and corner-by-corner, estimating position and uncertainty in local co-

ordinates. Two di↵erent algorithms are used in the pixel system for the hit reconstruction,

one used for seeding and the other for final track fitting. Seeds are hit points with relatively

large pT at the innermost pixel layer from which the track reconstruction starts.

Track reconstruction

A cone is projected from the seed position to the next layer in radial direction to find

matching hits. If no hit is found in next layer, the seed is discarded as noise or having

too low energy for reconstruction. The procedure is then repeated until the full track

through all the layers is found. This is the principle of the Kalman Filter algorithm [102]

used in the Combinatorial Track Fitter (CTF) of CMS. It takes into account the e↵ect of

magnetic field as well and the bending radius. Direction from the resulting trajectory

is used to associate a transverse momentum and charge to the track. These tracks are

subsequently combined with matching calorimeter clusters and muon chamber hits to

form higher level objects, like electrons, muons etc.
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Vertex reconstruction

An interaction vertex is reconstructed by selecting tracks, followed by clustering and

fitting them to find the actual vertex position. The tracks are selected using strict re-

quirement on the reconstruction quality, such as the number of hits in pixel and strip

detector layers, quality of the fit from CTF algorithm and significance of the transverse

impact parameter relative to the beam spot centre. The track clustering is done using

the deterministic annealing (DA) [103] algorithm and finally adaptive vertex fitter [104]

is used to obtain the best estimate of the vertex position. The reconstructed vertices are

referred to as primary vertices (PV) which are ordered by their respective sum of p2
T
of all

associated tracks. The interaction vertex is defined to have the highest sum of p2
T
related

to the hard scattering itself, whereas secondary vertices may be associated with decays

of particles with longer lifetime. For example, daughter particle tracks of b-hadrons are

displaced from the interaction vertex by a few mm, which can lead to reconstruction of

a secondary vertex. The position resolution for reconstructed primary vertices in three

directions were measured to be within 10-12 µm in Run 1 [105]. In Run 2 the resolutions

have worsened due to higher instantaneous luminosity, e.g. in 2016 they were measured

to be within 14-30 µm. With the upgraded pixel detector the resolutions were better in

2017 with values between 12-25 µm.

3.3.2 Muon

Muons are the very first particles to be reconstructed by the PF algorithm. The recon-

struction is based on independent tracks in the inner tracker and the muon system,

which are subsequently combined. Muons reconstructed solely from muon station hits

are termed as standalone muons. The standalone muon is matched to tracks from the

inner tracking system to form the global muon. The global reconstruction must pass

requirements based on the fit quality, number of hits in sub-detectors, agreement in mea-

sured momenta etc. Alternative to this outside-to-inside approach, tracks from inner

tracker are extrapolated to muon station hits, in case of poorly reconstructed segments

in the muon detectors. These are termed as tracker muons, mainly useful to recover low
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pT muons which fail to penetrate the complete muon spectrometer. As mentioned in

Chapter 2, muons are the only particle that traverse the full detector volume with negli-

gible energy loss and thus have the best reconstruction. However, charged hadrons can

be misidentified as muons because of punch-through, which are rejected using an isola-

tion criteria considering additional charged tracks and calorimeter deposits nearby. Non-

isolated global muons with poorly reconstructed inner track segment can be recovered if

the standalone reconstruction is of high quality, i.e. large number of hits in the muon sta-

tions. In Run 2 muons are reconstructed and identified with greater than 96% e�ciency,

having negligible false reconstruction rate [106]. Muon station hits are used at L1 and

the full reconstruction at HLT to select potentially interesting physics events.

3.3.3 Electron

Electrons are identified using tracks in the inner tracker and energy deposits in ECAL.

Their track reconstruction quality is worse than muons since electrons interact with the

tracker material and lose energy due to bremsstrahlung at a much faster rate. The ECAL

energy deposits are measured from arrays of 3⇥ 3 or 5⇥ 5 crystals, called clusters, which

give the best performance for identification of unconverted photons or electrons. Due

to the magnetic field, the energy deposit may spread along the � direction for electrons,

thus several clusters are considered together, forming superclusters. The PF algorithm

starts with an energy deposit (greater than 4 GeV) in a ECAL supercluster and uses the

position of the cluster to infer the hit positions within inner tracker, assuming the particle

to be either an electron or a positron [107]. Emission of bremsstrahlung photons and

bending of the electron are taken into account while grouping the ECAL supercluster in

the ⌘–� space. However, the ECAL based approach does not work well for electrons with

low pT or those originating from a jet. In such cases track seeding is used along with

iterative tracking method. A Gaussian-sum filter (GSF) [108] is finally used to fit pre-

selected tracks, which is more suited to electron reconstruction as it allows for substantial

energy loss along the trajectory. For good reconstruction, momentum-to-energy ratio of

the electron is close to unity and there should not be any matching cluster in HCAL for

the corresponding track.
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3.3.4 Photon and hadrons

After the PF muon and PF electron objects are reconstructed and removed from the col-

lection of hits and clusters, the PF algorithm associates the remaining tracks from the

inner tracking system to charged hadrons. Photon and neutral hadrons are identified

respectively from ECAL and HCAL clusters without associated track.

The photon mainly loses energy due to pair-production in the ECAL material that turn

into electromagnetic shower. The formation of the ECAL supercluster begins from a seed

crystal: a crystal which has higher energy deposit than adjacent crystals, above a certain

energy threshold. The clusters have a fixed width of 5 crystals around the seed in the

⌘ direction; in contrast, the supercluster size varies in the � direction. The extended �

window in the barrel region can reach up to ±17 crystals around the seed, controlled by

a pre-defined energy threshold. In the ECAL endcap the supercluster spans a fixed grid

of 5⇥5 crystals. This supercluster formation is identical for electrons and photons, as

the PF algorithm does not distinguish between the particles while clustering. However,

photons do not have associated tracks and their identification is mainly based on the

shower shapes and lateral spread of the shower.

After identifying and removing PF photons from the list of particle signatures, only re-

maining particles are hadrons from parton fragmentation and hadronization. The PF

algorithm does not distinguish which SM particles result in the hadron signatures, thus

particles like ⇡±, K±, protons constitute PF charged hadron collection; neutrons, K0
L
etc.

constitute the PF neutral hadron collection. For ECAL clusters non-associated with a

track, the primary contributor is a photon inside the tracker coverage of |⌘ | < 2.5. This is

justified with the observation that within a jet 25% energy is carried by photons, whereas

neutral hadrons carry 3%. Outside tracker, ECAL clusters linked with a HCAL cluster

are assumed to be from the same hadron shower, charged or neutral.

3.3.5 Jet

Quarks and gluons cannot be directly observed as particles due to color confinement,

a result of carrying the color charge of strong interactions. After emerging from the
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hard interaction, they quickly form multiple semi-stable mesons and baryons. Indirect

observation of quarks and gluons is thus possible in the form of a collection of such color

neutral particles, referred to as hadronic “jets”.

Jets are reconstructed using clustering algorithms which ideally group all particles orig-

inating from the same parton into one jet. Two important conditions need to be satisfied

while reconstructing, so that the jet clustering outcome does not arbitrarily change:

• collinear safety: one of the constituent particles of the jet is replaced with two

particles, each having half the momentum of the original particle.

• infrared safety: additional soft radiation from a constituent quark.

In CMS experiment, jets are reconstructed using the anti-kT [109] algorithm that satis-

fies both the criteria. In jet algorithms distance parameters are defined for an input PF

candidate (i) with respect to a second PF candidate (j) and with the beam (B):

dij = min(p2n
T i
,p

2n
T j
)
�2
ij

R2 (3.2)

diB = p
2n
T i

where pT i and pT j are transverse momenta of the ith and jth particles, n is an algorithm

specific parameter, R is the size parameter and�2
ij
= (⌘i�⌘j )2+(�i��j )2. In case of anti-kT ,

n = �1 and in general for CMS analyses R = 0.4; the jet collections so obtained are referred

to as AK4. The clustering starts with the highest pT candidate and iteratively looks for

the nearest particle comparing the distances dij and diB. If dij < diB, two particles are

combined into one and the individual particles are discarded from the list. If dij > diB, the

clustering ends for this jet and it is removed from the particle collection. Subsequently,

a strategy called charged hadron subtraction (CHS) is used to remove charged particle

tracks originating from pileup vertices before reconstructing jets, these collections are

called AK4PFCHS, utilized by most of the CMS analyses, including the ones discussed in

this thesis.

Jet energy correction

In order to match the kinematics of the reconstructed jet as closely as possible to the

initial parton, pT and ⌘ dependent corrections are needed to be applied [110] to take into
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account the detector e↵ect which depends on the path of the particles:

• L1 o↵set: subtracts the average pileup energy from the jet by calculating the o↵set

energy density (⇢) [111]. The correction to the jet energy is obtained as function of

⇢, jet area A, jet ⌘ and pT :

�p
j

T
= [⇢0(⌘) + ⇢�(⌘)(1 +�(⌘) logpT )]A

where parameters ⇢0(⌘), �(⌘), �(⌘) are determined from simulation.

• L2 relative and L3 absolute: The jet response, defined as:

R(< pT ,reco >,⌘) =
< pT ,reco >

< pT ,gen >
[pT ,gen,⌘]

compares generated pT of the parton to the reconstructed jet pT . Ideally this ratio

should be nearly one and stable with respect to pT and ⌘ of the jet. However, due to

non-linearity of the calorimeter, the jet response needs to be corrected in MC, using

scale factors derived from the truth information.

• L2L3 residual: small residual di↵erences between data and MC is accounted for by

applying a correction factor to data alone.

b-tagging

Using certain characteristics of the reconstructed jet, the initial flavor of the quark orig-

inating the jet can be determined to a reasonable extent. This is especially applicable

for heavy flavor quarks like b and c. The b quarks hadronize to form b-hadrons having

a relatively longer lifetime of about 1.6 ps, so the decay (secondary) vertex is typically

displaced from the interaction vertex by a few mm. Several b-tagging algorithms have

been developed to take into account the secondary vertex feature of the b decay as well as

track-based lifetime information to identify or tag the jets originating from a b quark. The

most popular one being the combined secondary vertex (CSV) tagging which provides

each jet with a likelihood score that determines the probability of correctly identifying

a b-jet. The widely used versions of CSV algorithm in Run 2 analyses are CSVv2 using
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Multi-Variate (MVA) based techniques and DeepCSV using deep neural network algo-

rithms. The working points for the tagging is chosen on the basis of the mis-tag rate: the

probability of identifying a light flavor parton (u, d, s, g) as a b quark. The tight working

point has a mis-tag rate of 0.1%, whereas medium and loose working points have mis-tag

rates of 1% and 10% respectively. A given mis-tag rate has a fixed b-tag e�ciency value,

qualitatively. The b-tagging e�ciencies for these algorithms are shown in Fig. 3.3. As

it can be seen, these algorithms also have certain e�ciency to tag charm jets, however,

recently dedicated charm taggers have also been developed for analysis purpose, such as

the cMVA.
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Figure 3.3: Performance of the b-tagging algorithms demonstrating the mis-tag probabilities for

non-b jets as a function of the e�ciency to correctly identify b jets [112]. In case of jets with

pT > 30 GeV, the b-tagging e�ciencies range between 40–50% for the tight w.p., 65–70% for the

medium and ⇠85% for the loose.

3.3.6 p
miss

T

Weakly interacting particles such as neutrinos do not leave any signature in the detector

material. Their presence can be indirectly inferred from the momentum imbalance of

the reconstructed event. The missing transverse momentum due to invisible particles

are defined in terms of the energy/momentum flow in the plane transverse to the beam
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direction:

p
miss

T
= |~pmiss

T
| = |�

X

i

~p
i

T
| (3.3)

where ~p i

T
is the transverse momenta of the ith visible particle present in the event. The

amount of pmiss

T
can be clear signature of many BSM scenarios, thus the clustering and

momentum balance is very important. In CMS, the “raw” p
miss

T
value is determined by

the PF algorithm by vectorial sum of all the PF particle momenta. If the jets used in

the reconstruction are corrected with JEC, the same can also be propagated to the p
miss

T
,

which is referred to as the “Type 1” correction. Alternative approach to cluster the p
miss

T

exist, such as the PUPPI algorithm [113]. A detailed study of the measurement capacity

of pmiss

T
in CMS experiment has been carried out as discussed in next chapter.
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Studies with p
miss

T
and jets

An important aspect of collision data analysis is good understanding of the detector. The

CMS detector has many components and the response of each evolves with time due to

radiation damage, ageing, changing luminosities as well as actual hardware upgrades of

specific sub-systems in terms of electronics etc. Continuous e↵orts are made to maintain

and upgrade the performance in terms of reconstruction and particle identification. This

chapter describes two such studies with Run 2 data collected at di↵erent periods of time.

4.1 Measurement of early trigger rates in HCAL

Jet pre-firing in CMS L1 trigger is a crucial source of possible mis-identification of inter-

esting event at the LHC p-p collision. Pre-firing or early trigger occurs when the trigger

fires in the bunch crossing before the one in which the event of interest has occurred. Fur-

thermore, CMS system allows to accept only one L1 trigger decision issued in any three

consecutive bunch crossings. With high instantaneous luminosity of the LHC machine

during operations in Run 2, reaching up to twice the nominal value of 1034 cm�2s�1 the

probability of early trigger is expected to be few % due to pileup jets. This can lead to

important physics events to be potentially rejected and hence causing reduced L1 trig-

ger e�ciency for the signal events. A study is performed to measure the rates of trigger

pre-firing in the HCAL for data collected in 2016 as a function of L1 jet transverse energy

(ET ).

50
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The pre-firing rate (R) is defined as the ratio of the events which have the leading jet in the

early bunch crossing (BX = �1) passing a transverse energy threshold E
BX=�1
th

and to that

of the leading jet in the nominal bunch crossing (BX = 0) passing a di↵erent threshold

E
BX=0
th

. If the leading jet ET in BX = 0 and BX = �1 are denoted by E
BX=0
T

and E
BX=�1
T

respectively, then:

R =
N

E
BX=0
T

>E
BX=0
th

,E
BX=�1
T

>E
BX=�1
th

N
E
BX=0
T

>E
BX=0
th

. (4.1)

The pre-firing rate as defined above is calculated for the barrel and endcap regions sepa-

rately.

Even though pileup is the main reason for early triggers, other possibility can be beam

halo particles, resulting from the secondary interactions of the beam remnant with resid-

ual gas molecules inside the detector. These particles are mainly muons, travelling par-

allel to the beam direction since they do not emerge from an interaction vertex. The halo

muons can be identified using reconstructed tracks parallel to the beam line, traversing

both the muon endcaps. An event filter is available within the CMSSW framework to reject

events with such kind of reconstructed muons. E↵ects of the beam halo filter is studied

to see if it can improve the pre-triggering rate.

4.1.1 Event selection

Events of interest are chosen by referring to the LHC bunch fill structure. As mentioned

in Chapter 2, protons at the LHC collide in bunches; this is because the acceleration

mechanism traps the particles in buckets of RF voltage frequency, which is 400 MHz. A

proton exactly synchronized with the RF oscillation is accelerated by the cavity, whereas

protons arriving with slightly di↵erent timing and energy are either accelerated or decel-

erated to form the bunch. Not all buckets are filled with particles, the LHC design bunch

spacing being 25 ns or 10 buckets. Further, the bunch fill structure is determined by the

LHC operational team by carefully considering the cross over and collision points. A sig-

nificant empty space is also kept for the purpose of beam dump when the beam intensity

goes below a certain threshold. The CMS Run Summary page provides detailed informa-

tion of the bunch pattern, e.g. Fig. 4.1 from which particular bunch crossings with empty
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bunches at front are chosen for this analysis.

Figure 4.1: Bunch pattern of fill number 5078. By design the LHC can have atmost 3564 colliding

bunches, this particular fill having 2064 denoted by the blue squares. The red squares are also

part of the beam but not colliding. The empty squares are not configured for the beam.

The data collected are tagged with a run number and lumi section. The run numbers de-

pend on the DAQ operation which change with status of the beam, detector sub-system

conditions etc. A lumi section is defined by a duration of ⇠ 23.3 seconds of beam revo-

lution inside the LHC. The run and lumi information is collected in a JavaScript Object

Notation (JSON) format used in analyses.

4.1.2 Data samples

The analysis of data collected in 2016 is performed using CMSSW version 8_0_7. Datasets

triggered with HT or sum of all jet ET with RAW reconstruction is used for determining

the pre-triggering rate at di↵erent eras or data taking periods of 2016, shown in Table 4.1.

The CSC beam halo information is extracted from reconstructed events in corresponding

MINIAOD datasets.

The event information is analyzed using o�cial L1 tools to reconstruct jets including

the corresponding bunch crossing information, not present in the usual data format. The

following JSON file containing the information about lumi sections was used for selecting

certified good events where the CMS magnet was on and all sub-systems recorded data:

Cert_271036-282092_13TeV_PromptReco_Collisions16_JSON.txt.
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Table 4.1: Data samples used to determine pre-firing rates and the dates of collection. The

instantaneous luminosity is increased in run periods as data collection progresses. For the four

fills they are 0.3, 1.0, 1.2 and 1.3 times 1034 cm�2s�1 in the order shown.

RAW data sample MINIAOD data sample Fill number Date

/JetHT/Run2016B-v2/RAW /JetHT/Run2016B-23Sep2016-v3/MINIAOD 4947 19th May, 2016

/JetHT/Run2016D-v2/RAW /JetHT/Run2016D-23Sep2016-v1/MINIAOD 5078 7th July, 2016

/JetHT/Run2016G-v1/RAW /JetHT/Run2016G-23Sep2016-v1/MINIAOD 5211 17th August, 2016

/JetHT/Run2016H-v1/RAW /JetHT/Run2016H-PromptReco-v2/MINIAOD 5355 2nd October, 2016

Figure 4.2 shows the jet ET distributions of leading jet from nominal and early bunch

crossing in case of fill 5355.

 [GeV]TE
0 50 100 150 200 250 300 350 400

Ev
en

ts

210

310

 at BX = 0
T

Leading Jet E

Fill 5355

<

 [GeV]TE
0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

1

10

210

310

410

510

 at BX = -1
T

Leading Jet E

Fill 5355

<

Figure 4.2: Leading jet ET distributions in bunch fill 5355, BX = 0 at left, BX = �1 at right. It can

be seen that many events have jets with ET > 50 GeV at BX = �1.

4.1.3 Results

The following figures show the pre-firing rates as a function of EBX=0
th

for di↵erent EBX=�1
th

for the two ⌘ regions in HCAL: barrel and endcap, for the bunch fill 4947 in Fig. 4.3, fill

5078 in Fig. 4.4, fill 5211 in Fig. 4.5 and fill 5355 in Fig. 4.6. It is observed that the barrel

pre-firing rates are much smaller and overall the rates are less than 1% in 2016.
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Figure 4.3: Pre-firing rates in bunch fill 4947, left plot for barrel, right for endcap.
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Figure 4.4: Pre-firing rates in bunch fill 5078, left plot for barrel, right for endcap.
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Figure 4.5: Pre-firing rates in bunch fill 5211, left plot for barrel, right for endcap.
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Figure 4.6: Pre-firing rates in bunch fill 5355, left plot for barrel, right for endcap.

4.1.4 E↵ect of beam halo filter

The halo filter used in this study utilizes information from the CSC sub-detector which

covers a region 1.2 < |⌘ | < 2.4. Occurrence of pre-firing jets are studied for events passing

the CSC filter in Fig. 4.7 and for all the events, irrespective of any filter in Fig. 4.8, in this

region. No change is observed in the number of early jets due to the beam halo filter in
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Figure 4.7: Pre-firing jets without (left) and with (right) beam halo filter.

the CSC covered region. The number of in-time jets reduces slightly because of the filter,

but the change in pre-firing rate is negligible. This may be due to the fact that halo events

have mostly small ET jets, so it rarely passes any of the thresholds.
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Figure 4.8: Nominal BX jets without (left) and with (right) beam halo filter.

4.2 Performance of algorithms for pmiss

T
measurements

The missing transverse momentum is an important measurable quantity for many pro-

cesses in SM physics and beyond, viz. leptonic decay of W or production of SUSY par-

ticles in certain scenarios. It is defined in terms of measured momentum flow in the

transverse plane to the beam direction as given by Eq.( 3.3). In the experiment there can

be other sources of momentum mismeasurement due to detector resolution and sensi-

tivity. The p
miss

T
is also sensitive to the presence of pileup interactions, both in-time and

out-of-time.

To reduce the pileup dependence, algorithms such as PUPPI (Pileup Per Particle Identifi-

cation) [113] uses event pileup properties and tracking information to construct a shape

variable ↵i for each particle i which is used to compute the likeness of a PF candidate to

be from pileup. The particle is then assigned a corresponding weight wi which is used to

reweight the four-vector of the particle. After this the clustering of pmiss

T
is done in the

usual way, referred to PUPPI pmiss

T
in contrast to PF p

miss

T
:

PUPPI pmiss

T
= |�

X

i

wi ~p
i

T
|. (4.2)

The performance of pmiss

T
reconstruction algorithm can bemeasured in events where there

is no genuine source of missing energy and the final state particles are precisely cali-

brated. Hence, excellent measurement capability of photon energy in CMS detector can

be utilized to measure the instrumental pmiss

T
in the events of inclusive single photon and
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jets. If the photon transversemomentum is ~qT , and transversemomentum of the hadronic

recoil, defined as the vectorial sum of the transverse momenta of all particles except the

photon, is ~uT , then frommomentum conservation, for such events with measurable pmiss

T
,

as illustrated in Fig. 4.9:

~qT + ~uT + ~pmiss

T
= 0. (4.3)

miss
T
p

Tu

u
||u

T
q

<

Figure 4.9: Illustration of �+jets event kinematics.

The photon provides a precise momentum scale of the event and an unique event axis

along the direction of ~qT . The projections of the hadronic recoil parallel (u||) or perpen-

dicular (u?) to this axis are measures of the momentum balance of the event.

Decomposing u|| and u? in terms of the x and y components of ~pmiss

T
and ~qT :

u|| = (uxqx +uyqy)/qT

u? = (uxqy �uyqx)/qT (4.4)

where ux = �pmiss
x � qx and uy = �pmiss

y � qy are the components of the hadronic recoil in

the transverse plane. In the ideal case where there is no p
miss

T
in the final state, |u||| = |qT |

and u? = 0.

4.2.1 Corrections and uncertainties

The jet energy scale (JES) corrections derived using �+jets, Z+jets and QCD multi-jet

events are applied to the jets reconstructed by the PF algorithm. The corrections are

propagated to the pmiss

T
and it is referred to as Type 1 corrected p

miss

T
:

Type 1 ~pmiss

T
= ~pmiss

T
�

X

jet

(~p corr

T ,jet
� ~pT ,jet). (4.5)
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Associated uncertainties due to the JES measurement is propagated to the above relation.

In addition, the p
miss

T
also includes uncertainties due to particles that are not clustered

into jets.

An asymmetry in the � distribution of pmiss

T
is observed due to shifts in its x and y compo-

nents in the transverse plane. This e↵ect is mainly due to pileup and imperfect detector

alignment, specially in the tracker sub-system. Corrections can be derived for each com-

ponent as a function of the number of interaction vertices in the event (nPV ), for example.

For pmiss

T
validation studies in 2018 data, the following linear parametrization has been

used:

p
miss

X
= a1 ⇤nPV + b1

p
miss

Y
= a2 ⇤nPV + b2 (4.6)

where constants a1, b1, a2, b2 depend on the run period. With increasing instantaneous

luminosity nPV increases and hence the uncertainty for identification of the primary

interaction vertices increases, e↵ectively leading to non-zero p
miss

T
.

4.2.2 Data and simulated samples

The full analyzed datasets for 2017 and 2018 correspond to integrated luminosities 41.9

and 57.9 fb�1 respectively. The data were collected when the CMSmagnet was on, during

p-p collisions at
p
s = 13 TeV with bunch crossings every 25ns. The 31Mar2018 re-reco

versions of SinglePhoton datasets triggered with the presence of photons in 2017 are

analyzed (run periods B to F). For 2018 run periods A to C, 17Sep2018 re-reco and for

run period D prompt reconstructed version of datasets triggered with electron or photon

have been analyzed. They are listed in Table 4.2.

Following are the JSON files used to select the good data events:

• 2017: Cert_294927-306462_13TeV_EOY2017ReReco_Collisions17_JSON.txt

• 2018: Cert_314472-325175_13TeV_17SeptEarlyReReco2018ABC_PromptEraD

_Collisions18_JSON.txt
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Table 4.2: Data samples used in the determination of pmiss

T
reconstruction performance. Also

shown are the number of collision events and integrated luminosities for each run period.

Sample # events Ltot (fb�1)

/SinglePhoton/Run2017B-31Mar2018-v1/MINIAOD 15950935 4.8

/SinglePhoton/Run2017C-31Mar2018-v1/MINIAOD 42182948 9.8

/SinglePhoton/Run2017D-31Mar2018-v1/MINIAOD 9753462 4.3

/SinglePhoton/Run2017E-31Mar2018-v1/MINIAOD 19011446 9.4

/SinglePhoton/Run2017F-31Mar2018-v1/MINIAOD 29783015 13.6

/EGamma/Run2018A-17Sep2018-v2/MINIAOD 327843843 13.2

/EGamma/Run2018B-17Sep2018-v1/MINIAOD 153822427 6.8

/EGamma/Run2018C-17Sep2018-v1/MINIAOD 147827904 6.6

/EGamma/Run2018D-PromptReco-v2/MINIAOD 738976078 31.3

CMSSW versions used for reconstruction and analysis are 9_4_13 in case of 2017 and

10_2_15 in case of 2018. MC events are generated using MADGRAPH in LO for the

signal �+jets samples, each event is then weighted to NLO cross section as a function of

the pT and ⌘ of the leading photon. LO samples are used for QCD multi-jet and W+jets

processes, whereas NLO samples are analyzed for tt̄� , t� , W� and Z� processes. MC

samples generated for 2017 and 2018 analyses utilize PYTHIA8 tune CP5 [114] for un-

derlying event generation. Due toW� and Z� samples not being available with this tune,

older samples generated with CUETP8M1 tune [115] are used. In all cases GEANT4 is used

for detector simulation. Cross sections for all processes are normalized using NLO or

NNLO values as available. Table 4.3 shows the detailed list of MC samples used.

Table 4.4 shows the set of prescaled photon triggers applied to select both data and MC

events in both years. The number next to the object name specifies the pT threshold. The

triggering photons are also required to pass medium isolation cuts and requirements on

the R9 and H/E variables, as discussed in next section.
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Table 4.3: List of simulated samples considered for the �+jets final state, along with the cross

sections. Inclusive cross sections are listed for all samples, except for W� and Z� where leptonic

decays of the vector bosons are considered: W ! `⌫, Z! ``,⌫⌫.

Process Sample � ⇥BR [pb]

�+jets GJets_HT-40To100_TuneCP5_13TeV-madgraphMLM-pythia8 19000

in HT bins GJets_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8 8300

GJets_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 2200

GJets_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 260

GJets_HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 84

QCD multijet QCD_HT100to200_TuneCP5_13TeV-madgraphMLM-pythia8 27849880

in HT bins QCD_HT200to300_TuneCP5_13TeV-madgraphMLM-pythia8 1716997

QCD_HT300to500_TuneCP5_13TeV-madgraphMLM-pythia8 351302

QCD_HT500to700_TuneCP5_13TeV-madgraphMLM-pythia8 31630

QCD_HT700to1000_TuneCP5_13TeV-madgraphMLM-pythia8 6802

QCD_HT1000to1500_TuneCP5_13TeV-madgraphMLM-pythia8 1206

QCD_HT1500to2000_TuneCP5_13TeV-madgraphMLM-pythia8 98.71

QCD_HT2000toInf_TuneCP5_13TeV-madgraphMLM-pythia8 20.2

W+jets WJetsToLNu_HT-70To100_TuneCP5_13TeV-madgraphMLM-pythia8 15965.99

in HT bins WJetsToLNu_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8 1632.15

WJetsToLNu_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 478.179

WJetsToLNu_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 67.298

WJetsToLNu_HT-600To800_TuneCP5_13TeV-madgraphMLM-pythia8 14.953

WJetsToLNu_HT-800To1200_TuneCP5_13TeV-madgraphMLM-pythia8 6.138

WJetsToLNu_HT-1200To2500_TuneCP5_13TeV-madgraphMLM-pythia8 1.253

WJetsToLNu_HT-2500ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 0.00958

top+� TTGJets_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8 4.322

TGJets_TuneCP5_13TeV_amcatnlo_madspin_pythia8 2.967

W� , Z� WGToLNuG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 489.0

ZGTo2LG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 117.864

ZGTo2NuG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 28.05
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Table 4.4: High-level triggers used to select events with photons. The trigger photon is required

to have hadronic over electromagnetic energy fraction (H/E) less than 0.10 and the 3 ⇥ 3 array

around the supercluster seed has to contain at least 90% of the total supercluster energy. In

addition, the photon is required to pass the medium working point for the isolation. The v* refers

to di↵erent versions of the HLT path, which are updated with detector condition and calibration.

HLT_Photon50_R9Id90_HE10_IsoM_v*

HLT_Photon75_R9Id90_HE10_IsoM_v*

HLT_Photon90_R9Id90_HE10_IsoM_v*

HLT_Photon120_R9Id90_HE10_IsoM_v*

HLT_Photon165_R9Id90_HE10_IsoM_v*

4.2.3 Objects

Photons

The best reconstruction of unconverted photons (i.e. not decaying to e
+
e
� pair) in the

CMS detector is obtained starting from superclusters, as detailed in Chapter 3. The se-

lected photon object must pass the following requirements:

• Photon transverse momentum qT > 50 GeV and |⌘ | < 1.44 in order to select highly

energetic photons in the barrel region; endcap photons are not considered in order

to suppress noise due to spikes (spurious electronic pulse) and beam-halo.

• The photon must be isolated, i.e. away from other charged particles. The isolation

(I) is defined to be the sum of particle momenta within a cone in ⌘–� space around

the photon. The e↵ect of pileup on I is corrected using e↵ective area (EA) method:

I(corrected) = max(I�⇢⇤EA,0).

Here ⇢ is the median background energy density per unit area calculated in event-

by-event basis, depending on the jet activity [111]. The e↵ective area is the ratio

of slopes obtained by linearly fitting isolation and ⇢ as a function of number of

vertices.
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The photon is required to pass the tight identification criteria [116] having 70.24% ef-

ficiency of selecting photons and 90.97% background (jets faking as photons) rejection

e�ciency, as detailed below.

• H/E: The ratio of hadronic and electromagnetic energy deposits has to be less than

0.02148.

• �i⌘i⌘ : The ECAL crystals are indexed using numbers (i⌘, i�) which label the (⌘, �)

co-ordinates. Shower shape variable �i⌘i⌘ measures the shower width in i⌘-space

and is required to be less than 0.00996.

• PF charged hadron isolation: Sum of pT of all charged hadrons within a hollow

cone of 0.02 < �R < 0.3 around the supercluster is required to be less than 0.65.

• PF neutral isolation: Sum of pT of all neutral hadrons within a cone of �R = 0.3

around the supercluster, is required to be less than:

0.317+0.01512⇥ qT +2.259⇥ 10�5 ⇥ q2
T
.

• PF photon isolation: Sum of pT of all photons within a hollow cone of 0.015 < �R <

0.3 around the supercluster, is required to be less than:

2.044+0.004017⇥ qT .

Table 4.5 shows the values of e↵ective area considered for photon isolation.

Table 4.5: E↵ective areas for photon isolation [116].

|⌘ | range charged hadrons neutral hadrons photons

< 1.0 0.0112 0.0668 0.1113

1.0–1.479 0.0108 0.1054 0.0953

In addition to the tight photon selection, the following requirements are to be satisfied:

• Pixel track seed veto: The pixel track seed veto rejects any photon like object for

which a pixel track seed consisting of at least two hits in the pixel detector is found;

e↵ective to reject electrons.
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• Extra ID for spike cleaning: The R9 variable is defined as the ratio of energy de-

posited in a 3 ⇥ 3 crystal region centered around the most energetic crystal in the

supercluster divided by the total energy of the supercluster. This variable can e↵ec-

tively suppress background due to ECAL spikes and converted photons which have

wider energy spread in the transverse direction. To match the trigger conditions,

the leading photon is required to have 0.9 < R9 < 1.0.

Jets and p
miss

T

The analysis uses PF jets reconstructed with anti-kT algorithm using a distance parameter

equal to 0.4. Jets are selected using the tight identification criteria [117] having greater

than 99.5% e�ciency to select jets and greater than 98% noise rejection, shown in Ta-

ble 4.6. Latest available JECs are applied to both 2017 and 2018 data and MC samples.

These JECs are also used for corresponding Type 1 correction of the pmiss

T
.

Table 4.6: PF jet identification criteria used to select �+jets events [117].

Variable |⌘ | < 2.4

Neutral hadron energy fraction < 0.90

Neutral EM energy fraction < 0.90

Number of constituents > 1

Charged hadron energy fraction > 0

Charged multiplicity > 0

In 2017, radiation damage in the ECAL readout caused excess of low pT jets in the endcap

cells around |⌘ | ⇠ 3. This results in instrumental pmiss

T
in the data causing large disagree-

ment with the simulation in the tail region of pmiss

T
distribution. In order to mitigate this

e↵ect, the recipe for 2017, termed as EENoiseFix, requires jets and unclustered particles

having pT < 50 GeV, and within 2.650 < |⌘ | < 3.139 to be excluded from p
miss

T
reconstruc-

tion. The e↵ect of applying this recipe has been checked with di↵erent versions of JEC

released for 2017 re-reco data. The ultimate solution to this issue is the “Ultra Legacy”

re-reco of full Run 2 luminosity, scheduled to arrive in late 2019, where the ECAL PF
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RecHit thresholds itself will have been adjusted to reject the noise. A trial version of the

Ultra Legacy re-reco of data from 2017 era F has also been checked, without applying the

above recipe and observed to have similar performance (see Section 4.2.7).

No single dedicated recipe for pmiss

T
exists for 2018 data as of yet, many studies are on-

going still. However there are known issues in the re-reco data such as the di↵erence

in energy deposits in HCAL endcap between data and simulation that may a↵ect pmiss

T

distributions. In both 2017 and 2018 data, severe mis-calibraion of ECAL endcap en-

ergy exists which is to be corrected in the Ultra Legacy re-reco. Results discussed in next

sections are obtained with EENoiseFix recipe applied to 2017 data and MC.

Electrons and muons

To reduce contamination from the top quark and electroweak backgrounds, events are

rejected if they have electrons and muons, chosen with loose identification criteria as

given in Tables 4.7 and 4.8. The selection is mainly based on track quality, distance

from interaction point (dxy and dz), isolation, matching between sub-detector hits and

requirements on shower shape for electrons (�i⌘i⌘ , |�⌘seedin
|, |��in| variables).

Table 4.7: Loose identification criteria for electrons [118].

Variable |⌘ | < 1.479 1.479 < |⌘ | < 2.5

full 5⇥ 5 �i⌘i⌘ < 0.0126 < 0.0457

|�⌘seed
in
| < 0.00463 < 0.00814

|��in| < 0.148 < 0.19

H/E < 0.05+1.16/E +0.0324⇥ ⇢/E < 0.05+2.54/E +0.183⇥ ⇢/E

Relative isolation (�R =0.3) < 0.198+0.506/pT < 0.203+0.963/pT

1/E-1/p < 0.209 < 0.132

Number of missing hits  2  3

Pass conversion veto yes yes

|dxy | (cm) < 0.05 < 0.1

|dz | (cm) < 0.1 < 0.2



Chapter 4. Studies with p
miss

T
and jets 65

Table 4.8: Loose identification criteria for muons [119].

Variable |⌘ | < 2.4

|dxy (cm) < 0.05

|dz | (cm) < 0.1

Relative isolation (�R =0.3) < 0.4

tracker/global muon yes

4.2.4 Event selection

Events are selected if:

• Exactly one tight photon is present in the event which is also the leading photon

• At least one jet is present in the event

• No loose electrons and muons are present with pT > 10 GeV

Furthermore, following p
miss

T
filters are used to reject events with anomalous high p

miss

T
:

• Primary vertex filter: Select events with at least one well reconstructed primary

vertex, based on quality criteria such as degrees of freedom, �2 of the track fits.

• Beam halo filter: Halo events are caused due to muons originating from secondary

interaction of particles with the gas molecules inside the beam. The halo muon

trajectories extend along the beam and are rejected by finding parallel hits in the

muon chamber.

• HCAL noise filter: Rejects sporadic noise from HCAL, originating from HPD sen-

sors, readout box noise pulses etc.

• HCAL isolated noise filter: By comparing energy deposits in ECAL, HCAL as well

as tracker, isolated noise activity are identified within HBHE using a topological

algorithm.

• ECAL trigger-primitive filter: In some ECAL towers where precision readout is

unavailable trigger primitive (TP) information is used to determine the energy loss.
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If the TP value is saturated it indicates that the lost energy is significant enough to

contribute to p
miss

T
tails, such events are rejected.

• ECAL endcap noise filter: EE supercrystals giving anomalous pulses (mainly due

to high voltage issue) are identified and events where this occurs are rejected.

• ECAL bad calibration filter: Some seed crystals of ECAL clusters are known to

receive large energy correction (mainly in EE region). These crystals are identified

using a minimum energy threshold and subsequently events where they appear are

rejected.

• Bad PF muon filter: Low-quality muon reconstruction contributes to the pmiss

T
cal-

culation as mis-reconstructed PFmuon or PF charged hadron. Such events are iden-

tified and rejected from the dataset.

4.2.5 Data/MC comparison

In this section the data and MC are compared while reconstructing p
miss

T
with di↵erent

algorithms. MC event yield is corrected using event-by-event weights, accounting for

di↵erences in the reconstructed vertices distribution with data, also using scale factors

based on photon identification. The distributions for number of vertices (Nvtx) for 2017

and 2018 data are shown in Fig.s 4.10 and 4.17 respectively. Kinematic variables related

to the selected tight photon and leading jet in the events are shown in Fig.s 4.11, 4.12

for 2017 and 4.18, 4.19 for 2018 data. The hadronic recoil momentum components are

shown in Fig.s 4.13 and 4.20 for 2017 and 2018 data respectively. The reconstruction al-

gorithms considered are the uncorrected (raw) and Type 1 corrected PF and PUPPI pmiss

T
,

shown in Fig.s 4.14, 4.15, 4.16 for 2017 and 4.21, 4.22, 4.23 for 2018. The components

of hadronic recoil momentum and di↵erent pmiss

T
distributions are shown together with

the recommended statistical, jet energy scale, jet energy resolution and unclustered en-

ergy uncertainties in the ratio plot in colored envelope. Statistical uncertainty is shown

for all distributions.
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Figure 4.10: Number of vertices distributions for eras B (top left), C (top right), DE (bottom left)

and F (bottom right) in the year 2017.
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Figure 4.11: Distributions for pT (left) and ⌘ (right) of the tight photon in 2017 data.
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Figure 4.12: Distributions for pT (left) and ⌘ (right) of the leading jet in 2017 data.
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Figure 4.13: Distributions of the hadronic recoil components u|| (left) and u? (right) in 2017 data

for raw (top), Type 1 PF (middle), Type 1 PUPPI (bottom) reconstruction.
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Figure 4.14: Raw p
miss

T
distributions in the selected events for eras B (top left), C (top right), DE

(bottom left) and F (bottom right) in 2017 data. Note large disagreement in the high p
miss

T
region

in era F, which is covered mostly by p
miss

T
reconstruction uncertainties.
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Figure 4.15: Type 1 PF p
miss

T
distributions in the selected events for eras B (top left), C (top right),

DE (bottom left) and F (bottom right) in 2017 data. With Type 1 correction agreement improves

in the bulk region .
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Figure 4.16: Type 1 PUPPI pmiss

T
distributions in the selected events for eras B (top left), C (top

right), DE (bottom left) and F (bottom right) in 2017 data. The agreement between data/MC is

similar to Type 1 PF algorithm after the EEfix recipe is implemented.
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Data collected in 2018
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Figure 4.17: Number of vertices distributions for eras A (top left), B (top right), C (bottom left),

and D (bottom right) in the year 2018.
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Figure 4.18: Distributions for pT (left) and ⌘ (right) of the tight photon in 2018 data.
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Figure 4.19: Distributions for pT (left) and ⌘ (right) of the leading jet in 2018 data.
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Figure 4.20: Distributions of the hadronic recoil components u|| (left) and u? (right) in 2018 data

for raw (top), Type 1 PF (middle), Type 1 PUPPI (bottom) reconstruction.
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Figure 4.21: Raw p
miss

T
distributions in the selected events for eras A (top left), B (top right), C

(bottom left), and D (bottom right) in 2018 data. There is considerable disagreement in the bulk

region of the p
miss

T
distributions, specially in the later eras. Note increase in the p

miss

T
reconstruc-

tion uncertainties in comparison to 2017.
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Figure 4.22: Type 1 PF p
miss

T
distributions in the selected events for eras A (top left), B (top right),

C (bottom left), and D (bottom right) in 2018 data. With Type 1 correction agreement improves,

specially in the tail region.
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Figure 4.23: Type 1 PUPPI pmiss

T
distributions in the selected events for eras A (top left), B (top

right), C (bottom left), and D (bottom right) in 2018 data. This algorithm shows better data/MC

agreement compared to PF p
miss

T
.
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Agreement between data and prediction is observed to be good in the Nvtx distribu-

tions for both years. Considerable change in the shape is observed over the di↵erent

run periods in 2017 as the instantaneous luminosity increased from 1⇥ 10�34 cm�2s�1

to 1.5⇥ 10�34 cm�2s�1. The instantaneous luminosity varied around 2⇥ 10�34 cm�2s�1 in

2018. Disagreement observed in the higher photon pT is likely due to usage of NLO scale

factors meant for 2016 �+jets MC samples. Scale factors for current samples are not

available as yet. The jet pT distribution disagreement is expected to be within jet energy

scale uncertainties, which is not shown in these plots.

4.2.6 Performance of reconstruction

The quantity � < u|| > /qT is denoted as the scale or response of the p
miss

T
reconstruction

algorithm. The distribution of � < u|| > /qT against qT is referred to as the response curve,

ideally which is a straight line with zero slope at � < u|| > /qT = 1. The quantities u|| + qT

and u? are ideally equal to zero, but due to momentum imbalance these distributions

have a finite width, estimated by the root mean squared (RMS) value. Widths �(u||) and

�(u?) represent the resolution of the p
miss

T
reconstruction algorithms, parametrized as a

function of the photon transverse momentum and the number of reconstructed vertices

in the selected events. In each case, the distributions of u|| + qT and u? are corrected for

the response in order to determine the resolution. Figures 4.24, 4.25 and 4.26 compare

the response of the di↵erent pmiss

T
algorithms for years 2017 and 2018. The resolutions

as function of photon transverse momentum are shown in Fig.s 4.27, 4.28, 4.29 and as

function of number of reconstructed vertices in Fig.s 4.30, 4.31, 4.32. Error bars on the

plots denote statistical uncertainty on the data.

Without the Type 1 correction the response is expected to be much lower than unity in

case of raw p
miss

T
. For Type 1 correction in PF reconstruction, the response curves saturate

at values near 0.98 for year 2017, and it is slightly worse for year 2018. The response is

better than 0.98 in the year 2017 and slightly worse for year 2018 for the Type 1 corrected

PUPPI algorithm. The drop in response at lower qT values in the PUPPI algorithm is

likely due to aggressive cleaning of unclustered particles during reconstruction.

The resolutions for both components of the hadronic recoil momentum are observed to be
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notiecably worse for era F in the year 2017 for all reconstruction algorithms considered.

Average resolutions for the raw p
miss

T
are comparable between two years. For the Type 1

PUPPI algorithm, resolutions are better for lower values of qT for the parallel component

and, overall, it is better in case of the perpendicular component compared to the raw

and Type 1 PF. Resolutions as a function of Nvtx are significantly better in case of Type

1 PUPPI for both components compared to the raw and Type 1 PF algorithm, which is

expected.
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Figure 4.24: Response curves for raw p
miss

T
in years 2017 (left) and 2018 (right). Without the

Type 1 correction the response is expected to be much lower than 1.
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Figure 4.25: Response curves for Type 1 PF p
miss

T
in years 2017 (left) and 2018 (right). The curves

saturate at values near 0.98 for year 2017, and it is slightly worse for year 2018.
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Figure 4.26: Response curves for Type 1 PUPPI pmiss

T
in years 2017 (left) and 2018 (right). The

response in better than 0.98 in the year 2017 and slightly worse for year 2018.



82 Chapter 4. Studies with p
miss

T
and jets

 [GeV]
T

q
0 100 200 300 400 500

 ) 
[G

eV
]

||
 (u

σ

10

15

20

25

30

35

40

45

50

2017B

2017C

2017DE

2017F

 (13 TeV, 2017) -1          41.9 fbPreliminary CMS 

 Response corrected 

 [GeV]
T

q
0 100 200 300 400 500

 ) 
[G

eV
]

||
 (u

σ
10

15

20

25

30

35

40

45

50

2018A

2018B

2018C

2018D

 (13 TeV, 2018) -1          57.9 fbPreliminary CMS 

 Response corrected 

 [GeV]
T

q
0 100 200 300 400 500

  )
[G

eV
]

 (u
σ

10

15

20

25

30

35

40

45

50

2017B

2017C

2017DE

2017F

 (13 TeV, 2017) -1          41.9 fbPreliminary CMS 

 Response corrected 

 [GeV]
T

q
0 100 200 300 400 500

  )
[G

eV
]

 (u
σ

10

15

20

25

30

35

40

45

50

2018A

2018B

2018C

2018D

 (13 TeV, 2018) -1          57.9 fbPreliminary CMS 

 Response corrected 

Figure 4.27: Resolution for the parallel (top) and perpendicular (bottom) components as a func-

tion of qT for raw p
miss

T
in years 2017 (left) and 2018 (right). The resolutions for both components

are noticeably worse for era F in the year 2017. Average resolutions are comparable between two

years.
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Figure 4.28: Resolution for the parallel (top) and perpendicular (bottom) components as a func-

tion of qT for Type 1 PF p
miss

T
in years 2017 (left) and 2018 (right). Again, resolutions are noticeably

worse for era F in the year 2017. Average resolutions worsen compared to raw p
miss

T
.
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Figure 4.29: Resolution for the parallel (top) and perpendicular (bottom) components as a func-

tion of qT for Type 1 PUPPI pmiss

T
in years 2017 (left) and 2018 (right). Again, resolutions are

noticeably worse for era F in the year 2017. Resolutions are better for lower values of qT for the

parallel component, overall better in case of the perpendicular component compared to the raw

and Type 1 PF algorithm.
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Figure 4.30: Resolution for the parallel (top) and perpendicular (bottom) components as a func-

tion ofNvtx for raw p
miss

T
in years 2017 (left) and 2018 (right). Average resolutions are comparable

between two years.
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Figure 4.31: Resolution for the parallel (top) and perpendicular (bottom) components as a func-

tion of Nvtx for Type 1 PF p
miss

T
in years 2017 (left) and 2018 (right). Average resolutions worsen

compared to raw p
miss

T
.
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Figure 4.32: Resolution for the parallel (top) and perpendicular (bottom) components as a func-

tion of Nvtx for Type 1 PUPPI pmiss

T
in years 2017 (left) and 2018 (right). Resolutions are signifi-

cantly better for both components compared to the raw and Type 1 PF algorithm.
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4.2.7 Studies with reconstruction recipes

Data collected in 2017

The following results show the e↵ect of the EENoiseFix recipe on 2017 data/MC agree-

ment and the performance of the reconstruction strategies. The initial recipe has been

checked with 17Nov2017 re-reco of SinglePhoton datasets as opposed to 31Mar2018 used

in the earlier sections. An earlier version of the JEC is also used here and only statistical

uncertainty is shown in ratio plot. Comparing Fig.s 4.33 and 4.34 the e↵ect of applying

the fix on Type 1 PF p
miss

T
reconstruction is visible in the high p

miss

T
region.

A re-reco (09May2018) for 2017, era F dataset alone is produced to check the agreement as

an example for the Ultra Legacy reconstruction. In Fig. 4.35, the nominal and modified

recipes in this re-reco are shown with the dedicated JEC. The agreement improves in the

nominal reconstruction, compared to Fig. 4.33, modified recipe performs similar.

Figure 4.36 shows the comparison of the response curves of Type 1 PF p
miss

T
algorithm

with two di↵erent versions, v6 (early) and v32 (final), of JECs meant for 2017 analysis

with and without the EENoiseFix recipe applied. The right plot shows the response

for the Ultra Legacy candidate dataset. The di↵erence between v6 and v32 response is

attributed to a bug in a function used in reconstruction. The scale reduces in the modified

recipe because genuine jets are also rejected with the high pT threshold. The scale of the

Ultra Legacy candidate dataset is comparable to the modified recipe of 2017 re-reco.

Data collected in 2018

In the year 2018, the pileup reweighting dependence of pmiss

T
algorithms is checked in

terms of data/MC agreement. Figure 4.37 compares the o�cial pileup reweighting pro-

cedure to the dataset specific number of reconstructed vertices reweighting. Agreement

improves with Nvtx reweighting for raw and Type 1 PF p
miss

T
. Type 1 PUPPI pmiss

T
recon-

struction is observed to be mostly independent of the reweighting method, as expected.

In order to improve the data/MC agreement in case of Type 1 PF p
miss

T
, corrections are

implemented as a function of interaction vertices, as given by Eq. 4.6. The resulting

agreement is shown in Fig. 4.38 which can be compared to Fig. 4.22
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Figure 4.33: Type 1 PF p
miss

T
distributions with nominal reconstruction for eras B (top left), C

(top right), DE (bottom left) and F (bottom right) in 2017 data.
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Figure 4.34: Type 1 PF p
miss

T
distributions with EENoiseFix recipe for eras B (top left), C (top

right), DE (bottom left) and F (bottom right) in 2017 data.
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Figure 4.35: Type 1 PF p
miss

T
distributions with Ultra Legacy candidate dataset, nominal recipe

on left and with EENoiseFix on right.
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Figure 4.36: Response of the Type 1 PF p
miss

T
algorithm with Ultra Legacy candidate dataset

shown in left. Right plot corresponds to 2017 re-reco dataset for comparison.
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Figure 4.37: Raw (top), Type 1 PF (middle) and Type 1 PUPPI (bottom) pmiss

T
distribution for full

2018 dataset with pileup (left) and Nvtx (right) reweighting.
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Figure 4.38: Type 1 PF p
miss

T
distributions in the selected events for eras A (top left), B (top right),

C (bottom left), and D (bottom right) in 2018 data with corrections in x and y components.
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4.2.8 Conclusions

The performance of missing transverse momentum or pmiss

T
reconstruction algorithms is

studied in �+jets events with full 2017 and 2018 datasets. This process does not have any

intrinsic source of pmiss

T
. However, several issues with the detector performance and cali-

bration do give rise to substantial instrumental pmiss

T
. Some of these have been addressed

with dedicated recipes, while some are still being investigated. Validation of JEC rec-

ommendations using p
miss

T
distribution, scale and resolution have been performed. The

data agrees well with simulation within uncertainties, large fraction of which is due to

jet energy scale dependence of pmiss

T
. The scale and resolution measured in 2017 and

2018 data is observed to be worse compared to early 13 TeV data collected by CMS

in 2016 [120]. The PUPPI algorithm shows promising performance for reconstructed

p
miss

T
in high pileup scenario, having significantly better resolutions and stability against

pileup reweighting methods.

Starting next chapter, the main analysis work involving tH process is discussed. Chap-

ter 5 gives an introduction to the di↵erent techniques involved, starting from selection of

final states to statistical treatment.



Chapter 5

Associated production of the Higgs

boson with single top quark

The main content of this thesis addresses the study of the tH production process, intro-

duced in Section 1.4.3, carried out using Run 2 LHC data. Similar to the single top pro-

duction at the leading order in QCD, the associated production of the Higgs boson with

single top proceeds via three mechanisms: (i) t-channel where the virtual space-like W

interacts with a b quark to produce the top, (ii) s-channel where the virtualW is time-like,

and (iii) W -associated where a real on-shell W is emitted in the final state. The Feynman

diagrams contributing to the tH production process are shown in Fig.s 5.1, 5.2 and 5.3

along with the Higgs couplings involved. The Higgs boson is radiated o↵ either the top

quark or the W boson, resulting in interfering diagrams with the same initial and final

states. This feature of the tH production process makes it possible to study the relative

sign between the top-Higgs andW -Higgs couplings [121]. The studies of these couplings

are performed using the -framework introduced in Section 1.4.1, t and V denoting

the modifiers to the SM top-Yukawa and Higgs to vector boson couplings respectively.

The classification on the basis of the virtuality of the W boson is useful for event genera-

tion, however it is valid only at LO and in the five-flavor scheme (5FS) where the bottom

quark is considered as one of the constituents of proton and modelled using PDFs. At the

LHC energies the rate of s-channel production or tHb process is negligible, since initial

state requires a quark and an anti-quark. The t-channel production dominates, hence-

95
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W

q̄�

q

b̄

t

H  

!   t   

W W

q̄�

q

b̄

t
H  

!  V   

Figure 5.2: Feynman diagrams contributing to the s-channel tH production.
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forth referred to as tHq process. TheW -associated or tHW production mode has smaller

contribution at the LHC. In addition, the LO diagram of tHW interferes with tt̄H pro-

duction if four-flavor scheme (4FS) is considered, where bottom quarks in the initial state

are produced from gluon-splitting as shown in Fig. 5.4.

b
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g
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W�

t

  H  

Figure 5.4: Interference of tHW production in the 4FS scheme (left) with the tt̄H process (right).

Cross sections of these processes in pp collisions at
p
s =13 TeV are evaluated to be [45,

122–124]:

�(tHq)SM = 74.25 fb +6.5%
�14.9% (scale + FS) ± 3.7% (PDF+↵s) (5.1)

�(tHW )SM = 15.17 fb +4.9%
�6.7% (scale) ± 6.3% (PDF+↵s)

�(tHb)SM = 2.879 fb +2.4%
�1.8% (scale) ± 2.2% (PDF+↵s)

consideringmH = 125 GeV, with NLOQCD accuracy at 5FS where the separation between

the channels is exact. The channels start to interfere at NNLO in 5FS and at NLO in 4FS,

thus contributing to the FS uncertainty of tHq cross section calculation. In the 4FS, the

tHq cross section is approximately 71 fb [123]. For the analyses presented in this thesis,

tHq and tHW events are generated in 4FS and 5FS respectively.

5.1 Measurements of Higgs properties

Studies detailed in this thesis consider the tHq and tHW production modes, which are

referred together as tH in all subsequent discussions. These final states have the potential

to determine several phenomenological characteristics of the Higgs boson, as noted in lit-

erature [121,123,125–130]. This thesis describes studies of the two main aspects: relative
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sign between t , V and the CP nature of top-Yukawa coupling in the context of the Higgs

characterization model [123, 131]. In addition, tHq final state can also be used to study

FCNC interactions in top quark decays. Processes such as t ! Hu or Hc are strongly

suppressed by Glashow–Iliopoulos–Maiani (GIM) mechanism [132], however some BSM

scenarios predict large enhancement in the rate of these processes [133]. These studies

are beyond the scope of this thesis which focuses mainly on the Higgs boson properties.

5.1.1 Relative sign of top-Yukawa coupling

According to SM, tHq and tHW production cross sections depend strongly on the de-

structive interference between the contributions from the Higgs boson radiated o↵ the

top and o↵ the W boson. However, anomalous couplings where t , 1 or V , 1 can

significantly modify the cross sections. The parametrization of cross sections in terms of

the coupling modifiers are given as [134]:

�(tHq) = (2.632t +3.582
V
� 5.21tV ).�(tHq)SM (5.2)

�(tHW ) = (2.912t +2.312
V
� 4.22tV ).�(tHW )SM.

Thus the tHq (tHW ) cross section will be enhanced by a factor of 11.42 (9.44) in the

case t = �V = �1. Since V is more precisely determined at the LHC to be SM-like, by

convention the negative sign is allowed for t and referred to as the ITC scenario. The

ITC scenario is valid up to a cut-o↵ scale ⇤ ⇠ 9.3 TeV without violation of perturbative

unitarity [125]. From Eq.(5.2) it is clear that for a fixed value of V the cross section and

kinematics of the tH process depends only on the ratio of the coupling modifiers t/V ,

shown pictorially in Fig. 5.5 along with the tt̄H cross section at 13 TeV.

5.1.2 CP properties of the Higgs

In the SM, the Higgs boson is a pure scalar particle, invariant under CP transformations.

It has already been established fromHiggs boson decay to vector boson pair that the spin-

parity quantum numbers of the Higgs boson are consistent with the SM [136]. However,

these measurements only probe Higgs couplings to vector bosons. In case the observed
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tt̄H cross section becomes zero for t=0.0 but tH cross section is always non-zero.

resonance is an admixture of CP eigenstates where only the CP-even component couples

to the vector bosons, CP-violation in Yukawa interactions might not have been detected.

The e↵ective Lagrangian below the EWSB scale for a generic spin-0 particle X0 with CP-

even scalar componentH and CP-odd pseudoscalar component A can be written as [123]:

L
t

0 = � ̄t (cos↵ Htt gHtt + i sin↵ Att gAtt �5) tX0 (5.3)

where ↵ is the CP-mixing phase between the statesH andA; gHtt and gAtt are the coupling

strengths equal to mt/v = yt/

p
2. Thus for ↵ = 0�, X0 is completely CP-even and for

↵ = 90�, completely CP-odd. Any in-between values of ↵ thus correspond to CP-violation

in the top-Yukawa sector in this formulation. The cross sections and kinematics of the tH

production processes are modified as a function of the mixing angle ↵. Furthermore, the

ITC scenario is identified to be identical to the CP-mixed state with ↵ = 180�. Figure 5.6

shows the variation of the tH and tt̄H cross sections as a function of ↵.
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s-channel �NLO [fb] �%
µ �%

PDF �%
�s

tH + t̄H 2.812(3) +1.6
�1.2

+1.4
�1.4

+0.3
�0.5

Table 5. NLO total cross section for the processes pp � tHb̄+
t̄Hb via an s-channel W -boson exchange at the LHC (

�
s =

13 TeV). NNPDF2.3 PDFs have been used. The integration
uncertainty in the last digit (in parentheses), the fractional
scale dependence and the PDF and �s uncertainties (in %) are
also reported.

(> import model loop_sm)
> generate p p > w+ > h t b~ [QCD]
> add process p p > w- > h t~ b [QCD]
> output
> launch

In table 5 we show the total cross section at NLO. Reference
values for the factorisation and renormalisation scales are set
to µ0 = HT /2 =

�
mT /2 . Being a pure EW process at LO, s-

channel production exhibits very low scale and �s uncertainties
up to NLO. In the SM, the total rate amounts to about 3 fb,
i.e. less than 5% of the t-channel cross section.

In figs. 10 and 11 we compare the shape of some distribu-
tions between the s-channel and t-channel production modes at
NLO+PS accuracy. We can see that most of the observables re-
lated to s-channel events display a significantly di�erent shape.
Even though the total cross section in s-channel production is
tiny and deviations from a t-channel-only simulation would
probably fall inside the uncertainty band, the s-channel simu-
lation can be included with little extra computing cost when
precision is needed (it is also extremely fast at NLO).

5 Higgs characterisation

In this section we go beyond the SM and explore the sensitiv-
ity of Higgs-single-top associated production to a Higgs boson
coupling to the top quark that does not conserve CP. Several
phenomenological studies on anomalous Higgs coupling deter-
mination via Higgs-single-top associated production have ap-
peared [8, 9, 51–56]. Current experimental constraints on the
Higgs-boson couplings favour the SM, and in particular for the
top quark the magnitude is consistent with the SM expecta-
tions, even though an opposite sign with respect to the SM one
is not yet completely excluded [57,58].

Moreover, although the scenario of a pseudoscalar Higgs is
disfavoured [59, 60], no stringent constraint has been put on
a CP-violating Htt̄ coupling. In fact, even if current results
are fully compatible with the SM hypothesis, some analyses on
public LHC data seem to favour a non-zero phase in the top
quark Yukawa interaction [61–64].

In this work we consider the (simplified) case of a spin-0
particle with a general CP-violating Yukawa interaction with
the top quark, which couples both to scalar and pseudoscalar
fermionic densities. On the other hand, we assume the inter-
action with the W bosons to be the SM one. We note that
this assumption does not correspond to a typical realisation of
CP-violation in a two-Higgs-doublet model (2HDM) where the
mass eigenstates are CP-mixed states and their coupling to the
vector bosons is reduced. Our setup, however, corresponds to
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Fig. 12. NLO cross sections (with scale uncertainties) for tt̄X0

and t-channel tX0 productions at the 13-TeV LHC as a func-
tion of the CP-mixing angle �, where �Htt and �Att are set to
reproduce the SM GF cross section for every value of �.

considering the e�ective SM Lagrangian and to including the
operator

L =
ct

�2
(�†�) QL�̃ tR + h.c. (12)

with ct complex. The implementation we use is based on the
e�ective field theory framework presented in refs. [24–26] and
employs the HC NLO X0 model [27].2 The e�ective Lagrangian
for the Higgs-top quark interaction (12) below the EWSB scale
leads to (see eq. (2.2) in ref. [24])

Lt
0 = ��̄t

�
c��HttgHtt + is��AttgAtt �5

�
�t X0 , (13)

where X0 labels a generic spin-0 particle with CP-violating
couplings, c� � cos � and s� � sin � are related to the CP-
mixing phase �, �Htt,Att are real dimensionless rescaling pa-
rameters, and gHtt = gAtt = mt/v (= yt/

�
2), with v � 246 GeV.

While redundant (only two independent real quantities are
needed to parametrise the most general CP-violating interac-
tion with the top quark at dimension four), this parametrisa-
tion has the practical advantage of easily interpolating between
the CP-even (c� = 1, s� = 0) and CP-odd (c� = 0, s� = 1)
couplings, as well as to easily recover the SM case by setting
c� = 1 , �Htt = 1 .

The nature of the top quark Yukawa coupling directly af-
fects the loop-induced Higgs coupling to gluons (together with
an e�ect on the couplings to �� and Z�, which are also modi-
fied but not considered here)

Lg
0 = �1

4

�
c��HgggHgg Ga

µ�Ga,µ�

+ s��AgggAgg Ga
µ�

�Ga,µ��
X0 , (14)

2 For the code and event generation, one can simply issue the
command ‘import model HC NLO X0’ and replace ‘h’ by ‘x0’ in
MadGraph5 aMC@NLO.

Figure 5.6: Variation of tH and tt̄H inclusive cross sections as a function of ↵ [123].

5.2 Analysis strategy

Leptons, specially electrons and muons, can be identified and measured precisely in the

CMS detector. In addition, final states with isolated leptons have much less background

than hadronic ones in the LHC environment. The work in this thesis describes the lep-

tonic final state analysis of tH process targeting Higgs boson decays to WW
⇤ to leptons

and semi-leptonic decays of the top quark. There are also minor contributions from

H ! ZZ
⇤ and ⌧⌧ channels, followed by their leptonic decay modes. The tH production

at LHC is dominated by tHq process which can be preferentially selected by utilizing the

presence of a light quark in the forward region. The analysis is optimized for a search

of the negative value of t relative to V (ITC), in the tHq production mode. In addition

to leptons, the targetted final state thus also contains one b-jet from t ! b`⌫ and a light

forward jet.

With the full Run 2 data collected by CMS corresponding to an integrated luminosity

of ⇠ 137 fb�1, ⇠100 tHq events are expected to be produced in the H ! WW
⇤, H !

ZZ
⇤, H ! ⌧⌧ and t ! b`⌫ final state according to SM. This is to be folded in with the
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acceptance of multi-lepton events which is about 10%. Hence only about ⇠ 10 SM-like

tHq events are likely to be selected at the analysis level.

The sensitivity of the multi-lepton analysis is increased by event categorization depend-

ing on lepton multiplicity:

• Three leptons (3`) where all W s decay leptonically.

• Two same-sign leptons (2`ss) where only one of the W s from the Higgs boson de-

cays leptonically. It is to be noted that the opposite-sign lepton pair final state

is challenged by much larger amount of background dominated by tt̄ process and

hence they are not considered in the analysis.

The above final states are collected in the experiment as a combination of signal and

large number of background processes. To increase the signal-to-background ratio in the

selected sample, detailed studies about the signal process has been performed with sim-

ulated samples using state-of-the-art techniques. Following sections discuss the various

steps involved in extracting the information on tH production from data.

5.2.1 Background estimation

The backgrounds to the tH process can be divided into two major categories: irreducible

backgrounds containing genuine “prompt” and isolated leptons (i.e. originating from

on-shell production and decay of W or Z boson) and reducible backgrounds where at

least one of the leptons is “non-prompt” or “fake”. Irreducible backgrounds can be reli-

ably estimated from MC simulations normalized to higher order cross sections, and the

distribution can be compared with data in dedicated control regions enriched in these

processes. All backgrounds involving only prompt leptons are estimated from MC: tt̄W ,

tt̄Z , tt̄H , WZ , ZZ , W±W±qq, tt̄tt̄, tZq, tZW , WWW , WWZ , WZZ , ZZZ . The diboson

production processes WZ and ZZ are some times referred together as electroweak back-

ground in this analysis. Note, WW production resulting in opposite-sign leptons falls

under the non-prompt background category. Photon conversions resulting in electron-

positron pair production in processes like tt̄� , t� , W� and Z� are also estimated from

MC samples, if the leptons are identified as prompt.
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Non-prompt leptons may either be genuine leptons produced in a b-hadron decay, or can

originate from a light jet which is mis-identified during reconstruction. The main source

of background for this analysis are the non-prompt leptons from the inclusive production

of tt̄ which has a cross section of ⇠ 832 pb at NLO at
p
s = 13 TeV, about 104 times larger

than tH process. Since this process has many jets in the final state, one of themmay result

in a non-prompt lepton, and due to the large rate significantly contributes to the final

selected events. In case of looser selections, Drell-Yan (DY) process can also substantially

contribute to the non-prompt background. Moreover, in the two same-sign leptons final

state, an additional background arises from the possible mis-measurement of the charge

of a final state electron. Electrons have a large probability to emit a hard bremsstrahlung

radiation that will subsequently undergo a strongly asymmetric conversion into e+e� pair.

From this pair if the electron with the opposite charge to the original particle carries

most of the initial momentum, the resulting track will have opposite curvature. As a

result, the measured charge is not the one of the original electron. These fake and charge-

flip backgrounds are of experimental origin, and are not well reproduced by the MC

simulation. Data-driven methods are used to estimate their contribution to the selected

sample. These background estimation methods for tH multi-lepton analysis are exactly

same as in tt̄H multi-lepton analysis [137,138] and have been used in this work unaltered.

A brief overview is given here.

Fake rate

The fake rate (FR) is the probability for a non-prompt lepton (passing a lenient fakeable

criteria) to be selected as a prompt lepton (passing a stringent tight criteria). The FR is

expressed as:

FR =
Ntight

Nloose

(5.4)

where Nloose is the number of lepton candidates that pass the fakeable object selection,

and Ntight is the number of fakeable leptons that pass the tight selection. The FR is

measured in several background-enriched datasets, collected using dedicated triggers,

to which the residual prompt lepton contribution is subtracted using the MC simulation.

The non-prompt contribution in the signal region is then estimated by applying this fake
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rate to events from an orthogonal side-band region with a looser lepton selection. Events

from the side-band region are weighted according to the probability of the leptons to

pass the tight criteria. If N00, N01 or N10, N11 are the actual number of events in the

2`ss channel when zero, one, two prompt leptons are present, and Nf f , Nf p or Npf , Npp

are the measured number of events where two, one, zero leptons fail the tight selection

criteria, then:

0
BBBBBBBBBBBBBBBBBBB@

Npp

Npf

Nf p

Nf f

1
CCCCCCCCCCCCCCCCCCCA

=

0
BBBBBBBBBBBBBBBBBBB@

p1p2 p1f2 f1p2 f1f2

0 p1(1� f2) 0 f1(1� f2)

0 0 (1� f1)p2 (1� f1)f2

0 0 0 (1� f1)(1� f2)

1
CCCCCCCCCCCCCCCCCCCA

0
BBBBBBBBBBBBBBBBBBB@

N11

N10

N01

N00

1
CCCCCCCCCCCCCCCCCCCA

(5.5)

where pi is the prompt rate (probability of a prompt lepton to pass the tight requirement,

measured using MC truth), and fi is the fake rate for the ith lepton. Here it is assumed

that rate of prompt leptons failing the tight requirement is negligible compared to the

contribution from fakes. Simplifying Eq.(5.5):

N00 =
Nf f

(1� f1)(1� f2)
, N01 =

Nf p �
f2

1�f2
Nf f

p2(1� f1)
, N10 =

Npf �
f1

1�f1
Nf f

p1(1� f2)
, (5.6)

the background contribution due to fakes can be obtained from the measured number of

events in the side-band region:

N
bkg

pp = p1f2N10 + f1p2N01 + f1f2N00

=
f1

1� f1
Nf p +

f2
1� f2

Npf �
f1f2

(1� f1)(1� f2)
Nf f .

(5.7)

In the same way, for the 3` channel, the non-prompt contribution is obtained using the

expression:

N
bkg

ppp =
f1

1� f1
Nf pp +

f2
1� f2

Npf p +
f3

1� f3
Nppf

�
f1f2

(1� f1)(1� f2)
Nf f p �

f2f3
(1� f2)(1� f3)

Npf f �
f3f1

(1� f3)(1� f1)
Nf pf

+
f1f2f3

(1� f1)(1� f2)(1� f3)
Nf f f .

(5.8)
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Charge-flip rate

Processes that yield opposite-sign di-lepton pairs (tt̄, DY) may have occasionally one of

the two leptons, specially electrons, with a wrong charge assigned if the lepton momen-

tum is reasonably high. The background arising from such charge mis-assignment is

estimated from data using a sample where there are two opposite-sign electrons from Z

boson decays, which get reconstructed as having the same charge, but whose invariant

mass peaks at the Z boson mass. The contribution to the 2`ss signal regions is then esti-

mated by extrapolating from an equivalent opposite-sign di-lepton (2`os) selection. For

each 2`os event, the lepton pT and ⌘ are used to determine the event’s mis-identification

probability. This probability is then used in a way similar to the fake-rate, to determine

the charge-flip background to the 2`ss final state from a side-band region.

5.2.2 Multivariate analysis

In high energy physics, quite often interesting signal rate is much lower than background

processes. Use of selection and counting method may not yield a reasonably pure sample

since the correlations between signal characteristics are not always visible. Multivari-

ate statistical analysis is generally employed to interpret large ensemble of observations,

exploiting the correlations between the observables. A set of measurements on a final

state can be thought of a multivariate population or distribution. Each measurement can

then be treated as random with a probability describing the population. Machine learn-

ing [139] algorithms or classifiers can be trained on the ensemble to predict the prob-

ability of a given observation. In this thesis the multivariate analysis (MVA) tools are

provided by the TMVA [140] package within the ROOT framework [141]. TMVA imple-

ments a number of classifiers, each with di↵erent strategy to separate one observation

from the other based on discriminating variables given as input. The boosted decision

trees (BDT) [142,143] classifier has been used in this thesis to separate signal events from

background. A decision tree splits the phase space of information using binary outcome

(yes/no) of many requirements until a stop criterion defined a-priori, is fulfilled. The

decision can be boosted using several trees, derived on the same ensemble. The final
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probability outcome is a weighted average of individual decisions. The boosting used

in this context is GradientBoost which uses binomial log-likelihood loss function [144]

for classification. A representative binary tree structure and multivariate separation are

shown in Fig. 5.7.
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Figure 5.7: Schematic view of a decision tree [140] (left) and multivariate classification (right).

xi are discriminating variables used for binary splitting the phase-space. Each split uses the vari-

ables that gives the best separation between signal (S) and background (B). The same variable

may be used multiple times while others may not be used at all. The right figure shows simple

classification of events with two variables having correlation. The events are not very separable

via straight cuts, however a higher dimensional variable can achieve the task.

In this analysis the tHq signal is discriminated against two major types of background:

prompt and non-prompt. Use of di↵erent trainings allows for higher sensitivity to the

underlying physics. For example, in case of prompt backgrounds, the training is more

sensitive to the jet kinematics in the event whereas, for non-prompt backgrounds, it is

more sensitive to lepton kinematics.
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5.2.3 Statistical interpretation

Most of the data analyses in particle physics involves comparing observed distributions

to predictions from theory. This is done using the probabilistic approach: whether the

observed data is in agreement with the predicted probability of a given hypothesis. If

data consists of n measured values of a variable ~x = (x1,x2, ...,xn) and there are a set of

hypotheses H0, H1 etc., each hypothesis is described by a probability density function

(p.d.f.), f (~x |H0), f (~x |H1) etc. following Poisson statistics [145].

Parameter estimation

In general, if x is distributed according to a p.d.f. f (x;a) where a is an unknown parameter

of the theory, the likelihood function for a is expressed as:

L(a) =
nY

i=1

f (xi ;a) (5.9)

corresponding to n observations of x, which is also the joint p.d.f. of the whole data

sample. If the hypothesized p.d.f. and parameter values are correct, a high probability

for the data is expected. The maximum likelihood estimators (MLEs) for the parameters

are those that maximize the likelihood function: â = argmin
a

[L(x|a)]. The value of a that

maximizes L(a) also maximizes its logarithm:

d lnL(a)
da

�����
a=â

= 0. (5.10)

The MLE has a bias but it decreases proportionally to the size of the data or n. For large

data the negative log-likelihood (NLL) curve i.e., distribution of lnL(a) vs. a is a parabola

and identical to a �2 distribution. At the minimum:

� lnL(a) = � lnL(â)�
1
2
(a� â)2

d
2 lnL(a)
d2a

. (5.11)

Here �1/
⌧
d
2 lnL(a)
d2a

�
gives the variance of the MLE â. Hence the error or standard deviation

on the MLE is given by:

�(â) =

s
�

1
d2 lnL(a)

d2a

. (5.12)
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Thus �2� lnL(a) = �2[lnL(a)� lnL(â)] = 1 gives 1� uncertainty on â, �2� lnL(a) = 4 gives

2� uncertainty, and so on. In terms of �2, with one parameter of interest, �2� lnL(a) = 1

corresponds to 65% CL, �2� lnL(a) = 3.84 corresponds to 95% CL etc.

Hypothesis testing

In case of hypothesis testing, i.e., to determine which theory better describes the observa-

tion, a test statistic is constructed following the Neyman-Pearson lemma [146]:

qµ = �2ln
L(n|µs + b)
L(n|b)

, µ � 0 (5.13)

where n is the observed number of events in data, µ is the signal strength modifier, s and

b are number of signal and background events respectively. µ is defined as the ratio of

observed and expected cross sections and regarded as a free parameter for the maximum

likelihood fit to the data. The compatibility of the data with any hypothesis is determined

by the p-values:

pµ =
Z
1

qµ,obs

f (qµ|µ)dqµ (5.14)

1� pb =
Z
1

qµ,obs

f (qµ|0)dqµ

where pµ gives the probability of accepting the signal+background hypothesis (µ , 0) and

pb gives the probability of accepting the background only (µ = 0) hypothesis. If a decision

boundary for qµ value is chosen, there is a finite probability of pµ to reject µ = 0 hypothesis

even if it is true (Type I error or false positive) or accepting a false µ = 0 hypothesis with

a probability pb (Type II error or false negative). A simple illustration of the hypothesis

test is shown in Fig. 5.8.

Asymptotic limits

At the LHC, signal rates are very small and several systematic uncertainties related to

both theoretical prediction and experimental measurements exist, which can a↵ect the

observation. Current LHC experiments have agreed [147] to use the profile likelihood
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Figure 5.8: Illustration of hypothesis testing. The figure shows test statistics distributions for the

Null (background only) and the Alternate (signal+background) hypotheses. The decision criteria

is set by the observed value qµ,obs, which determines the power of the test as (1-pb) if the alternate

hypothesis is rejected.

test statistic [148]:

q̃µ = �2ln
L(n|µ, ✓̂µ)

L(n|µ̂, ✓̂)
, 0  µ̂  µ (5.15)

and CLs estimate to set more conservative limits:

CLs(µ) =
CLs+b
CLb

=
pµ

1� pb
. (5.16)

✓ are systematic uncertainties of the analysis or nuisances incorporated in the likelihood

function as multiplicative error p.d.f.s. Profiling refers to the determination of nuisance

parameter values ✓̂µ that maximize the likelihood for a particular µ. The parameters µ̂

and ✓̂ give the global maximum of the likelihood. The profile likelihood test statistics is

one-sided, which does not allow upward fluctuation of the signal or downward fluctu-

ation of background to be rejected. Asymptotically the p.d.f. distributions of q̃µ can be

exactly approximated using mathematical theorems, simplifying the calculation of CLs.

f (q̃µ|0) in the asymptotic limit is used to derive median expected limits and confidence

intervals using the Asimov representative dataset. This ensures toy MC generation is

not required to determine the statistical probability over a large ensemble. If for µ = 1,
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CLs  p, the signal+background hypothesis is excluded with (1� p) CLs confidence level.

95% CL upper limit on µ is quoted by adjusting µ until CLs = 0.05 is reached. p is

converted to an equivalent significance z, defined such that z standard deviation upward

fluctuation of a Gaussian random variable has an upper tail area equal to p. Thus p = 0.05

corresponds to a significance of 1.96� , whereas a 5� significance requires p = 5.7⇥ 10�7.

5.2.4 Analysis workflow

Using the above mentioned techniques detailed analysis has been performed using the

multi-lepton final state of tH process, presented in Chapter 6. Figure 5.9 pictorially

depicts the steps followed in sequence.

Data/MC Trigger Objects
selection

Event
selection

Classifier
distributions

Consider
α) / Vκ,tκ(

scenarios

Maximum
likelihood

fit

Limits
on signal
strength

Multivariate
classifications

Figure 5.9: Illustration of analysis workflow. Detailed descriptions are presented in Chapter 6.



Chapter 6

tH multi-lepton at
p
s = 13 TeV

From the LHC Run 1 data a 95% CL upper limit on tHq production in the ITC scenario

was extracted for the first time by the CMS experiment, considering Higgs decays to bb̄,

WW
⇤, ⌧⌧ and �� . The observed (expected) upper limit on the � ⇥ BR was set between

0.60 (0.45) pb and 1.00 (0.70) pb depending on the assumed di-photon branching frac-

tion [69] using L ⇠ 20 fb�1. With increasing amount of data volume available in Run 2,

additional values of (t , V ) for the Higgs boson has been probed following the Higgs

characterization model [123,131]. In this chapter the study of the tH production process

in the multi-lepton final states with CMS data collected during 2016 and 2017 amount-

ing to L ⇠ 77 fb�1 has been described. This data volume is too small to observe the SM

process but may be su�cient for BSM production of tH . Hence by measuring the cross

section, the constraints on t and ↵ (see Chapter 5) have been obtained. It is to be noted

that ATLAS experiment is yet to study the tH production mode with data from either run

periods.

An important aspect of this analysis is that for determining the parameters of interest,

tt̄H has been considered as a signal process since it involves the top-Higgs coupling as

well. Hence the tt̄H cross section and kinematics vary as a function of t and ↵. In addi-

tion, the multi-lepton final states of tt̄H and tH are largely overlapping; with evidence of

tt̄H events in Run 2 data, additional sensitivity is provided to the tH final state analysis.

In general, simulated events are generated with an arbitrary luminosity value and the

yield for a particular process is obtained normalized to the measured luminosity L as

110
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N = �L✏A, where ✏ are measurement e�ciencies determined by the analysis and A are

acceptance due to the detector constraints. The expected background yields are compared

to data to determine the cross section of the signal process:

� ⇥BR(obs) =
N

data
�N

bkg

L✏A
(6.1)

and expressed in terms of signal strength µ using the maximum likelihood fit. Many

times the e�ciency of a particular selection are di↵erent in case of data and MC, in those

cases scale factors are derived to correct the MC yield to match data and di↵erences are

accounted for using systematic uncertainties.

6.1 Analysis using 2016 data

6.1.1 Data and simulated samples

The data considered in this analysis were collected by the CMS experiment during 2016

and correspond to a total integrated luminosity of 35.9 fb�1, when the CMS magnet was

on. The 23Sep2016 re-reco (run periods B to G) and prompt (run period H) versions of

the following categories of primary datasets have been used:

• DoubleMuon, SingleMuon, MuonEG, SingleElectron, DoubleEG.

The nomenclature of datasets refer to the presence of trigger objects in corresponding

events, e.g., DoubleMuon dataset contains events that are triggered by two muons etc.

The JSON file used to select the data events for which all the sub-detectors were fully

operational are:

• Run B-G: Cert_271036-284044_13TeV_23Sep2016ReReco_Collisions16_JSON.txt

• Run H: Cert_271036-284044_13TeV_PromptReco_Collisions16_JSON.txt.

The MC samples used in this analysis are produced with CMSSW version 80X, using the

CUETP8M1 tune [115] for underlying events in PYTHIA. The tH signal samples were pro-

duced with MADGRAPH (MG5 aMC@NLO version 5.222), in leading-order mode using
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PDF scheme of NNPDF, MLM matching, and are normalized to NLO cross sections, see

Table 6.1. Each sample is generated with a set of event weights corresponding to di↵er-

ent values of t and V , implemented using event-by-event parton level weights or LHE

weights. The tt̄H sample has been generated at NLO, with Higgs decays to bb̄ turned o↵

to save computing resources and top quark decays using MadSpin [149,150] to take into

account spin-correlation of the decay products.

Table 6.1: tH and tt̄H samples with their cross section times branching fraction for semi-leptonic

top quark decay (for tHq only) in the ITC scenario used in 2016 analysis. See Ref. [151] for more

details.

Sample � ⇥BR (pb)

THQ_Hincl_13TeV-madgraph-pythia8_TuneCUETP8M1 0.2568

THW_Hincl_13TeV-madgraph-pythia8_TuneCUETP8M1 0.1472

ttHJetToNonbb_M125_13TeV_amcatnloFXFX_madspin_pythia8_mWCutfix 0.2151

For discriminating with the signal, high statistics LO samples of inclusive tt̄W , tt̄Z and

tt̄ processes listed in Table 6.2 are used in the training of BDT discriminators. For these

samples no criteria has been applied on jets at generator level.

Table 6.2: Leading-order tt̄W , tt̄Z and tt̄ samples used in the BDT training in 2016 analysis. tt̄

events where the top or anti-top or both decay semi-leptonically are available as di↵erent simu-

lation samples, used together in the training. Also mentioned are the NLO cross sections of the

samples.

Sample � ⇥BR (pb)

ttWJets_13TeV_madgraphMLM 0.6105

ttZJets_13TeV_madgraphMLM 0.7655

TTJets_SingleLeptFromT_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.1754

TTJets_SingleLeptFromTbar_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.1754

TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 87.3148

Di↵erent MC generators were used to generate the background processes as shown in

Table 6.3. The dominant sources (tt̄W , tt̄Z) were produced usingMG5 aMC@NLO inter-
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faced to PYTHIA, and are scaled to NLO cross sections. Other processes are simulated

using POWHEG interfaced to PYTHIA, or only PYTHIA as in the case of same-sign W

production via double parton scattering. Data driven estimates have been used for non-

prompt backgrounds such as inclusive tt̄ and DY processes etc. as discussed in Chapter 5.

The data and MC samples are both reconstructed using CMSSW version 8_0_25 and ana-

lyzed with the same.

6.1.2 Triggers

Since a collision event can pass multiple HLT paths or conditions, it may be recorded in

more than one primary datasets. For example, an event with two muons may be included

in either one or all of the datasets DoubleMuon, SingleMuon and MuonEG. Hence a set of

primary HLT requirements are applied only to collision data events (not MC samples),

in order to remove any such overlap. The list of triggers applied for exclusive event

selection is given in Table 6.4. Events are chosen from each dataset passing any one of the

corresponding trigger conditions, but failing all the triggers of other datasets ensuring

exclusivity. This procedure of combining multiple datasets also maximizes the number

of selected events.

In the next step, online-reconstructed events triggered by one, two, or three leptons are

considered in the final state. Single-lepton triggers are included to boost the acceptance

of signal events where the pT of the sub-leading lepton falls below the threshold of the

double-lepton triggers. Additionally, by including double-lepton triggers in the three

lepton category, as well as single-lepton triggers, the trigger e�ciency is enhanced, con-

sidering the logical “or” of the trigger decisions of all the individual triggers in a given

category. Table 6.5 shows the lowest-threshold un-prescaled triggers present in the HLT

menu for event selection in both MC and data in 2016. Here Mu and Ele refer to muon

and electron objects and numbers next to the object name specify the pT thresholds re-

quired by the particular trigger. “TrackId”, “CaloId” refer to particle identification based

on tracker hits or calorimeter deposits respectively. In addition, there may be isolation

required around the object or the track associated with the object, specified by the “Iso”

or “TkIso” tags. “L”, “VL” and “VVL” stand for loose, very loose and very very loose type
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Table 6.3: List of background MC samples used in 2016 analysis to extract the final yields and

distributions. The cross sections mentioned are at NLO and NNLO accuracy, as available. In these

samples prompt leptons produced from the decays ofW , Z bosons are denoted using the notation

L. Two tt̄Z samples used here correspond to di↵erent ranges of invariant mass of the di-lepton

pair from Z/�
⇤: 1-10 GeV and > 10 GeV. For conversion backgrounds tt̄� , t� , W� and Z� , the

prompt photon decay to e
+
e
� pair contributes to leptons in the final state. Production processes

not observed in CMS are generally denoted as rares, the decays of which to leptonic final states

have very low cross sections.

Process Sample � ⇥BR (pb)

tt̄W TTWJetsToLNu_TuneCUETP8M1_13TeV-amcatnloFXFX-madspin-pythia8 0.2043

tt̄Z TTZToLLNuNu_M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2529

TTLL_m1to10_LO_NoMS_for76X 0.0283

WZ WZTo3LNu_TuneCUETP8M1_13TeV-powheg-pythia8 5.063

ZZ ZZTo4L_13TeV_powheg_pythia8 1.256

Conversion TTGJets_TuneCUETP8M1_13TeV-amcatnloFXFX-madspin-pythia8 3.697

TGJets_TuneCUETP8M1_13TeV_amcatnlo_madspin_pythia8 2.967

WGToLNuG_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 585.5

ZGTo2LG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 131.3

Rares WpWpJJ_EWK-QCD_TuneCUETP8M1_13TeV-madgraph-pythia8 0.03711

WW_DoubleScattering_13TeV-pythia8 1.64

tZq_ll_4f_13TeV-amcatnlo-pythia8_TuneCUETP8M1 0.0758

ST_tWll_5f_LO_13TeV-MadGraph-pythia8 0.01123

ST_tWll_5f_LO_13TeV-MadGraph-pythia8 0.01123

TTTT_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.009103

WWW_4F_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2086

WWZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.1651

WZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.05565

ZZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.01398

of the requirements. The v* at the end of the trigger paths refer to di↵erent versions of

the same trigger throughout the full data taking period, which depends on detector con-

dition and calibration. The e�ciencies of the combined trigger decision are determined

to be ⇠ 1 using an unbiased dataset recorded using p
miss

T
trigger for tt̄H multi-lepton
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Table 6.4: Table of high-level triggers used in 2016 analysis for the overlap removal between

datasets.

Dataset Trigger

DoubleMuon HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_v*,

HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_v*,

HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v*,

HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ_v*,

HLT_Mu23_TrkIsoVVL_Mu8_TrkIsoVVL_v*,

HLT_Mu23_TrkIsoVVL_TkMu8_TrkIsoVVL_v*,

HLT_Mu23_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v*,

HLT_Mu23_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ_v*,

HLT_Mu17_Mu8_SameSign_v*, HLT_Mu17_Mu8_SameSign_DZ_v*,

HLT_Mu20_Mu10_SameSign_v*, HLT_Mu20_Mu10_SameSign_DZ_v*,

HLT_DoubleMu8_Mass8_PFHT300_v*, HLT_TripleMu_12_10_5_v*,

HLT_TripleMu_5_3_3_v*, HLT_TrkMu15_DoubleTrkMu5NoFiltersNoVtx_v*

DoubleEG HLT_Ele17_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_DoubleEle8_CaloIdM_TrackIdM_Mass8_PFHT300_v*,

HLT_Ele16_Ele12_Ele8_CaloIdL_TrackIdL_v*,

MuonEG HLT_Mu17_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu8_TrkIsoVVL_Ele17_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Mu8_Ele8_CaloIdM_TrackIdM_Mass8_PFHT300_v*,

HLT_DiMu9_Ele9_CaloIdL_TrackIdL_v*,

HLT_Mu8_DiEle12_CaloIdL_TrackIdL_v*

SingleMuon HLT_IsoMu20_v*, HLT_IsoTkMu20_v*, HLT_IsoMu22_v*,

HLT_IsoTkMu22_v*, HLT_IsoMu24_v*, HLT_IsoTkMu24_v*,

HLT_Mu45_eta2p1_v*, HLT_Mu50_v*, HLT_TkMu50_v*

SingleElectron HLT_Ele25_WPTight_Gsf_v*, HLT_Ele25_eta2p1_WPLoose_Gsf_v*,

HLT_Ele25_eta2p1_WPTight_Gsf_v*, HLT_Ele27_WPTight_Gsf_v*,

HLT_Ele27_eta2p1_WPLoose_Gsf_v*, HLT_Ele45_WPLoose_Gsf_v*
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analysis [137], the data/MC scale factor values are shown in Table 6.6.

Table 6.5: List of HLT paths considered in the 2016 analysis for event selection.

Object Trigger

one electron HLT_Ele27_WPTight_Gsf_v*,

HLT_Ele25_eta2p1_WPTight_Gsf_v*

one muon HLT_IsoMu24_v*, HLT_IsoTkMu24_v*,

HLT_IsoMu22_eta2p1_v*, HLT_IsoTkMu22_eta2p1_v*,

two electrons HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*

two muons HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_v*,

HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_v*,

HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v*,

HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ_v*,

HLT_Mu23_TrkIsoVVL_Mu8_TrkIsoVVL_v*,

HLT_Mu23_TrkIsoVVL_TkMu8_TrkIsoVVL_v*,

HLT_Mu23_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v*,

HLT_Mu23_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ_v*

one electron, one muon HLT_Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v*,

three electrons HLT_Ele16_Ele12_Ele8_CaloIdL_TrackIdL_v*

two electrons, one muon HLT_Mu8_DiEle12_CaloIdL_TrackIdL_v*

one electron, two muons HLT_DiMu9_Ele9_CaloIdL_TrackIdL_v*

three muons HLT_TripleMu_12_10_5_v*, HLT_TripleMu_5_3_3_v*

6.1.3 Identification of leptons

This analysis uses two or three reconstructed leptons and jets, one of which is b-tagged.

The selections of these objects are mostly based on recommendation by corresponding

physics object group (POG). First, electrons and muons are pre-selected with loose or

lenient criteria. In a second step, the quality of these leptons are evaluated using the

“lepton MVA” developed for the tt̄H multi-lepton analysis [138] to be either fakeable or

tight (capable of satisfying stringent criteria).
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Table 6.6: Trigger e�ciency scale factors and associated uncertainties, shown here rounded to

the nearest percent for the 2016 analysis. They are determined using the ratio of events that pass

any of the required trigger criteria to the total number of events in the pmiss

T
dataset, after applying

the selection of two or three leptons in the final state.

Category Scale Factor

3` 1.00± 0.03

eµ 1.01± 0.01

µµ 1.00± 0.01

Muon selection

The muon objects considered in this analysis are reconstructed if they are within a ge-

ometrical acceptance of |⌘ | < 2.4 and have transverse momenta pT > 5 GeV. The pre-

selected muons must pass the loose muon selection, which considers all PF muons with-

out additional quality criteria. The PFmuons are selected among the reconstructed muon

candidates by requiring matching track components in the muon system and tracker. A

requirement on the distance of the muon track from the leading primary vertex serves

to reject badly reconstructed tracks, or tracks originating from pileup vertices. This is

achieved by requiring the significance of the impact parameter (SIP3D) to be lower than

8, and the distance in the transverse plane (dxy) and along z axis (dz) to be lower than 0.05

and 0.1 cm respectively.

Electron selection

The electron objects used in this analysis are reconstructed if they are within a geomet-

rical acceptance of |⌘ | < 2.5 and have transverse momenta pT > 7 GeV. The pre-selected

electrons are also required to pass the basic quality criteria for reconstructed tracks. Sim-

ilarly to muons, they must pass the following requirements : SIP3D < 8, dxy < 0.05 cm

and dz < 0.1 cm. In addition to this, the electron identification relies on a BDT discrim-

inator which was trained on all electrons, regardless of the trigger. The BDT variable

considers observables based on purely calorimetric or tracker measurements and their
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comparisons.

Lepton isolation

Leptons from W and Z boson decays are typically isolated, i.e., away from other rea-

sonably energetic particles unlike a lepton from b-hadron decay. Thus the sum of pT

of particles in a cone around a prompt lepton in ⌘–� space is expected to be very less

compared to the pT of the lepton candidate, pT (`):

I =
X

i, i,`

pT (i)/pT (`) < 1. (6.2)

In the present analysis, the lepton isolation is quantified by taking into account the po-

tential radiations from the candidate lepton, lying within a cone of decreasing radius

with increasing pT of the lepton, defined as:

R =
10

min(max(pT (`),50),200)
. (6.3)

Here, unit of pT (`) is GeV. Therefore the maximum radius of the isolation cone is 0.2,

whereas the minimum is 0.05. This technique significantly improves the identification

e�ciency for isolated leptons in events having high HT , as it considers local isolation

even in boosted topologies.

The impact of pileup on isolation is mitigated using e↵ective area corrections. If
P

R
pT (h±),

P
R
pT (h0) and

P
R
pT (�) refer to the sum of transverse momenta of charged hadrons, neu-

tral hadrons and photons respectively, within the cone of radius R, then

Imini =
P

R
pT (h±)�max(0,

P
R
pT (h0) +

P
R
pT (�)� ⇢A( R

0.3)
2)

pT (`)
(6.4)

where ⇢ is the pileup energy density of neutral particles, andA is the e↵ective area (whose

values are given in Table 6.7). Both pre-selected electrons andmuons are required to have

Imini value less than 0.4.

Jet related variables

Since themost important source of lepton background in this analysis is themis-identification

of jets, several variables are constructed based on the properties of the jet that lies closest
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Table 6.7: E↵ective areas for electrons and muons used in 2016 analysis. Similar to photon

objects, e↵ective area for leptons is the ratio of slopes obtained by linearly fitting isolation and ⇢

as a function of number of vertices. It varies with the ⌘ range due to increasing pileup activity in

the forward regions.

|⌘ | range A(µ) A(e)

0.0-0.8 0.0735 0.1752

0.8-1.0 0.0619 0.1752

1.0-1.3 0.0619 0.1862

1.3-2.0 0.0465 0.1411

2.0-2.2 0.0433 0.1534

2.2-2.3 0.0577 0.1903

2.3-2.4 0.0577 0.2243

2.4-2.5 0.0577 0.2687

to the candidate lepton. In particular, PF jets reconstructed within �R < 0.5 around the

lepton are considered. The four variables constructed from the jet informations are as

follows.

• p
ratio
T

: the ratio between the pT of the lepton and the pT of the jet

• p
rel
T

: the lepton pT w.r.t. the axis of jet pT subtracting the lepton

p
rel
T

=
[ ~pT (jet)� ~pT (`)]. ~pT (`)
|| ~pT (jet)� ~pT (`)||

• jet CSV : the CSVv2 b-tagging discriminator value of the jet

• the number Ncharged of charged particles within the jet

Lepton MVA discriminator

To reduce the contamination by non-prompt leptons, a multivariate discriminator has

been developed for the purpose of tt̄H multi-lepton analysis, that optimally selects the
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signal leptons while rejecting most of the fake ones. This variable is referred to as the lep-

ton MVA and is based on BDT techniques. Below listed are the input variables considered

for this discriminator:

1. lepton pT

2. lepton ⌘

3. SIP3D

4. dxy

5. dz

6. Charged component of Imini or
P

R
pT (h±) contribution

7. Neutral component of Imini or
P

R
pT (h0) +

P
R
pT (�) contribution

8. jet CSV

9. number of charged tracks in the jet

10. prel
T

11. pratio
T

12. For muons: compatibility of track segments in various muon stations;

For electrons: electron MVA ID discriminator value

For both muons and electrons, the working point of the lepton MVA is chosen at 0.90 for

this analysis with e�ciency greater than 80% (85%) to select prompt electrons (muons)

and greater than 98% fake rejection. Further details in training and performances are

documented in Refs. [152,153].

Additional requirements

In the di-lepton final state additional requirements on the quality of the charge assign-

ment are applied to suppress opposite-sign events in which the charge of one of the lep-

tons is mis-measured. For the electrons, consistency between the di↵erent measurements

of the charge using ECAL supercluster and the tracker hits is required, while for the

muons the track transverse momentum has to be well measured (�pT /pT < 0.2). These

cuts are referred to as “tight charge”. Moreover in order to suppress background elec-

trons from photon conversions as much as possible, electrons with missing hits in the
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innermost layer or associated with a successfully reconstructed conversion vertex are re-

jected [154].

6.1.4 Lepton selection

Three di↵erent sets of selection are defined both for the electron and muon identification:

loose, fakeable object and tightwith increasing stringency to select good quality leptons. As

described in more detail later, these are used for event level vetoes, the fake background

estimation, and the final signal selection respectively. For the fakeable objects the pT is

defined as 0.90⇥pT (jet), where the jet is the one associated with the lepton. This mitigates

the dependence of the fake rate on the momentum of the fakeable object and thereby

improves the precision of the method. Tables 6.8 and 6.9 list the full criteria for the

di↵erent selections of muons and electrons.

Lepton selection e�ciency

E�ciencies of reconstruction and selecting loose leptons are measured both for muons

and electrons using a tag-and-probe method on both data and MC, using DY or Z! `
+
`
�

events. Corresponding scale factors are derived from the ratio of e�ciencies between

data and MC and applied to the selected events in MC, following the tt̄H multi-lepton

analysis. The loose selection e�ciency scale factor is defined in the following way:

⇢(pT ,⌘) =
✏data(pT ,⌘)
✏MC(pT ,⌘)

(6.5)

where ✏(pT ,⌘) is the e�ciency measured for a given lepton in data or MC as a function

pT , ⌘ of the lepton. Leptons with very low or very high pT are not well measured due to

insu�cient hits in the detector, small bending angle, high probability of bremsstrahlung

for electrons etc. The e�ciencies of applying the tight selection criteria on the loose lep-

tons are determined again by using a tag-and-probe method on a sample of DY-enriched

events. The scale factors are used to correct the weight of the simulated events. The full

simulation corrections are the product of all scale factors:

⇢ =
Y

j2leptons

Y

i2e�ciencies

⇢i(pT j ,⌘j ). (6.6)
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Table 6.8: Requirements on each of the three muon selections in 2016 analysis. In the cases

where the cut values change between the selections, those values are listed in the table. Otherwise,

whether the cut is applied is indicated. For the two p
ratio
T

and CSV rows, the cuts marked with a

† are applied to leptons that fail the lepton MVA cut, while the loose cut value is applied to those

that pass.

Cut Loose Fakeable object Tight

|⌘ | < 2.4

pT > 5 GeV > 15 GeV > 15 GeV

|dxy | < 0.05 (cm)

|dz | < 0.1 (cm)

SIP3D < 8

Imini< 0.4

is Loose Muon

p
ratio
T

– > 0.5† / – –

jet CSV – < 0.3† / < 0.8484 < 0.8484

segment compatibility – > 0.3† / – –

is Medium muon – –

tight-charge – –

lepton MVA > 0.90 – –

They are documented for the tt̄H multi-lepton analysis in Ref. [153] and are exactly

equivalent for this analysis.

6.1.5 Taus

Hadronically decaying taus (⌧h) are reconstructed using the hadron-plus-strips (HPS) al-

gorithm [155]. Typically the ⌧h decays to either one or three charged pions or kaons and

up to two neutral pions and tau neutrino. The charged particle tracks along with their

impact parameters and energy deposits in the ECAL are utilized by the HPS algorithm

to construct the “decay mode finding” discriminator, to identify ⌧h candidates in 1- or 3-

prong decay modes with or without additional ⇡0’s. The di↵erent ⌧h decays with their
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Table 6.9: Criteria for each of the three electron selections in 2016 analysis. In cases where the cut

values change between selections, those values are listed in the table. Otherwise, whether the cut

is applied is indicated. In some cases, the cut values change for di↵erent ⌘ ranges as the material

traversed by the electron increases toward high ⌘. These ranges are 0 < |⌘ | < 0.8, 0.8 < |⌘ | < 1.479,

and 1.479 < |⌘ | < 2.5 and the respective cut values are given in the form (value1, value2, value3).

Cuts marked with a † are applied to leptons failing the lepton MVA cut, while the loose cut value

is applied to those that pass.

Cut Loose Fakeable Object Tight

|⌘ | < 2.5

pT > 7 GeV > 15 GeV > 15 GeV

|dxy | < 0.05 (cm)

|dz | < 0.1 (cm)

SIP3D < 8

Imini< 0.4

MVA(HZZ) ID – > (0.0,0.0,0.7)† / – –

�i⌘i⌘ < (0.011,0.011,0.030) –

H/E < (0.10,0.10,0.07) –

�⌘in < (0.01,0.01,0.008) –

��in < (0.04,0.04,0.07) –

�0.05 < 1/E � 1/p < (0.010,0.010,0.005) –

p
ratio
T

– > 0.5† / – –

jet CSV – < 0.3† / < 0.8484 < 0.8484

tight-charge – –

conversion rejection – –

Number of missing hits < 2 == 0 == 0

lepton MVA > 0.90 – –

approximate BR are given in Table 6.10.

In addition, they have to fulfil pT > 20 GeV, |⌘ | < 2.3 and loose working point of tau

discriminator which has an e�ciency of ⇠ 60% to identify the ⌧h [156]. The track quality

criteria required of the selected taus are: |dxy | < 1 mm and |dz | < 0.2 cm. The hadronically
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Table 6.10: Approximate branching fractions of 1- and 3- prong hadronic decay of ⌧ [25].

Decay mode BR (%)

⌧
�
! h

�
⌫⌧ 11.5

⌧
�
! h

�
⇡
0
⌫⌧ 26.0

⌧
�
! h

�
⇡
0
⇡
0
⌫⌧ 9.5

⌧
�
! h

�
h
+
h
�
⌫⌧ 9.8

⌧
�
! h

�
h
+
h
�
⇡
0
⌫⌧ 4.8

Other 3.2

reconstructed taus must be away from any muons/electrons passing the loose selection

by �R > 0.4.

6.1.6 Jets and b-tagging

The analysis uses anti-kT (0.4) and PF jets (see Chapter 3), corrected for charged hadrons

not coming from the primary vertex (charged hadron subtraction), and having JECs ap-

plied as a function of the jet ET and ⌘. Jets are only considered if they have a transverse

momentum more than 25 GeV within |⌘ | < 2.4 and 40 GeV within 2.4 < |⌘ | < 4.7. The

selection of pT threshold in the forward region is driven by better data/MC agreement,

discussed in Appendix B. They pass the loose identification criteria, shown in Table 6.11,

which has greater than 98% e�ciency to select jets and ⇠ 99.8% noise rejection. Jets

within |⌘ | < 2.4 are also required to have non-zero charged hadron energy fraction and

charged multiplicity, and charged EM fraction less than 0.99. In addition, the selected

Table 6.11: PF jet identification criteria used in 2016 analysis [117].

variable |⌘ | < 2.7 2.7 < |⌘ | < 3.0 |⌘ | > 3.0

Neutral hadron energy fraction < 0.99 < 0.98 –

Neutral EM energy Fraction < 0.99 > 0.01 < 0.90

Number of Constituents > 1 – –

Number of neutral particles – > 2 > 10
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jets must be separated from any fakeable lepton and hadronic tau candidates by �R >

0.4. The loose and medium working points of the CSVv2 b-tagging algorithm, defined by

discriminator threshold values 0.5426 and 0.8484 respectively, are used to identify b-jets

within |⌘ | < 2.4.

Data/simulation di↵erences in the b-tagging performance are corrected by applying per-

jet weights to the simulation, dependent on the jet pT , ⌘, b-tagging discriminator and jet

flavor [157]. The per-event weight is taken as the product of the per-jet weights, including

those of the jets associated to the leptons. A set of b-tagging e�ciency scale factors, SF,

are provided to CMS analyses for b- and light-flavor jets, where:

SF(CSV,pT,⌘) =
DATA�MCA

MCB
(6.7)

where A/B is light-/heavy-flavor for heavy-flavor SF or A/B heavy-/light-flavor for light-

flavor SF. In this analysis the shape of b-tagging discriminator distribution is corrected

using per-event weight calculated as:

SF(event) =
NjetsY

i

SFjet. (6.8)

6.1.7 Event selection

Common selection criteria for the 3` and 2`ss final states are:

• Invariant mass of any loose lepton pair (m``) > 12 GeV

• One or more jets passing CSVv2 medium working point

• At least one jet failing CSVv2 loose working point to select the light quark jet

Three leptons (3`)

All threeW bosons from top quark and Higgs decay leptonically and flavor combinations

µµµ, µµe, µee and eee are considered:

• Exactly three tight leptons, the sum of the charges is ±1

• Lepton pT thresholds of 25/15/15 GeV respectively for the leading and sub-leading

leptons
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• No opposite sign same flavor lepton pair with invariant mass within 15 GeV of the

Z boson mass: |m`` � 91.2| > 15 GeV

Two leptons same-sign (2`ss)

Such a final state arises when H ! WW
⇤ and the W bosons from top and Higgs boson

having the same charge decay leptonically while the oppositely chargedW from theHiggs

decays hadronically. Depending on the combinations of lepton flavor, the same-sign final

state is sub-divided into two channels, µ±µ± and e
±
µ
±, both requiring:

• Exactly two tight leptons of same-sign

• Lepton pT thresholds of 25 and 15 GeV respectively for the leading and sub-leading

leptons

• Selected tight leptons must be tight charge consistent

The same-sign di-electron channel su↵ers from larger charge mis-identification back-

ground and does not add sensitivity and is therefore not included in the analysis.

Applying the selections and performing the background estimations described earlier,

the yields shown in Table 6.12 are obtained. As can be seen, the selected sample in

each case is very much dominated by the backgrounds due to fakes and charge mis-

identifications contributing to about 50% or more of the overall numbers. The second

most important background is from tt̄W followed by tt̄Z . The signal yield is split into

tHq, tHW and tt̄H . For the first two processes, expected yields from ITC scenario also

has been mentioned for comparison. To extract a possible signal in the selected sample,

MVA is used.

6.1.8 Signal discrimination

Two BDT classifiers are trained on simulated tHq sample against two major background

processes expected: events with prompt leptons from tt̄W and tt̄Z (also referred to as

tt̄V ), and events with non-prompt leptons from inclusive tt̄. Di↵erent training samples

used are weighted proportionally to their respective cross sections. The trained algorithm
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Table 6.12: Data yields and expected backgrounds after the event pre-selection for the three final

states corresponding to an integrated luminosity 35.9 fb�1, rounded o↵ to nearest integral value.

Process 3` e
±
µ
±

µ
±
µ
±

tt̄W 23 97 68

tt̄Z 32 65 26

WZ , ZZ 10 29 16

Rares 8 35 20

Conversion 7 24 –

Non-prompt 26 135 81

Charge flips – 58 –

Total background 106 443 211

tt̄H 18 35 24

tHq (SM) 1 2 1

tHW (SM) 1 1 1

Total (SM) 126 481 237

tHq (ITC) 8 27 18

tHW (ITC) 7 11 8

Total (ITC) 139 516 261

Data (35.9 fb�1) 127 525 280

is then used to classify events from the di↵erent MC samples and data. The discriminat-

ing variables can be put into three categories as follows.

• Forward activity: This analysis is optimized for the tHq signal process which has a

forward light quark jet. None of the main backgrounds have any forward activity,

which makes the forward jet kinematics a good discriminating variable.

• Jet and b-jet multiplicity: Both tHq and tHW processes contain one b-jet from the

top quark decay, whereas tt̄V processes generally contain at least two hard b-jets. In

case of the fake lepton background, since one of the b-jets most often produces the
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fake lepton, it is no longer reconstructed as a b-jet, hence inclusive tt̄ events most

often contain only one b-tagged jet. However, the total number of jets in the event

may be larger. Thus counting the number of jets, tagged or un-tagged, provides

discrimination power. It is to be noted that in case of tHq which has a b quark in

the initial state, a second b-jet may be reconstructed from the gluon-splitting in 4FS.

However, most of the time it may not be tagged as it is in the forward region and

b-tagging is relevant within |⌘ | < 2.4.

• Lepton kinematics and lepton charge: The two leptons in the signal process are

expected to be more back-to-back than those in the main backgrounds, which are

essentially evenly distributed. The pT of the trailing lepton will generally be harder

in the signal processes, since it originates from an on-shell W boson, compared to

fake leptons produced by the decay of a b-hadron. Finally, the signal process tHq

shows a strong asymmetry in lepton charge due to the prevalent positive charges in

the incoming protons. The same is true for tt̄V processes and WZ , but inclusive tt̄

is a neutral state and will therefore produce leptons of each charge with equal prob-

ability. This may help discriminate against the fake background from the signal.

In Table 6.13 the input variables to the training are listed. Detailed discussion of the BDT

trainings are documented in Appendix A. Figures 6.1, 6.2 and 6.3 show the distributions

of the BDT discriminators “kinMVA” for the di↵erent trainings, left (right) plots show-

ing tHq against tt̄ (tt̄V ), in the channels 3`, e±µ± and µ
±
µ
± respectively. The data/MC

disagreement observed is attributed to statistical fluctuation of data.

6.1.9 Signal extraction

The two kinMVA distributions are used to evaluate the limits on the signal strength in

a fit to the classifier shape. Figures 6.4 and 6.5 show the expected output distributions

in a 2-dimensional plane of one training vs. the other for the 3` and 2`ss channels re-

spectively. The e±µ± and µ
±
µ
± channels are combined since the separation between signal

and background are similar (see Fig.s 6.3 and 6.2). Note, main backgrounds to 3` events

are tt̄V processes, whereas in 2`ss inclusive tt̄ process dominates. Each event is then



Chapter 6. tH multi-lepton at
p
s = 13 TeV 129

)tkinMVA (tHq vs t

Ev
en

ts

0

5

10

15

20

25

30

35
Data

=-1.0)tκtHq (
=-1.0)tκtHW (

Htt
Wtt
Ztt

WZ
tZq
Convs
Fakes
total bkg. unc.

 (13 TeV)-135.9 fbCMS Preliminary

)tkinMVA (tHq vs t
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a/
pr

ed
.

0.0
0.5
1.0
1.5
2.0

stat. bkg. unc. total bkg. unc.

V)tkinMVA (tHq vs t

Ev
en

ts

0

5

10

15

20

25

30

35

40

45 Data
=-1.0)tκtHq (
=-1.0)tκtHW (

Htt
Wtt
Ztt

WZ
tZq
Convs
Fakes
total bkg. unc.

 (13 TeV)-135.9 fbCMS Preliminary

V)tkinMVA (tHq vs t
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

D
at

a/
pr

ed
.

0.0
0.5
1.0
1.5
2.0

stat. bkg. unc. total bkg. unc.

Figure 6.1: BDT output distributions in 2016 analysis for 3` channel. The discriminator for

tHq vs. tt̄ (tt̄V ) is shown on the left (right). In both cases tHq events appear more towards the

discriminator value 1.
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Figure 6.2: BDT output distributions in 2016 analysis for e±µ± channel. The discriminator for

tHq vs. tt̄ (tt̄V ) is shown on the left (right). In both cases tHq events appear more towards the

discriminator value 1.
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Table 6.13: List of input variables used for the MVA training.

Variable type Description

Lepton kinematics

pT of the trailing lepton

Sum of lepton charges

Minimum �R between any two fakeable leptons

�� between highest pT lepton pair

Jet multiplicity
Number of jets with pT > 25 GeV and |⌘ | < 2.4

Number of jets with |⌘ | > 1.0, non CSVv2 loose

Forward jet activity

Maximum |⌘ | of any non CSVv2 loose jet with pT > 25 GeV

�⌘ between forward light jet and hardest CSVv2 loose jet

�⌘ between forward light jet and second hardest CSVv2 loose jet

(defaults to -1 in events with only one CSVv2 loose jet)

�⌘ between forward light jet and closest lepton
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Figure 6.3: BDT output distributions in 2016 analysis for µ±µ± channel. The discrimina-

tor for tHq vs. tt̄ (tt̄V ) is shown on the left (right). In both cases tHq events appear more

towards the discriminator value 1.
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classified using bin boundaries into one of several 2-dimensional bins according to its

position in the plane. The number of bins is chosen such that no bins are entirely empty

for any process. The bin boundary positions have been studied to optimize the e↵ect

on the expected limit on signal strength. Several sizes and binning combinations were

tested and optimized with respect to the expected limit. A set of ten bins for each chan-

nel provided the best expected limits, shown in Fig. 6.6. From this event categorization,

a 1-dimensional histogram (BDT bin) of expected distribution is produced for each sig-

nal and background processes, and fitted to the observed data (or the Asimov dataset for

expected limits).
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Figure 6.4: BDT classifier output planes (training vs tt̄ on x-axis and vs tt̄V on y-axis) for the

tHq and tHW signals (top row, left and right respectively), and for the combined backgrounds

(bottom left) for the 2016 analysis in 3` channel. Bottom right shows the S/B ratio (combining

tHq and tHW ) in the same plane.
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Figure 6.5: BDT classifier output planes (training vs tt̄ on x-axis and vs tt̄V on y-axis) for the

tHq and tHW signals (top row, left and right respectively), and for the combined backgrounds

(bottom left) for the 2016 analysis in 2`ss channel. Bottom right shows the S/B ratio (combining

tHq and tHW ) in the same plane.
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Figure 6.6: Binning overlaid on the S/B ratio map on the plane of classifier outputs for 2`ss

channel (left) and 3` channel (right) in 2016 analysis. The bold numbers along the axis refer to

the bin boundaries.
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6.1.10 Systematic uncertainties

Since all processes are statistical in nature, there is inherent uncertainty in determining

the yields from data and simulation. Further, imperfect knowledge of the theory (such

as cross sections) and experiment (such as measured luminosity) add to the error in mea-

surement. Various sources of systematic uncertainties are thus considered, in order to

account for the above e↵ects in data and MC. Both the event yields and the shape of the

BDT bin distribution used in the fit between data andMC can be impacted due to changes

in either one of the quantities � , L, ✏ or A of Eq.(6.1). A brief description of all systematic

uncertainties considered in this analysis are as follows.

Experimental uncertainties

• Luminosity: The uncertainty associated with integrated luminosity measured in

CMS experiment is ±2.5% [158]. It appears as a normalization-only uncertainty

is applied to the total predicted yields.

• Pileup: Event weights are corrected with scale factors that account for the di↵er-

ences in the pileup distributions between data and MC samples (before any event

selection is applied). To estimate the corresponding uncertainty, the p-p inelastic

cross section (69.2 mb) is varied by ±5% and the weights are re-derived. The impact

on the result was found to be negligible by the tt̄H analysis [137], and this source

of uncertainty was thus not considered.

• Trigger e�ciency: Per-event scale factors are applied depending on the final state.

The uncertainties are 1-3% as given in Table 6.6.

• Lepton identification e�ciency: The uncertainties attached to the probability for

electrons (muons) to pass the loose and tight selection criteria (Tables 6.8 and 6.9)

are determined to be 2% and 3% respectively for electrons and muons.

• b-tagging e�ciency: Uncertainties related to the b-tagging e�ciency and mis-tag

rate are provided [157] as a function of the jet pT and ⌘. To account for the di↵erent
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individual sources of uncertainty, separate shapes are obtained by varying the b-

tagging scale factor by the corresponding uncertainty.

• Jet energy scale: Uncertainties related to the jet energy scale are provided [117] as

a function of the jet pT and ⌘. To account for this source of uncertainty, events

are re-analyzed after the four-momenta of the jets have been varied within these

uncertainties, as well as the b-tagging e�ciency scale factor.

• Forward jet: The forward jet ⌘ distribution is poorly modelled in simulation. To

estimate the e↵ect of a mis-modelled forward jet distribution, the events in simula-

tion are rewighted based on the normalized data/MC ratio in a tt̄ control region to

thereby derive an alternative shape of the BDT output distributions that reflects a

hypothetical perfect data/MC agreement, see Appendix B.

Theory uncertainties

• PDF, ↵s (cross section normalization): Normalization-only uncertainties are applied

to the predicted yields of the tt̄H , tt̄W , tt̄Z , tHq and tHW processes, to account for

the uncertainties due to the choice of PDF, ↵s and missing higher orders on the NLO

theory calculations [159], provided along with the generated events.

• Interaction energy scale (shape and acceptance): Uncertainties on the interaction

energy scale a↵ect the shape and acceptance of the distributions used for signal

extraction. Part of this e↵ect is assessed by varying the renormalization scale (µR)

and factorization scale (µF) between 1/2 and 2 (with the constraint 1/2 < µR/µF <

2), and fitting linearly the di↵erence between the nominal shape (used for signal

extraction) and the varied shapes, following the tt̄H multi-lepton analysis [137].

Background estimation

• Electroweak background: The normalization uncertainty for the WZ background

in the 2`ss channel is conservatively taken to be 50% due to the presence of larger

number of jets. In the 3` channel, the corresponding statistical uncertainty is taken

to be 10%, the background uncertainty 20% and the theoretical uncertainty 7%.
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• Rare SM backgrounds: Smaller backgrounds which have not yet been observed at

the LHC are considered with a 50% normalization uncertainty.

• Conversion background: The contribution of photon conversions estimated from

MC is considered to have 30% normalization uncertainty.

• Charge-flips: The mis-identified electron charge background is considered with a

30% normalization uncertainty from the measurement of the charge-flip probabil-

ity.

• Non-prompt backgrounds: The main sources of uncertainty for these backgrounds

arise from statistical fluctuations, the subtraction of the prompt MC contribution,

and the di↵erence in composition between the enriched side-band and the appli-

cation region. The combined uncertainty is taken into account using alternative

shapes obtained using a variable fake rate. In addition, a closure test is also per-

formed to ensure consistency of the fake rates between data and MC. The BDT dis-

criminator distributions due to fakes in the signal regions are evaluated in two ways

using simulated tt̄ events in two steps: first is by requiring to pass the tight lepton

criteria and in second step passing the fakeable criteria and extrapolated using fake

rate measured in QCD multi-jet events. The ratio is fitted to a constant and the

resulting value is used as normalization uncertainty for the closure.

Of these sources of systematic uncertainties, the ones with largest impact on the final

result are found to be those related to the normalization of the non-prompt backgrounds,

the scale variations for the tt̄V and tt̄H processes, and the lepton selection e�ciencies.

6.1.11 Results

The 1-dimensional BDT bin distribution is fitted using the Higgs combine tool [147], con-

sidering all systematic uncertainties described above. Since the leptons in the final state

can also arise from H ! ⌧⌧ which involves the coupling y⌧ , it is assumed that the cou-

pling modifier ⌧ scales the same way as t . The maximum likelihood fit (see Chapter 5)

adjusts the background estimations within given uncertainties for the expected model
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(SM or ITC). The best-fit tH+tt̄H combined signal strength observed for the standard

model hypothesis is 1.8 ± 0.3(stat.) ± 0.6(syst.) corresponding to an observed signifi-

cance of 2.7� (1.5� expected) over a background only (no Higgs) hypothesis. For the ITC

scenario (t = -V = -1), the best-fit signal strength is 0.7 ± 0.4with observed significance

of 1.7 � (2.5 � expected). Figures 6.7, 6.8 and 6.9 show the pre-fit (without normaliza-

tion adjusted) and post-fit (with normalization adjusted) distributions of the BDT bins in

channels 3`, e±µ± and µ
±
µ
± respectively. The plots can be compared to note the adjusted

total uncertainty values and background normalization.
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Figure 6.7: Pre-fit (left) and post-fit (right) BDT bin distributions in 2016 analysis for 3` final

state where data is plotted along with simulation. The post-fit figure shows the shape of tH signal

with 10 times the SM expectation.

The upper limits on � ⇥BR for tH+tt̄H processes in the H!WW
⇤
/ZZ

⇤
/⌧⌧ decay modes

are obtained as a function of t/V along with the expectation, shown in Fig. 6.10. The

observed upper limit is compared to the theoretical prediction of tH+tt̄H cross sections

times branching fraction for V = 1.0 to constrain the allowed ranges of t . The values of

t outside the range (-1.25, 1.6) are excluded with 95% CL.
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Figure 6.8: Pre-fit (left) and post-fit (right) BDT bin distributions in 2016 analysis for 2`ss e±µ±

final state where data is plotted along with simulation. The post-fit figure shows the shape of tH

signal with 10 times the SM expectation.
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Figure 6.9: Pre-fit (left) and post-fit (right) BDT bin distributions in 2016 analysis for 2`ss µ±µ±

final state where data is plotted along with simulation. The post-fit figure shows the shape of tH

signal with 10 times the SM expectation.
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Figure 6.10: Observed and expected upper limits on � ⇥BR as a function of t/V in 2016 data.

Top plot shows the limits in a background only (no Higgs) hypothesis, whereas the bottom plot

shows the limits for signal+background hypothesis. The excess observed in the top figure is due

to the presence of tt̄H events, which the background only hypothesis assumes as zero. The shape

of observed curve denotes a maxima near t/V= 1.0 which is multiplied by the � ⇥BR prediction

having minima near t/V = 0.0 resulting in the curved shape. The bottom figure is used to derive

the constraints on the t values for V = 1.0 by comparing the observed limit with the theoretical

prediction.
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The limits on a tH only signal as a function of t are obtained under resolved Higgs

couplings hypothesis, where interference between t and V is accounted for in H ! ��

decay and gg !H production. The tt̄H process is included in the background assuming

its cross section varies with t with µtt̄H fixed at 1.0. The observed (expected) upper limit

on tH only signal strength µtH at 95% CL is 1.02 (0.92) for the ITC scenario and 17.72

(15.31) for the SM. Figure 6.11 shows the observed and expected upper limits on tH only

cross section times branching fraction for di↵erent t scenarios, assuming V=1.0.
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Figure 6.11: Upper limits on cross section times branching ratio of tH ,H!WW
⇤
/ZZ

⇤
/⌧⌧ signal

as a function of t considering background only hypothesis includes tt̄H production with a fixed

signal strength µtt̄H = 1.0. The upper limits on µtH has a maxima near t=1.0.

The observed limits are much closer to the expected values in this interpretation of the

tH signal as compared to Fig. 6.10. In the earlier interpretation tt̄H is included in the

signal hypothesis, whereas in Fig. 6.11 it is treated as background. The observation in

Fig. 6.10 is supported by excess of events seen in the dedicated tt̄H analysis [137].
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6.2 Analysis using 2017 data

6.2.1 Data and simulated samples

The 2017 analysis for tHq multi-lepton final state corresponds to an integrated luminos-

ity of 41.5 fb�1. The 17Nov2017 re-reco versions of the following datasets (runs B to F)

are analyzed:

• DoubleMuon, SingleMuon, MuonEG, SingleElectron, DoubleEG.

The JSON file used to select the data events is:

• Cert_294927-306462_13TeV_EOY2017ReReco_Collisions17_JSON.txt.

MC samples used in this analysis are generated using the CP5 tune [114] for underlying

events. The signal samples tHq, tHW and tt̄H were generated with LHE reweighting

based on t , V and including di↵erent ↵ values in 2017, listed in Table 6.14. The gen-

erator used is MG5 aMC@NLO (version 5.242) in LO mode, samples have been scaled to

the NLO cross sections shown in Table 6.14.

Table 6.14: Production cross sections (inclusive) for the LO tH and tt̄H samples in the ITC

scenario used in 2017 analysis. The NLO cross sections as used in the analysis are mentioned.

See Ref. [151] for more details.

Sample � [pb]

THQ_ctcvcp_4f_Hincl_13TeV_madgraph_pythia8 0.7927

THW_ctcvcp_5f_Hincl_13TeV_madgraph_pythia8 0.1472

TTH_4f_ctcvcp_TuneCP5_13TeV_madgraph_pythia8 0.5072

The background MC samples used for training against the signal are listed in Table 6.15.

Similar to 2016 analysis, di↵erent generators have been used to obtain the prompt lepton

background samples, listed in Table 6.16. Since W� and Z� MC samples were unavail-

able in 2017, the conversion backgrounds have been estimated usingW+jets and DY+jets

samples. The tZq process has been observed by CMS experiment in 2017 [160], thus this
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Table 6.15: LO tt̄W and tt̄Z samples and NLO tt̄ samples used in the signal BDT training in 2017

analysis, mentioned together with the NLO cross sections.

Sample � ⇥BR [pb]

ttWJets_TuneCP5_13TeV_madgraphMLM_pythia8 0.6105

ttZJets_TuneCP5_13TeV_madgraphMLM_pythia8 0.7655

TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 87.3148

TTTo2L2Nu_TuneCP5_PSweights_13TeV-powheg-pythia8 87.3148

TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 364.35

TTToSemiLeptonic_TuneCP5_PSweights_13TeV-powheg-pythia8 364.35

TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 831.76

TTJets_DiLept_TuneCP5_13TeV-madgraphMLM-pythia8 87.3148

TTJets_SingleLeptFromT_TuneCP5_13TeV-madgraphMLM-pythia8 182.1754

TTJets_SingleLeptFromTbar_TuneCP5_13TeV-madgraphMLM-pythia8 182.1754

background is considered separately from rare SM processes in this analysis. Also, as the

MC sample for the SM process tt̄WW was made available, the same has been added to

the backgrounds. Data driven estimate follows the tt̄H multi-lepton analysis [138], as in

2016.

The data andMC samples are both reconstructed using CMSSW version 9_4_6_patch1, and

analyzed with the same.

6.2.2 Triggers

As the trigger menus evolve over the years, di↵erent HLT paths are available as com-

pared to 2016. The overlap removing triggers between the primary datasets are listed in

Table 6.17.

Table 6.18 shows the lowest-threshold, un-prescaled triggers present in HLT menus for

both MC and data in 2017 used in this analysis. The e�ciency of events to pass the

trigger is measured in MC and in the data for the tt̄H multi-lepton [138], which have

been implemented in this analysis as well. Small di↵erences between the data and MC

e�ciencies are corrected by applying scale factors as shown in Table 6.19, as a function

of the lepton flavor and pT .
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Table 6.16: List of background MC samples used to extract the final yields and distributions,

together with NLO and NNLO cross sections, as applicable.

Process Sample � ⇥BR (pb)

tt̄W TTWJetsToLNu_TuneCP5_PSweights_13TeV-amcatnloFXFX-madspin-pythia8 0.2043

tt̄Z TTZToLLNuNu_M-10_TuneCP5_13TeV-amcatnlo-pythia8 0.2529

TTZToLL_M-1to10_TuneCP5_13TeV-amcatnlo-pythia8 0.05324

tt̄WW TTWW_TuneCP5_13TeV-madgraph-pythia8 0.011500

EWK WZTo3LNu_TuneCP5_13TeV-amcatnloFXFX-pythia8 5.063

(WZ/ZZ) ZZTo4L_13TeV_powheg_pythia8 1.256

Conversion TTGJets_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8 4.09

TGJets_leptonDecays_TuneCP5_PSweights_13TeV-amcatnlo-pythia8 1.018

W1JetsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8 9503.91

W2JetsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8 3258.45

W3JetsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8 1162.278

W4JetsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8 634.608

DY1JetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8 878

DY2JetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8 307

DY3JetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8 112

DY4JetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8 44.2

DYJetsToLL_M-4to50_HT-100to200_TuneCP5_13TeV-madgraphMLM-pythia8 202.8

DYJetsToLL_M-4to50_HT-200to400_TuneCP5_13TeV-madgraphMLM-pythia8 53.7

DYJetsToLL_M-4to50_HT-400to600_TuneCP5_13TeV-madgraphMLM-pythia8 5.66

DYJetsToLL_M-4to50_HT-600toInf_TuneCP5_13TeV-madgraphMLM-pythia8 1.852

tZq tZq_ll_4f_ckm_NLO_TuneCP5_PSweights_13TeV-amcatnlo-pythia8 0.0942

Rares GluGluHToZZTo4L_M125_13TeV_powheg2_JHUGenV7011_pythia8 0.01212

VHToNonbb_M125_13TeV_amcatnloFXFX_madspin_pythia8_Fall17 0.9561

TTTT_TuneCP5_13TeV-amcatnlo-pythia8 0.009103

TTTW_TuneCP5_13TeV-madgraph-pythia8 0.0007273

TTWH_TuneCP5_13TeV-madgraph-pythia8 0.00114

ST_tWll_5f_LO_TuneCP5_PSweights_13TeV_madgraph_pythia8_Fall17 0.01123

WW_DoubleScattering_13TeV-pythia8_TuneCP5 0.1729

WpWpJJ_EWK_QCD_TuneCP5_13TeV_madgraph_pythia8_Fall17 0.03711

WWW_4F_TuneCP5_13TeV-amcatnlo-pythia8 0.2086

WWZ_4F_TuneCP5_13TeV-amcatnlo-pythia8 0.1651

WZZ_TuneCP5_13TeV-amcatnlo-pythia8 0.05565

ZZZ_TuneCP5_13TeV-amcatnlo-pythia8 0.01398

WZG_TuneCP5_13TeV-amcatnlo-pythia8 0.04345
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Table 6.17: Table of high-level triggers used in 2017 analysis for the overlap removal between

datasets.

Dataset Trigger

DoubleMuon HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v*,

HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8_v*,

HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass8_v*,

HLT_Mu19_TrkIsoVVL_Mu9_TrkIsoVVL_DZ_Mass3p8_v*,

HLT_Mu19_TrkIsoVVL_Mu9_TrkIsoVVL_DZ_Mass8_v*,

HLT_TripleMu_10_5_5_DZ_v*, HLT_TripleMu_12_10_5_v*,

HLT_TripleMu_5_3_3_Mass3p8to60_DCA_v*,

HLT_TripleMu_5_3_3_Mass3p8to60_DZ_v*

DoubleEG HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Ele16_Ele12_Ele8_CaloIdL_TrackIdL_v*

MuonEG HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v*,

HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v*,

HLT_DiMu9_Ele9_CaloIdL_TrackIdL_DZ_v*,

HLT_Mu8_DiEle12_CaloIdL_TrackIdL_v*,

HLT_Mu8_DiEle12_CaloIdL_TrackIdL_DZ_v*

SingleMuon HLT_IsoMu24_v*, HLT_IsoMu24_eta2p1_v*, HLT_IsoMu27_v*

SingleElectron HLT_Ele32_WPTight_Gsf_v*, HLT_Ele35_WPTight_Gsf_v*

6.2.3 Identification of leptons

The baseline object identification for the 2017 analysis remains same as in 2016 for lep-

tons, as well as the isolation definition. The e↵ective areas for lepton isolation have been

updated, shown in Table 6.20.

More importantly, the lepton MVA discriminator has been retuned for 2017 data [138]

and following are the changes to the variables of the associated jet.

• jet CSV : the DeepCSV b-tagging discriminator value of the jet

• p
ratio
T

: the ratio between the pT of the lepton and the pT of the jet if jet CSV is
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Table 6.18: List of HLT paths considered in the 2017 analysis for event selection.

Object Trigger

one electron HLT_Ele32_WPTight_Gsf_v*

HLT_Ele35_WPTight_Gsf_v*

one muon HLT_IsoMu24_v*

HLT_IsoMu27_v*

two electrons HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*

HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_v*

two muons HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v*

HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8_v*

one electron, one muon HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v*

HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*

HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v*

three electrons HLT_Ele16_Ele12_Ele8_CaloIdL_TrackIdL_v*

two electrons, one muon HLT_Mu8_DiEle12_CaloIdL_TrackIdL_v*

one electron, two muons HLT_DiMu9_Ele9_CaloIdL_TrackIdL_DZ_v*

three muons HLT_TripleMu_12_10_5_v*

Table 6.19: Trigger e�ciency scale factors and associated uncertainties applied to the simulated

events in 2017 analysis.

Channel Leading lepton pT Scale factor

3` – 1.000± 0.050

eµ < 35 GeV 0.952± 0.008

� 35 GeV and < 50 GeV 0.983± 0.003

� 50 GeV 1.000± 0.001

µµ < 35 GeV 0.972± 0.006

� 35 GeV 0.994± 0.001

non-zero. Otherwise

p
ratio
T

= 1/(1 + Irel)

where Irel is the relative isolation of the lepton within a cone of radius 0.4
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Table 6.20: E↵ective areas for electrons and muons used in 2017 analysis.

|⌘ | range A(µ) A(e)

0.0-0.8 0.0566 0.1566

0.8-1.0 0.0562 0.1566

1.0-1.3 0.0562 0.1626

1.3-1.479 0.0363 0.1626

1.479-2.0 0.0363 0.1073

2.0-2.2 0.0119 0.0854

2.2-2.3 0.0064 0.1051

2.3-2.4 0.0064 0.1204

2.4-2.5 0.0064 0.1524

The working point of the lepton MVA for tight selection of leptons remains same at 0.90

with similar e�ciency as in 2016.

6.2.4 Lepton selection

Three definitions of lepton selection are chosen similar to 2016 analysis: Tables 6.21

and 6.22 list the full criteria for 2017. The lepton selection e�ciencies are obtained in a

manner similar to 2016 analysis.

6.2.5 Taus

In 2017 analysis, ⌧h candidates are required to have pT > 20 GeV, |⌘ | < 2.3, and a very loose

working point of the tau discriminator with updated training [161]. The track quality

criteria required for selected taus are: |dxy | < 1 mm and |dz | < 0.2 cm. The reconstructed

hadronic taus must be separated from any muon or electron passing the loose selection

by �R > 0.4, a condition similar to 2016 analysis.
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Table 6.21: Criteria for each of the three muons selection in 2017 analysis. Cuts marked with a

† are applied to leptons failing the lepton MVA cut, while the loose cut value is applied to those

that pass.

Cut Loose Fakeable object Tight

|⌘ | < 2.4

pT > 5 GeV > 10 GeV > 10 GeV

|dxy | < 0.05 (cm)

|dz | < 0.1 (cm)

SIP3D < 8

Relative Imini< 0.4

Loose PF muon

p
ratio
T

– > 0.6† / – –

Jet CSV – < 0.07† / < 0.4941 < 0.4941

Segment compatibility – > 0.3† / – –

Medium PF muon – –

Lepton MVA > 0.90 – –

6.2.6 Jets and b-tagging

Due to the ECAL noise issue present in 2017 data, all jets are considered to have passed

the tight identification criteria for 2017 analysis, shown in Table 6.23, which has greater

than 99.5% e�ciency to select jets and greater than 98% noise rejection. Jets within |⌘ | <

2.4 are also required to have non-zero charged hadron energy fraction and charged mul-

tiplicity.

In addition, the selected jets must be separated from any fakeable lepton and hadronic tau

candidates by �R > 0.4. The loose andmediumworking points of the DeepCSV b-tagging

algorithm, defined by discriminator threshold values 0.1522 and 0.4941 respectively, are

used to identify b-jets within |⌘ | < 2.4.

To mitigate the noise issues in the ECAL endcap and related to L1 trigger pre-firing in

2017 data, a higher pT requirement of 60 GeV is placed on jets falling within 2.7 < |⌘ | <

3.0, detailed discussion in Appendix B. Additionally, corrections are applied to simulated
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Table 6.22: Selection criteria applied to each of the three electrons in 2017 analysis. Cut values

between ranges 0 < |⌘ | < 0.8, 0.8 < |⌘ | < 1.479, and 1.479 < |⌘ | < 2.5 are given in the form [value1,

value2, value3]. Cuts marked with a † are applied to leptons failing the lepton MVA cut, while the

loose cut value is applied to those that pass.

Cut Loose Fakeable Object Tight

|⌘ | < 2.5

pT > 7 GeV > 10 GeV > 10 GeV

|dxy | < 0.05 (cm)

|dz | < 0.1 (cm)

SIP3D < 8

Relative Imini < 0.4

MVA ID > (�0.86,�0.81,�0.72) 1 2 2

�i⌘i⌘ < (0.011,0.011,0.030) –

H/E < 0.10 –

�0.04 < 1/E-1/p –

Conversion rejection –

p
ratio
T

– > 0.6† / – –

Jet CSV – < 0.07† / < 0.4941 < 0.4941

Number of missing hits < 2 == 0 == 0

Lepton MVA > 0.90 – –
1 : > (�0.13,�0.32,�0.08) if pT < 10 GeV

2 : > 0.50 if electron MVA ID > 0.90

Table 6.23: PF jet identification criteria used in 2017 analysis [117].

Variable |⌘ | < 2.7 2.7 < |⌘ | < 3.0 |⌘ | > 3.0

Neutral hadron energy fraction < 0.90 – > 0.02

Neutral EM energy Fraction < 0.90 > 0.02 and < 0.99 < 0.90

Number of Constituents > 1 – –

Number of neutral particles – > 2 > 10
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events to account for ine�ciencies in the reconstruction of jets in the forward regions of

the ECAL, caused by the L1 trigger pre-firing issue [162,163].

6.2.7 Event selection

Common selection criteria for the 3` and 2`ss final states remain same as in 2016 analysis,

only change being the b-tagging discriminator:

• Invariant mass of any loose lepton pair > 12 GeV

• One or more jets passing DeepCSV medium working point

• At least one jet failing DeepCSV loose working point

The events selection are the same as those in 2016 analysis, except in 3` channel the

third lepton pT threshold is relaxed to 10 GeV as it is observed to improve the e�ciency.

Applying the selections and performing the background estimations described earlier,

the yields shown in Table 6.24 are obtained. As the amount of luminosities are compa-

rable between 2016 and 2017, similar number of events are obtained within statistical

fluctuations. Again, non-prompt and charge mis-identification are the most important

backgrounds, followed by tt̄V processes.

6.2.8 Signal discrimination

All discriminating variables used in 2016 have been used for signal against background

discrimination for 2017 data analysis as well, they are listed in Table 6.13. A preliminary

study based on Receiver Operation Characteristic (ROC) integrals motivated the addition

of the forward jet pT as input variable. Similarly, a gain in discrimination power is ob-

served when adding the resolved hadronic top-tagger [164] MVA score and sum of the

pT of all the jets selected in the event as input variables to the training of the BDT in

the 2`ss region. Detailed discussion of the BDT training is documented in Appendix A.

Figures 6.12, 6.13 and 6.14 show the distributions of the kinMVA variables for training

of tHq against tt̄ (tt̄V ) to the left (right), in the channels 3`, e±µ± and µ
±
µ
± respectively.
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Figure 6.12: BDT output distributions in 2017 analysis for 3` channel. The discriminator for

tHq vs. tt̄ (tt̄V ) is shown on the left (right). In both cases tHq events appear more towards the

discriminator value 1.
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Figure 6.13: BDT output distributions in 2017 analysis for e±µ± channel. The discriminator for

tHq vs. tt̄ (tt̄V ) is shown on the left (right). In both cases tHq events appear more towards the

discriminator value 1.
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Table 6.24: Data yields and expected backgrounds after the event pre-selection for the three final

states corresponding to an integrated luminosity 41.5 fb�1, rounded o↵ to nearest integral value.

Process 3` e
±
µ
±

µ
±
µ
±

tt̄W 30 123 80

tt̄Z 44 77 28

tt̄WW 3 5 3

WZ , ZZ 11 51 20

tZq 6 19 10

Rares 5 24 16

Conversion 6 16 –

Non-prompt 36 185 115

Charge flips – 33 –

Total background 141 534 273

tt̄H 24 44 28

tHq (SM) 1 2 1

tHW (SM) 1 1 1

Total (SM) 167 581 303

tHq (ITC) 10 34 22

tHW (ITC) 9 13 9

Total (ITC) 184 625 332

Data (41.5 fb�1) 194 651 354

6.2.9 Signal extraction

As in 2016 analysis, each event is now classified using its position in the 2-dimensional

plane of the kinMVA variables, as presented in Fig. 6.15. Again, the e±µ± and µ
±
µ
± chan-

nels have been combined to decide the bin boundaries in 2`ss events since the signal to

background separation is similar as shown in Fig.s 6.2 and 6.3. The number of bins and

bin-borders have been optimized for the new samples and training. A set of eight bins for
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Figure 6.14: BDT output distributions in 2017 analysis for µ±µ± channel. The discriminator for

tHq vs. tt̄ (tt̄V ) is shown on the left (right). In both cases tHq events appear more towards the

discriminator value 1.

both 3` and 2`ss channels are observed to bemore sensitive in terms of the expected limit.

Thus 1-dimensional histograms are obtained for each signal and background processes,

and fitted to the observed data (or the Asimov dataset for expected limits).
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Figure 6.15: Binning overlaid on the S/B ratio map on the plane of classifier outputs for 2`ss

channel (left) and 3` channel (right) in 2017 analysis.
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6.2.10 Systematic uncertainties

Following are the sources of uncertainty considered in this analysis. Many sources are

common to the 2016 analysis, however, the numbers and shapes have been re-derived.

Additional shape systematic has been added to take into account the pre-firing issue seen

in 2017.

Experimental uncertainties

• Luminosity: The uncertainty in measuring luminosity in 2017 is ±2.3% [165], ap-

plied to the total predicted yields.

• Pileup: Similar to 2016 analysis, due to negligible e↵ects this source of uncertainty

was not considered.

• Trigger e�ciency: Per-event scale factors applied depending on the flavors and pT

of the leptons as given in Table 6.19.

• Lepton identification e�ciency: The uncertainties attached to the probability for

electrons (muons) to pass the loose and tight selection criteria (Tables 6.21 and 6.22)

are determined to be 3% for electrons with pT > 25 GeV and 5% for electrons with

pT < 25 GeV (2% for all muons).

• b-tagging e�ciency: Shape uncertainties to account for the di↵erent sources are

obtained by varying the b-tagging scale factor [157].

• Jet energy scale: Shape uncertainties related to the jet energy scale as provided [117]

as a function of the jet pT and ⌘, varying the four-momenta of the jets, as well as the

b-tagging e�ciency scale factor.

• Forward jet: Alternate shape of the BDT output distributions that reflects a hypo-

thetical perfect data/MC agreement in the forward jet ⌘ is used as an uncertainty.

• L1 prefiring probability: In 2017 data, due to early L1 EGamma triggers, many

uninteresting events were recorded while the subsequent interesting ones were re-

jected. Since this e↵ect is not present in the MC simulation, a tool [162] provided
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by the L1 detector performance group is used to reweight MC events, and derive

uncertainties from 20% up/down variations (as a function of the pT and ⌘ of jets

and photons in the event). This e↵ect is treated as a shape systematic.

Theory uncertainties

• PDF, ↵s (cross section normalization): Normalization-only uncertainties are applied

to the predicted yields of the tt̄H , tt̄W , tt̄Z , tHq, tHW and tt̄WW processes, pro-

vided along with the generated events.

• Interaction energy scale (shape and acceptance): Uncertainties on the interaction

energy scale a↵ecting the shape and acceptance of the distributions used for signal

extraction are obtained using variations with µR and µF .

Background estimation

• Electroweak background: The normalization uncertainty for the diboson backgrounds

in the 2`ss channel is taken to be 100% as WZ and ZZ backgrounds are combined

together. In the 3` channel, the corresponding statistical uncertainty is taken to be

10%, the background uncertainty 20% and the theoretical uncertainty 7%. The to-

tal normalization uncertainty for both WZ and ZZ in 3` channel is considered to

be 30% each.

• Rare SM backgrounds: Smaller backgrounds which have not yet been observed at

the LHC are considered with a 50% normalization uncertainty.

• tZq background: The tZq cross section normalization uncertainty has been esti-

mated to be 5% [160].

• Conversion background: The contribution of photon conversions estimated from

MC is considered to have 30% normalization uncertainty.

• Charge-flips: The mis-identified electron charge background is considered with a

30% normalization uncertainty.
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• Non-prompt backgrounds: Combined uncertainty of statistical fluctuations, sub-

traction of the prompt MC contribution etc. estimated using shape systematics. In

addition, non-prompt estimation is compared against fake rate measured in QCD

MC, where the ratio is fit to a constant and the resulting value is used as normaliza-

tion uncertainty.

6.2.11 Results

The 1-dimensional BDT bin distribution is fitted using the Higgs combine tool [147], con-

sidering all systematic uncertainties described above. Figures 6.16, 6.17 and 6.18 show

the pre-fit (without normalization adjusted) and post-fit (with normalization adjusted)

distributions of the BDT bins in channels 3`, e±µ± and µ
±
µ
± respectively. The best-

Combined BDT bin

0

10

20

30

40

50

60

70

80

Ev
en

ts

Data ttW   Conv. 
=-1.0)tκtHq ( ttZ   Non-prompt
=-1.0)tκtHW ( WZ Total unc.

ttH tZq  

 (13 TeV)-141.5 fb

1 2 3 4 5 6 7 8

Combined BDT bin

0.0
0.5
1.0
1.5

D
at

a/
pr

ed
.

stat. unc. total unc. Combined BDT bin
0

10

20

30

40

50

60

70

Ev
en

ts
/B

in Data
=-1.0)tκtHq (
=-1.0)tκtHW (

ttH
ttW   
ttZ   
WZ
tZq

, VVVttt, t±W±W
Conv. 
Nonprompt
Total uncertainty

 (13 TeV)-141.5 fb

3 leptons

1 2 3 4 5 6 7 8
Combined BDT bin

0

1

2

3

D
at

a/
Pr

ed
.

Total uncertainty

Figure 6.16: Pre-fit (left) and post-fit (right) BDT bin distributions in 2017 analysis for 3` final

state where data is plotted along with simulation. Here both pre-fit and post-fit figures show the

tH signal in the ITC scenario against SM backgrounds.

fit tH+tt̄H combined signal strength observed for the inverted top-Yukawa coupling is

0.91+0.47
�0.43 with observed significance of 2.5 � (2.8 � expected). For the SM hypothesis, the

best-fit signal strength is 0.91+0.47
�0.43 with observed significance of 2.5 � (2.8 � expected).
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Figure 6.17: Pre-fit (left) and post-fit (right) BDT bin distributions in 2017 analysis for 2`ss e±µ±

final state where data is plotted along with simulation. Here both pre-fit and post-fit figures show

the tH signal in the ITC scenario against SM backgrounds.
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Figure 6.18: Pre-fit (left) and post-fit (right) BDT bin distributions in 2017 analysis for 2`ss µ±µ±

final state where data is plotted along with simulation. Here both pre-fit and post-fit figures show

the tH signal in the ITC scenario against SM backgrounds.



156 Chapter 6. tH multi-lepton at
p
s = 13 TeV

The expected and observed upper limits on the cross section times branching ratio as a

function of the t are also shown in Fig. 6.19. Compared to Fig. 6.11, the expected un-

certainty band is much wider, despite a larger integrated luminosity. As the momentum

threshold on forward jets is loosened in the 2017 analysis, except in the small interval

between 2.7–3.0 in pseudorapidity, more number of jets are accepted in the final state.

This e↵ect in conjunction with a more conservative prescription of jet energy scale un-

certainty may explain the wider standard deviations of the expected limits. In fact, the

dominant systematic uncertainty in 2017 analysis is determined to be due to the variation

in jet energy scale, whereas it was non-prompt leptonic background estimation in 2016

analysis.

The limits as a function of t are obtained with a tH only, resolved Higgs couplings hy-

pothesis, where tt̄H is included in the background assuming a t dependent cross section

with µtt̄H = 1.0. The observed (expected) upper limit on tH only signal strength µtH at

95% CL is 1.56 (1.25) for the ITC scenario and 28.09 (22.56) for the SM.

The 95% CL uncertainties of a parameter of interest, here t , is determined using the

profile likelihood ratio as the test statistic (see Section 5.2.3). This is a more model-

independent approach as compared to the one taken in 2016 analysis, where additional

assumptions on other fermion couplings had to be made. A scan of the Likelihood ratio

L = L(t)/L(̂t) is performed as a function of t , where the best-fit value is ̂t . Constraints

on t is derived from a distribution of the test statistic �2� lnL = �2[lnL(t)�L(̂t)]. The

95% CL allowed ranges of t is determined to be within (-1.4, -0.7) and (0.7, 1.95), see

Fig. 6.19.

In the same way, a Likelihood scan against the CP phase angle is obtained as shown in

Fig. 6.20. The data is able to exclude the completely CP odd scenario (cos(↵) = 0) at

95% CL in this analysis using 41.5 fb�1 of data. It is expected that with the addition of

more data and analysis of other Higgs boson decay modes, extended range of CP-violating

scenarios will be excluded. Figure 6.20 also shows the expected and observed upper

limits on the combined cross section times branching ratio of tH+tt̄H as a function of

cos(↵), assuming a background only (no Higgs) hypothesis. The consistent excess is again

attributed to the presence of tt̄H events in data.
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Figure 6.19: Upper limits on cross section times branching ratio of tH ,H!WW
⇤
/ZZ

⇤
/⌧⌧ signal

as a function of t is shown on top. Here the background only hypothesis considers tt̄H produc-

tion with a fixed signal strength µtt̄H = 1.0. The upper limits on µtH has a maxima near t=1.0.

Slight excess of events is observed compared to 2016 analysis, likely due to statistical fluctuation.

Bottom plot shows likelihood scan as a function of t for the resolved couplings model consid-

ering tH and tt̄H as signal. The maximum likelihood is obtained for the value t=1.3 where the

minima of the curve occurs. Note that data is much more sensitive to rule out the scenario t=0

due to the presence of tt̄H events.
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Figure 6.20: Upper limits on cross section times branching ratio of tH+tt̄H , H !WW
⇤
/ZZ

⇤
/⌧⌧

signal as a function of cos(↵) is shown on top. The excess of events observed is due to the presence

of tt̄H events, considered as signal in this background-only interpretation. Bottom plot shows

likelihood scan against the cosine of CP phase angle. Here the data is much more sensitive to rule

out the completely CP-odd scenario at cos(↵) = 0, compared to the expectation.
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6.3 Combination of 2016 and 2017 results

The analyses described in earlier sections on tH multi-lepton final state for 2016 and 2017

run periods are combined to extract results from total integrated luminosity of 77.4 fb�1.

In this combination all experimental uncertainties are considered to be uncorrelated, ex-

cept that due to forward jet modelling. The jet energy scale and b-tagging uncertainties

etc. change between years depending on the used identification and selection criteria. As

the forward jet modelling uncertainties follow the exact same procedure between 2016

and 2017, they are conservatively considered as fully correlated. Variations of PDF, ↵s,

interaction scale energy and other normalization uncertainties in background yield esti-

mation that remain the same in both years are considered to be fully correlated. In the

combined analysis the dominant uncertainty is determined to be due to the variation in

the jet energy scale in the year 2017, followed by that due to fake rate determination of

muons in the same year. Figure 6.21 shows the observed and expected upper limits on

tH only signal strength and the likelihood scan as a function of t . The observed limits

are closer to the expected values in the t range between -1.0 and 1.0 similar to the 2016

results; they are much more stringent at higher values of |t | as seen in 2017 analysis.

The observed (expected) upper limit on tH only signal strength µtH at 95% CL is 0.79

(0.72) for the ITC scenario and 13.78 (12.69) for the SM. If 2018 data corresponding

to an integrated luminosity of ⇠ 60 fb�1 is included the results expected from complete

Run 2 data can be derived. Thus, with full Run 2 luminosity of 137 fb�1, the expected

95% CL median upper limit on tH only signal strength is 0.58 for ITC scenario and 10.38

for SM based on a luminosity projection, keeping all systematic uncertainties the same.

Obtained limits on the tH only signal strength (µtH ) is shown in Table 6.25 for the years

2016, 2017, their combination and projection to Run 2 luminosity. The corresponding

expected upper limits on � ⇥BR for the tH process are summarized in Table 6.26.

From the likelihood scan with tH+tt̄H as signal, t = �1 for the resolved Higgs couplings

can be excluded at 95% CL with the combined dataset of 2016 and 2017. The allowed

ranges of t is constrained within (0.85, 1.85). This is much more stringent than the

derived ranges from analysis of individual years data.
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Figure 6.21: Combined (2016+2017) upper limits on cross section times branching ratio of tH

signal as a function of t is shown on top. The observed values are much closer to the median

expected values with more amount of data. Here also the maxima of µtH is observed near t = 1.0.

Bottom plot shows likelihood scan as a function of t for the resolved Higgs couplings hypothesis

assuming V = 1.0. The allowed ranges in the positive range have become narrower and the

maximum likelihood occurs at t = 1.4, negative ranges are ruled out at 95% CL.



Chapter 6. tH multi-lepton at
p
s = 13 TeV 161

Table 6.25: 95% CL observed (expected) upper limits on tH signal strength with H !

WW
⇤
/ZZ

⇤
/⌧⌧ obtained from multi-lepton channel with the SM and ITC scenarios. The 2016

data shows more stringent upper limit on tH production compared to 2017, this may be result of

statistical fluctuation in the data since the luminosities are comparable. 2018 data, corresponding

to integrated luminosity of ⇠ 60 fb�1 has been considered in Run2 projection.

Data Upper limit on ITC Upper limit on SM

2016 (35.9 fb�1) 1.02 (0.92) 17.72 (15.31)

2017 (41.5 fb�1) 1.56 (1.25) 28.09 (22.56)

Combined (77.4 fb�1) 0.79 (0.72) 13.78 (12.69)

Run 2 projection (137 fb�1) (0.58) (10.38)

Table 6.26: 95% CL observed (expected) upper limits on tH production cross section with H !

WW
⇤
/ZZ

⇤
/⌧⌧ obtained from multi-lepton channel with the SM and ITC scenarios in the 2016,

2017 analyses and their combination. 2018 data, corresponding to integrated luminosity of ⇠ 60

fb�1 has been considered in Run2 projection.

ITC scenario SM scenario

Theoretical �⇥BR 0.29 pb 0.03 pb

Data Upper limit on ITC Upper limit on SM

�⇥BR �⇥BR

2016 (35.9 fb�1) 0.30 (0.27) pb 0.46 (0.40) pb

2017 (41.5 fb�1) 0.45 (0.36) pb 0.74 (0.59) pb

Combined (77.4 fb�1) 0.23 (0.21) pb 0.36 (0.33) pb

Run 2 projection (137 fb�1) (0.17) pb (0.27) pb
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Table 6.27 summarizes the di↵erent observations in the combined tH+tt̄H multi-lepton

final state using 2016 and 2017 analyses and their combination along with the expected

results for full Run 2 luminosity. The simple luminosity projection for the likelihood scan

is not included since the expected behavior is not as sensitive as data.

Table 6.27: 95% CL observed (expected) upper limits on � ⇥BR of combined tH+tt̄Hproduction

with H !WW
⇤
/ZZ

⇤
/⌧⌧ decay in SM and ITC scenarios. Third column shows the observed 95%

CL allowed range for t values. Note, for 2016 analysis, the t range has been obtained comparing

the observed � ⇥BR with the theoretical values.

ITC scenario SM scenario

Theoretical �⇥BR 0.44 pb 0.18 pb

Data Upper limit on ITC Upper limit on SM Allowed ranges of t

�⇥BR �⇥BR

2016 (35.9 fb�1) 0.64 (0.32) pb 0.56 (0.24) pb (-1.25, 1.6)

2017 (41.5 fb�1) 0.74 (0.31) pb 0.52 (0.22) pb (-1.4, -0.7) & (0.7, 1.95)

Combined (77.4 fb�1) 0.58 (0.23) pb 0.46 (0.18) pb (0.85, 1.85)

Run 2 projection (137 fb�1) (0.19) pb (0.14) pb –

For the ITC scenario, the best-fit tH+tt̄H signal strength is 0.72+0.35
�0.34 with observed signif-

icance of 2.1� (3.5� expected). The best-fit tH+tt̄H combined signal strength observed

for the SM hypothesis is 1.75+0.560.52 corresponding to an observed significance of 3.4� (2.1�

expected).

The results from the 2016 multi-lepton analysis have been combined with results from

H ! bb̄ and H ! �� decay modes that use the same luminosity. In addition they

have been projected to HL-LHC luminosity in order to explore the sensitivity with large

amount of data, as discussed in next chapter.



Chapter 7

Combination of tH final states and

future prospects

This chapter describes the combined results from the dedicated analyses of tH final states

inH!WW
⇤
/ZZ

⇤
/⌧⌧ channels using leptonic final states andH! bb̄ channels using two

identified b-jets alongwith the reinterpretation of the H ! �� analysis [166]. Dedicated

analysis has been performed with the tH final state where H! bb̄ using 2016 data [167].

Further, the inclusive H ! �� final state analysis for measuring Higgs properties using

2016 data [168] includes the SM tHq and tHW processes. Results from leptonic final

states using 2016 and 2017 data has been presented in previous chapter.

Similar to the multi-lepton analysis, H! bb̄ final state exploits the sensitivity of the tHq

production cross section depending on the ratio t/V . A BDT classifier is trained to

discriminate against the dominant tt̄+heavy flavor (HF) jets background and the output

distributions are used as input to the maximum likelihood fit. The reinterpretation of the

di-photon analysis consists of correcting the event yields to tHq and tHW cross sections

with scale factors that take into account the changed selection e�ciency and acceptance

as a function of t/V . Since the t and V interference is involved in H ! �� decay, it

adds additional sensitivity to the analysis in the resolved Higgs couplings hypothesis.

Limits are then set on the tH only and combined tH+tt̄H production cross section times

BR for the decay modes H ! WW
⇤
/ZZ

⇤
/⌧⌧/bb̄/�� for di↵erent coupling scenarios. A

negative log-likelihood scan is used to extract the allowed ranges of the t for V=1.0.

163
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7.1 Results from combination based on 2016 data

Following results are based on 35.9 fb�1 data collected in 2016 [135], which greatly im-

proves over Run 1 result where 95% CL observed (expected) upper limit was set between

0.60 (0.45) pb and 1.00 (0.70) pb on tHq production in ITC scenario alone using 19.7

fb�1 data at 8 TeV, depending on the assumed di-photon branching fraction of the Higgs

boson [69]. Figure. 7.1 shows the resulting limit on tH only cross section times branching

ratio. The expected limit is calculated on a background-only data set, i.e., without tH

contribution, but including a t-dependent contribution from the tt̄H production. The

tt̄H normalization is kept fixed in the fit, while the tH signal strength is allowed to float.
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Figure 7.1: Observed and background-only expected cross section times branching ratio limits

on combined tH production where H ! WW
⇤
/ZZ

⇤
/⌧⌧/bb̄/�� , as a function of t , for V = 1.0.

An excess of events is observed for the SM scenario t = 1.0.

The observed (expected) upper limit at 95% CL is 0.89 (0.64) in the ITC scenario whereas

in case of SM it is 25.2 (12.0) considering the tH only signal strength. Table 7.1 shows the

corresponding upper limits on the cross section times branching fraction for the decays

H !WW
⇤
/ZZ

⇤
/⌧⌧/bb̄/�� . The best-fit signal strength considering a combined tH+tt̄H

signal and the significance of the measured values are also listed. Table 7.2 presents the
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limits for the SM and ITC scenario for the individual channels.

Table 7.1: 95% CL observed (expected) upper limits on tH only �⇥BR and best-fit signal strength

along with the significance for tH+tt̄H signal.

Scenario Upper limit on tH only Best-fit tH+tt̄H Significance

� ⇥BR signal strength

ITC 0.74 (0.53) pb 0.60+0.21
�0.18 3.9� (5.9�)

SM 1.94 (0.92) pb 2.00+0.54
�0.51 4.3� (2.2�)

Table 7.2: 95% CL observed (expected) upper limits on the tH production cross section times

H !WW/ZZ/⌧⌧/bb̄/�� branching fraction for ITC scenario (t=-1.0, top rows) and for an SM-

like signal (t=1.0, bottom rows), in pb. Limits can be compared to the expected product of tH

cross sections and branching fractions of 0.83 and 0.077 pb for the inverted top-Yukawa coupling

and for the SM, respectively.

Data Upper limit on ITC Upper limit on SM

� ⇥BR � ⇥BR

bb̄ 4.98 (2.52+1.29
�0.81) pb 6.88 (3.19+1.64

�1.02) pb

�� 0.84 (0.88+0.46
�0.28) pb 3.68 (2.03+1.05

�0.67) pb

WW
⇤
/ZZ

⇤
/⌧⌧ 0.85 (0.77+0.36

�0.24) pb 1.36 (1.18+0.53
�0.35) pb

Combined 0.74 (0.53+0.24
�0.16) pb 1.94 (0.92+0.40

�0.27) pb

An excess of events compared to expected backgrounds is observed, however it is still

compatible with the SM tH+tt̄H productions. Table 7.3 shows the impact of the most

important groups of nuisance parameters on the tH+tt̄H signal yield along with pre-fit

systematic uncertainties of the same groups, shown for comparison.

Combined likelihood as a function of t for the resolved Higgs couplings is shown in

Fig. 7.2. The data favors t = 1.0 over t = �1.0 by about 1.5� while excluding values

outside (-0.9,-0.5) and (1.0, 2.1) at 95% CL. The sensitivity is driven by the di-photon

channel at negative values of t and by the multi-lepton channel at positive values.
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Table 7.3: Summary of the main sources of systematic uncertainty. �µ/µ corresponds to the rela-

tive change in tH+tt̄H signal yield induced by varying the systematic source within its associated

uncertainty.

Source Uncertainty [%] �µ/µ [%]

e, µ selection e�ciency 2–4 17

b-tagging e�ciency 2–15 6

Jet energy calibration 2–15 3

Forward jet modeling 10–35 3

Integrated luminosity 2.5 10

Reducible background estimate 10–40 14

Theoretical sources ⇡10 14

tt̄+HF normalization ⇡50 7

PDFs 2–6 8
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Figure 7.2: Scan of �2� lnL vs t for the data (black line) and the individual channels (blue, red,

and green), compared to the SM expectations (dashed lines).

From the above studies and interpretations it is inferred that observation of only tH pro-
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duction process is very unlikely in case of SM scenario. The trend also shows that ITC

scenario is becoming less probable with more data. However, the prospect of observation

gets brighter in next few years time, as presented in next section.

7.2 Future prospects of tH search

From 2026 onwards, the LHCmachine is expected to operate in a higher luminosity mode

than originally planned two decades ago, where the instantaneous luminosity is expected

to reach up to 7.5⇥ 1034 cm�2s�1. This phase of the machine, after considerable upgrade

of both the LHC and the detectors, is to be named as HL-LHC and is expected to last for

ten years till 2036. The proposed timeline is shown schematically in Fig. 7.3.

Figure 7.3: Timeline for the LHC andHL-LHC data taking and upgrade which shows the planned

luminosity and energy within each run period [169].

A large amount of data at least 3000 fb�1 will be collected during ten years of run time

during 2016-36, paving experimental access to rare processes. However, high luminosity

operation will also result in severe detector degradation in performance and high pileup

rates, about 140� 200 per event, on average. Detector upgrades are therefore planned to

mitigate the anticipated worsening of physics performance of the CMS experiment. The

possible improvements in future results have been estimated during 2018 using simple
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projection scenarios with the help of available statistical methods, in the absence of re-

liable detector simulations, in the context of HL-LHC workshop. The studies have been

documented in CERN Yellow Report [51] submitted to European Strategy group as inputs

for decision regarding further high energy physics facilities.

7.2.1 Projection scenarios

In order to estimate the physics potential of the CMS detector by the end of LHC Run 3

and at the HL-LHC, projections are presented in di↵erent scenarios for the evolution

of systematic uncertainties with increased data samples and improved theoretical pre-

dictions. The baseline scenarios assume that the CMS upgrades will provide the same

level of detector and trigger performance as in the Run 2 data taking period [170–174].

Uncertainties due to the limited number of simulated events in the current analyses are

neglected, under the assumption that su�ciently large samples of events will be available

in future analyses. The two scenarios evaluated are:

• “Run 2 systematic uncertainties” scenario (S1): All systematic uncertainties are

kept constant with integrated luminosity. The performance of the CMS detector is

assumed to be unchanged with respect to the reference analysis;

• “YR18 systematic uncertainties” scenario (S2): Theoretical uncertainties are scaled

down by a factor of two, while experimental systematic uncertainties are scaled

down with the square root of the integrated luminosity until they reach a defined

minimum value based on estimates of the achievable accuracy with the upgraded

detector.

Table 7.4 summarises the Run 2 uncertainties for which a minimum value is set in S2.

Systematic uncertainties in the identification and isolation e�ciencies for electrons and

muons are expected to be reduced to approximately 0.5%. The ⌧h identification uncer-

tainty is assumed to be reduced to approximately 2.5%. The uncertainty in the overall

JES is expected to reach approximately 1% precision for jets with pT > 30 GeV, driven

primarily by improvements in the absolute scale and jet flavor calibrations. The pmiss

T
un-

certainty is obtained by propagating the JES uncertainties in its computation, yielding a
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reduction by up to a half of the Run 2 uncertainty. For the identification of b-tagged jets

the uncertainty in the selection e�ciency of b (c) quarks, and in misidentifying a light

jet is expected to remain similar to the current level, with only the statistical component

reducing with increasing integrated luminosity. The uncertainty in the integrated lumi-

nosity of the data sample could be reduced down to 1% thanks to a better understanding

of the calibration and fit models employed in its determination, and making use of the

finer granularity and improved electronics of the upgraded detectors.

Table 7.4: The sources of systematic uncertainty for which minimum values are applied in

S2 [175].

Source Component Run 2 uncertainty Projection minimum uncertainty

Muon ID 1–2% 0.5%

Electron ID 1–2% 0.5%

Photon ID 0.5–2% 0.25–1%

Hadronic tau ID 6% 2.5%

Jet energy scale Absolute 0.5% 0.1–0.2%

Relative 0.1–3% 0.1–0.5%

Pileup 0–2% Same as Run 2

Method and sam-

ple

0.5–5% No limit

Jet flavour 1.5% 0.75%

Time stability 0.2% No limit

Jet energy res. Varies with pT and ⌘ Half of Run 2

p
miss

T
scale Varies with analysis selection Half of Run 2

b-Tagging b-/c-jets (syst.) Varies with pT and ⌘ Same as Run 2

light mis-tag (syst.) Varies with pT and ⌘ Same as Run 2

b-/c-jets (stat.) Varies with pT and ⌘ No limit

light mis-tag (stat.) Varies with pT and ⌘ No limit

Ltot 2.5% 1%

Theoretical uncertainties follow the prescriptions of the LHC Yellow Report 4 [45] in S1

and are halved in S2 to account for future theoretical developments. In both scenarios the

intrinsic statistical uncertainty on any measurement scales with 1/
p
RL, where RL is the
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projected integrated luminosity divided by that of the Run 2 value: RL = Lprojection/LRun 2.

7.2.2 Results

To obtain the projected constraints on t , a scan of the test statistic q(t) is performed,

assuming V = 1.0 and using an Asimov dataset corresponding to the SM expectation

(t = V = 1.0). The expected contribution from the tt̄H process is also modified consis-

tently with t . Figure 7.4 gives the likelihood scan for the S1 and S2 projections, which

shows that at 300 fb�1 negative values of t are excluded at more than the 99% CL in

the S1 scenario. The t ranges are even more constrained in S2. For 3000 fb�1 a negative

value of t is disfavored with a significance larger than five standard deviations.
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Figure 7.4: Scan of the test statistic q versus t for the Asimov datasets corresponding to V=1.0

with the two integrated luminosity scenarios in S1 (with Run 2 systematic uncertainties [135])

and S2 (with YR18 systematic uncertainties).

With the larger HL-LHC dataset it is therefore relevant to assess the sensitivity to the

SM rate of tH production. In the Run 2 combination analysis with L = 35.9 fb�1, the

observed upper limit on the tH signal strength relative to the SM (µtH ) is 25 compared to

the median expected value of 12, assuming the tt̄H signal strength (µtt̄H ) is fixed to the

SM value.
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In Fig. 7.5 the variation of the expected upper limits on µtH is shown as a function of

the integrated luminosity for the S1 and S2 scenarios. The limits are determined assum-

ing a background-only hypothesis in which the tt̄H process is considered as following

the SM expectation (µtt̄H = 1). In order to minimize further assumptions on the rate of

tt̄H production, µtt̄H is treated as a free parameter in the fit. In the S1 scenario the ex-

pected median upper limit on µtH at 300 (3000) fb�1 is determined to be 5.60 (2.35). The

corresponding value in S2 at 300 (3000) fb�1 is 3.98 (1.51). With the 3000 fb�1 dataset

and foreseen reduction in systematic uncertainties in S2, the expected upper limit on µtH

improves by about a factor of eight with respect to the current values.
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Figure 7.5: The variation of expected upper limit on µtH with integrated luminosity for two

projection scenarios S1 (with Run 2 systematic uncertainties [135]) and S2 (with YR18 systematic

uncertainties).

The evolution of the expected uncertainty on the measurement of µtH , assuming the SM

rate, is given in Table 7.5. Values are given for two cases of background: one in which

µtt̄H is unconstrained in the fit, and one in which it is fixed to the SM value of 1. In the

latter case the uncertainties are reduced by around 10% at 3000 fb�1, indicating that a

precise simultaneous measurement of the tt̄H signal strength will be needed to obtain the

optimal sensitivity to the tH channel. In both cases it is found that the reduced systematic

uncertainties in S2 improve the precision by up to 30%.
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Table 7.5: The ±1� uncertainties on expected µtH=1 for scenarios S1 (with Run 2 systematic

uncertainties [135]) and S2 (with YR18 systematic uncertainties) at all three luminosities, consid-

ering also the case when µtt̄H is fixed at the SM value 1.

Scenario µtt̄H floating µtt̄H fixed

S1

35.9 fb�1 +6.2
�5.8

+5.8
�5.4

300 fb�1 +2.9
�2.8

+2.5
�2.4

3000 fb�1 +1.2
�1.2

+1.1
�1.0

S2

35.9 fb�1 +6.2
�5.8

+5.8
�5.3

300 fb�1 +2.2
�2.2

+2.0
�2.0

3000 fb�1 +0.9
�0.9

+0.8
�0.8

7.2.3 Significance of measurement

The expected significance for measuring µtH = 1.0 at L = 3000 fb�1 in the S2 scenario

is 1.3� . A combination with a similar result from ATLAS would lead to a significance

of 1.8� . However, currently for Run 2 a dedicated tH analysis in the H! �� channel

is not yet performed, which used to be the most sensitive channel in Run 1 [69]. The

re-interpretation of the H! �� final state analysis is sub-optimal for observing the tHq

production process. The Run 1 analysis was performed for the inverted top coupling

scenario t = �1.0, where for 19.7 fb�1 of data, the MC yield was 0.67 for tHq. If we

consider the scaling of the tHq cross section from
p
s = 8 TeV to 13 TeV and also from t=-

1.0 to 1.0, expected MC yield at L = 3000 fb�1 is 31 events. The number of background

events extrapolated to 3000 fb�1 is 164. Assuming signal and background ratio improves

by a factor of half, and further expecting that the number of events in the side-band

region reduces by a factor of half by the HL-LHC era, number of background events

reduces to 41. This leads to an optimistic estimation of significance of 2.8� for observing

the tH production process with the data collected by HL-LHC.

In the next chapter the findings from the tH analysis with Run 2 data have been summa-

rized with future prospects discussed above.
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Conclusions and outlook

After the discovery of the Higgs boson, the particle physics community has shifted fo-

cus to precision measurements to characterize the resonance of its properties. Accurate

determination of the Higgs boson properties can become a window to BSM physics by

challenging the predicted values of the standard model. So far, no significant devia-

tion from the SM has been observed within the expected uncertainties. In this thesis, a

measurement of the top-Yukawa coupling has been presented using the tH production

process in the multi-lepton final state where the Higgs boson decays to WW
⇤
/ZZ

⇤
/⌧⌧

and the top quark decays semi-leptonically. The search for the tH process is performed

using 77.4 fb�1 p-p collision data collected by the CMS experiment in the years 2016 and

2017 at
p
s = 13 TeV. This production is particularly sensitive to BSM phenomena that

can alter the relative sign between the top-Higgs and W -Higgs couplings as predicted by

the SM. A model independent study is carried out for probing di↵erent magnitudes and

opposite signs of the top-Higgs coupling modifier t . In addition, the CP properties of

the top-Higgs interaction have also been studied in a similar way using the tH final state.

To increase sensitivity, the multi-lepton final state is divided into two channels: three

leptons and two same-sign leptons. The lepton selection and background estimation

methods follow the tt̄H multi-lepton analyses [137, 138]. To extract the signal from the

background, multivariate techniques have been used over a loose baseline selection of

the final states. The t-channel production mode of tH has the unique kinematic property

of a forward light quark jet. This feature is exploited to better discriminate against the

173
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major background processes tt̄ and tt̄V . A combination of two boosted decision tree

discriminators is used to obtain a final binned distribution of the event yields, used in the

maximum likelihood fit. The combined dataset of 77.4 fb�1 collected by CMS experiment

during 2016 and 2017 yields the following observed upper limit on the production cross

section times branching ratio of the SM production rate of tH process:

�(tH)⇥BR(H!WW
⇤
/ZZ

⇤
/⌧⌧) = 0.36 pb

to be compared to the theoretical prediction of 0.03 pb. The inverted top coupling sce-

nario is excluded with 95% CL using a likelihood scan of t values. The allowed ranges

of t are within about (0.85, 1.85) with 95% CL. It is to be noted, the multi-lepton final

state is dominated by the contribution from tt̄H multi-lepton process, which has similar

kinematic properties. Most of the sensitivity to t in this analysis is derived from the

presence of tt̄H events, observed in Run 2 data [67]. The analysis is observed to have

limited sensitivity to the variation of CP mixing angle. However, it is able to exclude the

completely CP-odd scenario of the top-Higgs coupling sector with 95% CL.

A combination of results with other tH final states such as H! bb̄ and H! �� has been

performed. The result is based on 35.9 fb�1 of integrated luminosity collected in 2016. In

this analysis, the observed upper limit on the production cross section times branching

ratio of the SM production rate of tH process is:

�(tH)⇥BR(H!WW
⇤
/ZZ

⇤
/⌧⌧/bb̄/��) = 1.94 pb

to be compared to the theoretical prediction of 0.077 pb. The values of t outside (-0.9,

-0.5) and (1.0, 2.1) are excluded with 95% CL.

Further, the combination results have been projected to higher luminosities and better

understanding of systematics to be achieved in the HL-LHC era. It is expected that with

3000 fb�1 of data the analysis will become sensitive to the SM production rate. The mea-

surement of the uncertainty in tH only signal strength is expected to improve by a factor

eight. An optimistic estimation of the observed significance is ⇠ 3� with improved strate-

gies and dedicated di-photon channel analysis. A very precise determination of the t is

thus expected in the presence of a SM like signal, values will be constrained within only

the positive range.
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In conclusion, in the era of precision physics, tH production plays a key role in the deter-

mination of the top-Higgs Yukawa coupling together with the tt̄H process. It remains to

be verified how well the projection results compare with the actual LHC data: the future

analyses may out-perform the prediction and achieve high precision as early as Run 3.

Thus, search for new physics phenomena are expected to undergo interesting changes,

pushing the boundaries of our knowledge.
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Appendix A

Training of BDT discriminators

Table A.1 lists the variable names as used in the trainings.

Table A.1: MVA input discriminating variables.

Variable name Description

nJet25 Number of jets with pT > 25 GeV, |⌘ | < 2.4

MaxEtaJet25 Maximum |⌘ | of any (non-CSV-loose) jet with pT > 25

GeV

totCharge Sum of lepton charges

nJetEta1 Number of jets with |⌘ | > 1.0, failing loose b-tag

detaFwdJetBJet �⌘ between forward light jet and hardest loosely b-

tagged jet

detaFwdJet2BJet �⌘ between forward light jet and second hardest

loosely b-tagged jet

detaFwdJetClosestLep �⌘ between forward light jet and closest lepton

dphiHighestPtSSPair �� of highest pT same-sign lepton pair

minDRll Minimum �R between any two leptons

Lep3Pt/Lep2Pt pT of the 3rd lepton in 3`, 2nd for 2`ss

SumJetsPt Sum of the pT of all selected jets in the event

BDThttTT Hadronic top tagger score of the event

199



200 Chapter A. Training of BDT discriminators

A.1 Training with 2016 samples

For all trainings, the signal is tHq in the ITC scenario (t=-1.0). The tt̄V background is an

admixture of tt̄W and tt̄Z processes, used in a rough proportion of their cross sections.

The TMVA settings used in the BDT training are shown in Table A.2.

Table A.2: TMVA configuration used in the training.

TMVA.Types.kBDT

NTrees=800

BoostType=Grad

Shrinkage=0.10

!UseBaggedGrad

nCuts=50

MaxDepth=3

NegWeightTreatment=PairNegWeightsGlobal

CreateMVAPdfs

Figures A.1 and A.2 show the input variables distributions as seen by the MVA algorithm

for the 3` channel in the two di↵erent trainings. The input variables distributions for

2`ss channel for signal against the tt̄ and tt̄V are shown in Fig.s A.3 and A.4 respectively.

Note that splitting the training in two groups reveals that some variables show oppo-

site behaviour for the two background sources; potentially screening the discrimination

power if they were to be used in a single discriminant. For some other variables the

distributions are similar in both background cases.

A.1.1 Input variables correlation

Figure A.5 show the linear correlation coe�cients for signal and background in 3` chan-

nel for the two training cases (the signal values are identical by construction). As ex-

pected, strong correlations appears for variables related to the forward jet activity. Same

trend is seen in case of the 2`ss channel in Figure A.6.
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Figure A.1: BDT inputs as seen by TMVA (signal in blue, background in red) for the 3`

channel, discriminated against tt̄ (non-prompt) background in 2016 analysis.
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Figure A.2: BDT inputs as seen by TMVA (signal in blue, background in red) for the 3`

channel, discriminated against tt̄V (prompt) background in 2016 analysis.
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Figure A.3: BDT inputs as seen by TMVA (signal in blue, background in red) for the 2`ss

channel, discriminated against tt̄ (non-prompt) background in 2016 analysis.
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Figure A.4: BDT inputs as seen by TMVA (signal in blue, background in red) for the 2`ss

channel, discriminated against tt̄V (prompt) background in 2016 analysis.
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Figure A.5: Signal (left), tt̄ background (middle), and tt̄V background (right.) correlation

matrices for the input variables in the TMVA analysis for the 3` channel in 2016 analysis.
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Figure A.6: Signal (left), tt̄ background (middle), and tt̄V background (right.) correla-

tion matrices for the input variables in the TMVA analysis for the 2`ss channel in 2016

analysis.
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Figure A.7: Top: background rejection vs signal e�ciency (ROC curves) for various MVA

classifiers (top) in the 3` channel against tt̄V (left) and tt̄ (right). Bottom: classifier output

distributions for the gradient boosted decision trees, for training against tt̄V (left) and

against tt̄ (right).

A.1.2 Classifier response

The plots at the top in Fig.s A.7 and A.8 show the background rejection as a function

of the signal e�ciency for tt̄ and tt̄V trainings (ROC curves). Several MVA algorithms

were evaluated to determine the most appropriate method for this analysis using the 3`

channel.

In both cases the gradient boosted decision tree (BDTA GRAD or BDTG) classifier o↵ers

the best results, followed by an adaptive BDT classifier. The BDTG classifier was chosen

for all subsequent analysis. The classifier output distributions for signal and backgrounds

are shown on the bottom of Fig. A.7. As expected, a good discrimination power is ob-

tained using default discriminator parameter values, with minimal overtraining. TMVA

provides a ranking of the input variables by their importance in the classification process,

shown in Tables A.3 and A.4.
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Figure A.8: Top: background rejection vs signal e�ciency (ROC curve) in the 2`ss chan-

nel for BDTG discriminator, against tt̄V (left) and tt̄ (right). Bottom: classifier output

distribution, for training against tt̄V (left) and against tt̄ (right).

Table A.3: TMVA input variables ranking for BDTG method in the 3` channel.

tt̄ training tt̄V training

Rank Variable Importance Variable Importance

1 minDRll 1.329⇥10�1 dEtaFwdJetBJet 1.264⇥10�1

2 dEtaFwdJetClosestLep 1.294⇥10�1 Lep3Pt 1.224⇥10�1

3 dEtaFwdJetBJet 1.209⇥10�1 maxEtaJet25 1.221⇥10�1

4 dPhiHighestPtSSPair 1.192⇥10�1 dEtaFwdJet2BJet 1.204⇥10�1

5 Lep3Pt 1.158⇥10�1 dEtaFwdJetClosestLep 1.177⇥10�1

6 maxEtaJet25 1.121⇥10�1 minDRll 1.143⇥10�1

7 dEtaFwdJet2BJet 9.363⇥10�2 dPhiHighestPtSSPair 9.777⇥10�2

8 nJetEta1 6.730⇥10�2 nJet25 Recl 9.034⇥10�2

9 nJet25 Recl 6.178⇥10�2 nJetEta1 4.749⇥10�2

10 lepCharge 4.701⇥10�2 lepCharge 4.116⇥10�2
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Table A.4: TMVA input variables ranking for BDTG method in the 2`ss channel.

tt̄ training tt̄V training

Rank Variable Importance Variable Importance

1 dEtaFwdJetClosestLep 1.394⇥10�1 maxEtaJet25 1.357⇥10�1

2 minDRll 1.359⇥10�1 dEtaFwdJet2BJet 1.267⇥10�1

3 maxEtaJet25 1.308⇥10�1 dEtaFwdJetBJet 1.200⇥10�1

4 dPhiHighestPtSSPair 1.116⇥10�1 Lep2Pt 1.196⇥10�1

5 Lep2Pt 1.111⇥10�1 dEtaFwdJetClosestLep 1.145⇥10�1

6 dEtaFwdJetBJet 1.067⇥10�1 minDRll 1.077⇥10�1

7 dEtaFwdJet2BJet 8.906⇥10�2 nJet25 Recl 1.020⇥10�1

8 nJetEta1 6.445⇥10�2 dPhiHighestPtSSPair 8.232⇥10�2

9 nJet25 Recl 6.254⇥10�2 nJetEta1 5.948⇥10�2

10 lepCharge 4.848⇥10�2 lepCharge 3.198⇥10�2

A.2 Training with 2017 samples

Here also for all trainings, the signal is tHq in the ITC scenario (t=-1.0). The TMVA

settings used in the BDT training are shown in Table A.5.

Table A.5: TMVA configuration used in the training.

TMVA.Types.kBDT

NTrees=200

BoostType=Grad

Shrinkage=0.10

nCuts=40

MaxDepth=4

NegWeightTreatment=PairNegWeightsGlobal

Background samples di↵er from the earlier training in generator settings and statistics

which a↵ects the training. Figures A.9 and A.10 show the input variables distributions

as seen by the MVA algorithm for the 3` channel in the two di↵erent trainings. The

input variables distributions for 2`ss channel for signal against the tt̄ and tt̄V are shown

in Fig.s A.11 and A.12 respectively.
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Figure A.9: BDT inputs as seen by TMVA (signal in blue, background in red) for the 3`

channel, discriminated against tt̄ (non-prompt) background.
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Figure A.10: BDT inputs as seen by TMVA (signal in blue, background in red) for the 3`

channel, discriminated against tt̄V (prompt) background.
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Figure A.11: BDT inputs as seen by TMVA (signal in blue, background in red) for the 2`ss

channel, discriminated against tt̄ (non-prompt) background.
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Figure A.12: BDT inputs as seen by TMVA (signal in blue, background in red) for the 2`ss

channel, discriminated against tt̄V (prompt) background.
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Figure A.13: The SumJetsPt variable input to BDT training as seen by TMVA (signal in

blue, background in red) for the 2`ss channel, discriminated against tt̄ (non-prompt) in

the left and tt̄V (prompt) in the right. Clearly this variable has more discrimination

power against the prompt background, which has more selected jet multiplicity.

A.2.1 Input variables correlation

Figures A.14 and A.15 show the linear correlation coe�cients for signal and background

for the two training cases in 3` and 2`ss channels respectively. As expected, strong corre-

lations appears for variables related to the forward jet activity. Same trend is seen in case

of the 2`ss channel in Figure. [h!]
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Figure A.14: Signal (left), tt̄ background (middle), and tt̄V background (right.) correla-

tion matrices for the input variables in the TMVA analysis for the 3` channel.
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Figure A.15: Signal (left), tt̄ background (middle), and tt̄V background (right.) correla-

tion matrices for the input variables in the TMVA analysis for the 2`ss channel.

A.2.2 Classifier response

Figures A.16 and A.17 show the ROC curves and the classifier output distributions for

signal and backgrounds. The ROC integrals are 0.804 (0.736) and 0.855 (0.838) for train-

ing against tt̄ and tt̄V respectively in 3` (2`ss) channel. [h!]
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Figure A.16: Top:ROC curves for BDTG classifiers (top) in the 3` channel against tt̄V

(left) and tt̄ (right). Bottom: classifier output distributions for training against tt̄V (left)

and against tt̄ (right).
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Figure A.17: Top: ROC curve in the 2`ss channel for BDTG discriminator, against tt̄V

(left) and tt̄ (right). Bottom: classifier output distribution, for training against tt̄V (left)

and against tt̄ (right).

The ranking of input variables according to importance in the discrimination is listed in

Tables A.6 and A.7.
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Table A.6: TMVA input variables ranking for BDTG method in the 3` channel.

tt̄ training tt̄V training

Rank Variable Importance Variable Importance

1 minDRll 1.434⇥10�1 maxEtaJet25 1.301⇥10�1

2 maxEtaJet25 1.108⇥10�1 Lep3Pt 1.149⇥10�1

3 fwdJetPt25 1.032⇥10�1 nJet25 1.135⇥10�1

4 dPhiHighestPtSSPair 1.001⇥10�1 fwdJetPt25 1.078⇥10�1

5 dEtaFwdJetClosestLep 9.736⇥10�2 minDRll 1.063⇥10�1

6 Lep3Pt 9.369⇥10�2 dPhiHighestPtSSPair 8.804⇥10�2

7 dEtaFwdJet2BJet 8.341⇥10�2 dEtaFwdJetBJet 8.734⇥10�2

8 dEtaFwdJetBJet 8.093⇥10�2 dEtaFwdJetClosestLep 8.593⇥10�2

9 nJet25 7.303⇥10�2 dEtaFwdJet2BJet 8.326⇥10�2

10 lepCharge 6.200⇥10�2 lepCharge 4.372⇥10�2

11 nJetEta1 5.209⇥10�2 nJetEta1 3.919⇥10�2

Table A.7: TMVA input variables ranking for BDTG method in the 2`ss channel.

tt̄ training tt̄V training

Rank Variable Importance Variable Importance

1 dEtaFwdJetClosestLep 1.362⇥10�1 maxEtaJet25 1.100⇥10�1

2 minDRll 1.228⇥10�1 dEtaFwdJetBJet 1.043⇥10�1

3 Lep2Pt 1.063⇥10�1 fwdJetPt25 1.034⇥10�1

4 dEtaFwdJetBJet 1.013⇥10�1 sumJetsPt 9.917⇥10�2

5 maxEtaJet25 9.704⇥10�2 minDRll 9.693⇥10�2

6 dPhiHighestPtSSPair 9.432⇥10�2 Lep2Pt 9.447⇥10�2

7 dEtaFwdJet2BJet 8.179⇥10�2 dEtaFwdJet2BJet 8.999⇥10�2

8 fwdJetPt25 7.825⇥10�2 dPhiHighestPtSSPair 8.262⇥10�2

9 lepCharge 5.922⇥10�2 dEtaFwdJetClosestLep 7.234⇥10�2

10 sumJetsPt 5.072⇥10�2 BDThttTT 5.286⇥10�2

11 nJetEta1 3.302⇥10�2 nJet25 4.053⇥10�2

12 nJet25 3.299⇥10�2 nJetEta1 2.933⇥10�2

13 BDThttTT 6.078⇥10�3 lepCharge 2.411⇥10�2



Appendix B

Control region distributions

The distributions of the input variables used to compute the BDT discriminators are in-

spected in the control regions of the selection. Control regions are defined with selections

similar to the signal regions, but with some cuts inverted or modified in order to enhance

the contributions from specific background processes.

B.1 Two leptons same-sign

In the case of 2`ss channel, the main background is tt̄. The background contribution from

tt̄ is enhanced in a dedicated region by requiring no un-tagged jet beyond |⌘ | > 2.0. In

addition, to blind the control region to the tt̄H process, events with four or more central

(|⌘ | < 2.4) jets are rejected. Fig.s B.1 and Fig.s B.2 show some of the kinematic distribu-

tions in this tt̄ enriched selection for the 2`ss µ±µ± channel. Similarly, distributions in the

tt̄ enriched selection for the 2`ss e±µ± region are shown in Fig.s B.1 and B.2.

B.2 Three leptons

The three leptons signal selection is enriched with Z events from the tt̄Z and WZ pro-

cesses by requiring |m`` � 91.2| < 10 GeV. Furthermore, no un-tagged jet beyond |⌘ | > 2.0

should be present. Figures B.5 and B.6 show some of the kinematic distributions in this

selection for 2016 and 2017 analyses respectively.
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Figure B.1: Contributions from signal and background in tt̄ control region for µ±µ± chan-

nel in the 2016 analysis.
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Figure B.2: Contributions from signal and background in tt̄ control region for µ±µ± chan-

nel in the 2017 analysis.
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Figure B.3: Contributions from signal and background in tt̄ control region for e±µ± chan-

nel in the 2016 analysis.
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Figure B.4: Contributions from signal and background in tt̄ control region for e±µ± chan-

nel in the 2017 analysis.
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Figure B.5: Distributions of input variables to the BDT for signal discrimination, in Z

enriched 3` selection in the 2016 analysis.
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Figure B.6: Distributions of input variables to the BDT for signal discrimination, in Z

enriched 3` selection in the 2017 analysis.
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B.3 Two leptons opposite-sign

The two leptons opposite-sign control region is identical to the e±µ± signal region, except

for the requirement of oppositely-charged leptons. Kinematic distributions related to the

most forward light jet are studied are compared for the observed data and the tt̄ MC

predictions as shown in Fig. B.7. The agreement of the ⌘ distribution of forward jets for

a pT cut of 25 GeV is poor, especially at higher values of |⌘ |. The (central) jet multiplicity

is observed to be poorly modelled by the MC sample. Note that the tt̄ background in this

analysis is estimated with a data-driven method and these disagreements do not directly

a↵ect the tt̄ contribution in the analysis. They do however reflect the expected agreement

in these distributions for the irreducible backgrounds and the signal.
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Figure B.7: Kinematic distributions in the tt̄-enriched opposite-sign eµ selection in 2016

analysis. Top row, left to right: pT and |⌘ | of leading central (⌘ < 2.4) jet; pT and |⌘ | of

leading forward (⌘ > 2.4) jet. Bottom row: pT and |⌘ | of most forward un-tagged jet (“light

forward jet”); �⌘ between light forward jet and closest lepton; number of central jets.

The data/MC agreement in the forward jet ⌘ distribution improves significantly at higher

jet pT s. The e↵ect of higher pT cuts on the forward jet has been studied for three values:
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25, 30 and 40 GeV. In order to take into account the data/MC disagreement in the high ⌘

regions, the events are weighted accordingly to the data/MC ratio of the unity normalized

control plots shown in Fig. B.8. Table B.1 shows the scale factors obtained for the three
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Figure B.8: Pseudorapidity of the light forward jet in the tt̄-enriched opposite-sign eµ

selection for the three pT cut values in 2016 analysis.

pT values. With higher cuts in pT , the expected limit on signal strength in the three

lepton channel is seen to improve from 25 GeV to 40 GeV. The impact of the data/MC

disagreement for forward jet ⌘ is observed to reduce with higher pT cuts.

In the ECAL-HCAL transition region known to be “noisy”, a large data/MC disagreement

is observed in the region 2.7 < |⌘ | < 3.0 in the 2017 data, which is not properly accounted

for by the JEC factors. In order to mitigate this issue, several options were investigated :

• Option 0 : All selected jets with pT > 25 GeV are used (default),

• Option 1 : Jets in the region |⌘ | > 2.4 must satisfy an additional pT > 40 GeV cut (as

in the 2016 analysis),

• Option 2 : Jets in the region 2.7 < |⌘ | < 3.0 are rejected,

• Option 3 : Jets in the region 2.7 < |⌘ | < 3.0 must satisfy an additional pT > 60 GeV

cut (as done e.g. in Ref. [160]).

The distribution of the pseudorapidity of the most forward light jet obtained for each

option is shown in Fig. B.9. As the option 3mitigates the issue while retainingmost signal

events, and considering the fact that this solution was already adopted by an analysis
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Table B.1: Data/MC scale factors for ⌘ distribution of light forward jet with three di↵erent

pT cuts.

|⌘ | range pT > 25 GeV pT > 30 GeV pT > 40 GeV

0� 0.278 1.0925 1.0566 1.0326

0.278� 0.556 1.0920 1.0617 1.0407

0.556� 0.833 1.0675 1.0459 1.0244

0.833� 1.111 1.0888 1.0593 1.0340

1.111� 1.389 1.0759 1.0508 1.0322

1.389� 1.667 1.0109 0.9847 0.9661

1.667� 1.944 1.0727 1.0448 1.0239

1.944� 2.222 1.0715 1.0457 1.0169

2.222� 2.500 1.0112 0.9871 0.9746

2.500� 2.778 1.0387 0.9942 0.9816

2.778� 3.056 0.9687 0.9427 0.9200

3.056� 3.333 0.8137 0.8695 0.9092

3.333� 3.611 0.9010 0.9387 0.9807

3.611� 3.889 0.8685 0.8887 0.9213

3.889� 4.167 0.9277 0.9466 1.0135

4.167� 4.444 0.8111 0.8278 0.8637

4.444� 4.722 0.6497 0.6485 0.6367

4.722� 5.000 1.0000 1.0000 1.0000

targeting a similar final state [160] and using the same dataset, it was adopted for this

analysis. The expected upper limits on the signal strength were also checked to be better

in case of option 3 compared to other three options. The data/MC scale factors derived

based on the distributions shown in Fig. B.9 are listed in Table B.2.
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Figure B.9: Pseudorapidity of the light forward jet in tt̄ enriched opposite sign eµ selec-

tion in 2017 analysis. From left to right: Option 0, Option 1, Option 2 and Option 3

respectively.

Table B.2: Data/MC scale factors for di↵erent requirements on the light forward jet.

|⌘ | range Option 0 Option 1 Option 2 Option 3

0� 0.278 0.8876 0.9504 0.8773 0.9715

0.278� 0.556 0.8845 0.9541 0.8185 0.9639

0.556� 0.833 0.8854 0.9482 0.8447 0.9647

0.833� 1.111 0.8922 0.9578 0.8459 0.9721

1.111� 1.389 0.9186 0.9906 0.8408 1.0045

1.389� 1.667 0.9347 1.0003 0.8972 1.0176

1.667� 1.944 0.9189 0.9896 0.8670 1.0046

1.944� 2.222 0.9451 1.0188 0.8876 1.0235

2.222� 2.500 0.9260 0.9843 0.8941 1.0121

2.500� 2.778 1.0786 1.0564 1.0149 1.0744

2.778� 3.056 2.0302 1.5379 1.9081 1.2978

3.056� 3.333 0.9231 0.9840 0.9533 0.9398

3.333� 3.611 1.0778 1.1136 1.1167 1.0973

3.611� 3.889 1.0270 1.0121 1.0622 1.0456

3.889� 4.167 1.0097 1.0243 1.0601 1.0279

4.167� 4.444 0.8161 0.8865 0.8323 0.8308

4.444� 4.722 0.5824 0.5877 0.5956 0.5930

4.722� 5.000 1.0000 1.0000 1.0000 1.0000
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