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Synopsis

Introduction

The top quark is the heaviest among all known elementary particles and has unique fea-
tures in many ways. It decays (~107?°s) faster via electroweak interaction than typical
hadronization time scale (~10724s) implying that it can exist as a free quark before its
decay. Due to this unique property, the top quark provides an excellent probe to signa-
tures of physics beyond the Standard Model (SM) through comparison of measurements
with precise SM predictions. Top quarks are produced copiously in the proton-proton
(pp) collision at the Large Hadron Collider (LHC). Single top quarks are produced in pp
collisions through charged-current interaction via exchange of a virtual W boson, unlike
the dominant top pair (tt ) production process which occurs through strong interaction.
Single top production at the LHC can be characterized via 3 modes: t-channel, tW-
channel and s-channel, ordered according to decreasing cross section, which are shown
in Figure |1} It is one of the important electroweak processes occurring at the LHC. It
allows measurement of fundamental parameters of SM such as |V|, top quark mass etc.
It provides a direct probe to the tWb coupling structure for any beyond SM contribution
such as presence of anomalous tensor couplings [1], flavor changing neutral current, fourth
generation, new resonances like W’ [2], charged Higgs [3] etc. Differential measurements
can also provide powerful inputs to constrain the b-quark parton distribution function
(PDF) at high momentum fractions [4].

b w- ¢ b
Figure 1: Feynman diagrams of electroweak single top production in the standard model:

t-channel (left) , tW-channel (middle) and s-channel (right).

The t-channel is the most abundant single top production mode in pp collisions at the
LHC, amounting to almost 80% of the total cross section. The striking feature of this



process is the presence of a light quark recoiling against the top, which decays to a b-
quark and a W boson. This study has focused on the muon final state arising from direct
and cascade (via 7 leptons) decays of the W boson originating from the top decay. So the
final state consists of an isolated high transverse momentum (pr ) muon, two jets due
to hadronization of the light quark and b-quark and missing energy due to the escaping
neutrino. The next-to-leading-order (NLO) calculation with HATHORv2.1 [5,/6] predicts

Ot _ens = 136.0155(scale) + 3.5(PDF + ay)pb, (1)
Or_eng = 81.0772(scale) + 3.2(PDF + as)pb, (2)
Ot eniri = 217.0758(scale) & 6.2(PDF + a,)pb (3)

for the t-channel production at /s = 13 TeV of a top quark, top anti-quark and the sum,
respectively.

The top quark mass is an important parameter of the SM. Its precise measurement
is of profound importance, both in theory and in experiment. It constitutes a major
input to the global electroweak fit and radiative corrections to the mass of the Higgs
boson, which is related to the stability of electroweak vacuum [7]. In experiment, it
provides an essential benchmark to determine the calibration and performance of the
detector and/or reconstruction algorithm. The latest world average of the top mass,
based on measurements performed in tt events, from ATLAS, CMS , CDF & DO is
My, = 173.34 £0.27(stat) £0.71(syst) GeV [§]. The single top process offers an indepen-
dent statistical sample for this measurement. Single top events have different final state
particle multiplicities compared to tt events, leading to different amount of uncertainties
in the measurement.

CMS detector

The central feature of the Compact Muon Solenoid (CMS) detector is a superconducting
solenoid of 6 m internal diameter, providing a constant magnetic field of 3.8 T inside.
Within the solenoid volume are a silicon (Si) pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter (ECAL), and a brass (absorber) and scintillator (sen-
sor) hadron calorimeter (HCAL). The Si tracking detectors measure tracks within |n| <
2.5. The ECAL and HCAL, each composed of a barrel and two endcap sections, covers
upto |n| < 3.0 . Forward calorimeters on either side of the interaction point extend the
n-coverage provided by the barrel and endcap detectors and covers the region defined by
3.0 < |n| < 5.0. Muons are measured in the range |n| < 2.4 using gas-ionization detectors
embedded in the steel flux-return yoke outside the solenoid. The detector provides al-
most 47 solid angle coverage allowing an accurate estimate of missing transverse energy.
Detailed description of the CMS detector along with the coordinate system convention
and relevant kinematic variables is presented in [9]. Information from all sub-detectors
has been used in the measurements presented in this thesis.

Event reconstruction

The particle flow (PF) algorithm [10] is at the heart of reconstruction of all the particles
produced in the final state of the event. This algorithm uses an optimal combination
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of information from various sub-detectors in CMS to reconstruct and identify individual
particles. The PF candidates are classified as: electrons, muons, photons, charged and
neutral hadrons. During the collisions of two proton bunches, multiple pp interactions
occur, leading to multiple collision vertices. The primary vertex of the event is considered
to be the one reconstructed with the largest sum of charged-track p% values and is required
to lie within 24 cm in the direction along the beam axis and 2 cm in the direction
transverse to the beam axis about the center of the detector. All other vertices except
the primary vertex are considered as pile-up interactions. The muon candidates are
reconstructed combining the information from both the silicon tracker and the muon
spectrometer in a global fit. An identification is performed using the quality of the
geometrical matching between the tracker and the muon system measurements. The
transverse momentum of muons is obtained from the curvature of the corresponding
tracks. The energy of photons is obtained from the ECAL measurement directly, corrected
for zero-suppression effects [11]. The energy of electrons is estimated from a combination
of the electron momentum at the primary interaction vertex determined by the tracker,
the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung
photons spatially compatible with the track originating from the electron. The energy
of charged hadrons is determined from a combination of their momenta measured in
the tracker and the matching ECAL and HCAL energy deposits, corrected for zero-
suppression effects and for the response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL
and HCAL energy. Jets are reconstructed by clustering PF particle candidates using the
anti-kt clustering algorithm [12] with a distance parameter of 0.4 in the n — ¢ space. A
correction to account for pileup interactions is estimated on an event-by-event basis using
the jet area method described in Ref. [13], and is applied to the reconstructed jet pr .
Further corrections to the jet energy are also applied as a function of jet pr and 7 to
account for any residual effects due to non-uniform responses of the detector. The missing

transverse momentum vector Frr is defined as the projection onto the plane perpendicular
to the beam axis of the negative vector sum of the momenta of all reconstructed PF
objects in an event. Its magnitude is referred to as K .

Measurement of t-channel single top cross section at

13 TeV

Event selection and categorization

Events are selected using a dedicated trigger requiring an isolated muon with high pr in
the final state. A few additional criteria are also imposed in order to reject backgrounds.

e Events must have exactly one muon having pr > 22 GeV within || < 2.1 and
passing tight identification criteria [14].

e Relative isolation (I,¢) of the selected muon, defined in Eq.(4), where Icharsed hadron,
[7, [oeutral hadron g q TPile—up are the scalar pr sums of the charged hadrons, pho-
tons, neutral hadrons and particles associated with pile-up vertices respectively,
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computed in a cone of AR = 0.4 should be < 6%, i.e., Iq < 0.06.

Icharged hadron + maX((IV + Ineutral hadron __ IPlle—up)) 0)

(4)

Irel =
PT.u

e Events with additional muons (electrons) with pr > 10(20) GeV and within |n| <
2.5 passing loose identification and isolation criteria are rejected in order to reduce
Z-+jets and tt di-lepton backgrounds

e Events are required to consist of exactly 2 jets having pp > 40 GeV within || <
4.7 which pass loose identification criteria |[15] depending on the jet constituents.

e One of the 2 selected jets is required to pass a b-tagging discriminator tight criterion,
which corresponds to 0.1% mistag rate and 40% average efficiency in the selected
pr range, to be identified as b-tagged within |n| <2.4.

e The transverse W mass (m} ) defined in Eq.(5) of the (1, Fr) system in the final
state is required to be more than 50 GeV, i.e., m¥ > 50 GeV to reduce the QCD
multijet background.

m\"lz“v = \/(pT,u + ET)2 - (px,u ‘f‘pm)Q - (py,u +py)2 (5)

The events are categorized in the bins of number of jets and number of b-tagged jets
and the generic nomenclature “NjMt” is attributed to the events having N jets and M
b-tagged jets. The 2jl1t event category is the most signal enriched region. The 3j2t
category is used to control the tt background. The 2j0t region is used to validate the
QCD multijet background estimation method.

Top quark reconstruction

The 4-momentum of the top quark is reconstructed from the available kinematic infor-
mation in the event. The top-quark decays to a b-tagged jet, a charged lepton and a
neutrino, whose transverse momentum can be inferred from Kt . The longitudinal mo-
mentum of the neutrino, p.,, is determined from other kinematic constraints such as
the W boson mass, my = 80.4 GeV [16]. Assuming energy-momentum conservation at
the W— uv vertex, one can obtain Eq. for p,,. Two cases can arise for a solution,
namely,

e A negative discriminant leads to complex solutions for p,,. In this case, the imag-
inary part is eliminated by setting my = myy, while still respecting the my con-
straint. This leads to the fact that the discriminant i.e., the square root term
in Eq.@ is null. This condition gives a quadratic relation between p,, and p,,
with two possible solutions, and one remaining degree of freedom. The solution
corresponding to the minimal distance between pr, and Fr is chosen.

e For events with a positive discriminant, the solution with the smallest absolute
value is chosen [17,/18].

Ap. 1 my -
Pzy = # + 2_\/A2p§,y - pg[‘,,u(EiEg[‘ - A2)7 where A = TW + pT_—Z ’ ET (6)
pT7u pT7u
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This implies that the 4-momentum of the W boson candidate can be completely deter-
mined.

In the 2j1t and 3j1t regions, the b-tagged jet is assumed to come from the top quark
decay. In 3j1t region, the most forward jet is considered to be the jet stemming from the
light quark recoiling against top. In 3j2t region, the jet with the largest b-tagging dis-
criminant value is attributed to the b quark from the top decay while the non-b-tagged jet
is identified to originate from the light quark. In 2j0t region, three cases are considered,
namely,

e If both jets pass b-tagging algorithm but do not satisfy the b-tagging discriminator
tight criterion, then the jet with higher b-tagging discriminant value is attributed
to b-quark originating from top.

e If only one of the two jets passes b-tagging algorithm but does not satisfy the
b-tagging discriminator tight criterion, then that jet is identified as the b-jet.

e In the case where both jets fail to pass the b-tagging algorithm, the more central
jet is assigned as the b-jet.

The 4-momentum of the W boson is then added to the 4-momentum of the b-jet candidate
to obtain the 4-momentum of the decaying top quark.

Measurement with early data (42 pb™!) collected in 2015

Analysis strategy

The 2j1t region is divided into two segments by putting requirements on the reconstructed
top quark mass. The window 130 < my,, < 225 GeV is the signal region (SR) whereas
the regions my,, < 130 GeV and my,, > 225 GeV provide side-bands (SB) to validate
the W+jets background. The 3j2t region is used as control sample for tt background.
The cross-section is extracted by performing a simultaneous fit to the light-quark jet
pseudorapidity |n;| distribution in the 2j1t SR and 3j2t regions [19].

Background estimation

e QCD: The production of multijets through QCD processes has a huge cross section.
On the other hand, only a small fraction of these events mimic the lepton+jets final
state of the applied event selection. The selection efficiency for QCD multijet events
is therefore tiny. The combination of huge cross section and tiny selection efficiency
would require generation of extremely large MC samples for this process in order
to produce sufficient events that survive the event selection to guarantee a proper
QCD modeling with decent statistics in the signal region. An alternative way of
modeling is to define control regions in data that are enriched in QCD events (purity
~ 95%) by inverting the muon isolation requirement (I, > 0.12) and estimate
QCD contribution to the signal region by means of a likelihood fit to the full mY
distribution in data using QCD templates derived from the control region. The
QCD yield in the m¥Y > 50 GeV is obtained by calculating the integral of the
mY -distribution from QCD, normalized to the fitr esult, for m¥ > 50 GeV. The
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Figure 2: QCD estimation in 2j0t region (left), 2j1t SR (middle) and 2j1t SB (right).

method is validated in the 2j0t region, as the number of available events is larger
compared to signal region and the final estimate is taken from the 2j1t region as
shown in Figure 2| The QCD yield thus obtained is kept fixed during |n;|-fit.

e Wjets: Processes with W bosons produced in association with heavy flavor (b
or ¢ quark) jets constitute an important background to the 2j1t sample. The con-
tribution from this background is independent of the reconstructed top-quark mass
which indicates that the events inside and outside the my,, window have a similar
W-theavy quark content. The |n;/| distribution in the side band is therefore used
to determine the contribution from W+heavy quark events in the signal sample.

e tt: The modeling of the tt background in simulation is validated using the 3j2t
region. A simultaneous fit is performed including the 3j2t region to control tt
normalization.

Results

The normalization scale factor (S;) defined in Eq. of each process category is allowed

to float during fit,
prs
Si = Npred.’ (7)

where N2> and NP%" are the number of events observed and predicted for the i-th process
category, respectively.

Normalization scale factor for t-channel is allowed to float freely whereas top (tt + tW)
and electroweak (W/Z + Jets ) background normalizations are constrained by Gaussian
priors with 20% and 30% uncertainties, respectively. The QCD multijet yield is kept
fixed to the estimated value from myY -fit. Uncertainty in the fit results due to QCD
multijet background estimation is calculated separately by varying the QCD multijet
normalization conservatively by 50% to account for effects due to difference of mY¥ -
templates, trigger efficiency etc. in the signal and control regions. Figure [3| shows the
post-fit distribution of the light quark jet |n| in signal and control regions. The cross
section of t-channel single top process is determined using Eq.,

Ny
Ttmch = Bt — bl) x L (8)
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Figure 3: Post-fit |n;/| distribution for 2-jets-1-tag signal region (left) and 3-jets-2-tag
region (right).

where N, is the t-channel event yield after fit, € is the selection efficiency, £ = 42 pb™*
is the integrated luminosity and B(t — bfv) = 0.324 is the total branching fraction of
top decay into a b-quark and a lepton in the final state. The quantitative impact on the
fit results from each of the uncertainty sources is evaluated by performing pseudo exper-
iments with the corresponding variation. The individual uncertainty is taken from the
difference between the nominal result of the fit and that from the varied pseudo experi-
ment. The uncertainty in the measurement is mostly dominated by statistics (36%) since
it is performed on such a small data sample; uncertainties due to jet energy scale (17%),
b-tagging efficiency (5.6%), PDF (4.5%) are the dominant ones among the systematic
sources.

The cross section of t-channel single top process using 42 pb~! of pp collision data at 13
TeV is measured to be

O¢—ch = 274 £ 98(stat.) £ 52(syst.) &+ 33(lumi.) pb, (9)

in agreement with the SM prediction. In the approximation, |Vi4|, |Vis| << [Vib|, the top
quark decay branching fraction into Wb is considered to be close to 1 and the magnitude
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V};, can be extracted as |Vi,| =

meas.
t—ch

Zthﬁ, yielding

t—ch

|Vip| = 1.12 £ 0.24(expt.) £ 0.02(theo.) (10)

Measurement with full data (2.3 fb™!) collected in 2015

Analysis strategy

An advanced analysis technique compared to the early measurement has been used to
exploit the full potential of available data (2.3 fb™!) in order to make more precise mea-
surement. The ratio (Ry_a,.) of top to anti-top production cross sections is also deter-
mined directly from data in this analysis. A neural network based multivariate (MVA)
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discriminator is developed using the input variables listed in Table [I| to separate signal
from background. The t-channel signal is trained against tt and W+jets backgrounds
in the 2j1t region. The MVA response is also evaluated for events belonging to 3j1t
and 3j2t category. Each event category is sub-divided into two segments based on the
charge of the muon in the final state to distinguish between top and anti-top production.
The cross-section is estimated by performing a simultaneous fit to the MVA response
distribution in the 2j1t, 3j1t and 3j2t region [20].

Table 1: Input variables used in the neural network ranked according to their importance.

Rank Description

1 Absolute value of the pseudorapidity of the
light-quark jet

2 Invariant mass of the top quark reconstructed

from muon, neutrino, and b-tagged jet

Invariant mass of the two selected jets

Transverse mass of the W boson

Scalar sum of the transverse momenta of the two jets

S| O | =~ | W

Cosine of the angle between the muon and the

light-quark jet in the rest frame of the top quark

7 Invariant mass of the jet with the largest

transverse momentum

8 AR between the momentum vectors of the light-quark

jet and the b-tagged jet.

9 Transverse momentum of the light-quark jet

10 Invariant mass of the light-quark jet

11 Absolute value of the pseudorapidity of

the reconstructed W boson

Background estimation

e QCD: QCD has been estimated using the same method as described in Section
from control regions defined by inverting the muon isolation. Separate estimation
of QCD yield has been made depending on the charge of the muon in the 2j1t signal
region whereas 2j0t control region is used for validation of the estimation method
as shown in Figure
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Figure 4: QCD estimation in 2j0t region (left) and in 2j1t region for u* (middle) and p~
(right) final states.

e Wjets: WHjets background is validated using 3jlt region, which has similar
heavy flavor content. W-jets normalization is controlled by simultaneous fit to the
MVA response including the 3j1t region.

e tt: The tt normalization is controlled by including both 3j1t and 3j2t regions in
the fit.

Results

A maximum likelihood fit is performed to the MVA response distribution as shown in
Figure 5| with 2j1t, 3j1t and 3j2t events simultaneously to extract the cross section and
Ri{_ch.. The free parameters of the fit are the normalization scale factors of the single
top quark production and background processes as defined in Eq. and R¢_q,.. The
background scale factors are constrained by log-normal priors with an uncertainty of
10% for the top quark background, 30% for the electroweak background, and 50% for
the QCD multijet background. The t-channel normalization is allowed to float uncon-
strained. The fit is performed using the Barlow-Beeston [21] method which correctly
accounts for limited-size simulation samples. The cross section is then determined from
Eq. as described in Section . The measurement of the cross section is affected by
various sources of systematic uncertainties, which can be grouped into two categories,
experimental uncertainties and theoretical uncertainties. Several of the former category
such as uncertainties due to jet energy scale (JES), jet energy resolution (JER), b-tagging
and mis-tagging efficiency, muon reconstruction etc. are considered as nuisance parame-
ters in the fit to the MVA discriminator distribution and are thus included in the total
uncertainty of the fit. Pseudo experiments are performed to determine the impact of
the sources of the remaining uncertainties coming from theory such as signal modeling,
factorization/renormalization (ur/pr) scale of signal and background events, PDF etc.
The uncertainty in this measurement are dominated by the theoretical uncertainties such
as generator modeling of signal (£8.2%) and tt (+4.5%), pur/ur scale of t-channel signal
(-7.2/45.1%) and tt (-4.7/+3.1%) etc.

The cross section for the production of single top quarks and the top quark to top anti-
quark cross section ratio as a result of the fit are

O—cnt = 150 = 8(stat.) £ 9(expt.) £ 18(theo.) & 4(lumi.) pb = 150 £ 22 pb, (11)
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Figure 5: Neural network distributions for all (left), x4 (middle), and p~ (right) nor-

malized to the yields obtained from the simultaneous fit in the 2j1t region.

Ri_ep. = 1.81 4 0.18(stat.) + 0.15(syst.) (12)

A comparison between the measured ratio and the prediction of different PDF sets is
shown in the left plot of Figure @ Using the oy_c,. ¢ and Ry_g, measurements, the cross
section of the top anti-quark production is computed as

Oi—ni = 82 £ 10(stat.) £ 4(expt.) £ 11(theo.) &= 2(lumi.) pb = 82 £ 16 pb, (13)

where the uncertainties are evaluated using the correlation matrix of the simultaneous
fit. This leads to the total cross section,

Ot—cnt+t = 232 £ 13(stat.) & 12(expt.) £ 26(theo.) £ 6(lumi.) pb =232+ 31 pb  (14)

The comparison of this measurement with the SM expectation and measurements of the
single top quark t-channel cross section at other centre-of-mass energies is shown in the
right plot of Figure [6] The total cross section is used to determine the absolute value

of the CKM matrix element |Vj| defined as |fryVip| = Zﬁ;;‘}”g with the assumptions

t—ch,t+t

described in Section .
| fovVie| = 1.03 £ 0.07(expt.) & 0.02(theo.) (15)

The possible presence of an anomalous Wtb coupling is taken into account by an anoma-
lous form factor fry [1], which is 1 in the SM and deviates from 1 for physics beyond the
SM. The U:Ei(}){’t 4t 18 the SM prediction from Eq.@ which assumes |V,| = 1.

Measurement of top quark mass in single top events

at 13 TeV

Single top events provide an independent statistical sample to measure the mass of top
quark. The top quark mass measurement in single top topology enhances the range of
available measurements, with systematic uncertainties partially uncorrelated from those
considered in tt production. Due to low multiplicity of particles in the final state com-
pared to tt , the chances of high uncertainty in top quark 4-momentum reconstruction
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due to cross-talk among the final state particles are relatively low. This essentially lowers
the uncertainty occuring due to colour reconnection effect, which is one of the dominant
source of systematics in top mass measurements using tt events in the lepton+jets final
state [31,32]. An event selection designed for t-channel single top enriched events is con-
sidered for this analysis since t-channel is the most abundant single top production mode.
Precise measurement of the top-quark-mass in single top events demands a high purity
selection. An MVA analysis is performed on top of the baseline event selection criteria
as described in Section to ensure high signal purity. The top mass (my,p) is determined
from the reconstructed top quark 4-momentum using the method described in Section
. The analysis is ongoing in a blinded mode in order to avoid any bias. A detail study
of robustness of the analysis technique is currently in progress using pseudo experiments
before “opening the box”.

Multivariate analysis

An MVA discriminator is designed in order to discriminate signal from backgrounds. The
signal and background distributions of the variables listed in Table [2|are given as inputs to
a boosted decision tree (BDT). The input variables are chosen such that the BDT response
has low correlation with the reconstructed top mass. The t-channel single top process is
trained against tt and W+jets backgrounds with additionally QCD multijet events mixed
in. Relative weights are assigned to signal and backgrounds based on their purity in the
training sample. The simulated events in the 2j1t region are divided randomly into two
independent samples, one to train the BDT and the other to test its response. The BDT
response distribution from training and test samples are shown on the left plot in Figure
[7. Probabilities for signal-like and background-like events estimated from training are
then applied to events in data.
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Table 2: Input variables used in the BDT ranked according to their separation power.

Rank Description

1 AR between the momentum vectors of the light-quark

jet and the b-tagged jet.

2 Absolute value of the pseudorapidity of the
light-quark jet

3 Invariant mass of the two selected jets

4 Cosine of the angle between the muon and the

light-quark jet in the rest frame of the top quark

5 Transverse mass of the W boson

6 AR between the momentum vectors of the muon

and b-tagged jet

7 Scalar sum of the transverse momenta of the two jets

8 Absolute value of the pseudorapidity of

the muon

Optimization of the cut on MVA discriminator

An optimized cut on the BDT response is applied in order to reject backgrounds and
obtain a sample with high signal purity to make a precise measurement. The optimization
of the BDT response cut is performed by studying the signal significance shown on the
right plot of Figure[7], along with signal and background efficiency and signal purity shown
on the left plot of Figure |8 A cut of BDT response > 0.2 is chosen to ensure maximum
signal significance, relatively high signal purity and efficiency and very low background
efficiency. This cut implies the ratio (S/B) of signal to background yield to be 1.09. The
composition of signal and background events in the sample after applying the cut on the
BDT response corresponding to an integrated luminosity of 12.9 fb=! is shown on the
right plot in Figure [§

Ongoing studies

Modeling of parametric shapes for signal and background my,, distribution for the final
fit is in progress. The parametric model will be tested with different top quark mass
hypothesis for calibration and offset correction. Preliminary uncertainties are going to
be obtained from pseudo experiments in order to establish the robustness of the analysis
technique. The final measurement in data will follow immediately after the method is
approved by the collaboration.
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Summary

Measurement of single top t-channel production cross section has been presented with 13
TeV pp collision data recorded by the CMS detector. The measurement is in agreement
with SM prediction. The measurement with 2.3 fb~! data is the most precise result
available at /s = 13 TeV. The uncertainties in the cross sections are dominated by
uncertainties due to theory. The ratio of top to anti-top production in t-channel is also
determined from data and compared with the predictions from different PDF sets. The
value of CKM matrix element Vj, is also estimated by comparing the cross section from
measurement with theoretical prediction. Lastly, some glimpses of the ongoing study on
the top quark mass measurement in single top events with 13 TeV pp collision data are
shown. Current studies hold the promise for an independent top mass measurement in
single top events with good precision in near future.
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Chapter 1

Introduction

The human mind has always been intrigued to know what constitutes matter. In an-
cient civilizations such as those in Greece and India, the idea was already prevalent that
matter is made up of discrete, indivisible units called atoms. In fact, the word “atom”
is derived from the Greek word atomos which means indivisible. The works of John
Dalton and Robert Brown in the 19th century established the concept of atoms. Later
on Ernest Rutherford and Niels Bohr successfully showed in the early part of the 20th
century that atoms perceived by Dalton are not indivisible, rather they have an internal
structure consisting of a massive nucleus at the centre with electrons revolving around it.
It was only after the discovery of neutron by Chadwick in 1932 the nuclear model of the
atom was complete. Protons and neutrons compose the nucleus inside an atom. As time
passed on, a plethora of new particles was discovered and it was Gell-Mann, Zweig and
Nishijima who had put forward the quark model to explain the symmetries of hadrons.
They proposed that quarks make up hadrons such as protons and neutrons, which were
previously thought to be the elementary constituents of matter. Figure shows how
our knowledge about the fundamental constituents of matter has evolved over time. The
elementary constituents such as quarks and leptons interact among themselves via four
fundamental interactions, namely strong, electromagnetic, weak and gravitational. The
strong force which bind the quarks into protons is the strongest of all. The strong and
weak forces, being short-ranged, act only in the sub-nuclear distances. On the other
hand, electromagnetic and gravitational forces have an infinite range. The theoretical
structure of the standard model (SM) unifies the strong, weak and electromagnetic inter-
actions among elementary particles, while it does not include gravity due to its minuscule
effect on elementary particles. However, this assumption breaks down at the Planck Scale
where gravity starts to dominate.

The top quark is the heaviest among the known elementary particle within the SM.
It decays (~107%5s) faster via electroweak interaction than typical hadronization time
scale (107?%s) implying that it can exist as a free quark before its decay. Due to this
unique property, the top quark provides an excellent probe to signatures of physics be-
yond the standard model (BSM) through comparison of measurements with precise SM
predictions. It plays a key role in testing the SM as it couples most readily to the Higgs
boson due to its large mass and is responsible for the largest corrections to the Higgs
mass among the SM particles.
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Figure 1.1: Looking deep down into matter: from atoms to quarks; taken from Ref.

For these reasons, ever since its discovery at TeVatron in 1995, the top quark persists
to be in the focus of various particle physics programmes. Precise measurements of its
properties and cross sections characterizing several production mechanisms have been a
primary interest at the Large Hadron Collider (LHC) where top quarks are produced
at a significant rate due to higher collision energy and large instantaneous luminosity.
This thesis presents a piece of a wide research puzzle, aimed to characterize electroweak
production of the top quark via the dominant t-channel production mode and to measure

the top quark mass using the t-channel single top events at centre-of-mass (CM) energy,
Vs =13 TeV.

The theoretical structure is laid out in Chapter 21 This is followed by the details of
the experimental set-up and physics objects in Chapter |3| and respectively. An early
measurement of the t-channel cross section at /s = 13 TeV is presented in Chapter
followed by a more precise measurement with 2.2 fb~! data collected in 2015 at 13 TeV
in Chapter [6] Chapter [7] presents an ongoing measurement of the top quark mass using
single top events based on 36 fb™! data recorded in 2016.



Chapter 2

Standard Model and Top Quark

2.1 Standard Model

The goal of particle physics is to identify and understand the fundamental constituents of
matter and their interactions. Towards this end, the standard model (SM) [34] [35] [36]
of particle physics has been supremely successful in describing all known elementary par-
ticles and their interactions except for gravity. It is a low-energy effective quantum field
theory that treats, in a very elegant way, both matter and force fields with the same
formalism, since interactions are themselves regarded as mediated by particles.

The matter content of the SM is categorized into two classes: the quarks, which partic-
ipate in the strong interaction, and the leptons, which do not. Both quarks and leptons
are grouped into three generations (families) each. All quark generations contain a par-
ticle with charge +2/3 and a particle with charge —1/3, while lepton generations include
a particle with charge -1 (e.g. the electron) and a neutral particle, named neutrino. The
quantum numbers of all quarks and leptons are listed in Table [2.1] while Figure [2.1] shows
all matter particles along with the mediators of their interactions.

The SM unifies three out of four types of fundamental interactions, namely, weak, elec-
tromagnetic and strong; through the gauge group Gs)s defined as follows:

Gsn =SUB)e @ SU(2) @ U(1)y (2.1)

Table 2.1: Matter content of the standard model

Particle Spin | Charge
Ve UV, Vs 0
Leptons %
e u T —1
u c t —i—%
Quarks %
d s b — %




mass - =2.3 MeV/c* =1.275 GeV/c* =173.07 GeV/c* 0 =126 GeV/c*

charge » 2/3 u 213 C 213 t 0

spin - 1/2 12 12

0

€

0

up charm top gluon bH(')ggﬁ
=4.8 MeV/c? =95 MeV/c? =~4.18 GeV/c? 0
13 d 113 S 13 b 0
12 12 12 1 »

down strange bottom photon

0.511 MeV/c? 105.7 MeVi/c? 1.777 GeVic* 91.2 GeV/c?
-1 e -1 -1 T 0
12 12 I 12 1

electron muon tau Z boson

¢

<2.2eVlc? <0.17 MeV/c? <15.5 MeV/c* 80.4 GeV/c?

0 0 0 1
12 -I)e 12 -I)]'l 12 -I)T 1 W

electron muon tau

neutrino neutrino neutrino W boson

Figure 2.1: SM particles and force mediators; taken from Ref. [37]

where C,LL and Y stands for colour quantum number, left-handedness and hypercharge.

The core of this model relies on the symmetries represented by three Lie groups whose
parameters are continuous variables. Such continuous symmetries can be associated to
conservation laws in physics via the Noether’s theorem [38]. According to Yang-Mill
theory [39] , the renormalizable Lagrangian describing the elementary fermions and their
interactions has to be invariant under a set of local gauge transformations that are repre-
sented by a Lie group; this entails, inevitably, the existence of gauge bosons as mediators
of the interactions themselves. The full Gg), gauge-invariant SM Lagrangian is given by:

ESM = ﬁGauge + EFermions + EHiggs + £Yukawa (22)

Each term in Eq.({2.2)) is explained as follows.
L Gauge represents the kinetic energy term as well as the self-interaction between the gauge
fields and is expressed by:

3 8
1 174 a auv a auv

*CG’auge = _Z (BI,LVBM + ZW#VW w4+ ZG#VG " ) (23)

a=1 a=1

with the gauge field tensors defined as:

B, =90,B,-0,B, (2.4)
We, = ,We — 0,We + g € Wi (2.5)
Gy, = .Gy — 0,G5 + g, GG, (2.6)

The quantity €€ is the usual anti-symmetric tensor of SU(2); group, while fe¢ repre-
sents the structure constants of the SU(3)c gauge group. The coupling constants g, ¢’
and gs correspond to the SU(2)., U(1)y and SU(3)¢c gauge groups, respectively.

These fields can be exploited to construct a covariant derivative (D,,) replacing the usual
derivative (J,) with the aim of expressing a Lagrangian invariant under local Ggys gauge
transformations also for the fermions.

3 8
Y o
D,=0,+ ig'EBﬂ +ig E W+ g, E NG (2.7)
j=1 a=1
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where 77 and \* are the generators of the SU(2); and SU(3)¢ groups and Y is the
hypercharge. The second term in Eq. corresponds to the kinetic energy for the
fermions as well as the interactions between these fermions and the gauge fields, can be
symbolically written as:

ﬁFe'rmions - '(EL/D/QZJL + QERB/wR (28)

where 1, stands for fermion SU(2),, doublets and ¥r denotes SU(2),, singlet states and
D= v*D,, , with v* being the Dirac matrices.

The third term in Eq. corresponds to the dynamics of the Higgs field ®, predicted by
Brout, Englert [40] and Higgs [41], responsible for spontaneous breaking of electroweak
symmetry within the SM. ® is an all-pervading complex scalar field represented by the
Eq.(2.9), which is a doublet in the SU(2) space but carries non-zero U(1) hypercharge.

¢+} 1 {¢1 + @¢2]
P = = ] 2.9
Lﬁo V2 [#3+ ik (2.9)
The Lagrangian for the Higgs field is given by:

Liggs = (D*®)(D,®) — 1i*Td — \(dTD)? (2.10)

Firstly, we note that A is required to be positive so that the Higgs potential V(&) =
p2®1® + \(®T®)? is bounded from below corresponding to a stable vacuum. Now p? > 0
corresponds to the unique possibility of potential minimum at (0|®|0) = 0 and there is
no scope for breaking any symmetry spontaneously. However, in the case of u? < 0,
the potential has the famous “Mexican hat” shape as shown in Figure such that the
minimum of the potential lies on a circle pointing towards a degenerate family of vacuum
states, which is an additional degree of freedom. The consequent arbitrary choice of

(0®]0) = <0| {?ﬂ |0> _ % m = —\/? (2.11)

implies spontaneous breaking of the initial symmetry of the system. A perturbation
around the chosen minimum leads to couplings of the Higgs field with the gauge bosons,
and are interpreted as mass terms. Also, an additional massive scalar particle, the Higgs
boson H, supervenes naturally. The discovery of the Higgs boson was finally achieved in
2012 at the LHC [42,43] and marked another silverware in the success story of the SM
so far.

Figure 2.2: Higgs Potential; taken from Ref. [44]



The last piece in the SM Lagrangian in Eq.(2.2)) is the SU(2)-invariant Yukawa interac-
tion of the Higgs field with the fermion Dirac fields, responsible for the fermion masses,
is given by

3 3
Lyurawa = Y Y THQLiT* & ul + T Q) &d)y + T Ly Bl + h.c (2.12)

i=1 j=1

where the coefficients I',, I'y and I', represent the 3x3 Yukawa complex matrices in
the space of the three fermion generations with the superscripts u, d and ¢ denote the
up- and down-type quarks and leptons, respectively. The mass matrix corresponding

to the leptons is given by, méj = i\/];, when the Higgs field has a vacuum expectation
value of v. As the SM does not contain any right-handed neutrino field, the neutrinos
remain massless in the model. Therefore, the mass matrix mzj turns out to be diagonal
in the flavour space. However, for quarks, a mixing between the mass eigenstates of

different flavours can happen, which is the origin of the Cabibbo-Kobayashi-Maskawa

(CKM) mixing matrix [45] [46]. The mass matrices for quarks are given by m¥ = F\%’,
. ij
my = F\j; . Such matrices can be diagonalized via a bi-unitary transformation (e.g.,

[, — ULT,UE) in order to obtain the physical mass eigenstates of the particles. The
choice of a new basis to express the fermion fields has no effect on the leptons, on the other
hand, a new unitary matrix as shown in Eq. is associated with the quark sector,
which in effect performs a rotation linking the eigenstates of electroweak interaction with
those of mass.

vud Vus Vub
Vorm = Uy TU; = |V Ves Vi (2.13)
Via Vis Via

The unitarity condition Zizl ViV, = d;; limits the number of parameters to three mix-
ing angles (6;;) and one irreducible phase (§). The standard CKM matrix representation,
in terms of sines and cosines of the mixing angles (¢;; = cos#@;; ; s;; = siné;;) and the
phase ¢ is given by:

0

C12C13 512C13 S13€
_ 19 19
Verkm = | —S12C23 — C12523513€" C12C23 — S12523513€" 523C13 (2.14)
) 1)
512823 — C12C23513€" —C12523 — S12C23513€" C23C13

Currently best known values for the CKM matrix parameters are [16]:
015 = 13.04 £ 0.05%, 615 = 0.201 £ 0.011°, 3 = 2.38 +0.06°, § = 1.20 & 0.08rad (2.15)

It is known experimentally that s;3 << s93 << s12 << 1, so it is convenient to exhibit
this hierarchy using the Wolfenstein parameterization [47] written in a series expansion
of A = sin 5. Defining

Husl 2 ch
. “ud|2 + “us|2 ” |Vus| ( )

51568 = AN (p 4 i) = XTIV = AN (2.17)
VI= N[ — A2\ +ip)] "
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level of 95% [48]

the CKM matrix becomes:

1-% A AN} (p — in)
Ve = Y - X AN + O\ (2.18)
AN(1 —p—in) —AN? 1

The new variables can then be exploited, together with the unitarity condition, to draw

a unitary triangle in the (p, 77) plane. Its three sides, renormalized to the values “/,“Zgub, 1,
cd ¥ ch

VoV and internal angles, are an explicit visualization of some fundamental parameters
of the SM, so that their precise determination is crucial. One of the goals of flavour
physics is to experimentally overconstrain the CKM unitarity triangle, as depicted in
Figure The individual measurements of different processes involving quark mixing
are reported with distinct color bands which should converge on the angle labeled «, and
are used to perform a global fit with the CKMFitter [48]. Such a fit, which relies as well

on the SM constraints, gives the most precise estimate of the nine elements of the CKM

matrix as in Eq.(2.19) [48].
0.974334T0000068  0.22508 000052 0.003715 £ 0.000060

0.2249475:90029  0.973471 4 0.000067  0.0418170:00028 (2.19)
0.008575 00000 0.04108+999930 0.99911970-000027

2.2 Top quark production at hadron colliders

Hadrons such as protons are composite particles made up by valence quarks, sea quarks
and gluons arising due to vacuum polarization, which are generically termed as “partons”.



Due to heavier mass of the (anti) protons, hadron colliders can provide high centre-of-mass
(CM) energies due to very low radiation loss in head-on collisions. At LHC two counter-
rotating proton beams collide head on. According to the QCD factorization theorem [49]
any high energy hadronic reaction with a large momentum transfer can be factorized into
two distinct contribution: the short-distance interaction or “hard scattering” between
the participating partons of type i and j, 6%, convoluted with the long-distance effect
encapsulated in the “parton distribution functions” f; and f; [50]. The 6% contribution
can be calculated in the perturbative QCD regime. The parton distribution functions
(PDFs) describe the probability densities of partons 4, j carrying x;; fractions of total
momenta of the incoming protons. They also depend on the factorization scale up; i.e.,
fij=Fi;(@ij; p3). The cross section of any final state X of interest in pp collisions can
be formalized under the factorization approach as shown in Figure [2.4] as :

opp = X)= Y[ duiday filwiip) iz pp) x 67 (2, 1;) (2.20)
$3=9:4:4 long—dis‘trance part short—distance part
Pl { fZ\

.

fj/

Figure 2.4: Hard scattering in the parton model at hadron colliders.

A precise knowledge of the Parton Distribution Functions (PDFs) of the (anti-) proton
is essential in order to make predictions for the SM and beyond the SM processes at
hadron colliders. As QCD does not predict the parton content of the (anti-)proton, the
shapes of the PDFs are constrained by global fits on a large number of cross section
data in various processes from experiemnts performed at SLAC, TeVatron, CERN and
deep inelastic e-p scattering at HERA collider. The recent precise data at LHC has the
potential to improve the constraints further. However, the evolution of the PDFs with
the scale is predicted via the DGLAP evolution equation [51,52,53] by pertubative QCD.
The extensive analyses resulted in the development of many parametrizations for the
description of the PDFs at Leading Order (LO), Next-to-Leading-Order (NLO) and Next-
to-Next-to-Leading-Order (NNLO): CTEQ [54], GJR [55], NNPDF [26], HERAPDF |25],
ABM [23], MMHT [24], MSTW [56] etc. Such PDF sets differ essentially in the dataset
used to constrain the fit, the value of the strong coupling a, and of the quark masses,
the way in which higher order corrections are implemented and the way the systematic
uncertainties are treated. Figure shows the MMHT14 PDFsets [24] at two different
scales: the gluon distribution functions in the proton are peaked at low x values, while
valence quark functions are enhanced at high x values.
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Figure 2.5: MMHT14 PDFset [24] at different scales (Q?): Q* = 10 GeV? (left) and Q* =
10* GeV? (right). The associated 1o (68% C.L.) uncertainty bands are also represented.

2.2.1 Top-quark pair production

Top quarks are mostly produced in pairs via gluon-gluon fusion or quark-anti-quark anni-
hilation under the factorization approach, at pp collisions of the LHC. The corresponding
Feynman diagrams for top pair productions are shown in Figure 2.6, The process is ini-

9 oo ¢ a ¢

g { o9ovo00 ¢ g t

(a) gluon-gluon fusion (b) qq annihilation

Figure 2.6: Leading order (LO) Feynman diagrams for top-quark pair productions via

strong interactions at hadron colliders .

tiated if energy shared by the partons at least corresponds to the total rest mass of the
top quark pair; that is § > 4m? | and therefore:
4mi

2_
S

» | »

T = (2.21)
If we consider the distribution of PDFs, the apparent feature is a steep fall with increasing
momentum fractions. This implies that the partons will typically have energy available
for close to the tt production threshold. We can also expect, with a further degree of
simplification, that the interacting partons would share roughly the same (z), given by

th

(a) /T~ (2:22)
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Figure 2.7: tt cross-sections at different CM energies [61]

Thus it is evident that higher the CM energy, lower the average momentum fraction
carried by each parton for tt production. As gluon PDFs typically have larger values
compared to the ones from valence or sea quarks at lower momentum fractions, the
production of top pair proceeds almost exclusively via gluon-gluon fusion at the LHC. The
cross-sections of tt production at different CM energies for the LHC are calculated with an
accuracy up to next-to-next-to-leading-order (NNLO) in QCD, including resummation of
soft gluon terms at next-to-next-to-leading-log (NNLL) accuracy [58].These calculations
have been performed assuming the top quark mass to be 172.5 GeV.

Several measurements of tt cross-sections have been performed at TeVatron and LHC with
higher sensitivity following the first measurement by CDF [59] and D [60] Collaborations
in 1995. Figure summarizes the latest results from CDF, D), ATLAS and CMS as
function of the CM energy. All experimental results are found to be consistent with each
other and with the theoretical predictions within uncertainties.

2.2.2 Single top-quark production

Top quarks are also produced singly via charged-current electroweak interaction in pp
collisions taking place at the LHC. Such productions proceed via three channels: t-
channel, tW-channel and s-channel. The LO diagrams of the three different production
modes are shown in Figure . The Lagrangian at the tWb production vertex (L)
can be expressed as

__ 9 v I
Ly = —2\/51/}667“(1 —NUW, + h.e (2.23)
with the scattering matrix element (iM) given by
. 9
IM| x ——=|V, 2.24
i o 521Vl (224

This implies that the single top production, which is proportional to the absolute square
of the scattering matrix element, is directly proportional to |Vi|?, i.e.,

o oc [iM[* oc [Vip|® (2.25)
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Figure 2.8: LO Feynman diagrams for single top-quark production via electroweak inter-

actions at hadron colliders |\

It is quite evident from Figure that the three production modes are distinguished
by the virtuality of the W boson participating at the production vertex, which can be
elegantly formulated in terms of the Mandelstam variables describing a generic 2—2
scattering process (Figure . The variables are defined as:

s=(p1+p2)° = (ps+pa)° (2.26)
t=( —p3)=(p2—pa)° (2.27)
u=(p1 —ps)’ = (p2—p3)° (2.28)

pl\/ "

/\ p
pa P2 4

(a) s-channel (b) t-channel (¢) u-channel

P2 P4 P2

Figure 2.9: Visualization of Mandelstam variables in 2—2 scattering

t-channel

The t-channel production, which is characterized by the 4-momentum transfer squared,
proceed via the exchange of a virtual, space-like (Q* < 0 GeV?) W boson between the
two initial partons. The parton-level cross section at LO as shown in Figure is given
by

2 2
s my

4
~t—ch. Y 2 2
010 o T IVl |Vae | m(l - (2:29)
where Q(=v/t) denotes the 4-momentum exchange in the reaction and V,, is the CKM
matrix element that couples the other initial- and final-state quarks ¢’ and ¢, respectively.

Eq.(2.29)) clearly indicates that cross section increases considerably with the increase of
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CM energy (1/s). In fact, the t-channel has the largest cross-section among the three
production processes at LHC energies as indicated in Table 2.2 As the probability of
finding a b-quark is less inside a proton, the next-to-leading-order (NLO) diagram (2—3)
as shown in Figure where the b-quark appears due to gluon splitting, is dominant
for t-channel production in pp collisions at the LHC.

q' q q q
W W
b t
b —
t 9 P
Figure 2.10:  t-channel diagrams: leading order (left) and next-to-leading-order

(right) [57)

tW-channel

The top quark can also be singly produced in association with a real W boson via the so
called tW-channel. The main partonic diagram contributing to this channel is gb — tW
as shown in Figure as the contributions from other initial states gd and gs are
suppressed by the corresponding CKM matrix elements V4 and V,,. Since two different
Feynman diagrams of s- and u-channel type, participate at LO, the computation of total
scattering amplitude is more complex than other production mechanisms. The total
scattering amplitude also do not show explicit dependence on the CM energy. Further,
the tW-channel has large interference from tt at NLO where the initial b-quark comes
from another gluon, which makes it very sensitive to model uncertainties. The presence
of a gluon in the initial state makes this mode interesting to measure at LHC. In fact,
this is the second most dominant single top production mode at LHC.

s-channel

The s-channel process, characterized by the total CM energy squared, proceeds via annihi-
lation of the two incident partons into an intermediate virtual, time-like [Q? > (m;+my)?]
W-boson, which then decays into a top and an anti-bottom quarks. This process is there-
fore particularly sensitive to resonances or stable unknown particles that may replace the
standard model mediator. The partonic cross section from the LO diagram shown in

Figure 2.8¢ (Q=+/5) is :

4 2 2

s—c g t m

ULOh (8 Z’%b’2|%q/’2Q2 _ M2 ( - Tt) (230)
w
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which can be easily derived from Eq. using crossing symmetry. Eq. underlines
that the single top s-channel cross section depends slightly on the collider CM energy,
and consequently no enhancement is favoured at LHC with increasing CM energy. More-
over, the presence of an anti-quark in the initial state suggests further suppression due
to PDF in pp collisions. In fact, this is the least dominant single top production mode at
LHC. Backgrounds are overwhelming for this channel even at 7 TeV whose contribution
increase more steeply with /s reducing the signal purity further, and thus presents a
very difficult task to make precise measurements in this mode.

Table summarizes predictions of single top cross section at different /s at the LHC

and Figure lays out previous measurements of single top cross-sections at TeVatron
and during Run-I of LHC.

Table 2.2: Single top cross-section prediction at different CM energy at the LHC [62]

Single top channel

o (y/s =TTeV)

o(y/s =8 TeV)

o (v/s =13 TeV)

t-channel 63.8073% pb | 84.69%37¢ pb | 216.99799% pb
tW-channel 1574717 pb | 22.3741.52 pb | 71.743.85 pb
s-channel 4297012 pb 5.247032 pb 10.3275:3% pb
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Tevatron single top summary
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Figure 2.11: Summary of single top cross-section measurements at TeVatron and LHC

Run-I
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2.2.3 Interest in single top measurements

Extraction of Vj

Determination of various elements of the CKM matrix governing the electroweak inter-
action of quarks are of profound importance. Single top measurements are extremely
valuable on this regard, as they can be used to extract the CKM matrix element V.
Since the production cross-section is proportional to W}b|2 as shown in Eq., Vip can
be extracted from the ratio of to measured cross-section to predicted cross section, under
the assumptions |Viy| > |Vial, |Vis| and left-handed electroweak coupling. No hypothesis
on the number of fermion generations is needed.

meas.

Osinglet
Vol = 4 | theory (2.31)
single top

theor
meas. > y

In the case where o gon, singletop?

bounds on |V,| are set.

Search for new couplings

The SM Lagrangian for the tWb vertex can be minimally extended to a more generic
form as given in Eq.(2.32) by introducing anomalous vector and tensor couplings [1] in
addition to the (V-A) coupling structure from the SM:

anom. g 7 — g *_iauyqv
e = ===y (fI PL+ fr Pr)tW, — —=b—-

\/5 \/ﬁmw

where ¢, and my are the 4-momentum and mass of the W boson, P r = 5
left- and right-handed projection operators, o = M, fg r and gr, p are the complex
left- and right-handed vector and tensor couplings, respectively. At tree level in the SM,
fY =Vy and f} = grr = 0. The additional tensor couplings can alter the polarization
of the top quark as well as the helicity fractions of the W boson from its decay. The
t-channel production being the dominant of the single top process is an ideal hunting
ground for such new couplings via measurement of the spin-polarization of the top de-
cay products. The tW-channel is also very sensitive to the anomalous coupling, as the
contamination from other beyond SM sources such as flavour-changing neutral currents
(FCNC) and coupling with new heavier gauge bosons are negligible at the production
vertex thanks to the presence of an on-shell W boson.

(9cPr + grPr)tW, + h.c (2.32)

(1F95)

are the

In the SM, the flavor quantum number of fermions can be changed by charged cur-
rents, i.e., via weak interactions mediated by a W* boson. FCNC processes such as
gX—t, where X is an electrically neutral boson e.g., photon, Z, gluon or H, are absent
at tree level. The same can happen in higher-order loop diagrams with the help of a
virtual W-boson; however this kind of processes is highly suppressed through the GIM
mechanism [64] with a typical branching ratio in the range 107!° — 10714, Several new
physics models suggest that this FCNC branching ratio can be enhanced by 7-10 orders
of magnitude [65]. The t-channel is most sensitive to the FCNC processes as shown in
Figure [2.12a] As the required u or c-flux at the reaction initial state is higher than the
b-flux in a pp collision as indicated in Figure [2.5] it compensates for the smaller FCNC
coupling. Also, the FCNC operators involve a different set of spectator quarks (denoted
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by q in Figure in the reaction and thus do not interfere with the SM t-channel
process. Hence, the presence of FCNC beyond the SM can be seen as an enhancement of
the t-channel cross section. FCNC may also be seen in the s-channel through reactions
such as qq —Z—tc; however, these new physics signals may be difficult to extract in
practice as it calls for the charm-quark identification along with that of the top quark.
As the Wt-channel requires the W* to be on-shell, it receives no FCNC contribution.

Search for new bosons

In a minimal extension of the SM, it is possible to postulate the existence of a larger
gauge group that somehow reduces down to the Ggys in Eq. at low energy. Such
theoretical models predict additional massive gauge bosons; top quark being the most
massive among SM particles is expected to strongly couple with these heavy particles. The
s-channel production cross section can be increased or decreased owing to the interference
of the diagrams which are mediated by heavy gauge bosons, such as W’ [2] or charged
Higgs bosons [3], as illustrated in Figure with those allowed within the SM. If
enough energy is available, these massive particles can be produced on-shell resulting in
a resonant behavior. Similar interaction between heavy gauge bosons and the top quark
is possible in the t-channel, but they will be suppressed by #, where M is the mass of
the new gauge boson, due to the space-like nature of the propagator. Exotic production
of such gauge bosons on-shell in the tW-channel is also possible, but would result in a
very different final states with two top quarks and one b-quark, since the heavy gauge
boson dominantly decays to bt assuming minimal flavour violation.

| w’, 1Bt
Y Z.g.v. H ainiain il
|
/\ v b
u, c ¢
(a) FCNC contribution to t-channel (b) New resonance in s-channel

Figure 2.12: Potential new physics contributions to various single top processes

2.3 Top quark mass

2.3.1 Significance

The top quark is the heaviest known elementary particle. Its mass, my,p, is a fundamental
parameter of the SM and is of significant importance due its strikingly large value (as
heavy as a tungsten atom). The high mass of the top quark indicate its Yukawa cou-
pling to the Higgs field of O(1). Further the Yukawa structure of electroweak Lagrangian
implies that the top quark has large effect on radiative corrections to the electroweak
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processes as well as to the masses of the W,Z and Higgs bosons. Precision elctroweak
measurements of the masses of W,Z and top can therefore be used to test the self-
consistency of the SM.

All electroweak quantities such as mass, width and couplings of the W- and Z-boson
depend on five parameters in the SM. At leading order this dependence boils down to
only three parameters: two gauge couplings and the Higgs-field vacuum expectation value.
The three best-measured electroweak quantities can be used to determine these three pa-
rameters: The electromagnetic coupling constant o, measured in low-energy experiments
[66], the Fermi constant, G determined from the p lifetime measurement [67], and the
mass of the Z-boson precisely measured in ete™ colliders |68]. By defining the electroweak

mixing angle Oy through sin?fw= 1 —2—@, the W-boson mass can be expressed as [69):
Z

lye’

V2Gpsin20w (1 — Ar)

(2.33)

2
My =

where Ar contains all one-loop corrections. Contributions to Ar due to the top quark
and Higgs boson, at one-loop level as shown in Figure are given by:

3Gr
AT)iop 2 — m? 2.34
(Ar)iop 8v/272 tan? Oy (2:34)
3GFm2 ™My 5
AT Higes ~ — ——N (2]n — — = 2.35
(A = 210 ) (2.35)
t t
w w Z Z
b t
(a) One loop corrections due to the top quark
H
- H
4 \
/ -~ 7T
\ ] / \
Worz \ // WorZ Worz '/ \ WorZ
"N\NNNN N NNNNN N

(b) One loop corrections due to the Higgs boson

Figure 2.13: Radiative corrections to W and Z due to the top quark and Higgs boson

From the above equations, the leading m; dependence is quadratic, i.e. very strong,
whereas leading my dependence is only logarithmic, i.e. rather weak. The inferred con-
straints on my are thus much weaker than those on m; from precision my measurements
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only. In fact, electroweak precision data were used to successfully predict the mass of
the top quark before its discovery in 1995 [59,60]. Post its discovery, direct m; measure-
ments together with precision myw data can indirectly constrain the mass of the newly
observed Higgs boson and perform a stringent test of the structure of the spontaneous
symmetry breaking in the SM. Figure shows 68% and 95% confidence-level (CL)
contours obtained from a scan of fits with fixed variable pairs my vs. m;. The narrower
blue and larger grey allowed regions are the results of the fit including and excluding the
my measurements, respectively. The horizontal bands indicate the 1o regions of the myy
and m; measurements [70].

; C T T T I T T T T I T T T T I T I Y‘ T T I T T T T I T J,_
| 0, o, i i mworld comb. + 16 R

8 [ 68% and 95% CL contours : m, = 173.34 GeV <
= 80.5 — [ fit wo M,, and m, measurements | -- 0=076GeV B —
E; L fit w/o M, m and M, measurements | : | — © =076 ©0.50,,GeV d
C direct M, and m, measurements ’ ]

80.45 |—  § =

C XX s

80.4 |- € N

i =, %

I M, world comb. + 16
80.35 [— m,, =80.385 + 0.015 GeV

1

|

80.3 |- ]
E RS Y £ .
- . o oty DL _ B
80.25 __QJ’@ ‘N”‘G S\(@ \N/f??: 3 i:
Coov v v v T

140 150 160 170 180 190

m, [GeV]

Figure 2.14: Electroweak fits performed with precision measurements of my and my [70]

The stability of electroweak vacuum depends on the value of Higgs self-coupling A. If
A < 0, then the scalar potential V' (®) (Section is unbounded from below, which leads
to instability even under a tiny perturbation. The Higgs self-coupling A\ gets radiative
corrections (AM) from all the SM particles. The leading contribution comes from the top
quark due to diagrams like Figure since the top quark has the largest coupling to
the Higgs field and corrections scale as:

(AN)op o m (2.36)

If we evolve A\ all the way up to the Planck scale (~ 10'%GeV), the value of m; will decide
whether A would remain positive at all energies or not (Figure [7,71]. Therefore,
a precise knowledge of the value of the top-quark mass might just reveal the fate of our
universe.

2.3.2 Definition

Quark masses are fundamental parameters of the gauge theory of strong interaction,
namely, QCD. In quantum field theory, the propagator of a massive fermion has a pole
at my called the pole mass, which also corresponds to the invariant mass calculated from
its decay products. However, in the case of quarks a special situation arises owing to
their confinement of the quarks due to nonzero colour charge. This applies to the top
quark, although it decays via weak interaction to a b-quark and a W boson long before
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Figure 2.15: Dependence of A on my
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Figure 2.16: Radiative corrections to the quark propagator due to strong interaction

it can hadronize. The b-quark arising from the decay carries the colour charge of the top
quark before hadronizing to form a colour-neutral hadron, which requires an additional
quark coming from “somewhere else”, i.e., not from the top decay. Such long-range
effects, which are softer than the threshold of the perturbative calculations, lead to an
irreducible ambiguity of the order of A\qcp ~ 0.2 GeV for quark pole masses. It is possible
to define the so-called short-distance masses that could in principle be measured with an
arbitrary accuracy and are at the same time well-behaved parameters from a theorists
point of view. At short distances and, equivalently, at high energies, particle masses can
be calculated within the perturbation series. However, the propagator receives radiative
corrections as shown in Figure due to strong interaction, leading to divergences.
These divergences are then removed using several renormalization procedures, such as
MS [72], PS [73], 1S [74,/75], MSR [76] etc.

Simulated events generated using Monte Carlo (MC) techniques constiutte important
inputs for many top quark studies. The parameters corresponding to the top quark mass
in these MC generators are similar (not necessarily identical) to the pole mass rather than
to the renormalized mass. Experimental techniques used so far in the determination of
the top quark mass typically involve some MC-based calibration of the measured mass.
Furthermore, most measurements are based on the invariant mass of the top quark decay
products. For these reasons, the measured top quark mass has been interpreted as the pole
mass by the Particle Data Group [16]|. For all other quarks, in contrast, the renormalized
masses are used.

Based on the measurements from LHC and TeVatron, the latest world average of the top
mass is, my=173.34+0.27(stat.)+0.71(syst.) GeV [§]. Figure shows a comparison of
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various top mass results from LHC and TeVatron along with the combination.

Tevatron+LHC m,,, combination - March 2014, L =35 fo"-8.7 fo”
) ATLAS + CDF + CMS + DO Preliminary
CDF Runil, l+jets ———— 172.85 + 1.12 (052 + 0.49 = 0.86)
COF Hunll, ¢ 170.28+3.69(1.95  =3.13)
COF Runll alljets ———— 172.47 + 2.01(1.43+0.95 = 1.04)
COF Runll, & +jets w—t——rt  173.93 = 1.85(1.26 = 1,05+ 0.86)
DO Runll, kets r—t—e—t—t 174.94 = 1.50(0.83=0.47 = 1.16)
DO Runll, di-fepton —————————4~1174.00 + 2.79 (2.36 + 0.55  1.38)
ATLAS 2011, l+jets —_—e — 172.31+ 1.55(0.23+0.72+ 1.35)
ATLAS 2011, di-lepton - 173.09 = 1.63 (0.64 +1.50)
CMS 2011, l+jets —r— 173.49 = 1.06 (0.27 + 0.33 = 0.97)
CMS 2011, dilepion —_—— 17250 + 1.52(043  =146)
CMS 2011, all jets ———t—t 173.49 = 1.41(0.69 +1.23)
World comb. 2014 %17 =451 -t 173.34 = 0.76 (0.27 £ 0.24 = 0.67)
é £ Tevatron March 2013 (Run I+Il) - ——i 173.20 = 0.87 (0.51+ 0.36 = 0.61)
3 S Lhe September 2013 —t—t 173.29 + 0.95 (0.23 = 0.26 = 0.88)
a ) ) ) tata‘\ (stat. syst.)
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My, [GEV]

Figure 2.17: Summary of top mass measurements by the ATLAS, CDF, CMS and D)
Collaborations as of March 2014 [§]

Room for top mass measurements in single top events

Most measurements of top quark mass till date have been obtained using tt events.
Higher particle multiplicity in the final state in case of tt events makes it difficult to model
colour-flow in the event. The top decay products carrying the colour information of the
parent top quark mostly hadronize with additional quark coming from somewhere else.
Modeling of colour connection becomes one of the dominant source of systematics in top
mass measurements using such events in the lepton+jets final state [31,[32] . The distinct
production mechanism of the t-channel single top process dictates only a color connection
between the top quark and the proton, from which the initial b-quark is coming and not
to the whole event like in tt production. Such measurements are therefore a useful check

for any large unknown systematic effects arising due to the modeling of non-perturbative
QCD effects.

2.4 Event signature and background processes

The analyses presented in this thesis focus on the leptonic decay of the top quark singly
produced in the t-channel. The top quark almost exclusively decays to a b quark and W
boson, which in turn, decays into a charged lepton and the associated neutrino. There-
fore, in the final state we have a high-transverse-momentum (pt ), isolated lepton, two
or more jets and missing transverse energy due to the escaping neutrino. The b-quark
from top decay has high-pr and hadronizes to form a b-tagged jet, while the light-flavour
quark in the final state recoils against the top and acts as a spectator. Considering the
dominant 2—3 diagram (see Figure relevant for the t-channel single top process at
the LHC, the other b-quark in the final state has lower pt and broad pseudo-rapidity
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(n); thus it is mostly either outside detector acceptance or fails selection criteria.
Processes that mimic the lepton-+jets final state as seen in the t-channel single top signal
are considered as backgrounds. The dominant background diagrams are shown in Fig-
ure [2.19] and a comparison of cross sections of various SM processes as a function of CM
energy (1/s) at hadron colliders is illustrated in Figure

q' q

o

g b

Figure 2.18: Production of top quark in the t-channel and its decay [57]

e tt: Top-quark pair production, where one top undergoes a leptonic decay and
the other decays hadronically, is the most significant background. As discussed
in Section [2.2.1, tt production via strong interaction has a large cross section at
the LHC, out of which about 45% decay to a semi-leptonic final state. Thus, tt
contamination to signal cannot be reduced significantly making it very challenging
to separate out single top from tt .

e tW and s-channel single top: The tW-channel has the second largest production
cross section among the single top processes, of which about 44% undergoes a
semi-leptonic decay to produce the same final state as the signal. The s-channel
production has the least cross section and has an extra b-jet in the final state in
addition to the one from top quark decay which has to either fail selection criteria
or be mis-identified, so that the final state mimics that of signal. Therefore, the
s-channel background contribution is rather tiny and often neglected.

e W /Z+jets: Production of a W or Z bosons in association with jets where the
former decays leptonically, constitutes one of the dominant backgrounds. The W
produced with either one or more heavy flavour jets or light flavour jets misidentified
as b-jets can fake the signal. In case of Z+jets, one of the leptons originating from
the Z being not identified or beyond the detector acceptance, results in a similar final
state as signal. It is not always possible to significantly reduce W+jets background
due to its large production cross section which is several orders of magnitude higher
than that of signal. The effect of Z+jets events is slightly less due to their relatively
smaller cross section.

e QCD multijets: At the LHC, pp collisions produce with the largest probability
multijet events that should hardly pass our selection criteria. Nonetheless, sev-
eral causes can induce the mis-identification of a hadronic jet as an electron or a
muon, giving rise to a “fake lepton”: b-jets or long lived mesons like 7% or K*
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can decay producing genuine leptons that appear to be isolated. Also showers due
to ¥ , as well as converted or direct photons, can be reconstructed as electrons.
These circumstances may lead to a semileptonic final state analogous to signal.
As the multijet production cross section is several order of magnitude higher than
signal and the aforementioned mis-reconstruction mechanisms above described are
detector-dependent, data-driven methods are the most appropriate way to estimate
this background contribution.

Di-boson: Di-bosons such as WW, W7 and ZZ can also result in “signal-like”
final states if one of them undergoes a leptonic decay while the other decays into
hadronic final states. Due to lower production cross sections such processes do not
constitute as a major background and are often neglected for not having significant
contributions.
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(a) tt (left) and tW-channel (right)
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(b) W+jets (left) and Z+jets (right)

(¢) QCD multijet

Figure 2.19: Feynman diagrams of the different background processes.
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Figure 2.20: Cross sections and expected event yields for various SM processes at hadron

colliders [77]
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Chapter 3

LHC and CMS

Validity of the SM has been extensively tested for energies up to the electroweak scale, i.e.,
O(100 GeV), by previous experiments such as Large Electron Positron Collider (LEP),
TeVatron and in b-factories like Belle and BaBar. However, the current knowledge of
particle physics indicates that the most likely energy frontier for the validity of the SM
and hints of new physics is located at the energy scale of O(1 TeV ). Though the TeVatron
collided protons with anti-protons at an CM energy of 1.96 TeV , the energy available
for the elementary partonic collisions is much lower and is determined by the PDFs of
the proton and anti-proton. Therefore, a new machine was required which would reach
such energies in the elementary collision process. Also, the new machine was required to
have an instantaneous luminosity high enough to make the hunt for the higgs boson and
eventually for new physics possible in few years of data taking, so to quickly surpass the
discovery phase and to proceed to the precision studies of the discovery. An hadronic
collider would allow to search in a wide spectrum of energy, automatically scanning the
range made available by the PDFs. Keeping these guidelines in mind, the idea of the Large
Hadron Collider (LHC) was conceived. At the same time, the experimental conditions
at the LHC would require a careful design for the detectors which are to perform physics
measurements. Any experiment taking LHC data would have to cope with extremely high
rates of events due to the high luminosity conditions and the high CM energy available for
collisions. This causes several important consequences on the design of the experiment:
detectors, especially the ones closer to the interaction points, have to be robust against
extreme radiation conditions. To select interesting events and to reduce the information
produced by detectors to a manageable size, a sophisticated system for triggering had
to be developed. The data acquisition and transfer systems is required to sustain a
constant stream of data and transfer it to the storage facilities, ensuring the highest
bandwidth available to reduce loss of data. Finally, all reconstruction algorithms for the
physics objects present an event is required to be robust against contamination from the
underlying events that does not directly stem from the hard interaction and from pile-up
i.e., effect of the “piling up” of several pp collisions in the same bunch crossing.

This chapter focuses on the design and main characteristics of the LHC machine and
the details of the Compact Muon Solenoid (CMS) detector, showing how it has been
carefully designed in order to cope with the extreme experimental conditions and to
achieve maximum performance in the physics measurements of interest at the LHC.
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3.1 The LHC

The LHC is a circular proton-proton (pp) collider operated by the European Centre for
Nuclear Research (CERN), capable of accelerating particles at the highest energy ever
achieved in a laboratory. It occupies the same 26.7 km circumference tunnel that pre-
viously hosted the LEP collider. The tunnel is located very near to the city of Geneva
across the French-Swiss border, below the surface of the Earth at a depth between 45 m
and 170 m. The LHC is designed to accelerate two counter-circulating proton beams up
to /s = 14 TeV. It can also handle beams of heavy ions, such as the lead (Pb) nuclei, ac-
celerating them up to /s = 5.5 TeV. The beams collide at four interaction points located
at underground caverns hosting the four major particle detectors of the LHC program:
A Toroidal LHC Apparatus (ATLAS) [78], Compact Muon Solenoid (CMS) [9], Large
Hadron Collider beauty (LHCD) [79] and A Large Ion Collider Experiment (ALICE) [80].
The LHC-forward (LHCf) and TOTal, Elastic and diffractive cross-section Measurement
(TOTEM) are two comparatively smaller experimental facilities that are located few hun-
dreds of meters away from the ATLAS and CMS interaction points, respectively. In 2010,
the Large Hadron Collider (LHC) approved the Monopole and Exotics Detector at the
LHC (MoEDAL) to search directly for the hypothetical magnetic monopole. Figure
shows an aerial view of the underground LHC complex. The major experiments at the
LHC are:

e ATLAS and CMS are two general-purpose detectors conceived to explore a wide
range of physics, such as precision measurements of the SM including the Higgs and
top quarks, search for super-symmetric particles, extra dimensions, dark matter
candidates etc.

e LHCb aims mainly at studying matter-antimatter asymmetry through the measure-
ments related to B hadrons.

e ALICE is designed primarily to investigate on the physics of strongly interacting
matter at extreme energy densities using the heavy ion collisions.

e TOTEM is built to measure the total elastic and diffractive cross section in pp
collisions.

e LHCf is devised to detect particles emitted in the forward direction as a source to
understand particle cascades generated by cosmic rays reaching the ground level;
by studying how collisions inside the LHC can cause similar cascades of particles
in laboratory conditions.
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Figure 3.1: An aerial view of the LHC. Starting from the top, anti-clockwise, different
LHC experiments: CMS, LHC RF cavity, ALICE, ATLAS, LHCb and TOTEM

The LHC started operation towards the end of 2009. During 2010 and 2011 it produced
samples of pp (PbPb) collisions at 7 (2.76)TeV. The so-called “Run-1" data taking period,
started in 2009, has ended during early 2013 colliding proton beams even at /s=8 TeV.
Post Run-I, the machine went into the Long Shutdown 1 (LS1) phase, which was mainly
dedicated to the repair and upgrade of certain aspects of the LHC machine and the
particle detectors in order to safely accelerate proton beams, close to the design energy.
It has restarted again in 2015 and currently is running at /s = 13 TeV for the second
data taking period marked as “Run-II". The next target is to gradually move to its
design CM energy of 14 TeV. This thesis deals with the data collected at /s = 13 TeV in
the years 2015 and 2016 during Run-II. Here we describe few main features of the LHC

machine .

3.1.1 The accelerator

The protons within the beams have to be grouped into bunches and accelerated upto
collision energy in multiple stages, with each stage boosting the protons to higher energy
before they are actually injected into the LHC ring. Thus the LHC operational cycle for
pp collisions follows a long and tedious path. The acceleration procedure is carried out
in the following steps.

e Hydrogen (Hjy) atoms from a gas bottle are stripped of their electrons via an elec-
trical discharge. The resulting protons are accelerated up to 50MeV in the Linear
Accelerator 2 (LINAC2).

e Protons are passed into the Proton Synchrotron Booster (PSB), which accelerates
them up to 1.4 GeV and then are introduced to the Proton Synchrotron (PS).

e The PS accelerates the protons up to 25 GeV. Protons come out of the PS packed in
bunches separated by 25 nanoseconds each. This posed an unprecedented challenge
for the PS.
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The protons then arrive at the Super Proton Synchrotron (SPS) where they are
accelerated further to 450 GeV, the LHC injection energy. Injection kicker rise time
of SPS separates two consecutive bunches. Such time is 225 ns and is equivalent to
8 bunches.

SPS injects protons in the LHC ring in groups of 3 and 4 trains of 72 bunches each.
Each bunch contains about 1.6x10' protons. The LHC accelerates the bunches
up to the energy required for physics (14 TeV by design). LHC injection kicker rise
time separates each group of 3/4 train coming from SPS and the following. Such
time is 0.975 us (38 bunches), and rises to 1us (39 bunches) every three injections.
The LHC beam dump kicker rise time at the end of the train is 3 us, corresponding
to 119 bunches. Therefore an overall LHC train has a length corresponding to 3654,
while actual proton bunches are 2808. The different stages of the LHC accelerator
are illustrated in Figure [3.2]
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Figure 3.2: The LHC accelarator complex ||

Radio Frequency Cavities

To accelerate the particles upto desired CM energy and then to maintain them circu-
lating around the ring at the same energy, 16 radio frequency (RF) cavities housed in
4 cylindrical refrigerators are used. The RF modules are molded to a specific size and
shape, so that electromagnetic waves initially set up by a power generator become reso-
nant and build up inside the cavity. The protons and lead-ions passing through feel the
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overall force and direction of the resulting electromagnetic field, and are therefore pushed
forwards along the accelerator. More precisely, since the field in a RF cavity oscillates at
a given frequency, particles can be accelerated or decelerated depending on their arrival
time. In this way the beam is sorted into discrete bunches.

3.1.2 Magnets and Cryogenics

Since the LHC collides protons with protons, two separate beam pipes with opposite
magnetic fields were needed. To keep the 7 TeV proton beams onto their orbit, the
required magnetic field of 8.33 T is supplied using the niobium-titanium dipole magnet
system that operate at a temperature of 1.9 K. Also the whole magnet system had to fit
into the limited inner diameter of the tunnel, 3.7 m, which led to the choice of a twin-bore
magnet design as can be seen in Figure In total 1232 of these ~15 m long dipole
magnets are used, each weighing about 27.5 tons. The focusing of the bunches to a small
size is mainly provided by 392 quadrupoles (Figure, made up by four magnetic poles
arranged symmetrically to squeeze the beams either vertically or horizontally; their shape
will also be corrected by approximately 3700 additional multipole magnets. Finally, the
most complex insertion magnets are the 8 inner triplets that will further “compress” the
bunches and bring them into collision at the four interaction points (IP).

The LHC magnets are cooled with pressurized superfluid helium (He), which has some
interesting properties that make it a unique material. Best known is the very low viscosity
which allows it to permeate the smallest cracks and in particular enabling the fluid to
be in contact with the strands of the superconductor. The large specific heat (typically
105 times that of the superconductor per unit mass), combined with the enormous heat
conductivity at moderate flux (3000 times that of cryogenic-grade OFHC copper, peaking
at 1.9 K) can have a powerful stabilizing action on thermal disturbances. The machine is
cooled using 8 cryogenics plants located in pairs at the even points. At the tunnel level
the conventional refrigerators are supplemented by cold compressors. These multi-stage
axial centrifugal compressors pump the cold He gas producing the 15 mbar pressure in
the linear heat-exchangers inside the magnets in order to produce the primary superfluid.
The connection to the magnets is made through a cryogenic distribution line running in
the tunnel parallel to the machine.

3.1.3 Luminosity

The main goal of the LHC is to search for physics beyond the SM with highest possible
energies in the laboratory (14 TeV). As described in Eq. (4.1), the number of interesting
events produced per second in an LHC collision is the product of the cross section and
the luminosity. The luminosity, which can be controlled unlike the cross section, depends
on various beam parameters and can be expressed as:

N%nb frev T F

E p—
dme, B*

(3.1)

where Ny, is the number of particles per bunch, ny, is the number of bunches per beam,
frev is the revolution frequency of the beam (11.245 kHz),~, is the relativistic boost factor,
€, 18 the normalized transverse beam emittance, $* is the beta function at the collision
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Figure 3.3: Magnets used in LHC for beam maneuvering.
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CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV
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Figure 3.4: Integrated Luminosities delivered by LHC and recorded by CMS in Run-
IT [8§]

point, and F is the luminosity reduction factor due to the finite crossing angle at the IP.
The F value is given by .
cOz\27-1

Tyt (32)
where with 6. is the crossing angle at the IP, o, is the RMS bunch length, and ¢* is the
transverse RMS beam size at the IP. The above expression assumes circular beams, with
0, << [*, and with same parameters for both beams. To explore the rare events at LHC,
both high energy (to produce new resonances on shell) and high luminosity (to produce in
good numbers) are required. By tuning various machine parameters, the LHC luminosity
was steadily increased during the 2015-2016 as shown in Figure [3.4] The corresponding
luminosities recorded by the CMS detector were ~3.8 fb~! and ~38 fb~! respectively in
2015 and 2016.

For measuring the luminosity at its IP, the CMS uses two methods: the Hadron For-
ward (HF) method is based on the determination of particle flux in the hadron forward
calorimeter while the second method relies on the number of vertices reconstructed in
the CMS pixel tracker. In the vast majority of run periods, the two measurements agree.
The absolute luminosity measurement uses Van-Der-Meer scans in separate runs [86].
The relaive uncertainty on the measured luminosity is 2.3% for the 2015 dataset [87].

F=1[14(

3.2 CMS detector

The Compact Muon Solenoid (CMS) detector is one of the two general purpose detectors
installed at LHC. It is located at IP5, near the village of Cessy in France, between Lake
Geneva and the Jura mountains. CMS allows both pp and heavy-ion collisions. The
three striking features of CMS, as suggested by the name, are:

e Compact design; all the detector material is contained within 21 m in length and
15 m is height.

e Highly Accurate Muon detection system
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e The most powerful Solenoid magnet ever made which produces a homogeneous
magnetic field of 3.8 T over the entire volume of inner detector.

Identification and precise measurements of electrons, photons, muons, electromagnetic
and hadronic showers and estimation of missing energy are necessary to cover a broad
variety of physics phenomena and CMS boasts of several unique features, such as:

e A silicon (Si) based inner tracking system with unique capabilities to measure par-
ticle momenta over a wide range

e Measurement of electromagnetic shower with optimal resolution for high energy
electrons and photons

e Hermetic design of the hadronic calorimeter ensuring better reconstruction of hadronic
jets and missing energy

e Strong magnetic field and efficient muon system for the best possible momentum
measurement of high-energy muons

Figure shows an inside view of the various sub-detectors while Figure illustrates
the arrangement of the sub-detectors in a transverse section. The sub-detectors are
organized in the following order when go radially outward from the centre: Si-based
inner tracker, electromagnetic calorimeter, hadron calorimeter, superconducting solenoid
and muon system. In this section, all these various sub-detector components of the CMS
detector will be discussed one by one in some details.

3.2.1 CMS Coordinate System

Before proceeding any further, let’s introduce the coordinate system followed by the
LHC and all of its experiments. For any given experiment at the LHC, the centre of the
reference frame corresponds to the IP and the Z axis corresponds to the tangent to the
beam at the IP, in the anticlockwise direction. The Z axis is perpendicular to the 2 axis
and virtually joins the IP with the centre of the LHC ring, pointing towards the centre.
The g axis is perpendicular to both Z and # axes, and points towards the ground surface.
These coordinates can then be used to define the following quantities:

1. r = /22 + y?, the distance relative to the beam line
2. ¢ = tan™'(¥), the azimuthal angle
3. n=—In tan(g), the pseudo-rapidity

Each point in space is described by the (r, ¢, n) triplet of coordinates and in particular,
the (n, ¢) coordinate set describes the direction of a particle produced at the IP.

In a hadron collider such as the LHC, the momentum of the initial state of the interact-
ing partons is not precisely known. However, it can be well approximated to zero along
the transverse direction with respect to the beam, as the transverse components of the
momentum of the partons are negligible with respect to the longitudinal ones. As a con-
sequence, physics analyses take into account a balance only in the transverse component
of the interesting kinematic quantities, e.g., the transverse momentum defined as

pr = psind (3.3)
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Figure 3.6: Transverse view of the CMS detector |@|

In hadron-collider experiments, we use pseudo-rapidity () most of the time as the dif-
ference between rapidities (Ay) is invariant under the longitudinal Lorentz boost and 7
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itself is independent of the mass of the particle. In the massless limit, both 1 and y are
same. The angular distance between to particles is defined as

AR = /(An)? + (A¢)? (3.4)

The 4-momenta of a particle is often referred by the components (E, pr,n, ¢) or (pr,n, ¢, m)
instead of the standard Cartesian components (E, p., py, D2 )

3.2.2 Superconducting Solenoid

In order to keep the muon system and the detector itself reasonably compact, CMS
has been designed around a superconducting solenoid that is capable of producing a
3.8T magnetic field, providing the necessary bending power required to achieve a good
momentum resolution for final-state particles. As our main goal is to get an accurate
measurement of momentum, the magnet was a driving element in the design of the
detector. The magnet is a 12.9 m long solenoid made of a high-purity aluminum-stabilized
conductor, which is maintained to be cooled indirectly. The conductor has a cross-section
of 64x22 mm?, through which 20 kA of current flows. The solenoid is located outside
the HCAL, and provides a magnetic field of up to 3.8T inside the cylindrical volume.
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Figure 3.7: An artistic view of CMS solenoid magnet (left) and magnetic field of CMS

experiment (right) ,

3.2.3 Inner Tracker

As shown in Figure[3.6] tracking system is the innermost part of the CMS detector
surrounding the thin beryllium beam pipe. It is 5.8 m in length and 2.5 m in diameter
centered around the IP. It provides an efficient and precise reconstruction of charged
particles tracks (and, hence their momenta) coming from the IP, with a py > 1 GeV
and within |n| < 2.5, radiation heavy region of the detector. Additionally, the tracking
system precisely reconstructs secondary decay vertices for an efficient identification of
heavy flavour objects such as b-jet, 7 etc. At LHC design luminosity of 103*cm=2s7!
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there are more than 20 pp interactions per each bunch crossing which results in O(1000)
particles crossing the tracker region every 25ns. This sets the requirements for the tracking
system:

e High granularity in order to discriminate even adjacent trajectories so that ambi-
guities can be easily removed at reconstruction level.

e Fast response time to cope with the high bunch crossings frequencies.

e Radiation robustness: the intense particle flux causes damage to the detectors over
time, so it was compelling to design a tracking system which could operate under
LHC conditions and stay efficient over the entire lifetime of the experiment.

As a consequence of the first two requirements high power density of on-detector elec-
tronics is needed, and therefore an efficient cooling system is also necessary. The detector
design had to cope with those issues while at the same time keeping at the minimum
possible the amount of material present in the tracking volume to limit the effect of
particle interactions (bremstrahlung, multiple scattering, photon conversion, nuclear in-
teractions). To deal with these complexities, an all-silicon-based tracker was built, first
of its kind in the history of experimental particle physics.

The inner tracking detector constitutes two subsystems: Pixel detector and Strip tracker
as shown in Figure 3.8l The detailed description of design and functionality of these
subsystems are as follows.
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Figure 3.8: A schematic diagram of the CMS tracking detector along r-z plane ||

Pixel Detector

The pixel detector (Figure occupies the innermost region of the system, up to a
maximum distance of 10 (15) cm in barrel (endcap) from the IP. The best possible
spatial resolution in the pixel detectors is needed to cope with a flux of particles as high
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as 107em 257! as well as to discriminate against pileup. Each pixel of the detector has

a size of 100 ym x 150 pum. The central part of the detector,i.e., barrel pixel (BPix)
has a cylindrical shape with its axis coinciding with the beam, and consists of three
layers of pixels. In the forward and backward regions, there are two endcaps (FPix) each
comprising two layers of pixels. The pixel detector is made of 768 modules in the barrel
and 672 modules in the endcaps, summing up to a total of 66 million pixels. It is capable
of detecting particles having |n| <2.4 with an average spatial resolution of 10 ym along
the r-¢ plane and of 20 pum along the z direction. Such high spatial resolution is crucial
for a precise determination of vertex positions and to achieve the required momentum
resolution. The latter is as good as 1% for a track momentum of 10 GeV. After the end
of 2016, a new layer of pixel detectors in barrel as well as in endcaps has been added in
order to cope with increasing instantaneous luminosity scenario in near future.

Figure 3.9: CMS Pixel detector

Strip Detector

The strip tracker (Figure measures the track trajectories with a little reduced res-
olution (< 23 pm), reflecting the smaller particle flux at larger distances from the IP.
It consists of 10 barrel layers (4 tracker inner barrel (TIB) and 6 tracker outer barrel
(TOB) layers), 3 tracker inner discs (TID) and 9 tracker endcap (TEC) disks. Layers
1 and 2 (counted from inside) of TIB and TOB as well as TID rings 1 and 2 and TEC
rings 1, 2 and 5 have back-to-back mounted modules with 100 prad tilt, providing a
stereo coordinate measurement (both r-¢ and z). Modules of TIB, TID and the four
innermost TEC rings are made of 300um thick sensors. The entire TOB and the three
outermost rings of TEC consist of two sensors of 500 pum thickness, bonded together.
The one-dimensional strip layout allows the tracker to be constructed at a lower cost.
In total, 24240 silicon micro-strip sensors cover an area of 200 m?, making it the largest
Si-based detector ever built. The tracker operates at a temperature of around —20°C.
Based on simulation studies, the material budget for tracker is estimated as a function of
7 in terms of the radiation length X=Xg and interaction length A\/Ag. The distributions
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of these two quantities, enlightening the contributions coming from different parts of the
tracker, are presented in Figure |3.11]
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Tracker Performance

For tt events under typical 2011 pileup conditions, the average track-reconstruction ef-
ficiency for promptly-produced charged particles with transverse momenta of pr > 0.9
GeV is 94% for pseudorapidities of |n| < 0.9 and 85% for 0.9 < [n| < 2.5 [99]. The
inefficiency is caused mainly by hadrons that undergo nuclear interactions in the tracker
material. The transverse momentum resolution 0 pr / pr for muons and pions were
measured for pr = 1, 10, and 100 GeV as a function of n and are shown in Figure [3.12
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The position resolution achieved for reconstructed primary vertices that correspond to
interesting pp collisions is 10-12 microns in each of the three spatial dimensions.
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Figure 3.12: pr resolution as a function of n

3.2.4 Electromagnetic Calorimeter

The CMS Electromagnetic calorimeter (ECAL) is a homogeneous calorimeter made out
of 75848 lead tungstate PbWO, crystals, providing excellent energy and position resolu-
tion for electron and photons. When a particle, such as a photon or an electron, enters
the ECAL, starts to lose its energy by producing electromagnetic shower, caused by the
successive processes of pair production and bremsstrahlung which results in the produc-
tion of large number of secondary particles. At the end, the energy of the particle is
deposited in the calorimeter material mostly via ionization and photoelectric effect. The
main features of PbWQO, crystals are as follows.

e High density, p = 8.3 g/cm? to sustain high levels of radiation

e Short radiation length, Xy = 0.89 cm, so that the 99% of the electromagnetic shower
is contained within its depth ~ 25 Xj.

e Small Moliere radius, Ry = 2.2 c¢m, so that transverse profile of electromagnetic
shower is contained within a single crystal.

e Emits scintillation light in blue-green region of the spectra with maximum at \ ~
440 nm.

e Fast response due to very small scintillation light decay time constant ~ 10 ns
e Ability to sustain high magnetic field (3.8 T)

e Mechanically stable to fit into a compact calorimeter with fine granularity
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The ECAL comprises of two parts: the barrel (EB) up to |n| = 1.479 and the two endcaps
(EE), covering the |n| within 1.479 to 3.0. The scintillation light from the PbWO, crystals
are read by avalanche photo-diodes (APD) in the barrel region while vacuum photo-
triodes (VPT) are used in endcap to be more radiation tolerant. In the EB, crystals are
grouped into modules each containing 400 -500 crystals.4 such modules along n makes a
“Supermodule” which subtends 20° angle in ¢. There are 36 such Supermodules in EB.
EE is made up of 4 half-discs or “Dees”. 268 identical “Supercrystals” (each consisting
of 36 PbWO4 crystals) are used to cover each endcap (2 Dee-s) with a further 64 used to
complete the inner and outer perimeter. For a better discrimination of photons against
neutral pions, a preshower device (ES) is mounted in front of the EE. Silicon strip sensors
with a resolution of 2 mm, placed behind two planes of lead, are able to distinguish single
photons from 7%-s decaying into photon pairs that would not be possible with a typical
crystal size of 30 mm. Figure [3.13]shows different components of the ECAL.

Pb/Si Preshower Endcap 'Dee’

(3662 crystals)

Lead tungstate crystals PbWO,
Avalanche photodiodes (Barrel)
(1700 crystals) | Vacuum phototriodes (Endcaps)

‘ Barrel: [n| < 1.48 J [ Endcaps: 1.48 < n| < 3.0 ’

36 Super Modules 4 Dees
61200 crystals (2 x 2 x 23 cm®) 14648 crystals (3 x 3 x 22 cm®)

Figure 3.13: Layout of several components of CMS ECAL [100

ECAL performance
The energy resolution of the CMS ECAL can be parametrized as

OE . S N

E VE'E
where the energy E is measured in GeV, S is the stochastic term, N is the noise term
and C is the constant term. The stochastic term accounts for the combination of event-
to-event fluctuations in the lateral shower containment, photo-statistics contribution and
fluctuations in the energy deposited in the preshower absorber (where present) with re-
spect to what is measured in the preshower silicon detector. The noise term conatins
contribution due to electronics noise, digitization noise and event pile-up. The constant
term arises due to : non-uniformity of the longitudinal light collection, inter-calibration
errors, leakage of energy from the back of the crystal, imperfections in mechanical struc-
ture, temperature gradient etc. From test beam measurements with 20-250 GeV
electrons where the incident electron energy is reconstructed by summing 3x3 crystals,

@ C (3.5)
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Figure 3.14: A schematic diagram of CMS HCAL showing its components [103

a typical energy resolution was found to be

OE 2.8% 12%
— = 0.3% 3.6
E E(GeV) @ E(GeV) ® ¢ (36)

3.2.5 Hadron Calorimeter

The CMS detector is designed to study a wide range of high-energy processes, resulting in
a variety of final state topology involving hadronic jets, neutrinos or also exotic particles
manifesting through missing energy in the transverse plane of the detector. It is therefore
crucial to have a precise measurement of jets energy and ensure the hermeticity of the
detector to reduce the uncertainty on transverse energy lost due to cracks in the detector.
The CMS hadronic calorimeter (HCAL) [102] is a sampling calorimeter surrounding the
aforementioned parts of the detector. It reconstructs both charged and neutral hadrons
produced during pp collisions. The compact design is a consequence of the overall detector
layout that permits the placement of the main parts of both calorimeters (ECAL and
HCAL) inside the solenoid. Brass (70%Cu and 30%Zn) has been chosen as the absorber
material for the HCAL, as it is non-magnetic and has a relatively short interaction length
of \; = 16 cm. The large fraction of passive material is cost effective. On the other hand,
it requires detailed in-situ calibrations and the energy resolution is reduced compared to
what is possible with homogeneous calorimeters. The entire subsystem is divided into
four parts, as shown in Figure [3.14, explained as follows.

Hadron Barrel (HB)

The Hadronic Calorimeter Barrel (HB) covers the pseudo-rapidity range |n| < 1.3. The
HB is divided in two half-barrel sections (HB+ and HB-) consisting of 36 identical az-
imuthal wedges made out of flat brass absorber plates. The plates geometrical config-
uration that contains no projective dead material for the full radial extent of a wedge.
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The transverse granularity of the wedges An x A¢ = 0.087 x 0.087. The total absorber
thickness at || = 0 is 5.82)\; but increases with |n|up to 10.6A; at || =1.3 . Plastic
scintillator of 3.7 mm thickness is used as active material for its long term stability and
moderate radiation hardness. The light output from the scintillator tiles are guided using
wavelength shifting fibers to the hybrid photo-diodes (HPD) for detecting the hadronic
showers.

Hadron Endcap (HE)

The HE has 14 additional calorimeter towers, covering the pseudo-rapidity region 1.3
< |n| < 3.0. Tts ¢-segmentation is 5° near HB that increases to 10° near the outermost
towers. The n-segmentation increases to 0.35 at the highest |n| value. The HE being
closer to the beam pipe is a high-radiation region containing about 34% of the particles
produced in the final state. High radiation tolerance, non magnetic properties, sufficiently
high radiation length, good mechanical properties at a reasonable cost prompted the
choice for C26000 cartridge brass as the absorber material. The brass plates, arranged in a
staggered geometry with no projective dead material, are 79 mm thick with 9 mm gaps for
scintillators accommodation and result in about 10); (including the ECAL crystals). The
light output from the scintillator is guided using wavelength shifting fibers to multipixel
HPDs.

Hadron Outer (HO)

As the energetic hadrons are unlikely to be fully contained within the limited range of
the central part of the HCAL, a small extension is placed outside the solenoid magnet,
called the outer hadron calorimeter (HO). The HO is used as a tail catcher to measure
the energy of hadron showers penetrating the magnetic coil and thereby covering for very
high energy particles and late starting showers. It stretches up to a pseudo-rapidity range
of |n| = 1.26, which is comparable to the |n| range of HB. The magnetic field, outside
the vacuum tank of the solenoid, is returned through an iron yoke organized in five rings
(the tail catcher iron), in which the HO is placed as the first sensitive layer essentially
using the iron yoke as the absorber material.

Hadron Forward (HF)

To cover even higher pseudorapidity values in the range 2.8< |n| < 5.2, the HF is located
at |z| = 11.2m from the IP close to the beam pipe. Jets in the very forward (backward)
direction as well as the hadronization products of beam remnants are detected with this
system. A square grid of quartz fibers is inserted into grooves in the steel plates that serve
as an absorber material. The Cherenkov light, emitted when charged particles traverse
through the quartz fibers, produces signal in the photo multipliers. The HF is 1.65m long
and divided into 900 towers with an average granularity of An x A¢ = 0.175 x 0.175.
There are two types of quartz fibers, namely long (1.65m) and short (1.43m), in each HF
tower in order to identify electromagnetic (signal in long fiber only) and hadronic showers
(signal in long and short fibers) in HF.
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HCAL performance

The hadronic energy resolution for the barrel HCAL and ECAL combination can be
parametrized as

OE a

— =—=@0b 3.7

E VE 87)
where, “a” is the stochastic term and “b” is the constant term. From LHC test beam
measurements [104], a = (0.847 &+ 0.016) vGeV and b = 0.074 £ 0.008. For HF, the

measured values are: a = 1.98 v/ GeV and b = 0.09.

3.2.6 Muon System

Muon detection is a very important tool to recognize signatures of interesting processes
over the very high background rate expected at the LHC with full luminosity. Precise
and robust muon measurement has been a central theme of CMS. Muons characteristics
make them optimal candidates for precision measurements: muons of energies below the
scale of O(few TeVs) lose energy mainly due to ionization through the detectors, so that a
sufficiently energetic muon (~ 5GeV ) can reach the outside of the CMS superconducting
coil. Also, since muons are charged particles, precision measurement of their momentum
can be performed in the tracking systems. Those features make muon detection a power-
ful tool for recognizing signatures of interesting processes over the very high background
rate expected at the LHC.

The muon system provides muon identification, momentum measurement and triggering.
Good momentum resolution and trigger capability are achievable with the high solenoidal
magnetic field and the flux return yoke (this serving also as hadron absorber for muon
identification), while the identification of muons is provided through three different types
of gaseous particle detectors installed depending on their radiation hardness and trigger-
ing performance, namely, drift tubes (DT), cathode strip chambers (CSC) and resistive
plate chambers (RPC), as shown in Figure[3.15] Due to the shape of the solenoid magnet,
the muon system was naturally driven to have a cylindrical barrel section and 2 planar
endcap regions. Various components of muon system are described below. Figure [3.16]
shows the individual components.

Drift Tubes

The muon barrel (MB) consists of four layers of DT chambers. Each chamber is 4 cm wide
tube that contains a stretched wire within a gas volume. Muons as they pass through the
volume knock out electrons off the atoms of the gas. These electrons follow the electric
field ending up at the positively-charged wire. By keeping track of the wire electrons
hit as well as by calculating the muons’ original distance away from the wire, the DTs
give two coordinates for the position of each muon. Each DT, on average 2.0mx2.5m in
size, consists of 12 aluminum layers, arranged in three groups of four, each with up to
60 tubes. The middle group measures the coordinate along the direction parallel to the
beam while the two outside groups measure the perpendicular coordinate.
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Figure 3.15: Muon detectors in CMS [105

Cathode Strip Chambers

The muon endcap (ME) system consists of 468 Cathode Strip Chambers (CSCs). The
chambers are trapezoidal and through overlapping provide contiguous ¢-coverage. A
muon in the range 1.2 < |n| <2.4 crosses 3 or 4 CSCs, in the range 0.9< |n| <1.2 is
detected by both the barrel drift tubes and endcaps CSCs. The CSCs are multi-wire pro-
portional chambers comprised of 6 anode wire planes interleaved among 7 cathode strips
running in radial direction within a gas volume. When muons pass through, they knock
out electrons off the gas atoms, which travel to the anode wires creating an avalanche
of secondary electrons. Positive ions move away from the wire and towards the cathode,
also inducing a charge pulse in the strips, at right angles to the wire direction. As the
strips and the wires are perpendicular, we get two position coordinates for each passing
particle. In addition, to provide precise space and time information, the closely spaced
wires make the CSCs fast detectors suitable for triggering.

Resistive Plate Chambers

The resistive plate chambers (RPCs) cover the pseudorapidity region up to |n| < 2.1.
They act as an additional muon trigger system and allow to resolve ambiguities in the
CSCs. A total of 36 chambers are arranged in each of the two rings in each endcap.
The RPCs are fast gaseous detectors that provide a trigger system parallel with those of
the DTs and CSCs. RPCs are gaseous parallel-plate detectors able to combine adequate
spatial resolution with a time resolution comparable to that of the scintillators. An RPC
is capable of tagging the time of an ionizing event in a much shorter time than the 25
ns between 2 consecutive LHC bunch crossings (BX), reaching a time resolution of 1.5
ns. When a muon passes through the chamber, electrons are knocked out of the gas
atoms. These electrons in turn hit other atoms causing an avalanche of electrons. The
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electrodes are transparent to the signal (the electrons), which are instead picked up by
external metallic strips after a small but precise time delay. The pattern of hit strips
gives a quick measure of the muon momentum, which is then used by the trigger to make
an immediate decision about whether the data are worth keeping or not.

Anode wire  Electrode styips
\

fi1 vire plane (a few wires shown)

cathode plane with strips

7 trapezoidal panels form 6 gas gaps

o|  Cathode
SLrp
Muon

(a) Drift Tube (b) Cathode Strip Chamber
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o«

.................... <— graphite
<+—— bakelite
5 +— gas

........... . ORI / readoutstrips
To FEB

(¢) Resistive Plate Chamber

Figure 3.16: Various components of muon system in CMS [106

Muon System Performance

The muon momentum is measured in the inner tracker as well as in the return yoke flux.
When only used the muon system, a momentum resolution of 10% (20%) is achieved
for 40 GeV muons in the barrel (endcaps). However, the resolution of a global muon
that combines information from the tracker with the muon system, is about 1% (2%)
for muons with pr < 100 GeV in the barrel (endcaps). For high pr muons (above 100
GeV), the resolution degrades to about 8% for the barrel and 10% for the endcaps. The
muon reconstruction and identification efficiency as function of pr |107] is measured in
J/ — pp and Z— pp events using the tag-and-probe method with data collected
at 7 TeV as shown in Figure|3.17|. The probability of 7-K misidentified as muons is also
estimated as a function of 1 as shown in Figure |3.17]
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3.2.7 Triggers

One of the biggest challenge LHC poses from the experimental point of view is to deal
with a large volume of data to be stored in a limited storage capacity. The design BX of 25
ns corresponds to a frequency of 40 MHz. At nominal LHC luminosity, the expected rate
of events is about 109 Hz, with an average size for a raw event of about 1 MB. Given this
high rate, it is clearly not feasible to record all the collision information into a physical
support, which would have a capability of around 100 Hz. On the other hand, most of the
interactions are soft comprising low momentum particles, that are not relevant for the
CMS physics purposes. Therefore, it becomes necessary to filter available information
and record only the physics-wise interesting part of the collisions, and hence lowering
the rate enough but still retaining all the physics potentials. The CMS trigger system is
designed to exactly do this job by reducing the event rate down via a two-tier scheme:
the Level-1 trigger (L1), mainly hardware-based, and the High Level Trigger (HLT), that
exploits also software systems, as shown in Figure

L1 Accept

Global Trigger [ Trigger Control System
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us sec | Muon Trigger | [__Calorimeter Trigger

(a) Two-tier trigger system (b) Level-1 trigger

Figure 3.18: Schematic diagram for triggering system in CMS |106

Level-1 Trigger

The Level-1 (L1) trigger [109] is designed to reduce the rate of events down to a maximum
of 100 kHz from the BX frequency of 40 MHz. It takes a decision to whether keep or
discard the data from a particular BX within 3.2 us; if the L1 accepts the event, the
data are moved to be processed by the next stage, i.e., HLT. As the available decision
time is too short, instead of using the whole detector information, the L1 trigger takes
advantage of the fast response coming from the calorimeter and muon systems only. The
information coming from the calorimetric and muon triggers are then passed to a Global
Trigger that takes the final decision (see Figure . The calorimetric trigger is based
on the information from the trigger towers, a 5x5 matrix of ECAL crystals, grouped in
4x4 squares. This trigger is able to distinguish classes of candidates: electrons, photons,
jets, tau jets and missing energy by analyzing the energy deposits. The muon trigger
runs in parallel taking information from the muon system. The final information is then
merged and passed on to the Global Trigger, which analyzes the characteristics of the
single object before passing information to the HLT.
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High Level Trigger

The role of the High Level Trigger (HLT) [109] is to reduce the rate further down upto a
maximum total bandwidth of ~ 1 kHz. The HLT is based on sophisticated and dedicated
software tools called HLT paths that are designed to separate specific events topologies.
It exploits a system, which connects information coming from all the sub-detectors of
CMS and is controlled by an event manager system. These triggers have access to all
the information used in L1 stored locally in the L1 trigger crates. Consequently, the
HLT can make further combinations on a digital list of objects transmitted from L1,
as much information is not available on the time scale of the L1 trigger decision. The
tracking information as well as the full granularity calorimeter information is taken at the
HLT stage, and all the CMS information are combined to make the final decision about
whether the given event should be keep or rejected. The last stage of HLT processing is
the reconstruction and event filtering with an aim of making dataset for different physics
processes on easily accessed media.

This thesis deals with events which pass the lowest unprescaled single muon triggers. The
typical rate of such triggers at an instantaneous luminosity 103 cm™2 s71 is O(50 Hz).
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Chapter 4

Physics Objects and Top quark

reconstruction

This chapter focuses on the description of different high level physics objects relevant
for the analyses presented in this thesis are reconstructed from detector signals and the
typical identification criteria applied to them.

4.1 Particle Flow (PF) algorithm

Most of the objects used in the analysis are reconstructed using the information from all
the sub-detectors of CMS based on the so called Particle-flow (PF) algorithm [10]. First
the particle candidates, i.e., charged hadrons, neutral hadrons, photons, electrons and
muons are constructed from the tracks and calorimeter clusters as shown in Figure
These particle objects are then in turn used infer about higher level information, such
as lepton isolation, tau lepton, jets after applying specific jet algorithms on the particle
candidates and finally the missing energy.

4.2 Primary Vertex

The goal of primary vertex reconstruction is to determine the hardest vertex i.e. the
precise position of pp interaction point. This task is accomplished with the so called
Deterministic Annealing [111] clustering of tracks. The reconstructed vertex is required
to pass the following criteria: ndf > 4; |z| < 24 c¢m; and |d,y| < 2 cm. Due to high
instantaneous luminosity at the LHC, there are additional pp interactions (pile-up) in the
same bunch-crossing leading to a large number of reconstructed primary vertices in each
event. From a set of reconstructed vertices, the one corresponding to the maximum 3 _p3
from all the tracks is chosen as the primary vertex or the collision point. As the luminosity
varies over a given data taking period, the number of pp interactions per bunch-crossing
is not well reproduced in simulations. As a consequence, there is a difference in the
distribution of number of reconstructed primary vertices (Npy) between data and MC
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simulated samples. To bring them to consistency, MC events are re-weighted to match
pile -up distributions as observed in the data.
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Figure 4.2: Data-MC comparison of number of reconstructed primary vertices (Npy)

distribution after pile-up re-weighting

4.3 'Trigger

Events are required to pass the HLT criteria which demands presence of an isolated muon
candidate above the pr threshold for lowest unprescaled trigger. The value of the trigger
pr threshold changes for different analyses presented in later chapters depending on the
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data recording condition. Efficiency for the trigger(s) in simulation are corrected using
data-to-MC correction factors obtained from a tag-and-probe method [10§].

4.4 Muons

The muon reconstruction [112] chain starts with the “local reconstruction” using the hits
in muon chambers and tracker separately and then matching the candidates to complete
“global reconstruction”. Based on this, muon objects are typically identified as one of
the following.

e standalone muons: The segments reconstructed in the muon chambers are used
to generate seeds consisting of position and direction vectors and an estimate of
the muon transverse momentum. These initial estimates are used as seeds for the
track fits in the muon system, which are performed using segments and hits from
DTs, CSCs and RPCs and are based on the Kalman filter technique. The resulting
collection is called “standalone muons”

e tracker muons: A complementary approach consists in considering all tracker
tracks to be potential muon candidates and in checking this hypothesis by looking
for compatible signatures in the calorimeters and in the muon system. Tracker
tracks identified as muons by this method are referred to as “tracker muons”. This
algorithm is particularly useful for the identification of low-pt muons (with pr of
the order of a few GeV), which may not leave enough hits in the muon stations for
a “standalone muon” to be reconstructed.

e global muons: For each standalone muon track, a search for tracks matching it
among those reconstructed in the inner tracking system is performed, and the best-
matching tracker track is selected. For each such pair the track fit using all hits in
both tracks is performed, again based on the Kalman filter technique which results
in a collection of objects referred to as “global muons”.

4.4.1 Tight Muons

These muons are reconstructed as global muons. Events with exactly one muon above a
given high-pr threshold and within |n| < 2.4 are selected for the analyses presented in this
thesis. The selected high-pr muon are required to meet additional quality requirements
referred to as “tight muon ID” [14] which are as follows.

e Muon tracks should have x?/ndf < 10
e at least one valid hit in the muon chamber

e at least two segments in two muon stations must match the global muon object,
since the drift tube requires two segments to trigger.

e number of valid tracker hits > 5 out of which at least one in pixel detector so that
at least a minimal number of measurement points are available in the tracker for
good pr measurement.
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e Impact parameter in the transverse plane |d,,| < 2mm w.r.t the centre of estimated
beam spot position and distance along the beam-line w.r.t primary vertex should
be dz < bmm to reject cosmic muon tracks and tracks from pile-up vertices.

The first 3 criteria mostly helps to suppress hadronic punch-through effect and from
muons which decay in flight. The third criterion is also required for triggering purpose.
Further, the muon must be well isolated in terms of PF-based “DeltaBeta” [113] corrected
relative isolation described below.

I + max|(I7 + I"™" — 0.5 x I7Y), 0]

[rel =
P

, (4.1)

where I¢", I and I™" are the sum of the transverse energies of charged hadrons, photons
and neutral hadrons, respectively, in a cone size of AR = /(An)? + (A¢)2 = 0.4 around
the muon direction. I*V is the pr sum of charged hadrons associated to the primary
vertices other than the leading primary vertex. It is used to estimate the contribution of
neutral particles from pileup events.The factor 0.5 is used to take into account the neutral
to charged particle ratio. For the tight muon, our selection requires I,.; < 0.06.The data-
to-MC correction factors for muon are obtained using a tag-and-probe [108] method and
are applied to simulated events to account for differences in efficiency between data and
simulation.

4.4.2 Loose Muons

Events with additional charged muon are vetoed. The selection requirement for additional
muon are loosened. Events having another muon(s) with pr > 10 GeV within |n| < 2.4
reconstructed as either the “global” or the “tracker muon” objects and relative isolation
L < 0.2, are rejected.

4.5 Veto Electrons

Electrons are reconstructed using information from the pixel detector, strip tracker and
ECAL clusters. First the ECAL clusters are used to determine the energy and posi-
tion of the electrons which is then tightly matched with corresponding tracks in tracker.
The energy loss due to bremsstrahlung for electrons propagating in matter introduces
non-Gaussian contributions to the event-by-event fluctuations of the tracking measure-
ments. A Gaussian-sum filter (Gsf) algorithm for electron track reconstruction in the
CMS tracker has therefore been developed to model the bremsstrahlung energy loss dis-
tribution by a Gaussian mixture rather than a single Gaussian, as opposed to the standard
Kalman filter which relies solely on Gaussian probability density functions [114}115]. The
electrons used in the this analysis are thus reconstructed as “GsfElectron” objects.
Events with a charged electron along with the a tight isolated muon described in sec-
tion [4.4.1 are vetoed. Any event which contains an additional electron with Er > 15
GeV within |n| < 2.5 and passes the cut-based ”veto” identification criteria (efficiency
98% at plateau reached around 45 GeV),is rejected.
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4.6 Jets

The jets used in the analysis are reconstructed using the anti-k7 algorithm [12] with a cone
size of 0.4, using PF candidates as inputs and after rejecting charged hadrons associated
to pile-up vertices. Once the jets are reconstructed, several levels of corrections [13] are
applied depending on the pr and |n| of the jets. Corrections are applied sequentially
in a factorized approach on both data and simulation to get corrected energy and other
parameters of jets. For data we further apply residual corrections in order to reduce
remaining differences with simulation.

This analysis requires at least 2 jets within || < 4.7 and corrected py > 40 GeV. To
reduce the effect of misidentified jets from pile-up vertices or detector noise, |n|-dependent
loose “Jet ID” [15] is applied. The |n|-dependency of the “Jet ID” criteria can be
attributed to the limited tracker acceptance (|n| < 2.4 ) and presence of HF which has
worse granularity compared to HB and HE in the high-|n| region of the detector.

For Jets within |n| < 2.7,

e Neutral Hadron Energy Fraction < 0.99

e Neutral EM Energy Fraction < 0.99

e Number of constituents > 1
Additionally for PF jets with |n| < 2.4,

e Charged Hadron Energy Fraction > 0

e Charged multiplicity > 0

e Charged EM Energy Fraction < 0.99
For Jets within 2.7 < || < 3.0,

e Neutral EM Energy Fraction > 0.01

e Neutral Hadron Energy Fraction < 0.98

e Neutral multiplicity > 2
For Jets with |n| > 3.0,

e Neutral EM Energy Fraction < 0.90

e Neutral multiplicity > 10

Jets are also required to have a distance more than 0.4 in the n— ¢ plane w.r.t the selected
tight muon described in Section 4.4.1.
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4.7 b-Tagging

As the life time of b-flavoured meson is large, it travels some distance before it decays.
CMS has explored various technique [116] to identify jets that originate from b-quark
using the secondary vertex and lifetime information. Figure [4.3| shows the tagging ef-
ficiency vs mis-identification probability corresponding different tagging algorithm. For
the analyses presented in this thesis, mainly two different algorithms has been used for
b-tagging, which are described as follows.

e Combined Secondary Vertex version 2 (CSVv2): This algorithm is based
on secondary vertex and track-based lifetime information, it is an updated version
of the CSV algorithm used in Run-I combining the variables such as vertex mass,
number of tracks at vertex and inside a jet, 2D flight distance significance of the
b-flavoured meson, ratio of energy carried by the tracks at the secondary vertex
vs all tracks inside the jet etc. into a neural network instead of a likelihood ratio
and the secondary vertex information is obtained with the inclusive vertex finder
algorithm.

e combined MultiVariate Algorithm version 2 (cMVAv2): This algorithm
uses a Boosted Decision Tree (BDT) taking as input the different algorithm out-
puts of CSVv2, a variant of CSVv2 using alternate vertex reconstruction, Jet Prob-
ability (JP), Jet B Probability (JBP), Soft Electron (SE) and Soft Muon (SM)
taggers. As seen in Figure this algorithm performs better compared to CSVv2
in discriminating jets originating from b-quark from jets due to c-quark, in the final
state.

A tight threshold is applied on the b-tagging discriminator value which corresponds to
mis-tag rate of 0.1%.
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4.8 Missing Transverse Momentum

Missing transverse momentum (MET) is a measure of the imbalance in the pr of all
“visible” final state particles that interact with the detector material as described in
Eq[4.2] In the analyses present in this thesis, the source of MET can be attributed to
the pr carried away by the neutrino, an “invisible” final state particle, originating from
W boson, which in turn, comes from top quark decay. Corrections are applied on MET
to mitigate the contamination due to pile-up and to account for jet energy calibration

effects. _
Er=[Erl=|- Y o7

i€visible

(4.2)

4.9 Event Categorization

The t-channel single top production has one light quark recoiling against the virtual W
boson and one b quark from top-quark decay and a second b quark from initial gluon
splitting. The pr -spectrum of the second b quark is softer compared to the one coming
from top quark decay. It also has large |n| compared to more central b-quark originating
from top. As a result, the jet due to the second b-quark in the final state is often rejected
by jet pr -threshold. If selected, it is mostly found to be out of tracker acceptance (|n| <
2.4) to be tagged as a b-jet. Hence, the region having 2 jets, with one of them being
b-tagged, has the largest fraction of signal events. Depending on the number of jets and
b-tagged jets we define few categories in order to validate the normalization and modeling
of main background processes. The generic nomenclature “nJmT” is attributed to the
events having n jets and m b-tagged jets. In addition to the signal-enriched 2J1T region,
2J0T (enriched in Wlight flavour jets and QCD), 3J1T (enriched in tt and W+ heavy
flavour jets) and 3J2T (enriched in tt ) regions have been studied as control regions.

4.10 Transverse W-boson Mass

The transverse W-boson mass (mY¥ ) is defined as

mY =/ pry+ Ex)? = s+ o) — (0 + p)? (43)

where, p ., Py, are the x and y-components of muon 3-momentum and p,, p,) are the x

and y-components of K.
mY is very sensitive to the processes with prompt muons from leptonically decaying W
boson. The my distributions for QCD multijet backgrounds and other processes is shown

in the left plot of Figure Beyond 50 GeV the QCD probability goes down monoton-

ically whereas the probability for other processes starts to increase. So by requiring my

> 50 GeV most of the QCD multijet background can be rejected.

4.11 Top Quark Reconstruction

The 4-momentum of the top quark is reconstructed from the available kinematic infor-
mation in the event. The top-quark decays to a b-tagged jet, a charged lepton and a

54



neutrino, whose transverse momentum can be inferred from Kt . The longitudinal mo-
mentum of the neutrino, p,,, is determined from other kinematic constraints such as
the W boson mass, my = 80.4 GeV [16]. Assuming energy-momentum conservation at
the W— v vertex, one can obtain Eq. for p,,. Two cases can arise for a solution,
namely,

e A negative discriminant leads to complex solutions for p,,. In this case, the imag-
inary part is eliminated by setting my = myy, while still respecting the my con-
straint. This leads to the fact that the discriminant i.e., the square root term in
Eq. is null. This condition gives a quadratic relation between p,, and p,,
with two possible solutions, and one remaining degree of freedom. The solution
corresponding to the minimal distance between pr, and Fr is chosen.

e For events with a positive discriminant, the solution with the smallest absolute
value is chosen [17,/18].

2
Pey = & + QL A%p? | — p?r’#(EiE?f — A?), where A = Hw +m . E—r; (4.4)
p T, pT,y 2

The |p.,| distributions for t-channel single top signal and other background processes
are shown in Figure Apart from QCD, other processes having a real W boson in
the final state, |p.,| peaks at zero, as expected, since the neutrino from W-decay carries
away enough energy giving rise to high Kt . Using the p,, information, the 4-momentum
of the W boson candidate can be completely determined.
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Figure 4.4: mY¥ (left) and |p,,| distribution of signal and background processes.

In the 2J1T and 3J1T regions, the b-tagged jet is assumed to come from the top quark
decay. In 3J1T region, the most forward jet is considered to be the jet stemming from
the light quark recoiling against top. In 3J2T region, the jet with the largest b-tagging
discriminant value is attributed to the b quark from the top decay while the non-b-
tagged jet is identified to originate from the light quark. In 2J0T region, three cases are
considered, namely,
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e If both jets pass b-tagging algorithm but do not satisfy the b-tagging discriminator
tight criterion, then the jet with higher b-tagging discriminant value is attributed
to b-quark originating from top.

e If only one of the two jets passes b-tagging algorithm but does not satisfy the
b-tagging discriminator tight criterion, then that jet is identified as the b-jet.

e In the case where both jets fail to pass the b-tagging algorithm, the more central
jet is assigned as the b-jet.

The 4-momentum of the W boson is then added to the 4-momentum of the b-jet candidate
to obtain the 4-momentum of the decaying top quark.

Figure shows the signature of a typical t-channel single top event during the pp
collision at 13 TeV.

-| CMS Experiment at LHC, CERN
C | Data recorded: Tue Jul 14 11:47:11 2015 CEST
Ut Run/Event: 251721 / 22303466
¢| Lumi section: 21

b-tagged jet

Figure 4.5: Event display for a t-channel single top event during pp collision at 13

TeV
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Chapter 5

Cross section measurement with

early 42 pb—! data

Since the discovery at Tevatron [17,/18], single top-quark processes have gradually become
a unique testing ground for the study of QCD and electroweak processes, specifically at
the tWb vertex, as well as the measurement of the CKM matrix element V. It has
already been studied extensively at the LHC during Run-I at CM energies of 7 and 8
TeV respectively. Run-II of LHC marks the period for precision measurements of the
single top processes.

A preliminary measurement of the t-channel cross-section was performed with the very
first pp collision data at /s = 13 TeV recorded by the CMS detector with 50ns bunch
spacing, as the LHC restarted after shutdown period. Measurement is performed in the
final state containing one high-pr isolated muon, two hadronic jets with one of them
identified to have originated from a b-quark in the final state and large Kt due to the
escaping neutrino. Backgrounds are extracted using side-band regions. The signal is
extracted from a fit to the pseudo-rapidity distribution of the recoiling non-tagged jet.

5.1 Data and MC samples

The MC and data samples used for this analysis are listed below in Table and Ta-
ble 5.2
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Table 5.1: List of MC samples

Process H o(-BR)[pb] Generator ‘ Nevents ‘
t-channel single top, top + anti-top, leptonic decays 217(- 0.324) (NLO) [6,119] | aMC@NLO-pythia8 4M
tW-channel single top, top, inclusive decays 35.6 (NNLL) [120] powheg-pythia8 1M
tW-channel single top, anti-top, inclusive decays 35.6 (NNLL) [120] powheg-pythia8 1M
tt , inclusive decays 831.76 (NNLO) [58}/121| powheg-pythia8 20M
W(— lv) + Jets 61526.0 (NLO) aMC@NLO-pythia8 | 24M
Z/7(— €6) + Jets, mgg > 50 GeV 6025.2 (NLO) aMC@NLO-pythia8 | 20M
w -enriched QCD, pp > 20 GeV, pf. > 15 GeV 240680 (LO) pythia8 13M

Table 5.2: List of Data samples

Dataset H Run Range Integrated Luminosity (pb~1)

/SingleMuon/Run2015B-17Jul2015-v1/MINIAOD 251162-251562
/SingleMuon/Run2015B-PromptReco-vl/MINIAOD 251585-251883

42

5.2 Event Selection

The following event selection criteria was applied to reduce backgrounds.

Events are required to pass high level trigger criteria which require at least one
prompt global muon or tracker muon with pr above 20 GeV within || < 2.1 in the
final state (“HLT_IsoMu20_eta2pl” OR “HLT _IsoTkMu20_eta2pl”). The two HLT
bits combined through the logical "OR” operator maximizes the efficiency.

Events with exactly one muon having pr > 22 GeV within |n| < 2.1 passing “tight
ID” criteria and I, < 0.6 is selected.

Events with another muon above pr threshold of 10 GeV within |n| < 2.5 are
rejected in order to reduce Z+Jets and tt di-muon backgrounds.

Events with another electron in addition to selected high-pt muon described above
with pr above 20 GeV within |n| < 2.4 are rejected in order to reduce tt di-lepton
background.

Event having exactly 2 anti-kt jets with cone size 0.4 in 7-¢ space made out of PF
candidates are required to have pp above 40 GeV within |n| < 4.7 passing the loose
identification criteria based on their constituents and having AR> 0.4 with respect
to the high-pt muon candidate.

Out of the two selected jets one jet is required to pass the tight working point of the
neural network based CSVv2 algorithm (as explained in Section[4.7) within || <2.4
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to be identified as a b-tagged jet originating from the b-quark in final state due to
the decay of the top quark. Thus we obtain the signal enriched region defined as
2J1T

e To reduce QCD background further, as explained in Section[4.10] events are required
to have myY > 50 GeV.

e In the signal region (2J1T) an additional cut on the invariant mass of the recon-
structed top quark is applied. Events inside the mass window corresponding to
my, € [130,225] GeV are kept while the events outside this region are used to
model the background from W+ Jets.

5.3 Estimation of backgrounds

5.3.1 Estimation of QCD background

The production of multijets through QCD processes has a huge cross section. On the
other hand, only a small fraction of these events mimic the muon-+jets final state of
the applied event selection. The selection efficiency for QCD multijet events is therefore
tiny. The combination of huge cross section and tiny selection efficiency would require
generation of extremely large MC samples for this process in order to produce sufficient
events that survive the event selection to guarantee a proper QCD modeling with decent
statistics in the signal region. An alternative way of modeling is to define control regions
in data that are enriched in QCD events (purity &~ 95%) by inverting the muon isolation
requirement (I, > 0.12) and estimate QCD contribution to the signal region by means
of a likelihood fit to the full mY distribution in data using QCD templates derived from
the control region. The QCD yield in the my > 50 GeV is obtained by calculating the
integral of the myY -distribution from QCD, normalized to the fit result, for my > 50
GeV. The method is validated in the 2J0T region, as the number of available events is
larger compared to signal region and the final estimate is taken from the 2J1T region.

The mY -distribution in data is modeled according to Eq@ Q(mY ) and Nqcp
denote the QCD myY -template and QCD yield parameter respectively. W(mYy ) denotes
the combined MC template of all other processes with a prompt muon in the final state
scaled according to their respective cross-sections and Nyonqep is the yield parameter cor-
responding to W(mY ). An extended maximum likelihood fit with 2 parameters, namely
Nqcp and Nygnqep , is performed to the m\TN -distribution in data.

F(my') = Nocp Q(my') + Nuongep W (my) (5.1)

Estimation in 2JOT region

The 2J0T was used to validate the QCD estimation method with MC and data-driven
templates for Q(my ) from the anti-isolated side-band. A comparison of Q(mYy ) tem-
plates from isolated region with the ones obtained from anti-isolated side-band is shown
in Figure and the templates are observed to agree with each other within the un-
certainties. In addition, an unbinned parametric template was also tested. All fits are
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shown in Figure and Table lists the fit results using different templates. The
difference in the respective final QCD yields can be attributed to the difference in the
corresponding QCD templates. The data-driven QCD myY -template is susceptible to the
statistical fluctuations of the my distributions of the non-QCD processes in I, > 0.12
region, since combined non-QCD distribution is subtracted from the data distribution in
order to obtain the data-driven QCD template. The fluctuation mostly arise due to the
differences in trigger , muon isolation and identification efficiencies for different processes
in the I,y > 0.12 region. In order to account for the differences, 50% conservative uncer-
tainty on the QCD normalization, obtained using the data-driven template, is assigned
as systematic.
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Figure 5.1: Comparison of QCD mY -templates from isolated region and anti-isolated

side-band in 2J0T

Table 5.3: QCD estimation in the 2J0T region

Variable | Fit Type QCD shape Process | Fitted Yield | Extrapolated Yield
(full range) (m¥ > 50GeV)

QCD 15104137 501446

Unbinned Parametric
nonQCD | 73014157 4407495
QCD 16624138 547446

my From Antilso MC
nonQCD | 71494157 4291494
Binned

QCD 1378+121 342430

Data Driven
nonQCD | 7433+144 4462486
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Figure 5.2: QCD fit in 2J0T region using different templates
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Estimation in 2J1T region

The same binned likelihood fit as described in the previous section is applied to the

W _distribution in the 2J1T region. The template for the non-QCD processes is again
derived from MC simulation by summing up the individual contributions from the dif-
ferent processes weighted with the corresponding cross sections, while the QCD-template
is again derived from the anti-isolated side-band in data (I > 0.12). Again, the en-
tire myY -distribution is fitted and the QCD contribution in the signal region (my > 50
GeV) is extrapolated from the post-fit myY -distribution, normalized to the fit results.
The estimation is performed separately inside and outside the top mass window in 2J1T.
Table summarizes the fitted QCD and non-QCD yields for the two regions based on
top mass window and the fits are shown in Figure [5.3|
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Figure 5.3: QCD fit in 2J1T region: inside top mass window (left) and outside top mass
window (right)

Table 5.4: QCD estimation in the 2J1T region

m,,, range Process Fitted Yield Extrapolated Yield
(full myY range) | (m¥ > 50 GeV)
QCD 20£13 241
my,bn < 130 & my,n > 225

nonQCD 181+£16 116£10

QCD 65£17 1045
130<my,p < 225
nonQQCD 330122 232415
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5.3.2 Estimation of W+Jets background

W-jets events are one of the main backgrounds surviving the selection cuts of the 2J1T
signal region. Among them, those with jets stemming from heavy flavour partons, are
not modeled well. Therefore, we model the shapes of relevant kinematic variables from
W+jets events based on data distributions and simulation of well known and well modeled
other processes. The m variable is used to define a signal region populated mainly with
signal events, to be 130 < my, < 225 GeV, and a control region (side-band region)
outside this window, where the W+jets fraction is significantly larger (about 45% of the
events in the side-band region are W+jets events). The lower and upper edges of the
window is chosen such that a signal efficiency of about 82% is obtained. The idea is that
the shape of the distributions of kinematic variables from W+jets events in the side-band
region is similar to that of W+jets events within the mass window. The variable which is
later used to determine the contributions of the signal and various background processes
is the pseudo-rapidity of the light quark jet, |n;| . The similarity of the distribution
of this variable from W+jets events contributing to the signal and side-band regions,
as shown in Figure is checked using a Kolmogorov test, which yields a p-value of
more than 90%. The side-band in the 2J1T region consists of about 45% W-jets events.
Thus, the |n;/| from the side-band data has to be corrected for the non-W+jets processes
in order to be used as W+jets template in the signal region. The contributions from
all other processes are subtracted from the data in the side-band region using the shape
and normalization from MC simulations, except for the QCD-template, which is obtained
directly from data as described in Section[5.3.1. The available dataset being very tiny, the
number of data events in the side-band region is rather small leading to large statistical
fluctuations in the template from data. So for the validation of W+jets modeling, a scale
factor is extracted from the ratio of W—jets templates from the side-band region to that
in the signal region, which is found to be compatible with one.
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Figure 5.4: Comparison of W+Jets templates from SR defined by 130 GeV < m,,1, < 225
GeV and SB defined by m,,, < 130 GeV and m,,, > 225 GeV (left) and Data-MC
comparison of |n;/| in SB (right)
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5.3.3 Estimation of tt background

The modeling of the tt background in simulation is validated using the 3J2T region. the
3J2T region is mostly dominated by tt background as shown in Figure[5.5] A simultaneous
fit is performed including the 3J2T region to control tt normalization.
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Figure 5.5: Data-MC comparison of |n;| in 3J2T region

5.4 Event yield

The final event yield in data and MC after applying full selection criteria and background
estimation methods are listed in Table Except for the number of QCD multijet events
all yields are taken from simulation and their uncertainties correspond to the size of the
simulated samples. The yield of QCD multijet events is determined from the data (see
Section. @) Data-MC comparisons control plots for muon pr , Er , b-jet |n], |n;| in
the 2J1T SR are shown in Figures [5.6] -

5.5 Cross section extraction

A binned maximum likelihood fit is performed on the |7;/| distribution to determine the
signal cross section [19]. Different background processes with the same behavior are
grouped together in order to reduce the impact of yield uncertainties of the individual
process. Background contributions from top quarks, namely tt and tW-channel single
top quark production (s-channel single top quark production is neglected), are grouped
together in the Top background category, whereas W+jets and Z+jets defines the EWK
background category. A third background category consists of QCD events, its contribu-
tion is derived from the procedure described in Section [5.3.1 and kept fixed. The fit is
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Table 5.5: Final event yields of the signal and main background processes in the 2-jet-1-

tag sample inside (SR) and outside (SB) the m,1, window

Process SR SB
tt & tW 1574+1 | 71.74+0.4
W /Z+jets 40+ 4 47+ 4
QCD 10+5 2+1
t-channel 331 72+0.3

Total expected | 240 £ 6 128 +4

. MC stat.

Data 252 127
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Figure 5.6: Data-MC comparison of muon pr (left) and Er (right) in SR

done simultaneously in the signal enriched 2J1T region within the m,,;, window between
130 GeV and 225 GeV and the 3J2T region. The latter one is dominated by tt events,
which helps to reduce the uncertainty of the top background component.
The normalization scale factor (S;) defined in Eq. of each process category is allowed
to float during fit,

N;)bs

= e (5.2)

where N®* and Nfred' are the number of events observed and predicted for the i-th process
category, respectively.

Normalization scale factor for t-channel is allowed to float freely whereas top (tt + tW)
and electroweak (W/Z + Jets ) background normalizations are constrained by Gaus-
sian priors with 20% and 30% uncertainties, respectively to account for theoretical and
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Figure 5.7: Data-MC comparison of b-jet || (left) |n;/| (right) in SR

experimental uncertainties. The fit results are listed in Table |5.6

Table 5.6: Fit Scale factors

Process Category | Scale factor

t-channel 1.26 £+ 0.45
Top 1.03 & 0.10
EWK 1.02 4+ 0.27

Figure shows the post-fit distribution of the |n;/| in signal and control regions.
The cross section of t-channel single top process is determined using Eq.([5.3)),
Ny
e X B(t — blv) x L

(5.3)

Ot—ch =

where Nj is the t-channel event yield after fit, € is the selection efficiency, £ = 42 pb™! is
the integrated luminosity and B(t — bfr) = 0.324 is the total branching fraction of top
decay into a b-quark and a lepton in the final state.

5.6 Uncertainties

The measurement of the cross section is affected by various sources of systematic uncer-
tainty. The quantitative impact on the fit results from each of the sources is evaluated
by performing pseudo-experiments with the corresponding variation. The individual un-
certainty is taken from the difference between the nominal result of the fit and that
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Figure 5.8: Post-fit |n;/| distribution in 2J1T region inside top mass window (left) and
3J2T region (right)

from the varied pseudo-experiment. The following sources of systematic uncertainties are
considered.

e Jet energy scale (JES): All reconstructed jet four-momenta in the simulation
are simultaneously varied according to the n and pr -dependent uncertainties on
the jet energy scale [32]. This variation in jet four-momenta is also propagated to

Er .

e Jet energy resolution (JER): A smearing is applied in the simulation to account
for the known difference in jet energy resolution with respect to that in the data
[32], increasing or decreasing the extra resolution contribution by its uncertainty.

e b tagging: b-tagging and mis-identification efficiencies are estimated from control
samples in 13 TeV data. Scale factors (determined according to the method of
Ref.[33]) are applied to the simulated samples to reproduce efficiencies in data and
the corresponding uncertainties are propagated as systematic uncertainties.

e Muon trigger and reconstruction: Single-muon trigger and reconstruction ef-
ficiencies are estimated with a tag-and-probe method using DrellYan (DY) events.
The uncertainty includes the difference in kinematics between events in DY data
and single-top-quark data samples, as well as the dependence of the efficiencies from
pileup events.

e QCD extraction: the normalization of the QCD multijet background is deter-
mined from a fit to the data as described in Section [5.3.1. In the fit to extract the
single-top-quark cross section, a normalization uncertainty of 50% is assigned to
account for the variations in the QCD background template.

e Signal generator: the results obtained using the nominal aMC@NLO signal sam-
ples are compared with the result obtained using signal samples generated with
powheg to account for effects due to different NLO subtraction schemes.
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e Factorization and renormalization scales (Q?): The uncertainties due to vari-
ations in the renormalization and factorization scales are studied for the signal pro-
cess, tt and W-jets by re-weighting the distributions with different combinations
of halved/doubled factorization and renormalization scales and the envelope of the
observed variations is taken as an estimate for the uncertainty.

e PDF: The uncertainty due to the choice of the parton distribution functions (PDF)
is estimated using re-weighted histograms derived from the NNPDF 3.0 [34] replicas.

e MET: The effect on Et of a 10% uncertainty on the unclustered energy deposits
in the calorimeters is estimated after subtracting from K all jets and leptons.

e Pile-up: The uncertainty due to the modeling of the pile-up contributions has been
estimated in a conservative way by comparing the event yields with and without
applying pile-up weights to the simulation.

e Luminosity: the luminosity is known with a relative uncertainty of £12%, utilizing
the methods from [35].

Table summarizes the contributions of the individual sources to the uncertainty on
the measured cross section.

5.7 Results

Using an integrated luminosity of 42 pb~! of pp collision data at 13 TeV, the cross section
of the t-channel single top-quark production is measured to be

Oi—cn = 274 £ 98(stat.) £ 52(syst.) & 33(lumi.) pb, (5.4)

which is in agreement with the standard model prediction. The measurement has an
observed (expected) significance of 3.5 (2.7) standard deviations respectively. These
values are evaluated based on the statistical uncertainty, which is the most dominant.

In the approximation, |Vi4l|, |Vis| << |Vi|, the top quark decay branching fraction into
Wh is considered to be close to 1 and the magnitude of the CKM matrix element V};, can

meas.

be extracted as |Vj| = C;tt;—;};, yielding
t—ch
V| = 1.12 £ 0.24(expt.) + 0.02(theo.) (5.5)

From this result, the confidence interval for |Vj|, assuming |Vj,| < 1.0, is determined in
the Feldman-Cousins unified approach [122] which gives a lower bound of |Vj| > 0.7 at
the 95% confidence level.
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Table 5.7: Relative impact of uncertainty sources with respect to the observed cross

; obs ; ;
section value o>, , given in percent.

Uncertainty source Acy_cn /0%,
Statistical uncertainty 36%
JES 17%
JER 1.1%
b-tagging 5.6%
Muon trigger /reconstruction 3.4%
QCD extraction 1.1%
Signal generator 1.9%
Factorization and renormalization scales (Q?) 3.3%
PDF 4.5%
MET 1.2%
Pile-up 1.4%
Total systematic uncertainty 19%
Luminosity 12%
Total uncertainty 42%
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Chapter 6

Cross section measurement with full

2015 data

The early analysis was followed by a precision measurement with full 2.2 fb~! data col-
lected by CMS during 2015 with 25ns bunch spacing. The full potential of ~55 times
more data compared to the early analysis presented in Chapter [5|is utilized by perform-
ing a multivariate analysis for better separation of signal from backgrounds. Further, the
sample is divided based on the charge of the lepton in the final state and the ratio of
top and anti-top production cross-sections is determined from data. A precise estimate
of the CKM matrix element V}; is determined from the results. The results are compared
with SM prediction(s) and are found to agree with the prediction(s) within uncertainties.
This analysis results in the most precise t-channel single top cross section measurement
at /s = 13 TeV till date.

6.1 Data and MC samples

The MC and data samples used for this analysis are listed below in Table and Ta-
ble 6.2l

Table 6.1: List of MC samples

Process H o(-BR)[pb] ‘ Generator ‘ Nevents ‘

t-channel single top, top + anti-top, leptonic decays || 217(- 0.324) (NLO) [6,119] | aMC@NLO-pythia8 20M
tW-channel single top, top, inclusive decays 35.6 (NNLL) [120] powheg-pythia8 1M
tW-channel single top, anti-top, inclusive decays 35.6 (NNLL) [120] powheg-pythia8 1M
tt , inclusive decays 831.8 (NNLO) [58,/121] powheg-pythia8 98M

W(— fv) + Jets 61526.7 (NLO) aMC@NLO-pythia8 | 238M

Z/v(— £0) + Jets, myy > 50 GeV 6025.2 (NLO) aMC@NLO-pythia8 121M

w -enriched QCD, pr > 20 GeV, p/{l > 15 GeV 381304 (LO) pythia8 22M
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Table 6.2: List of Data samples

’ Dataset H Run Range ‘ Integrated Luminosity (fb—1) ‘

’ /SingleMuon/Run2015D-16Dec2015-v1/MINIAOD H 256630-260627 ‘ 2.2 ‘

6.2 Event Selection and Analysis Strategy

The following event selection criteria was applied to reduce backgrounds.

Events are required to pass the high level trigger criteria which requires at least one
prompt muon with pr above 20 GeV (“HLT_IsoMu20_v”) in the final state.

Events with exactly one muon having pr > 22 GeV within |n| < 2.1 passing “tight
ID” criteria and I, < 0.06 is selected.

Events with another muon above pr threshold of 10 GeV within |n| < 2.5 are
rejected in order to reduce Z+Jets and tt di-muon backgrounds.

Events with another electron in addition to selected high-pr muon described above
with pr above 20 GeV within |n| < 2.4 are rejected in order to reduce tt di-lepton
background.

Event having exactly 2 anti-kt jets with cone size 0.4 made out of PF candidates
are required which have pr above 40 GeV within |n| < 4.7 passing the loose iden-
tification criteria based on their constituents and having AR> 0.4 (in  — ¢ space)
with respect to the high-pt muon candidate.

Out of the two selected jets one jet is required to pass the tight working point of
the neural network based CSVv2 algorithm within |n| <2.4 to be identified as a
b-tagged jet originating from the b quark in final state due to the decay of the top
quark. Thus we obtain the signal enriched region defined as 2J1T

To reduce QCD background further, events are required to have myY > 50 GeV (see

Section [4.10)).

An MVA discriminator is designed in order to distinguish signal from backgrounds. The
MVA discriminant distribution is used as the fit variable in order to extract the cross
section from data. W+Jets and tt background normalizations are constrained using the
3J1T and 3J2T regions respectively [20].

6.3 QCD Estimation

QCD estimation is performed using the isolation side-band (I, > 0.12) in the similar
way as described in Section [5.3.1. Data is modeled using Eq.(5.1). The method is first
validated in 2JOT and applied in the signal-rich 2J1T region.
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6.3.1 Estimation in 2J0OT region

The my QCD templates from isolated region and anti-isolated side-band is compared in
order to check their agreement. Figure shows the comparison and the QCD templates
for agree with each other within the uncertainties for each of m¥ and Er . The data-

2-jets-0-tag 2-jets-1-tag
U T T T T ‘ U [ T T T T ‘
No3- 1 8
C £ 03 4
E L 5 | * MC QCD shapefor|_<0.06
[e) + zZ |
E ) + MC QCD shape for | <0.06 = |
S { " 5 MC QCD shape for |_>0.12
:C) 0.2 u o] + shape for | >0.
L : + MC QCD shape for | >0.12 02 i
[
) L + Data-driven QCD shape for | >0.12
. + Data-Driven QCD shape for I’e‘ >0.12 1 |
01 g b 04 ’ B
’ %
' ;
0 L L ‘ L \'\.\.‘A\.\- L ‘ L L 0 L L ‘ L "‘.‘.‘-‘A“ \.‘ L | gL L
0 50 100 150 200 0 50 100 150 200

m (GeV) my' (GeV)

Figure 6.1: Comparison of QCD mY templates in 2J0T region (left) and 2J1T region
(right)

driven QCD templates are derived by subtracting contributions from all other processes,
except QCD, scaled to their respective cross-sections from data in the anti-isolated side-
band. The data-driven templates for QCD are then used to fit the data distributions of
mYy in the isolated region. The nonQCD templates are obtained from MC simulation
by summing up the individual contributions from the different processes scaled to the
respective cross sections. The final QQCD normalization is obtained by taking the integral
of post-fit QCD templates scaled to fit result above 50 GeV for mYy .

In addition, the fit is performed separately for u* and p~ final states with the data-driven
mYy -templates for QCD as shown in Figure All fit results are listed in Tables and
6.4 A conservative uncertainty of 50% is assigned to the QCD normalization obtained
from the fit results corresponding to data-driven my¥ template for QCD to cover for the
yield differences, as explained in Section [5.3.1.

6.3.2 Estimation in 2J1T region

The same binned likelihood fit as in the 2J0T control region is applied to the mY¥ -
distribution in the 2J1T region. The comparison of different QCD mYy templates can be
found in Figure The template for the non-QCD processes is again derived from MC
simulation through the combination of the individual contributions from the different
processes scaled according to their corresponding cross sections, while the QCD-template
is again derived from anti-isolated side-band in data as described in Section [6.3.1. The
fit is performed inclusively as well as separately for u™ and p~ final states as shown in
Figure The fit results are quoted in Table
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Figure 6.2: Fit to m¥ in 2J0T region with QCD templates from anti-isolated region:
data-driven (left) and MC (right)

Table 6.3: QCD estimation in the 2J0T region with different templates

Variable | Fit Type QCD shape Process | Fitted Yield | Extrapolated Yield
(full range) (my > 50GeV)
QCD 466194538 564665
From Antilso MC
nonQCD | 4044854805 2661084529
my Binned
QCD 458844529 5223+60
Data Driven
nonQCD | 4052204800 2665924526

Table 6.4: QCD estimation in the 2J0T region separately for final states with positively

and negatively charged muon

p charge | Process Fitted Yield Extrapolated Yield
(full my¥ range) | (myY > 50 GeV)
o+ QCD 23177+388 2717+46
nonQCD 2209134590 145388+389
- QCD 22713£360 2507+40
: nonQCD 184300£539 121199+£355

73



2.2 5" (13 TeV,
>60000F T T T T T
[0) Gl
10} CMS -~ + Data ]
'0_50000; r._ L. — Fit *:
‘\@40000: I" non-QCD ]
St —QCD 1
g %ﬁf
Wa0000f- ., 2-jets-0-tag
20000 E
z 3 :
10000 . E
L . ]
Ll W ole oleiel

00 20 40 60 80 100 120 140 160 180 200
m¥ (GeV)

Figure 6.3: my

region for inclusive (left), u*

221" (13 TeV]
st

S 4800

> 4500

G 4000 CMS | K { Data

o £ Fi El

T 3500F o Fit E

2t | non-QCD |

5 " —acp |

@ 2500 2jets-1-tag ]
2000 E
1500F E

EH\‘H\‘\H\ PR S R R
%2040 60 80 100 120 140 160 180 200
m¥ (GeV)

Figure 6.4: my

region for inclusive (left), u*

Table 6.5:

2215 (13 TeV

> o T T

[0] L
GSOOOOjCMs ™
o [
A\ . .
;250005 [
-
200001~ ]
g e

15000
10000F

5000f

221" (13 TeV

il > ARRRRRR AN
+ Data 4 GH00-CMS
— Fit 1 2
non-QCD P
—QCD 1 5 ,,,‘rr

] 2150001
2-jets-0-tag u* ] w r
10000F
50001

1 Vteieiaqlesl]

G0 20 40 60 80 100 120 140 160 180 200

4 Data
- —Fit
non-QCD
—QCD ]
le; 2-jets-0-tag ‘u'?

1t ieieaioisl

mY (GeV)

(right) final states

2217 (13 TeV

G0 20 40 60 80 100120140160180200

mY* (GeV)

-Fit in 2JOT region with data-driven QCD templates from anti-isolated
(middle) and p~

221" (13 TeV,

> 2200F T T I T T e
O [ ]
4 Data @ 2000-CMS \i‘ 4 Data
— Fit ] 2 1800 ‘ —Fit =
non-QCD 1 o 1600C 4 non-QCD -
—QCD S 14008 —QCD E
Y E > F =
2-jets-1-tag u*3 (L 1200p 2-jets-1-tag u
E 1000} E
E 800 E
3 600f E
e 4 C |
| E 400 3
Lo, E 200F E

| S| ) ST .

NI W W con b b JOY T I
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

mY* (GeV)

(right) final states

mY* (GeV)

-Fit in 2J1T region with data-driven QCD templates from anti-isolated
(middle) and p~

QCD estimation in the 2J1T region separately for final states with positively

and negatively charged muon

it charge | Process Fitted Yield Extrapolated Yield
(full mY range) | (mYy > 50 GeV)
QCD 4317+2158 574+£287
inclusive
nonQQCD 33244+228 21361+£153
i QCD 212641063 3084154
non(QCD 173264165 11082484
- QCD 220041100 266£133
a non(QCD 159084157 10279£78
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6.4 Multivariate Discriminator

Multivariate analysis technique have been used to optimally discriminate signal from
backgrounds. Several input variables are used to design the neural network. The input
variables are ranked according to their importance in Table [6.6f The importance is
defined as the loss of significance when removing this variable from the list. The variable
with maximum importance is the pseudo-rapidity of the light-quark jet, i.e., |n;/| . This
is not surprising since the presence of a light-quark jet which is recoiling against the
produced top quark, in high-|n| region, is a typical feature of the signal topology. The
second most important variable is the invariant mass of the reconstructed top quark,
which discriminates processes with top quarks, from background processes without any
produced top quark. All input variables are validated by comparing the distributions in
data with those in the simulations as shown in Figures and The artificial neural
network available (multi-layer perceptron with bayesian regulator) in the standard TMVA
package [123] is used. The correlations of the input variables (Figure are taken into
account by the neural network.

Simulated t-channel single top quark events are trained against simulated tt and W+
jets events, as well as QCD multijet events from a side-band region in data, with all
processes weighted according to their predicted relative contribution. The neural network
is trained on a subset of the simulated samples. Application on the remaining sample
shows similar performance and no sign of over-training is observed as shown in Figure
The area under the receiver-operator-characteristics (ROC) curve is found to be 85%. The
neural network is trained using the inclusive 2J1T sample for events with positively and
negatively charged muons, and afterwards applied to the 2J1T, 3J1T, and 3J2T data
samples, each split in two, depending on the charge of the muon.

Table 6.6: Input variables to MVA ordered according to their importance

Rank | Variable | Description Importance
1 [n;1 Light-quark jet |n] 59.07
2 Mtop Reconstructed top quark mass 43.04
3 my; Di-jet invariant mass 29.08
4 m%v Transverse W boson mass 26.49
5 cos 0* Cosine of the angle between lepton and light-quark in the rest frame of the top quark 23.29
6 Jet Hp Scalar sum of the pt of b-tagged jet and light-quark jet 14.54
7 m}‘arde“ Mass of the jet with largest pp 10.35
8 ARy AR between b-tagged jet and light-quark jet in n — ¢ space 7.83
9 pZ; pr of light-quark jet 5.48
10 m mass of the light-quark jet 4.95
11 [n| of W | |n| of reconstructed W boson 4.49

75



: W -1
2-jets-1-ag, m¥ > 50 GeV 2217 (13 TeV) 24ets-1-tag, m' > 50 GeV 2210 (13 TeV)

& | | T : : : : : : 5 T L L L L B L L B L
S CMS i & [ CMS p
> + Data | =) r + Data 1
c ] g r 1
g W tchannel ] 5 L [l :-channel ]
w S 2000 .
. tt+tw 1 7 L . ff+tw |
. W/Z+Jets ] [ . W/Z+Jets i
[]aco (©p) 1 b [ ]aco (op) 1
] 1000} 5

D MC stat. D MC stat.

350 400

o Mg, (GeV)
—— T T
o O 12
% | SN ——t —— % 4%1%@: @%M% ”Y*+ r7+++ = iagl
g, 5 - T Tt
! ! ! ! ! ! ! ! * e I B R I
05 1 15 2 25 3 35 4 45

100 150 200 250 300 350 400

(a) |nj| (left) and myep (right)

500

2-jets-1-tag, m‘r” >50 GeV 221" (13 TeV) 2-jets-1-tag, mf >50 GeV 2.21b" (13 Tev)
; r LN L L B L I L L L L B L ] S‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
® [ CMS ] L L CMS 4
= +-Dat °
o + ata B o L 4
5001 4 = —+- Data
3 I Bt-Channel ] %4000 I M t-Channel
o T L 4
g I it +tw 1 L%’ Ol +tw
% 000 . W/Z+Jets — [ . Wi/Z+Jets ]
[ [[Jaco (op) 1 I [Jaco (op) |
F 1 2000(~ B
r D MC stat. 1 |:| MC stat.

150 200 250 300 350 400

My (GeV) m¥ (GeV)
L B L A L 0L L L0 L SO SR N BRI L T
o i O 12 T
=S 12 + T I = T
8 1 rteRLse "‘"@"“@§@*+ *@+T+*T 4 % 1 g WW—%—%* +
8 g'z 0 os
3 o e e e e e T " " " L | L L L L | L L L L | n n n n
50 100 150 200 250 300 350 400 0 50 100 150 200
(b) my; (left) and mY (right)
) W 4 2-jets-1-tag, m" > 50 GeV 2.2 6" (13 TeV)
2jets-1-tag, m’ > 50 GeV 2.2fo" (13 TeV) s NI
& %00 T T T T T T T T
o o | 1
S [ CMS 8 [ CMmsS
= s |
£ Zaooof- +- Data 1
g o L .t-ChanneI 1
L 2000 —4-Data S | R |
Il t-Channel o | . tt+tw |
Ot +tw I Bl wiz+dets |
I W/Z+Jets L _
[Jacp (oD) oo [ ]aco (op) 1
[CIMC stat. | [ ]MC stat.

d
300 350 400

cos 0* Jet H; (GeV)
o O s ]
St = +T
2 B s e ror WM*M*@’W* +%.¥+
+ * ©
80.& Qo os
06 i i | ; ; ; . i i Y S N S S R
0 100 150 200 250 300 350 400

(¢) cos@* (left) and jet Hy (right)

Figure 6.5: Data-MC comparison of MVA input variables in 2J1T region
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6.5 Cross section extraction

Binned likelihood fits are performed on the distributions of the MVA discriminators
to extract signal cross section. The background contributions are made up of three
templates to account for: i) top quark production including tt and tW, ii) electroweak
production including W-jets and Z-+jets processes, and iii) QCD multijet production.
The fit is performed using the BarlowBeeston method which correctly accounts for
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Table 6.7: Post-fit values of normalization scale factors and R;_.;, from fit

Process Category

Post-fit value

Signal, t-channel 1.134+0.08

Top (tt and tW-channel) 1.00£0.02
EWK (W+Jets and Z+Jets) | 1.1140.09
QCD multijet 0.86+0.29

Ri—ch 1.81£0.19

limited-size simulation samples. The distributions of the MVA discriminators in the signal
region (2J1T) and the two control regions (3J1T and 3J2T) are fitted simultaneously.
As the latter are dominated by tt events, including these control regions improves the
precision of the tt contribution determination. The free parameters of the fit are the
scale factor for the normalization of the single top quark production, the scale factors for
the normalization of the background processes, and the ratio of single top quark to top
anti-quark production R;_, . The background scale factors are constrained by log-normal
priors with an uncertainty of 10% for the top quark background, 30% for the electroweak
background, and 50% for the QCD multijet background. The latter is motivated by the
uncertainties in the QCD estimation from data, while the other two are determined by
the uncertainty on the theoretical cross sections. The scale factors are defined as before
in Eq. . where Nj is the number of events after the fit, N"** the predicted number of
events and i the process category. Table shows the results obtained from the fit for
events with a positively charged muon. The fitted distributions are shown in Figure
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Figure 6.9: Post fit distribution of the MVA discriminant in signal region
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6.6 Uncertainties

The measurement of the cross section is affected by various sources of systematic un-
certainties, which can be grouped into two categories, experimental uncertainties and
theoretical uncertainties. Several of the former category of uncertainties are considered
as nuisance parameters in the fit to the MVA discriminator distribution and are thus
included in the total uncertainty of the fit. To determine the impact of the sources of
the remaining uncertainties, pseudo-experiments are performed. Pseudo-data are drawn
from the nominal samples. Fits to the discriminator distributions are performed with
templates, including the variations in the shapes that correspond to systematic varia-
tions of one standard deviation. The difference between the mean values of the results
from these fits, and from fits using the nominal shapes as fit templates, is taken as an
estimation for the corresponding uncertainty. The contributions from different sources
are summed together with the method in Ref. [124]: the asymmetric components of each
uncertainty are treated as the standard deviations of two halved Gaussian functions, and
thus the convolution of the resulting distributions for all uncertainties is performed by
making use of Thie'le’s semi-invariants [124].

Experimental Uncertainties - included in the fit

The following sources of systematic uncertainty are included in the fit either through
the applied Barlow-Beeston method or by using nuisance parameters in the fit (profiled
uncertainties). By variations of the default samples, two dedicated variation templates
corresponding to 41 standard deviations of the respective uncertainty source are cre-
ated. These variation templates are interpolated using the piece-wise linear “template
morphing” model (see page 48-50 of [125]) and the corresponding nuisance parameter is
determined from the fit.

e Limited size of samples of simulated events: To account for the limited
number of available simulated events the fit is performed using the BarlowBeeston
method [21], and the effect is therefore included in the total uncertainty of the fit.
To estimate the impact of the sample size the nominal central value is compared
with the central value obtained without the BarlowBeeston method. The latter
effectively corresponds to assuming an infinite size of the samples of simulated
events.

e Jet energy scale (JES): All reconstructed jet four-momenta in simulated events
are simultaneously varied according to the n- and prt -dependent uncertainties in
the JES [13]. This variation in jet four-momenta is also propagated to Fr .

e Jet energy resolution (JER): A smearing is applied to account for the differ-
ence in the JER between simulation and data [13], increasing or decreasing the
resolutions by their uncertainties.

e b-tagging: b tagging and mis-identification efficiencies are estimated from control
samples in 13 TeV data [116]. Scale factors are applied to the simulated samples
to reproduce efficiencies observed in data and the corresponding uncertainties are
propagated as systematic uncertainties.
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Muon trigger and reconstruction: Single-muon trigger efficiency and recon-
struction efficiency are estimated with a tag-and-probe method [108] from DY events
in the Z boson mass peak. To take the difference in kinematic properties between
DY and the single top quark process into account, an additional systematic uncer-
tainty depending on the number of jets in an event is applied.

Experimental Uncertainties - not included in the fit

Pile-up: The uncertainty in the average expected number of pileup interactions is
propagated as a source of systematic uncertainty to this measurement by varying
the minimum bias cross section by £5%. The effect on the result is found to be
negligible and is therefore not considered further.

Luminosity: The integrated luminosity is known with a relative uncertainty of
+2.3% [87].

Modelling uncertainties

Signal modelling: To estimate the influence of possible mis-modelling of the signal
process, the default sample (MG5 aMC@NLO) is compared to a sample generated
with powheg, another NLO matrix-element generator. The effect of different PS
models is estimated by comparing the default sample (MG5 aMC@NLO interfaced
with pythia) with a sample using a different PS description (MG5 aMC@NLO
interfaced to HERWIGH++).

tt modelling: For the estimation of the uncertainty due to possible mis-modelling
of the tt background, the same procedure as for the signal modelling is applied.
The default sample, generated with POWHEG, is compared to a sample generated
with MGH aMC@NLO to estimate the impact of the choice of the matrix-element
generator, and the two PS models implemented in PYTHIA and HERWIG++ [126]
are compared to estimate the influence of the PS modelling.

W+jets modelling: The impact of incorrectly modelled relative fractions of W
boson production in association with heavy flavour jets in the W+-jets sample is
estimated by varying the fractions of W+b and W+c events independently by
+30%.

Modelling of the top quark pr : Differential measurements of the top quark pr
in tt events [127] have shown that a harder spectrum is predicted than observed.
Therefore, the results derived using the default simulation for tt are compared to
the results using simulated tt events that are re-weighted according to the observed
difference between data and simulation in Ref. [127].

Renormalization and factorization scale uncertainty (ug/pur): The uncer-
tainties due to variations in the renormalization and factorization scales are studied
for the signal process, tW, tt , and W + jets by reweighting the distributions with
different combinations of halved/doubled factorization and renormalization scales.
The effect is estimated for each process separately.
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Table 6.8: Relative Impact of different uncertainty sources on the measurement

Uncertainty Source (%)t_chﬁg (%)t_ch,t (%)t_ch,g ARt—en/Ri—en
Statistical unc. +5.5% +5.3% +11.5% +9.7%
Profiled exp. unc. +5.2% +5.7% +4.9% +3.3%
Total fit unc. +7.6% +7.8% +12.5% +10.3%
Luminosity +2.3% +2.3% +2.3% —

Signal modelling +6.9% +8.2% +8.5% +5.3%

tt modelling +3.9% +4.3% +4.5% +4.0%
W+jets modelling +22% 3% T23% 0%
t-channel ug/ur scale A% 2% 0% 2%
tt pr/pr scale T3s% 3% % 3%
tW-channel pg/pr scale 2% % 1% 3%
W-tjets pr/pr scale Y4 55 Cio %
PDF T18% 35% % 55%

Top quark pt modelling +0.1% +0.2% +0.2% +0.1%
Total Theory unc. Ho3% H53% H3e% +7.5%

Total unc. 3% +14.7% 5% +12.7%

e PDF': The uncertainty due to the choice of PDFs is estimated using re-weighted
histograms derived from all PDF sets of NNPDF 3.0 [128].

The impact of the individual uncertainty sources are summarized in Table [6.8]

6.7 Results

The cross section for the production of single top quarks and the top quark to top anti-
quark cross section ratio as a result of the fit are as follows.

Oty = 154 + 8(stat.) + 9(expt.) + 19(theo.) & 4(lumi.) pb = 154 £22pb  (6.1)
Ri_an, = 1.81 £ 0.18(stat.) + 0.15(syst.)  (6.2)

A comparison between the measured ratio and the prediction of different PDF sets is

shown in Figure [6.10]

Using the oy_cn and Ri_q, measurements, the cross section of the top anti-quark pro-
duction is computed as

Ot—cni = 85 = 10(stat.) £ 4(expt.) £ 11(theo.) & 2(lumi.) pb = 85 £ 16 pb, (6.3)
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Figure 6.10: Comparison of measured R;_q,. value with different PDF predictions

where the uncertainties are evaluated using the correlation matrix of the simultaneous
fit. This leads to the total cross section,

Ot—cn i+t = 238 £ 13(stat.) = 12(expt.) £ 26(theo.) £ 5(lumi.) pb = 238 =32 pb  (6.4)

Figure shows the comparison of this measurement with the SM expectation and
measurements of the single top quark t-channel cross section at other CM energies. The
total cross section is used to determine the absolute value of the CKM matrix element

|Vip| defined as |f} V| = ,/Z'Zji%?t” with the assumption that |V >> |Vil, |Via| and

t—ch,t+t
aiﬁ‘it .¢ taken from Table lﬁ
|f Viy| = 1.05 £ 0.07(expt.) & 0.02(theo.) (6.5)

The possible presence of an anomalous tWb coupling is taken into account by an anoma-
lous form factor f} [1], which is 1 in the SM and deviates from 1 for physics beyond the
SM as discussed in Section [2.2.3. The ngjiit .5 1s the SM prediction from which assumes
|Vis| = 1. The first uncertainty on the r.h.s of Eq.(6.5) contains all uncertainties on the
cross section measurement, and the second uncertainty is the uncertainty on the theoret-
ical SM prediction.

The measured total cross section of t-channel single top production is currently the most
precise result at /s =13 TeV. The unique feature was to extract R;_q, from data with-
out making a priori assumption on the correlation of the uncertainties for top quark and
anti-quark production cross-section measurements. With future data, this observable is
expected to be sensitive to different PDF descriptions.
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Chapter 7

Top quark mass measurement in
single top events with 36 fb~! data
collected in 2016

The latest world average of the top mass, based on measurements performed in top-
antitop pair (tt ) events, from ATLAS, CMS , CDF & DO is my,, = 173.34 £0.27(stat) £
0.71(syst) GeV [8]. As discussed in Section [2.3.2, measurments in the single top topology
has distinct advantage in dealing with modelling uncertainties of the colour-flow in the
event. Also, single top events provide an independent statistical sample to measure the
mass of top quark. It occurs at a lower energy scale compared to tt production. It enriches
the range of available measurements with systematics partially uncorrelated from those

considered in tt events. Previous measurements of top quark mass in single top events
from CMS [129] and ATLAS [130] with data collected at /s = 8 TeV are quoted in

Egs. [7.1] and respectively.
m; = 172.95 & 0.77 (stat.) 7557 (syst.) GeV (7.1)

m = 172.2 + 0.7 (stat.) £ 2.0 (syst.) GeV (7.2)

We report herein a measurement of the top-quark mass in t-channel single top events
using 35.9 fb~! of data collected by the CMS detector in 201 at a CM energy of 13
TeV. The striking feature of this process is the presence of a light quark recoiling against
the top, which decays to a b-quark and a W boson. This analysis is focused on the
muon final state arising from direct and cascade (via 7 leptons) decays of the W boson
originating from the top decay. The outgoing b quark hadronizes to form a jet that
has characteristic signature inside the detector. The energy and momenta of the top-
quark decay products including the neutrino are measured or estimated to calculate the

!The analysis has been slightly modified to use the full potential of almost 3 times more available

data compared to that presented in Synopsis.
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invariant mass of the uvb system. An event selection tailored to obtain high purity t-
channel single top sample is used to perform the measurement and thereby ensured to
have a result as independent as possible from those from tt . We also attempt to measure
the masses of top and anti-top quarks separately by selecting events with positively and
negatively charged muons respectively and determine the mass difference.

7.1 Data and MC samples

All the processes consisting of one muon (x) and two or more jets are considered in
this analysis. Signal samples are generated with powheg. Other background processes
considered are tW-channel single top, s-channel single top, tt , W+Jets, Z+Jets, QCD and
dibosons(WW,WZ and ZZ). A total of 35.9 fb~! data collected with the CMS experiment
during 2016 at a center-of-mass energy of 13 TeV is used in the analysis. Good runs in
data are selected for the analysis based on the performance of different sub-detectors
and physics object reconstruction at the online and offline level. Table and Table
summarizes MC simulation and data samples used in this analysis.

Table 7.1: List of Data samples

Run Period Run Range H Dataset Name ‘ Integrated Luminosity (fb—1)

Run B 272007 - 275376 /SingleMuon/Run2016B-23Sep2016-v3/MINIAOD 5.8
Run C 275657 - 276283 /SingleMuon/Run2016C-23Sep2016-v1/MINIAOD 2.6
Run D 276315 - 276811 /SingleMuon/Run2016D-23Sep2016-v1/MINIAOD 4.2
Run E 276831 - 277420 /SingleMuon/Run2016E-23Sep2016-v1/MINIAOD 4.0
Run F 277772 - 278808 /SingleMuon/Run2016F-23Sep2016-v1/MINIAOD 3.1
Run G 278820 - 280385 /SingleMuon/Run2016G-23Sep2016-v1/MINIAOD 7.5
Run | 980919 - 284044 /SingleMuon/Run2016H-PromptReco-v2/MINIAOD 8.4

/SingleMuon/Run2016H-PromptReco-v3/MINIAOD 0.2
Total 35.9

7.2 Event Selection

The following event selection criteria was applied to reduce backgrounds.

e Events are required to pass the high level trigger criteria which requires at least one
prompt muon with pr above 24 GeV in the final state.

e Events with exactly one muon having pr > 26 GeV within |n| < 2.1 passing “tight
ID” criteria and I, < 0.06 is selected.

e Events with another muon above pr threshold of 10 GeV within |n| < 2.4 passing
“loose ID” criteria and having I, < 0.2 are rejected in order to reduce Z+Jets and
tt di-muon backgrounds.
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Table 7.2: List of MC samples

Process ‘ ‘ o(-BR)[pb] Generator Nevents

t-channel,top, inclusive decays 136.02 (NLO) [6,/119] powheg-pythia8 67240808

t-channel, anti-top, inclusive decays 80.95 (NLO) [6,119] powheg-pythia8 38811017
s-channel, top+anti-top, leptonic decays 10.32(0.324) (NNLL) |119] aMC@NLO-pythia8 | 1000000
tW-channel, top, inclusive decays 35.6 (NNLL) |120] powheg-pythia8 992024
tW-channel, anti-top, inclusive decays 35.6 (NNLL) |120] powheg-pythia8 998276
tt , inclusive decays 831.76 (NNLO+NNLL) [58}(121] powheg-pythia8 77229341

W(— Lv)+Jets, inclusive 61466.1 (NNLO) aMC@NLO-pythia8 | 23948810

Z/v*(— €7€7)+Jets, inclusive(My, > 50 GeV) 5765.4 (NNLO) aMC@NLO-pythia8 | 28968252
WW— 1410v2Q 45.85 aMCQ@NLO-pythia8 5176114

WW— 202v 12.178 powheg-pythia8 1999000

WZ— 141v2Q 10.71 aMCQ@QNLO-pythia8 | 24221923

WZ— 202Q 5.595 aMC@NLO-pythia8 | 26517272

77— 202Q 3.22 aMCQ@NLO-pythia8 | 15345572

p-enriched QCD 720648000*%0.00042 (LO) pythia8 22094081

e Events with another electron in addition to selected high-pt muon described above
with pr above 15 GeV within || < 2.4 are rejected in order to reduce tt di-lepton
background.

e Event having exactly 2 anti-kr jets with cone size 0.4 made out of PF candidates
are required which have pt above 40 GeV within |n| < 4.7 passing the loose iden-
tification criteria based on their constituents and having AR> 0.4 (in n — ¢ space)
with respect to the high-pt muon candidate.

e Out of the two selected jets one jet is required to pass the tight working point of
the neural network based cMVAv2 algorithm within || <2.4 to be identified as a
b-tagged jet originating from the b-quark in the final state due to the decay of the
top quark. Thus we obtain the signal enriched region defined as 2J1T

e To reduce QCD background further, events are required to have my > 50 GeV as
explained in Section [£.10}

An MVA discriminator is designed in order to distinguish signal from backgrounds (see
Section . A cut on MVA discriminant is optimized and applied further to have a

high-purity signal selection for the top quark mass measurement in single top events.

7.3 Cut Flow

Table summarizes the step by step event yields for simulated signal and background
events as well as in data, when the object selections are applied sequentially.
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7.4 Estimation of QCD background

The transverse mass (my ) determined from the (u, Er ) final state provides good
discrimination power between QCD and processes with prompt muons. An extended
maximum likelihood fit with 3 parameters is performed to the m¥ distribution in the
signal and control regions. We assume that the my -distribution in data F(mY ) can be
parameterised as

F(my') = Nocp Q(my') + Newk E(my’ ) + N1op T(my') (7.3)

where Q(mY ) stands for the QCD mY¥ - template, E(mYy ) is the combined mYy -
template of W+Jets, Z+Jets and dibosons (WW+WZ+ZZ) and T(mY¥ ) is the combined
mY -template of single top and tt processes. Both E(mY ) and T(my ) are obtained
by summing up the simulated contributions from the individual component processes in
the isolated region according to their predicted cross section. The Q(mY ) is typically
derived from a side-band region defined by I, > 0.2, which is dominated by QCD. All
templates,i.e., Q(mY ), E(mY ) and T(mY¥ ) are then normalized to an integral of 1.0.
The fit parameter Ngcp denotes the number of QCD events and Ngwk represents the
total number of W+jets, Z+jets and diboson events and Nty is the total number of
single top and top pair events. Nqcp, Nepwk and Ny, are allowed to float during the fit
to the myY distribution in data. The entire range of the my -distribution is fitted. From
the resulting QCD yield we extrapolate the QCD-contribution to the signal region (mY
> 50 GeV) by calculating the integral of the my¥ -distribution from QCD normalized to
the fit-result from my = 50 GeV to infinity. The method is first validated in 2J0T region
which has significantly larger QCD events and then applied in the signal-enriched 2J1T

region.

7.4.1 Estimation of the QCD-contribution in 2J0T

The 2J0T control region is dominated by QCD and W+light flavour jets events. The
fraction of QCD events can be significantly increased by inverting the isolation criterion
for the muon (I, > 0.2) in the 2J0T region. Figure shows for the transverse mass of
the W boson a comparison between different QCD templates in the isolated (I, < 0.06)
and anti-isolated (I > 0.2) region in 2JOT. The data-driven template is determined
by subtracting the total non-QCD contribution from the data distribution, where the
non-QCD contribution is obtained by adding up individual contributions from all other
processes weighted to their respective cross section, except QCD. Good agreement in the
shapes of the distributions from the two orthogonal regions is found. Using samples of
simulated events from all relevant signal and background processes the QCD-purity of the
anti-isolated side-band region has been estimated to be ~ 93%. The fitted (and extrap-
olated) yields from mY -fit with different QCD templates are summarized in table [7.4
Overall a good agreement between the different fits can be observed. The maximum dif-
ference among the final yields above my > 50 GeV is taken as uncertainty on the QCD
normalization.
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Table 7.4: QCD estimation in the 2J0T region

Variable | Fit Type QCD template Process Fitted Yield Extrapolated Yield
(full range) (my > 50 GeV)
QCD 708531+£2401 1364454463
Binned | From Anti-Iso MC | EWK | 5959478414311 4045740+£9715
Top 730883+£14058 49113849447
QCD 746583+£2509 153283£515
m\T}V Data Driven EWK | 5935018+13680 4029140+£9172
Top T17227+£13427 48195348914
QCD 748866+£2510 151681£508
From Iso MC
EWK | 5865560+£12267 398198048328
Top 784402412003 5271028066
e 20T 1, >02 35.9 b (13 TeV) 503 alor s ‘3?.9 ‘fb'1‘(1(‘3T<:;V)
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T 04K lt-channel B g
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O osb Dt B = 1 MC QCD shape for Irel<0.06
. .\:V+Jets g 02 ?Fi + ]
02k W z+Jets 1 —+—+ + MC QCD shape for | > 0.2
r [Jacp [
0,1: \’:AV(\;V;\;\i?+ZZ ] q;+ +Data—Drlven QCD shape for | >0.2 ]
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Figure 7.1: Data-MC comparison for m¥ in the anti-isolated region (left) and Comparison

of the QCD mY templates between isolated and anti-isolated region(right) of 2J0T

7.4.2 Estimation of the QCD-contribution in 2J1T

Inclusive p

charge

The same binned likelihood fit as in the 2J0T control region is applied to the mY -
distribution in the 2J1T region. The templates T(mY¥ ) and E(my ) are again derived
from MC simulation by summing up the individual contributions of different processes
weighted with the corresponding cross sections, while the QCD-template is again derived
from the anti-isolated side band in data ( I, > 0.2). Figure shows the data-MC
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Figure 7.3:

Data-MC comparison for my

W

in the anti-isolated region (left) and Com-

parison of the QCD mY¥ -templates between isolated and anti-isolated region(right) of

2J1T

Again, the entire my" -distribution is fitted and the QCD contribution in the signal region
(m¥ > 50 GeV) is extrapolated from the post-fit-m¥ -distribution, normalized to the fit
results. Figure exhibits representative examples of the fitting process in the isolated
region (I < 0.06) where Table reports the fitted QCD and Top and EWK yields.
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Table 7.5: QCD estimation in the 2J1T region

Process Fitted Yield Extrapolated Yield

(full myY range) | (m¥ > 50 GeV)

QCD 723264708 15869+155
EWK 5390342897 3734042010
Top 41696242957 28539942021
201T 35.9 17 (13 TeV)
—~ 80000 ——T—T—T——T—T—T—T— T T
> cms
O] - Preliminary EWKEvents = 53903 = 2897
9 I QCDEvents = 72326 = 708
~— 60000~ _

TopEvents = 416962 + 2957

+ Data
— Fit ]

—— QCD (DD)

200001

_ ‘ _
0 50 100 150 200
m¥ (GeV)

Figure 7.4: Fit in the isolated region (I, < 0.06) using data-driven QCD mYy template

from anti-isolated (I, > 0.2) region

Separation on the i charge

The same binned likelihood fit as previously is applied to the my¥ distribution in the 2J1T
region, but for u™ and u~, i.e. separately for positive and negative charge of the muon.
This is necessary as the final mass measurement is separately performed for positive
and negative muon charge. The templates for the Top and EWK process categories are
again derived from MC simulation by summing up the individual contributions from
the different processes weighted with the corresponding cross sections, while the QCD-
template is again derived from the anti-isolated side band in data (I,,; > 0.2). The entire
mY -distribution is fitted and the QCD contribution in the signal region (my > 50 GeV)
is extrapolated from the post-fit-my -distribution, normalized to the fit results. Table
reports the fitted QCD and non-QCD yields. The post-fit distributions are shown in

Figure
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Table 7.6: QCD estimation in the 2J1T region separated by charge

Process Fitted Yield Extrapolated Yield
(full myY range) | (m¥ > 50 GeV)
QCD 359784512 7823+111
ut | EWK 2083441728 14102+1170
Top 22640941783 15520841222
QCD 365884490 80994108
u- | EWK 2252641596 15986+1133
Top 200855+1693 13723441157
0 21T 35.9 b (13 TeV) x10® 21T 35967 (13 TeV)
e~ U A S S
L + cms r EWKEvents = 20834 = 1728 |
p—— g | e e s 5z
Z r ° TopEvents = 200855 + 1693 Z 30? TopEvents = 226409:1783i
S ZO\PI‘IAI‘J_\I_‘ o g __,—lvl_"_'-‘_lj t Data
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Figure 7.5: Fit in the isolated region (I,; < 0.06), separately for u~ (left) and p* (right).

7.5 Multivariate Analysis

Several input variables as listed in Table are combined into a multivariate (MVA)

discriminator to have better separation between t-channel single top signal and back-
grounds. The correlations among the input variables are also taken into account by the
MVA discriminator. In this analysis, a boosted decision tree (BDT) is developed using
the input variables listed in Table TMVA package [123] built into ROOT has been

used in the analysis.
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Table 7.7:

Input variables to BDT ranked according to their separation power

Rank | Variable | Description Separation Power
1 ARy AR between b-tagged jet and light-quark jet in 7-¢ space 2.090e-01
2 0| Light-quark jet |n| 2.056e-01
3 my,; Di-jet invariant mass 1.656e-01
4 cosf* Cosine of the angle between lepton and light-quark in the rest frame of the top quark 6.769e-02
5 m\T’v Transverse W boson mass 4.497e-02
6 Anup An between muon and b-tagged jet 1.343e-02
7 Jet Hp Scalar sum of the pr -s of b-tagged jet and light-quark jet 7.352e-03
8 (74 Muon |7| 3.584e-04

All input variables are validated by comparing data and MC distributions. The t-
channel single top signal is trained against tt and EWK (V+jets and VV, V=W /Z )
processes in 2J1T region with additionally QCD mixed in, after application of the mY
cut. All signal and background processes are weighted according to their purity in 2J1T
region during training. The BDT training is checked against over-training by dividing
the MC samples in 2J1T region into two independent sections, one for training the BDT
and the other to evaluate similar performance. The result is shown in Figure and no
over-training is observed. The input variables are so chosen that the correlation between
the reconstructed top mass and BDT response is as low as possible. This ensures that
any cut on BDT output minimally affect the reconstructed top mass distribution. The
distribution of the BDT output from data and MC in signal and control regions are shown

in Figure
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Figure 7.6: Overtraining check of BDT discriminator between test and training sample
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Figure 7.7: Data-MC comparison of BDT response in 2J1T (left), 3J1T (middle) and
3J2T (right) regions

A cut on the BDT response distribution is then applied in order to select a sample
enriched in t-channel single top events. The cut on the BDT response is optimized by
studying the signal and background efficiencies and signal purity of the resulting sample
after cut, as shown in Figure [7.§ In order to make a good measurement, ideally, high
signal purity with high signal statistics (efficiency) in the resulting sample after the cut
is desirable. However, in reality, the signal efficiency and signal purity have opposite
trends as shown in the left plot of Figure with increasing cut value. So a trade-off
between the two has to be met so that the resulting sample has high enough signal purity
and enough statistics. Keeping this is mind, BDT response > 0.8 is applied so that the
resulting sample has enough signal statistics, and more importantly, corresponds to 62.2
% signal purity and signal over background ratio of 1.65, for t-channel single top process.
The resulting my,, distribution after BDT selection is shown in Figure .
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Figure 7.8: Study of signal and background efficiencies and signal purity as a function of
cut on BDT response (left) and my,, distribution in 2J1T from MC after applying BDT
response > 0.8 (right)
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7.6 Top Mass extraction

Parametric templates for modeling signal and background component are used to model
My, distribution in MC. High skewness of the my,, distributions from signal and back-
ground processes and lower background rate after MVA selection poses considerable chal-
lenge to obtain parametric templates for all signal and background processes. Instead a
way around is followed by considering the natural logarithm of the my., . It is typically
observed that for a distribution of a positive random variable such as my,, , which is
skewed to the right, the skewness is reduced by taking logarithm of the random variable.
This happens because taking logarithm “pulls in” more extreme values on the right rela-
tive to the mode of the original distribution, whereas the extreme values left of the mode
are “stretched back” farther away from the mode, thus reducing the skewness. Moreover,
logarithm being a monotonic function, transformed of probability distribution functions
are well behaved.

Henceforth, In my,, distributions from signal and background processes are used for para-
metric modeling. The top quark mass is determined by taking the exponential of the peak
position of In my,, distribution obtained from maximum likelihood fit. Figure shows
the distribution of In my, from signal and background MC in the 2J1T region after ap-
plying the BDT selection.
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Figure 7.9: Distribution of In m,, after BDT selection in 2J1T for signal and backgrounds
from MC

The parametric 1D template that has been used model the Inmy,, distribution in MC as
shown in Figure [7.10| can be described as follows.

F(lnmyiep) = ficenFi—on + fitFiz + (1 — ficen — fir) FEwk (7.4)

where Fi_u,, Fi and Fgwk are modeled respectively as sum of an asymmetric gaussian
and landau distribution with different mean, the crystal ball function and the Novosi-
birsk function. The peak position of the combined t-channel and tt templates termed as
“mean” and fraction of t-channel (f;,_o,) and Top background category (fi) yields are
kept free to float during fit. Individual shape parameters of the templates comprising the
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model are tested on MC distributions and each individual template is found lie within
relatively good accuracy. The shape parameters of the templates are kept fixed to the
values obtained during best fit to the respective MC distribution.
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Figure 7.10: Parametric model along with its components for In my,, distribution in MC.

The linearity of the fitter output is checked with different top mass hypothesis as
shown in Figure and the extracted mass is calibrated with respect to the true mass.
The deviation of the slope (pl) of the red line shown in Figure from unity can be
attributed mostly due to the energy resolution effects of the b-tagged jet and missing
energy. Very little dependence is observed for the yields of t-channel signal and tt back-
ground with different top mass hypothesis. The bias of fit parameters are checked using
pseudo-experiments. The respective pull distributions are observed to follow a gaussian
distribution centered at 0 with a standard deviation of 1 as shown in Figure [7.12] The
expected statistical uncertainty on my., is obtained to be £0.36 GeV from 10000 pseudo-
experiments.

This analysis is still in progress in a blinded mode. Evaluation of the systematic un-
certainties are being finalized. A final result is expected soon.
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Chapter 8

Conclusions and Future Prospects

In this thesis, a detailed study of the single top production in the t-channel through
charged current interaction, has been presented. The cross section of the t-channel single
top production has been measured very precisely. In fact, the measured value of the
t-channel single top production cross section with 2.2 fb~! data is the most accurate
result at CM energy of 13 TeV [20]. The ratio, R¢_en, of the top quark and anti-quark
production has also been extracted directly from data. The CKM matrix element Vj,
is determined from the ratio of measured cross section to theory cross section. The
measured and estimated values are:

Ot—cht = 154 + 8(stat.) £ 9(expt.) £ 19(theo.) & 4(lumi.) pb = 154 £ 22 pb (8.1)
Ri . = 1.81 £ 0.18(stat.) = 0.15(syst.) (8.2)

Oi—ni = 85 £ 10(stat.) £ 4(expt.) £ 11(theo.) & 2(lumi.) pb =85 £ 16 pb (8.3)
Ot—ch i+t = 238 £ 13(stat.) & 12(expt.) & 26(theo.) £ 5(lumi.) pb = 238 £ 32 pb  (8.4)
|f} Vio| = 1.05 £ 0.07(expt.) £ 0.02(theo.) (8.5)

It is very evident that the uncertainties owing to the sources related to modeling of signal
and background processes are the dominant ones. Better understanding and validation
of MC generators is required to overcome such issues.

In this chapter, we discuss impact of the results presented in this thesis in a bigger context
by presenting results from ATLAS collaboration and status of LHC combinations with
new results from Run-II and look for future prospects and scope for improvement.

8.1 ATLAS Result

The ATLAS collaboration has performed a measurement [131] of t-channel single top
cross section at 13 TeV with 3.2 fb~! in the p+jets and e+jets final states inclusively.
A neural network (NN) has been trained in the 2J1T region to discriminate t-channel
single top signal from dominant backgrounds such as tt , W+jets etc. The tt events are
validated using 3J2T region and W+jets events are validated using a control region with
less stringent b-tagging requirement. The cross section is extracted from a maximum
likelihood fit to the NN discriminant separately for positively and negatively charged
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lepton in the final state to be

o(tq) = 156 & 5(stat.) £ 27(syst.) + 3(lumi.) pb (8.6)
o(tq) = 91 &+ 4(stat.) £ 18(syst.) = 2(lumi.) pb (8.7)

These results can be combined to determine the total cross section for the t-channel single
top production to be

o(tq+ tq) = 247 £ 6(stat.) &+ 45(syst.) & 5(lumi.) pb = 247 + 46 pb (8.8)
The ratio of production cross section of top quark and anti-quark, R;_g, is given by
Ri—en = 1.72 £ 0.09(stat.) £ 0.18(syst.) (8.9)

the measured R;_, is then compared with several PDF predictions and found compatible
with each of them within uncertainty. The CKM matrix element V}, is extracted from
the total cross section given in Eq.(8.8) to be

IV |Vis| = 1.07 4 0.01(stat.) & 0.09(syst.) & 0.02(theor.) & 0.01(lumi. ) (8.10)

where f) is the anomalous form factor taking into account the possible anomalous tWh
coupling as in Eq.(6.5)).

The dominant uncertainty sources to the measurements are parton shower modelling,
b-tagging efficiency, jet energy resolution etc.

LHC Combination

Individual measurements of single top processes from CMS and ATLAS collaborations
are compared and then combined by the LHC top working group. Together with TeVa-
tron combinations these provide global picture regarding the precision of measurements
achieved in the top quark sector. The latest summary of single top cross section mea-
surements and corresponding extracted Vi, by CMS and ATLAS till today are shown in

Figure 8.1 and Figure [8.2]

8.2 Prospect for single top measurements

Comparing with the ATLAS result, the measurement of total t-channel single top cross
section by CMS presented in Chapter [6] of this thesis, has already achieved slightly more
accuracy even with ~1 fb™! less data. The installation of a new layer for the inner pixel
detector in CMS tracking system at the end of 2016, would improve the secondary vertex
finding and thus heavy flavour jet identification capabilities in CMS. This is expected to
reduce the uncertainties mainly due to the flavour JES and b-tagging etc. and therefore
increase the scope for a measurement with high precision in the single top processes. Also
the possibility of collecting a total of ~ 100 fb~! data during LHC Run-II, the statistical
uncertainties will become lower and would also enrich our understanding of detector re-
sponse, which in turn would reduce systematic effects. A precise measurement of Ri_qp
in near future would not only provide an additional handle to constrain u/d-quark PDF's;
but also extend the current knowledge of b-quark PDF's inside a proton. A precise mea-
surement of V;, with more data and improved detector would also help to reduce the
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available phase space for anomalous couplings at the tWb vertex in near future. The
addition of electron final states will also improve the overall precision.

The ongoing analysis to measure the top quark mass has the potential to surpass previ-
ous measurements using single top events in accuracy. Already the expected statistical
uncertainty on the top mass is estimated to be + 0.36 GeV which is lower compared to
previous CMS measurement at 8 TeV (£ 0.77 GeV) as discussed in Chapter [7} Regarding
the systematic uncertainties, the following “guess-estimates” are made for some of the
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dominant sources.

e JES: £ 0.6 GeV

b-jet modelling : 4+ 0.15 GeV
Fit Calibration: 4+ 0.2 GeV

Signal modelling: +0.25 GeV
e Background modelling: +0.35 GeV
e Underlying events: £0.2 GeV

Based on these estimates, the total guess-estimated uncertainty dmg,, on the measured
top mass in single top events is given by dmy,, ~ = 0.9 GeV (stat. + syst.). However,
these estimates of uncertainty are not final as the analysis is still in progress.

This techniques developed for this analysis can be further extended to directly measure
the top decay width from the reconstructed top quark mass spectrum in data using single
top events and thus constraining Vj;, indirectly.
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