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Abstract

This thesis reports the results of a first search for the flavor-changing neutral current
(FCNC) through the anomalous production of single top quark in association with
a photon due to the anomalous interactions of tqy (¢ = w or ¢) in pp collisions. This
search is performed using 19.8 fb~! of data collected with the CMS detector at the
center-of-mass energy of 8 TeV.

In this study we only concentrate on the muonic decay of the W-boson in top
quark decay. The search is conducted in final states with an isolated muon, an
isolated photon, jets, at most one of which is consistent with originating from the
evolution of a b quark, and missing transverse momentum, corresponding to top
quark decays, in which the W boson from the top quark decay is detected in the pv.

A multivariate classification approach is chosen to achieve a powerful discrim-
ination between signal like events and standard model backgrounds. No evidence
for the FCNC processes are observed. Upper limits at 95% confidence level on the
strengths of the anomalous couplings are found to be ky,, < 0.025 and ke < 0.091.
The corresponding upper bounds on the branching ratios are Br(t — uy) < 0.013%
and Br(t — ¢y) < 0.17%. The obtained upper bounds are the most stringent limit
up to date.

Upper limits on the signal cross sections are also reported for a restricted phase-
space region to provide results that can be more easily compared with theoretical
predictions. Observed upper limits on the cross sections are found to be 47 fb and
39 fb at 95% CL for tuy and tey production, respectively. The restricted phase
space defined similarly to the final analysis phase-space and requiring exactly one
identified b jet in the data. These are the first results on anomalous ¢y production

within a restricted phase-space region.
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Chapter 1

Introduction

The top quark is still the heaviest known elementary particle. Due to its large
mass, the top quark plays a special role not only in understanding the details of
the electroweak symmetry breaking in the standard model (SM) context but also
in searching for new physics beyond the SM. Physics beyond the SM can manifest
itself by altering the expected rates or properties of the top quark.

Within the SM, Flavour Changing Neutral Currents (FCNC) are absent at the
tree level and are highly suppressed at higher orders by the GIM mechanism [1].
In top quark sector, the GIM suppression is much stronger than the bottom-quark
sector due to the large mass of the top quark. For this reason, the SM predicts very
small rates for the branching ratios of top quark FCNC decays to an up type quark
and a neutral gauge bosons: Br(t — X(=7,Z,9) + q(= c,u)) < 10710 [2].

On the other hand, many models for new physics predict new heavy particles and
interactions which can contribute to top quark FCNCs through the quantum loops
and enhance the branching ratios of top quark FCNC decays orders of magnitude
with respect to SM expectations. These new physics models include two higgs
doublet models [3], exotic quarks [4], supersymmetry [5], or technicolour [6]. The
predicted branching ratios for top quarks decaying to an up-type quark and a photon,
Z boson, or gluon can be as large as 10~7 to 107 for certain regions of the parameter
space in the mentioned models [2].

Although the branching ratio of top quark FCNC decays predicted in SM are
far beyond the current experimental sensitivity, the observation of FCNC top decays
with a branching ratio at the order of 10~° are around the limit of the projected high
luminosity reach at LHC [7]. Therefore, any evidence for FCNC in the top-quark
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sector will be a clear indication of physics beyond the SM.

The LHC (Large Hadron Collider) is a top quark factory, producing large num-
ber of top quarks at designed center of mass energies and luminosity. This enables
physicists to probe various properties of the top quark precisely. Searching for top
quark FCNC interactions is one of the interesting topics which is followed by both
ATLAS and CMS collaborations [8].

In order to search for physics beyond the SM through top quark FCNC pro-
cesses, one can choose a specific new-physics scenario or follow a model-independent
approach [9]. Experimental collaborations choose the latter approach to find inde-
pendent signs of new physics or quantify the accuracy with which the new physics
is excluded. FCNC interactions of top quarks would be probed through anoma-
lous top quark decays, and through the anomalous production of top quark. From
experimental point of view, each of the anomalous production and decay channels
has its specific features and various analyses are defined to search for them by the
experimental collaborations [8].

In this dissertation, a search is conducted for FCNC couplings of top quark with
a light up-type quark and a photon. Using the effective Lagrangian approach, the
tuy and tcy FCNC interactions are probed through the anomalous production of
the single top quark in association with a photon at the LHC for the first time. The
presence of a top quark and a high energy photon in the final state provides a clean
signature for the signal channel.

This thesis is organized as follows: Chapter 2 introduces the SM, focusing on
the electroweak sector. Various theoretical and experimental aspects of the the top
quark FCNCs are also discussed in this section. Chapter 3 describes the details of
the CMS detector. Chapter 4 gives an overview of the CMS event reconstruction
chain and describes the physics objects used in the analysis. The performances of
the detector and reconstruction procedures on data taken in 2012 are also shown.
Chapter 5 describes the analysis strategy. Analysis strategy is started by explaining
the signal, backgrounds processes, and the datasets. It continues with background
estimations and signal extraction procedures and is finalized with presenting the
world’s best limit for the branching fraction, Br(t — ¢7), with 95% confidence

level.



Chapter 2

Theoretical motivations and

experimental review

2.1 Particles and interactions

Particle physics is concerned with the ultimate constituents of matter at the smallest
scale and the interaction among them. Elementary particles which are regarded as
the most fundamental building block of matters has changed with time as technol-
ogy and physicists’s knowledge has increased and improved. Fundamental particles
of our own time are six flavors of leptons and quarks with Spin—%, four gauge bosons
with spin-1 and one spin-0 particle which are now defined as being point-like, with-
out internal structure or excited states. At present, we know four fundamental
interactions among these elementary particles: electromagnetic interaction, weak
interaction, strong interaction and gravitational interaction. Among these interac-
tions, the gravity is negligibly weak at elementary particle level and is usually out
of game of particle physics.

The best theory which can explain all the phenomena of the particles in terms
of the properties and interactions of these particles is called Standard Model (SM)
of particle physics [10]. The SM, is a gauge theory based on the SU(3)c ® SU(2), ®
U(1)y symmetry group. The strong, weak and electromagnetic interactions are
described via the exchange of various spin-1 bosons amongst the spin-half particles.

The SU(3) as color gauge group which describes strong interaction, is found to
be unbroken. Quarks are assigned to the fundamental 3 representation and anti-

quarks are assigned to the conjugate 3* representation. The eight massless spin-one
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Figure 2.1: A table of all the elementary particles in the standard model in
association with some of their properties. The faint gray lines indicate which
gauge bosons interact with which fermions [11].

particles associated with SU(3)c are called gluon. The gluon carry color charges
and can interact with each other. These self-interactions are responsible for many of
the unique features of QCD, such as asymptotic freedom, chiral symmetry breaking,
and color confinement.

In the SM, the left and right handed components of quark and lepton fields are
assigned to different representations of the electroweak gauge group SU(2), @ U(1)y
to describe a chiral structure for the weak interactions. Thus, the left-handed fields
are SU(2); doublets, while the right-handed fields transform as SU(2)g singlets.
The SU(2),®U(1)y gauge symmetry is broken spontaneously to the electromagnetic

subgroup when the scalar field acquires a non-zero vacuum expectation value.

SU@3)e ® SU(2), @ U(l)y — SU(3)e ® U(1)qup - (2.1)

The Spontaneous Symmetry Breaking (SSB) of the electroweak group generates the
mass of the three weak gauge bosons (W', W~ and Z bosons) and fermions. The
SSB ensures that photon remains massless and gives rise to the appearance of a

scalar particle in the model called the Higgs boson.
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Apart from the gauge and Higgs bosons that were discussed, SM includes 12
fermions which are classified according to how they interact. Those fermions which
do not take part in the strong interactions are called leptons and those which take
part in the strong interactions are called quarks by definition. So far there are known
to be six flavour of leptons and quarks arranged into three generations. The flavours
of leptons are denoted by e, u, 7, v, v, and v; and the flavour of quarks are the up,
down, charm, strange, bottom and top quarks. In figure 2.1, some properties of the
quarks, leptons and gauge bosons including mass, charge and spin are shown.

We focus on the interactions and properties that correspond to the SU(2), ®
U(1)y factor of the SM gauge group. The electroweak Lagrangian is given by:

ACEW = Egauge + ACHiggs + Ematter + EYukawa (22)

The Lyqugc which describes the kinetic term of the gauge fields is given by
1 , 1 ,
‘Cgauge == _ZWAMVWZ - ZBMVBM (23)

where Wy, (A = 1,2,3) and B, are field strength tensors of the corresponding
SU(2), and U(1)y gauge fields, respectively. This term includes both triple and
quadratic self couplings of the electroweak gauge bosons.

The Higgs self-couplings and Higgs-gauge-bosons couplings are described by
Liggs after the SSB which is given by

£Higgs = |Du¢‘2 +M2¢T¢ - )\<¢T¢)2 (24)

where D, is the covariant derivative with the form

T = Y
D, =20,—- zg?.W“ — ngEB# (2.5)
g and g/ are the the gauge coupling constants, Y is equal to -1 (-2) for left (right)
components of the fermion fields and 7 is used to denote Pauli matrices.

The Yukawa Lagrangian has the form:

Lyukawa = — Z <F@(5)QL1¢DR]' + FEZ)QLiQ;URj + FZ(-?ELWZR]‘ + h.c.) (2.6)
1,3
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where
U c t
CQLl = 7QL2 = 7QL3 = ) (27)
d S b
L L L
U, vy, v,
L= Lo = Lz = ; (2.8)
e ,u’ T
L L L
UlZU,UQZC,U3:t7D1:d7D2:S,D3:b, (29)
llzei,lzzﬂi,lngi. (210)

The Yukawa couplings which are, in general, complex parameters are denoted
by I'; ;. After the SSB, one can easily obtain the fermion mass matrix from Ly yxawa-
The mass matrix can be diagonalize by means of bi-unitary transformations and the
elements of this diagonal matrix is correspond to the fermion masses. The basis of
fields in which the mass matrix is diagonal is called mass eigenstate.

The interactions between the fermions and the electroweak gauge bosons are

described by L,,atter

Loatter = Z [iLriv"D,Lr; +iQriv"D,Qri

+ iURi’yuDHURi + iDRi’}/HD“DRi + ’il_Ri’)/“D#lRi] (211)

The right-handed fermion fields are singlets of SU(2);, and hence do not couple
to Wﬁ The L,,qtter can be written as the sum of the charged and neutral weak

current interaction:

'Cmatter = 'CCC’ + ENC)
£CC —_ ﬂ [W:— (Dmy“PLem + ﬂm/yHPLdm) -+ Wﬂ_ (ém’YHPLVm + eryMPLum)] )

V2

_ A Famp e Pl 2.12
Lync ZzeAMf'y f+sin9 COSGW;ZMJE'Y (gv +v594) f (2.12)

¥ W

where Oy is called weak mixing angle (Weinberg angle) and gy and g4 values are

given in Table 2.2. The electroweak gauge bosons are written in terms of the mass
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eigenstates
1 —1
1 - 2 -
”u:E(WJHU) W#:E(Wu - W)
Wj = Z# COS@W + A# sin QW Bu = AN COS QW - ZM sin@w (213)

The observed states are mass eigenstates which are different from the weak eigen-
states. To write the interactions in terms of the mass basis of the fermion fields we
need to transform the fields using two unitary matrices as was discussed previously.
Because of the unitarity of the transformation matrices, it is verified that the form
of the neutral current interactions are not changed by the process of rotating to the
mass eigenstate for the fermion fields. Therefore, we do not have flavour-changing

neutral-currents at the tree level in the SM.

fermion Q gv ga

Ve, Vy, Vr 0 +0.25  +0.25
e, l, T -1 -0.0189 -0.25
0,c,t +2 40.0959 40.25
d,s,b -% -0.1730  -0.25

Table 2.1: Neutral-current charges of the fermion.

Since there is no mass term for neutrinos !, the neutrino fields can be redefined
while their kinematic terms do not change. Therefore, there is no flavor mixing
between the leptons in the weak charged current interactions. The Lo in mass

basis can be written as

Lcc (W, (77" Prey, + Vi, ¥ Prd,,)

ig

V2
+ W, (@7 Prvy, + (V) mnd oy Pruy, )] (2.14)
Vinn 1s & unitary matrix called the Cabibbo-Kobayashi-Maskawa matrix (CKM ma-

trix) which describes the mixing between different generations. Assuming the uni-

In the Standard Model the neutrino masses are assumed to be zero. However, experimental
evidence for neutrinos to be massive has been accumulated.
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Figure 2.2: The unitary triangle gives a graphical representation of CKM ele-
ments.

tarity, the magnitudes of the CKM elements are [12]

Vud Vus Vub
Vokm = |V Vs Vi
Via Vis Vi

0.97428 & 0.00015 0.2253 4 0.0007  0.00347+9:90016
= | 0.2252+0.0007 0.97345+0:00015 () 0410709011 (2.15)

0.00862+0:90026(),040379-991L  ().999152+0:000030

the off-diagonal unitarity conditions impose the following equations

szdvus + Vc*dvcs + Vttlvts = 07
V;svub + Vc*chb + V;;th - 07 (216)
VisVua + VoV + ViV, = 0.

which can be presented as a closed triangle in the complex plane, as is shown in

Figure 2.2.

2.2 Top quark

2.2.1 Introduction

The top quark is the most recently discovered quark, which was discovered at the
Fermilab Tevatron, a proton-antiproton collider at a center-of-mass energy of 1.8
TeV in 1995 [13-15]. The top quark was predicted as a weak-isospin partner of
b quark in the standard model after the discovery of the b quark at 1977. The
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presence of top quark could provide a natural way to suppress the experimentally
not observed flavour-changing neutral current through the GIM mechanism [16] and
make a renormalisable gauge theory of weak interactions by removing the anomaly.

Top quark mass was successfully predicted before its discovery through the ra-
diative corrections in the standard model. Top quark can modify the W and Z
masses and widths through the quantum loop corrections. Therefore, precise mea-
surements of the W and Z boson properties provide a very good information to
constraint the top quark mass. The most recent indirect measurements of the top
quark mass using the Z-pole data, the WW-boson mass and total width and several

other electroweak quantities yields [17].
Miop = 179752 (2.17)

The new direct measurement yields a top quark mass 173.21 £ 0.51(stat) £
0.71(sys) GeV [18]. Top quark is the heaviest of the known quarks and its mass
has been measured with the highest precision comparing to any other quark. Due
to the heavy mass of top quark, also much heavier than the W-boson, and short
lifetime of the top quark, it decays before it can hadronize to a W boson and b quark
with almost 100 percent branching fraction. This provides a unique opportunity to
study the effects due to its spin through the angular correlations among its decay
products.

In the Standard Model, the Yukawa coupling to the top quark (y; = my/v,
where v ~ 246 GeV is the vacuum expectation value), is very close to the unity.
Because of this observation, it has often been speculated that new-physics might
be accessed via top quark physics specially in the electroweak symmetry breaking
scenario. Therefore, precise measurements of the top quark and its interactions may

reveal effects from new physics.

2.2.2 Top quark production and decays

At the LHC, the dominant production mechanism of the top quark is through the top
quark pair production mediated by the gluon. The representative Feynman diagrams
are shown in Figure 2.3. The production of ¢ is the result of an interaction between

the quarks and gluons which are the constituents of the incoming protons. Since the
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g t

Figure 2.3: Representative Feynman diagrams for top pair production through
the quark-quark annihilation and gluon-gluon fusion.

energy scale of the interaction is around the top quark mass, much larger than QCD
scale, tt production at the LHC can be described by the quantum chromodynomic
using perturbative approach.

At the LHC with /s = 8 (14) TeV, around 80 (90)% of the total cross section of
tt is due to the gg fusion, while the remainder is mostly due to the gg annihilation.
Since the minimal energy for ¢t production is 2m; which leads to the 2 = 0.05 (0.025)
(x is momentum fraction of proton carried by a parton) for the 8 (14) TeV LHC
and the gluon distribution inside the proton increases more steeply towards small x
than the valence and the sea-quark distributions.

In addition to the pair production, top quark can be produced singly through
the electroweak interaction. There are three different channels for the electroweak
single top production which are shown in Figure 2.4. All three processes involve
the top quark charged current and allow to measure the CKM matrix element |V;|?
directly. Therefore, the unitarity of the CKM matrix can be verified without any
assumption on the number of generation and make a window to search for fourth
generation. Measuring the properties of the standard model single top production
is very important because it is a background to several new-physics scenarios and
the presence of the new physics can make deviation from the SM prediction. For
example, the existence of a flavour-changing neutral current gu — t would lead to
the production of the single top quark with the signature very similar to the SM
t-channel. At the LHC, the t-channel production mode is dominant, followed by the
tW-channel. The s-channel production cross section is very low comparing to the
huge background from ¢t with low chance to be observed at the 14 TeV LHC.

The top quark decays almost exclusively to a W boson and a b quark with the



CHAPTER 2. THEORETICAL MOTIVATIONS AND EXPERIMENTAL REVIEW11

(] b g w
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Figure 2.4: Representative Feynman diagrams for single top production at the

LHC.

total width in the SM at NLO QCD [19]

Grm; 9 miy, ? miy 205 (2% B
L't —Wb) = % - — 1+ — | |1— — = 2.18
= Wh =g m™e m; T w\ 3 2)] B

where G is the Fermi constant. Using m; = 172.5 GeV yields I'; = 1.33 GeV

corresponds to a very short lifetime 7, = 5 x 1072 s. The W boson from top quark
decay has leptonic and hadronic decay modes with the 10.8% and 67.6% branching
ratio respectively. These modes lead to different characteristics of the ¢t and single
top final state.

In top decay, the t — Ws (BR ~ 0.2%) and t — Wd (BR ~ 0.005%) decay

modes are suppressed relative to ¢ — Wb by the square of the CKM matrix elements.

2.3 Effective field theory and top quark anoma-

lous interactions

2.3.1 Model-independent search for new physics

From the 1930s to the late 1960s, before the electroweak unification was understood,
the weak interactions were described by an effective low energy description called
4-Fermi theory. Although the fundamental electroweak theory was not known at
that time the 4-Fermi theory could present a very accurate phenomenological de-
scription of the weak interactions at low energies by introducing non-renormalizable
dimension-6 operators. The value of the Fermi constant G, obtained from the
precise measurement of the muon decay rate, was used to find the energy scale in
which the new physics would appear and that was the mass of the W and Z boson.
Therefore, the effective approach can be viewed as a low energy description of the

new physics with the heavy states.
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As the 4-Fermi effective theory is corresponding to the low energy limits of
electroweak theory, the well proven SM would be the low energy limit of a new
physics model. If we knew the complete fundamental theory at high energy scales,
we could find the effective theory at an arbitrary scale by integrating out the heavy
fields (compared to SM) at different energy scale from the theory. The effective
field theory at low energy would be an infinite tower of terms of higher dimensions
operators which are an SU(3)¢ ® SU(2), ® U(1)y symmetric built from standard
model fields. This is a "top-down” application of the effective field theory [20]. If
the theory at high energy respects the SM gauge symmetries, same operators will
be obtained at low energy for different theories. The difference between theories
will be reflected in the coupling constant and numerical factors associated with each
operator.

Since the complete fundamental theory is unknown, we need to use the ”bottom-
up” approach of the effective field theory. In this approach, the SM Lagrangian
is extended by introducing higher dimension operators which have coefficients of
inverse powers of mass and they are suppressed by powers of the new physics scale
A. Therefore, the higher the energy scale of new-physics, the smaller the effects on
low-energy experiments.

The effective coupling constants of these operators should be determined by
the experiments. The observation of any deviation from the prediction of the SM
will require a non-zero value of some effective coupling constants. The value of
the effective coupling constants can distinguish between different beyond standard
model scenarios.

As was discussed, the higher dimension operators contain the power of the new
physics scale in the denominator. Where is the energy scale of the new physics?
Is it close to the electroweak scale? or somewhere between electroweak scale and
plank scale?” FCNC processes can present an interesting clue about this fundamental

question.
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2.3.2 Dimension-six operators with top quark FCNC inter-

actions

The effective Lagrangian can be written as a series, such that

1 1 1
— SM = r®) = p(6) el 21
L= LMy L0+ 5o +O(A3) : (2.19)
where £5M is the SM Lagrangian of dimension four and £®) and £ contain all

the dimension five and six operators. All terms are invariant under the SU(3)c ®
SU(2), @U(1)y gauge symmetries of the SM. There is just one allowed term in £©)
considering the demanded symmetries which breaks lepton number conservation and
generates Majorana mass for left-handed neutrinos. Assuming lepton and baryon
number conservation, a list of the dimension six operators are given in References
[21, 22]. We will focus on the operators which lead to top quark FCNC interactions.

The operators can be expressed as [23, 24|

O, = C'L, (QuA\"a™ Up)d G2, 036 = Ci6 QX" D" Q;GS,
Oga _ Cgc URi)\a’Y“DVURjGZV . (2.20)

05" = Cop”i(o'r' Dud)(Quin'Qry) O = Cow Quinr' D" Qui W,

O = O30 Do) (QuinQry) . OBy = Cl Quin D" Qui By

Oy = Coi(6' Do) (Uriv"Ury) Oy = Cly Upiy* D"Up, By,

Ow = Ctw (Qruic* 7' Urj)o W, ,

OinB¢> = Cg&p (Qric"Ur;)¢ By, (2.21)

where 7,7 = 1,2, 3 are the flavour indices and C¥ are complex dimensionless cou-
plings. Here Qp;, Ur; and Dp; are the quark fields which are introduced in Section
2.1.

Operators which contribute to FCNC decays of the form ¢ — u(c)g and effect
the strong sector are expressed in equation 2.20. Operators in equation 2.21 are
analogous to those of 2.20 in the electroweak sector which contribute to top decays
of the form ¢ — u(c)y and t — wu(c)Z. The hermitian conjugate of these operators

should also be included in the effective Lagrangian.
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All operators in the left columns of equations 2.21, 2.20 yield ~* and ¢""q,
terms, while those in the right columns give k" = (p; + p;)* and ¢" terms. Not all
these operators are independent. The equation of motion can be used to remove
redundant operators from the effective Lagrangian. It is shown in reference [23]
that all effective operators which contribute to the trilinear fermion-fermion-gauge
(fif;V') vertices involving a W or Z boson, a photon or gluon, only involve * and
o q, terms, with ¢ = p; — p;. It is proven that the OQW, OQB7 OgB, OgG and
OgG can be written in terms of the other operators in equations 2.21, 2.20 plus
four-fermion interactions.

On the other hand, as was discussed in Section 2.3, we require that the well
known low energy physics should not be affected by the new physics at high energies.
In that sense, the Ogg, Ogw and Ogp operators which affect on bottom quark
physics are highly constrained from B-physics. These operators are constructed from
two left-handed SU(2) doublets (left-left operators) in which the gauge structure can
be felt stronger comparing to the operators with two right handed fermion fields. It
is shown in Reference [25] that the left-left operators have no chance to be probed
at LHC and if the LHC sees the anomalous FCNC decays, they must have came
from the left-right or right-right operators.

The photon and Z FCNC interactions can be obtained from the combination
of the Oyw and Opyp, using equation 2.13. After electroweak SSB, the scalar field
acquires a non-zero vacuum expectation value (¢g — ¢¢ + v) and the operators
decompose into two pieces with and without Higgs scalar. Thus, the dimension
6 operators become a dimension 5 FCNC operators. The Oélq’ij ), O;;” and O”
operators just contribute to the ¢ — ¢Z decay due to the cancellation of the photon
term after SSB in these terms. Therefore, there is no v* term in tqy Lagrangian
[26].

The most general effective Lagrangian describing the top quark FCNC interac-

tion with an up-type quark (u or ¢ quark) and a gauge boson can be written as

[2].

9 L g _ qv
—Lepr = XaP X ‘Prit Z, P, PrltZ
1 2c059 7 Lt 7] + 2cos0,, kqzq [z Py + 2rPrltZ,
ohv
+ ehgyq Aq Ve Pr + vrPr|tA,
Yolaid
T 9sheg Aq [9. P + grPrIT*tG oy + he.c. (2.22)
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where e is the electron electric charge, g is the weak coupling constant, g, is strong
coupling constant, 6, is the Weinberg angle, Prr = 3(1 F+°), o = $[v*,7"]
and the symbols ¢ and ¢ represent the up (or charm) and top quark spinor fields.
The parameters Xy, Kqz, K¢y and k4 define the strength of the real and positive
anomalous couplings for the current with photon, Z boson and gluon, respectively.
The relative contribution of the left and right currents are determined by Xy, g, 21 g,
Yr.rs 9.8 and hy p which are normalized as |X|* + | Xg|* = 1, |z1]* + |2r]* = 1,
etc. In the Lagrangian, ¢ is the momentum of the gauge boson and A is the new
physics cutoff which by convention, is set to the top quark mass.

The partial widths for FCNC decays are given by [2]

o m} M21? M2
T(t = qZ)y = ———|Xpu|? —L [1 - —2| |[14+2°Z
(= 2= gl g 1= 1] (1425
I(t = ¢7) 0l [y )y s
- = m - — —5
1 32s%,c2, ¢ A2 m32 m?
2
[0 K
L(t —qy) = mef| X;'
2
g K
L't — q9) = gmf‘ XZ‘ (2.23)

2.4 FCNC top quark decays in the standard model

In the 1950s, the universality of the weak coupling constant was exhibited after
describing the pion, muon and neutron decays by a ”vector minus axial vector” (V-
A) type of interaction. In that sense, it was expected that all particles which decay
through the weak interactions should have had the same life time. Experiments
showed that the life time of the particles containing the strange quark did not
follow the expectation and the strangeness non- conserving weak decays are relatively
suppressed comparing to the strangeness conserving weak decays. For example,
the life time of the K™ — 777" was measured to be 20 times longer than 7+ —
ptr. The universality of weak interactions was contradicted by this observation.
The universality of the weak interaction was resurrected by Cabibbo in 1963 [27]
by introducing the Cabibbo angle which rotates the strangeness-conserving and
strangeness-changing processes, keeping the total weak hadronic current unchanged

h_ 0 4 eing 70
J, = cosl.J, + sinf.J, (2.24)
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Experimentally, it could explain all strangeness-changing processes consistently with
sinf, ~ 0.26 . Therefore, weak interactions were again universal [28].

A further step was considering the neutral weak interaction. Generically, one
would also expect charge currents and neutral currents of similar strength, in partic-
ular flavour-changing neutral currents. A strong suppression was observed in kaon
FCNC decay mode quite early which was

(KT — ntup)
[(K+ = metn

<107 <1 (2.25)

The weak processes were understood as transitions between different quark
flavours when the quark substructure of hadrons had been noticed. In 1960s, one

quark doublet was known and the hadronic current was written as
J = tv,(1 —°)[d cos 6 + ssin f] (2.26)

in which the combination of down and strange quark fields participates to the weak
interaction. Given this point of view, the neutral current can be written in the form
of

J) = uMu+ [dcos 6 + §sin 0] M'[d cos  + s sin 6] (2.27)

where M and M’ are some Dirac matrices. Clearly, the neutral currents contain some
terms which lead to the strangeness-changing processes. This strangeness-changing
neutral current predict the the ratio of 2.25 of order unity, in contradiction with
observations.

In 1970, Glashow, Iliopuolos and Maiani proposed a new mechanism to solve
this problem and is called the GIM mechanism [1]. Their idea had a surprising
consequence that another quark has to exist with the quantum numbers of the up
quark which is now called charm quark. The charm quark, couples to the orthogonal
combination of the down and the strange quark [s cos §—d sin §]. The charged current

becomes

jMCC = @y, (1 —~°)[dcosf + ssinf] + &y,(1 —7°)[scosf — dsinf] (2.28)
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Figure 2.5: Flavour-changing neutral-current loops for ¢ — ¢y. The third
diagram contributes through its mixing.

and the neutral currents becomes

JNC = aMu+ [dcosf + §sin 0] M'[d cos  + s sin 0]
+ eMc+ [5cosf — dsin ) M'[s cos § — dsin 6]
= uMu+¢éMc+dM'd+5M's (2.29)

From equation 2.29, we find that the neutral current is flavor diagonal and
there is no FCNC at all at tree level. The GIM mechanism can be extended to
the 3 generation of the quarks while the mixing is given by CKM matrix. Due to
the unitarity of the CKM matrix the FCNC processes are forbidden at tree level.
The FCNC processes can take place at loop level with the help of the flavour-
changing vertices. An example of loop diagrams leading effectively to FCNC for the
process t — ¢y are depicted in figure 2.5. One should sum over all flavours of the
intermediate quarks to obtain the ¢ — ¢y FCNC amplitude. The amplitude can be

written as

m2 m2 m2
A= F(ELViV,, + Flo CE)VV,, + f( gb Vi Ve, (2.30)
My miy, myy
where f(75- ) depends on the quark mass of the intermediate down-type quark. If
the down—type quark masses were degenerate, exact cancellation occurs and the
amplitude would vanish owing to CKM unitarity equation which was written in
equation 2.16.

2

"4 f( )[Vttivcd + Vtchs + Vtzvcb] =0 (231)
W

Due to the fact that the quark masses are not degenerated, the t — ¢y FCNC
amplitude is proportional to the mass splitting of the down type quarks. Similar

arguments hold for the b — sy FCNC decay, while the intermediate quarks are
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up-type quarks. The mass differences between the up-type quarks are much larger
than down-type quarks due to the large mass of the top quark. Therefore, top quark
FCNC more strongly suppressed than bottom quark FCNC, for example Br(b —
s7) ~ 107 vs Br(t — c¢y) ~ 10713,

In order to see the suppression reason clearly, one can write the order of the top

quark FCNC decay width as [29]

4
It —~c) ~ |Vt’g\/})c|2a G% my mg ~ |V},C|2agmoz my <%) (2.32)
w

in which it is assumed that the loop amplitudes are controlled by the bottom quark.
The fourth power of the mass ratio (A’;—v"v) is responsible for the ultra large sup-
pression of the FCNC decay width. The SM prediction of the top quark FCNC

branching ratios are summarised in table 2.2.

Br(t — qvy) Br(t—qZ) Br(t— qg)

g=u 37x1071% 8x10°'" 3.7x107H
g=c 46x107" 1x107" 4.6x 1072

Table 2.2: Branching ratios for the top quark FCNC decays in the SM.

2.5 FCNC top quark decays in beyond standard
models

The SM is a mathematically consistent, renormalisable quantum field theory which
is consistent with all experimental facts and no significant hint of any physics beyond
this model has been found. On the other hand, a lot of questions are left unanswered,

Some problems and open questions of this kind related to the flavor physics are

e The neutrinos are massless in the SM contradicting experimental evidence for

neutrino masses from neutrino oscillations.

e It does not have enough sources of CP violation to explain the observed ratio

of the matter and antimatter.

e Why do we observe the fermions in three generations?
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Figure 2.6: Feynman diagrams representing the top quark FCNC decays induced
by supersymmetric QCD loops.

e Why are the off-diagonal elements of the CKM matrix so small?

e The quark masses are so small (except for the top quark) comparing to the

electroweak vacuum expectation value.

e Does the top quark with mass near to the electroweak vacuum expectation
value play a more fundamental role in the electroweak symmetry breaking

mechanism?

There is an enormous range of new physics scenarios attempting to resolve the
standard model problems. We will focus on the models that predict an enhancement
on the top quark FCNC branching ratios.

The decays t — Ve (V = ~, Z, g) induced through loop process in minimal
supersymmetric model were calculated for the first time in [30]. Suppersymmetric
QCD violates flavor symmetry and there are flavour changing interactions between
gluinos (g), squarks (§) and quarks (¢) [31]. These QCD flavor changing interactions
can contribute to the top quark FCNC decay through the loops. The diagrams for
t — Ve through the suppersymmetric QCD loops are shown in figure 2.6. It is shown
that the top quark FCNC decay width depends strongly to the gluino and squark
masses. For example for mg, my; < 120 GeV, the new contributions can enhance the
branching ratio of ¢ — V¢ as much as 3-4 order of magnitudes compared to the SM
prediction.

In addition to the suppersymmetric QCD loop effects, the FCNC can be induced
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Figure 2.7: Feynman diagrams representing the top quark FCNC decays induced
by supersymmetric chargino loops.

through the chargino loop. In reference [32], it is shown that the generation mixing
can exist through the chargino (y*), squark () and quark (¢) interaction. Therefore,
the FCNC top quark decay is possible through the chargino loop as is shown in
figure 2.7. The contribution of the chargino loop to top quark FCNC decays also
depends on the chargino and squark masses and other parameters of the minimal
suppersymmetry model. The combined contribution of the QCD and chargino are
roughly 1076, 107, 1078 for t — gc, t — Zc and t — ~yc respectively at the
maximum level.

Several extensions of the SM involve an extended Higgs sector, with more than
one Higgs doublet, such as supersymmetry, models with spontaneous CP violation
and some grand unification theories [33]. The existence of two Higgs doublets leads
to five physical states: the CP even neutral Higgs bosons h and H , the CP odd
pseudoscalar A and two charged Higgs bosons H*. Such a model has six free
parameters: four Higgs masses (my, my,, ma, my+), the ratio of the two vacuum
expectation values (tan ) and a mixing angle («) [30]. Charged Higgs bosons can
contribute to the ¢ — V¢ processes through the loop and enhance the branching
ratio. The branching ratio of the t — V¢ decays depends on the charged Higgs mass
and the value of the tan 8. The resulting branching ratios can be up to 1074, 1077,
1078 for t — gc, t — Zc and t — ~ye, respectively [34].

In many different new-physics scenarios the FCNC interactions can be induced

through the loops in which new heavy particles or new interactions contribute. In
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table 2.3, the predicted branching ratios of the top quark FCNC processes for some
new physics models are summarised. More information can be found in the following

references [6, 35-38].

SM QS 2HDM FC 2HDM MSSM R SUSY
t—-uZ 8x10717 1.1x1074 — — 2x1076 3x107°
t—uy 3.7x1071 7.5%x107° — — 2x107% 1x1076
t—ug 37x107% 1.5x1077 — — 8§x107° 2x1074

t—cZ 1x100% 11x107% ~1007 ~10710 2x107% 3x107°
t—=cy 46x107% 75x107% ~10% ~107% 2x10% 1x10°
t—=cg 46x1072 15x1077 ~107% ~107% 8x10° 2x1074

Table 2.3: Branching ratios for top FCN decays in the SM, models with @ = 2/3
quark singlets (QS), a general 2HDM, a flavour-conserving (FC) 2HDM, in the
MSSM and with R parity violating SUSY.

As was discussed in previous section, the FCNC decays of the top quark within
the context of the SM are known to be extremely rare. This extremely tiny rate
is far below the experimental reach of any present conceivable high luminosity ma-
chine. On the other hand, some of the new physics models may enhanced the top
quark FCNC decays up to a detectable limit for some regions in their parameter
space. Therefore, detection of any signal corresponds to the top quark FCNC pro-
cesses would be a clear evidence for violations of the SM prediction and indicate the

existence of the new physics beyond the SM.

2.6 Anomalous top quark production and decay

at the LHC

The proton-proton Large Hadron Collider (LHC) is a top factory. The production
of 56 million top pairs and 27 million single top events in 25 fb~! of data at 7 and
8 TeV center of mass energy per LHC experiment, allows to study the top quark
properties very precisely, and to search for its role in new physics in a comprehensive
way.

The top quark FCNC processes as a window to new physics can be explored at
the LHC in different ways. In order to be independent of the underlying new physics

model which is responsible for the FCNC process, the effective Lagrangian approach
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is chosen to search for the new physics signal as was discussed in section 2.3. The
effective Lagrangian contributes to both production and decay of top quarks.

If the top quark FCNC anomalous couplings to the gauge bosons exist, its
decay properties would be affected. One of the most prominent signatures of FCNC
processes at the LHC, would be the direct observation of a top quark decaying
into an up-type quark together with a photon, gluon or Z boson [39]. In order to
have enough statistics, it is appropriate to search for top quark FCNC decays in tf
events while one top decays to Wb as expected from the SM and the other decays
anomalously to an up-type quark together with a neutral gauge boson as is shown in
figure 2.8. Different decay modes has different signatures and search strategy that
will be discussed in the next section.

FCNC interaction of top quarks can be probed through the anomalous produc-
tion of top quark. Some interesting production processes where the effect of the

FCNC coupling could be significant are:

e Direct top quark production ((2 — 1) process): The presence of tqg
anomalous couplings lead to the production of a top quark (u(c) + g — )
without any additional particle in proton-proton collision through the diagram
in figure 2.9 (a) [40]. The signature of this process is different from the SM
single top production where the top quark is always accompanied by other
particles. The top quark is produced singly with transverse momentum arising
only from initial state QCD radiation. Therefore, its decay products tend to be
back to back in azimuth plane. Due to the larger parton distribution function
PDF) of u quark in proton compared to the gluon and other sea quarks, the top
quark is produced boostedly and its decay product will have smaller opening
angle. The difference between PDF of u and u leads also to the production of

top quark more than anti-top quark.

Figure 2.8: Feynman digrams for top quark FCNC decays to an up-type quark
and a photon, gluon or Z boson.
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Figure 2.9: Feynman diagrams for (a) direct top production (cg — t), (b)
same-sign top production (¢q — tt) and associate production of a top quark
and photon or Z boson (gq — tv()Z ) via tqg (¢) and tqvy-tqZ (d) anomalous
interactions.

e Single top quark production with one associated jet ((2 — 2) pro-
cess): There are four different sub-processes which lead to one top quark in
the final state together with one associated jet [41]. Although this final state
can be sensitive to tqZ and tqvy anomalous coupling the tqg effects are more
significant. The final state contains a top quark and a light quark or gluon, a
topology similar to SM t-channel single top quark production. Related Feyn-

man diagrams are shown in figure 2.10.

qq — tc, gg —te, cq(q) = tq(q), cg — tg.

e {7 and tvy associated production: All the anomalous couplings may con-
tribute to anomalous ¢Z and tvy associated production [42]. The (c) digram
in figure 2.9 corresponds to the (Z)tq anomalous coupling and (d) digram
shows the tqg anomalous coupling. These signal channels are more sensitive
to the v(Z)tq anomalous interactions but can be used as a cross check of other

channels for tqg anomalous coupling.

e Same-sign top quark production: The FCNC interactions can result in
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Figure 2.10: Feynman diagrams for (a) cq(q) — tq(q) (b) cg — tg (c) gg — te
(d) q¢ — t¢ anomalous single top quark production in association with a light jet.

appearance of the same-sign top quark in hadron colliders [43, 44]. Figure
2.9 (b) displays the representative diagram describing the anomalous same-
sign top quark production. Same-sign top production followed by the leptonic
decay of W boson from top decays give rise to final state with the same-sign
leptons and b-jets. Despite the small cross section of the signal channels due
to the presence of two anomalous vertices for ¢t production, this final state
has proven to have very little SM backgrounds and is sensitive to new physics
effects. Therefore, same-sign dilepton final state would provide a new window

for searching for FCNC interactions [45].

In the effective Lagrangian approach, the cross section of the anomalous top
production and the anomalous decay width would be a function of the anomalous
coupling which should be determined from the experiments. It is nearly impossible
to discriminate between the tcV and tul anomalous interactions through the anoma-
lous top quark decay experimentally. While different parton distribution function
for the valence quarks and sea quarks provide a great opportunity to discriminate

between the tcV and tul anomalous interactions [40, 46]
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2.7 Experimental results and searches for top quark

FCNC interactions

Over the years, different experiments have searched for FCNC processes in the
anomalous decays of top quark in #f events or anomalous productions of single top
events. In this section we will review previous experimental results obtained in differ-
ent experiments on the top quark FCNC interactions [8]. In the literature, there are
many alternatives for normalizing the coupling constants in L.g. Therefore, limits
on top-quark branching ratios are more easily comparable among different experi-
mental results. It is worth mentioning that the limits on the anomalous couplings,

are given with the notation in their corresponding publications.

2.7.1 Search for top quark FCNC processes at TEVATRON

The top quark was discovered in a pp collider TEVATRON, with a center-of-mass
energy of v/s = 1.8 TeV at 1995. After the top discovery, the TEVATRON experi-
ments CDF and DO collected more data at the center-of-mass energy of /s = 1.96
leading to precise measurement of the top quark properties and good limit on the
new physics parameters involved with top quark.

CDF has performed a search for the FCNC top quark decay t — ¢Z and t — ¢
using 110 pb~! of data at /s = 1.8 [47]. The tf events as the dominant source of
the top quark production are used in which one top decays anomalously. No excess
over the SM prediction was observed and upper limits are set at 95% C.L. on the
top quark FCNC decays which are

BR(t — uy) + BR(t — ¢7y) < 3.2%, BR(t - uZ)+ BR(t — ¢Z) < 33% (2.33)

The analysis was updated using 1.9 fb ~! of data at /s = 1.96 for the t — ¢Z
channel by CDF Collaboration and an upper limit of BR(t — ¢qZ) < 3.7% obtained
at 95% C.L. [48]. Similar search was performed using 4.1 fb ~! of data at /s = 1.96
by DO Collaboration and an upper limit of BR(t — ¢Z) < 3.2% obtained at 95%
C.L. [49].

Among FCNC top quark decays, t — qg is very difficult to distinguish from

generic multijets production via quantum chromodynamics (QCD) at a hadron col-
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lider. It has therefore been suggested to search for FCNC couplings in anomalous
single top-quark production. The first limits on tqg FCNC couplings to the top
quark were obtained in a D0 analysis based on 0.23 fb~! of the integrated luminos-
ity [50]. The 2 — 2 processes were chosen (see figure 2.10) as the signal and the
limits on the anomalous tcg and tug coupling are set to be 0.15 TeV~! and 0.037
TeV~!, respectively. The analysis was updated by DO Collaboration using 2.3 fb™!
of data and limits on the anomalous tcg and tug coupling found to be 0.057 TeV 1
and 0.013 TeV—!. The CDF Collaboration used the direct top production 2 — 1 for
the first time to search for anomalous tgg interactions (see figure 2.9 (a)) [51]. The
analysis was based on the 2.2 fb~! of data and upper limits on the anomalous tcg

and tug coupling are set to be 0.069 TeV~! and 0.018 TeV 1, respectively.

2.7.2 Search for top quark FCNC processes at HERA

In ep collision at HERA Collider at DESY, top quark can only be produced singly
through the charged current (CC) reaction (ep — vtbX). The SM single top pro-
duction cross section at HERA is less than 1 fb and is sensitive to the contribution
of new physics [52]. The anomalous tgy and t¢Z FCNC interaction would induce
the neutral current interaction (ep — etX') which could lead to a sizeable top quark
production cross section. Due to the large mass of the Z boson single top produc-
tion is dominated by the t-channel exchange of a photon. In order to produce a
top quark in final state large momentum fraction of proton is needed in which the
u-quark parton distribution function is dominant. Thus, this process is sensitive to
tuy anomalous couplings.

H1 and ZEUS have both searched for the single top quark production in ep
collisions at HERA [53-56]. As no clear evidence for anomalous single top production
was observed upper limit on the anomalous tuy is set to be 0.16 and 0.12 at 95%

C.L. by H1 and ZEUS experiment, respectively.

2.7.3 Search for top quark FCNC processes at LEP

In e"e™ collision at LEP Collider at CERN, top quark may only be singly produced
through the e~e™ — e~ uth process due to the large mass of top quark and its center-
of-mass energy. The cross section of single top quark production is around 10~ fb at

LEP2 center-of-mass energy which provided a good opportunity for observation of
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the FCNC interaction through the e~e™ — t¢, s-channel process. Single top quark
production through the FCNC interaction is sensitive to the t¢Z and tqy anomalous
couplings simultaneously. Therefore, the observed upper limit will exclude a region
in the BR(t — ¢qv)-BR(t — ¢Z) plane. The LEP experiments ALEPH, DELPHI,
L3 and OPAL have searched for anomalous single top quark production via tqZ
and tqy anomalous interactions [57-60]. No evidence for FCNC single top quark
production is observed and upper limits are set on the anomalous couplings for

different top quark mass which are summarised in table 2.4 [61].

K Rz
Experiment m; =169 my :7174 my =179 m; =169 m; =174 m; =179
ALEPH 0.44 0.49 0.56 0.37 0.42 0.50
OPAL 0.39 0.48 0.60 0.34 0.41 0.52
my =170 m; =175 m; =180 m; =170 m; =175 m; = 180
DELPHI 0.40 0.49 0.61 0.34 0.41 0.53
L3 0.43 0.43 0.49 0.38 0.37 0.43

Table 2.4: 95% CL upper limits on the anomalous tqy and tqZ anomalous
coupling obtained at LEP experiments for different top masses.

2.7.4 Search for top quark FCNC processes at the LHC

In pp collision at the LHC Collider at CERN, all anomalous FCNC interactions
can be probed and it was shown that the upper limits on the branching ratio of
the rare top quark decays will be improved significantly [62, 63]. The ATLAS and
CMS experiments have searched for the anomalous FCNC production or decay of
top quark.

ATLAS and CMS searched for t — ¢Z in events produced from the decay chain
tt — Zq+Wb [64, 65]. In addition to the anomalous decay modes, CMS has searched
for anomalous production of a single top quark in association with a Z boson which
is sensitive to tqZ and tqg FCNC couplings simultaneously (see figure 2.9 (c¢) and
(d)) [66]. The results are summarised in table 2.5.

As was discussed, the anomalous tgg interactions can induce various rare pro-
cesses at hadron colliders. ATLAS collaborations have chosen the production of a
single top quark without any additional particle (see figure 2.9 (a)) [69]. The CMS
experiments searched for FCNC production of single top quark and a light quark or
gluon (see figure 2.10) [68]. The single top quark final state without extra jets that
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EXP NG L Br(t - uZ)% Br(t — cZ)% Ref

CMS 7TeV 4.9 fh! 0.51 11.40 [66]

ATLAS 7TeV 203 fb~! 0.07 [64]

CMS  7&8 TeV 24.7 fb~! 0.05 [65]
Br(t = uy)% Br(t — ¢v)%

CMS 8 TeV  19.1 fb~! 0.0161 0.182 [67]
Br(t = ug)% Br(t — cq)%

CMS 7TV 40! 0.56 712 [66]

CMS 7TeV 4.9 fh! 0.035 0.34 [68]

ATLAS 8TeV 142fb~'  0.0031 0.016 [69]

Table 2.5: The most stringent experimental upper bounds on the top quark
FCNC branching ratios at 95% CL obtained in ATLAS and CMS from different
channels.

was explored by the ATLAS Collaboration is not considered in CMS search due to
its different final state topology and significantly smaller signal event yield. The
results are summarised in table 2.5.

The anomalous ¢y FCNC interaction was searched for the first time at LHC in
production of a single top quark in association with a photon by the CMS collabo-
ration [67]. No excess over the SM prediction was observed and upper limits on the
anomalous couplings and branching ratio were set which can be found in table 2.5.

We will present that analysis in more detail in this thesis.



Chapter 3

Experimental setup

Essentially, the Ratherford a-particle scattering experiment is repeated over and
over with the energy far larger than the binding energy of a system to probe the
substructure of that system. Although the scientific method is the same, the energies
and techniques have changed. Nowadays, accelerator machines are able to accelerate
particles to extraordinary energies in the multi-TeV range.

There are two possibilities to collide a beam of accelerated particles. First, with
another beam and second with a fixed target. In both cases one can study the
sub-structure of the colliding particles. By using a fixed target, one can furthermore
produce a beam of secondary particles. These particles may be stable, unstable,
charged or neutral and the problem of accelerating unstable or neutral particles
can be solved. On the other hand, the center-of-mass energy of the fixed target
experiments increases with the square root of the beam energy while it increases
linearly with the beam energy in beam-beam collisions. Therefore, in order to reach
higher energies, it is much more efficient to use two beams in opposite directions.

Since the law of physics at sub-atomic distance scales is governed by quantum
mechanics, the outcome of each collision cannot be known ahead of time and the
theory can do predict the probabilities of various possible outcomes. Thus, the
probability of a specific outcome of a collision connect experiments to theory and
vice-versa. On the theory side, there is a well-developed formalism for predicting
cross sections based on quantum field theory for a given model. On the experimental
side, the performance of an accelerator is characterised by luminosity. The machine

luminosity depends only on the beam parameters and can be written for a Gaussian

29
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beam distribution as [70]
I — NanbfTe’U’Y’f‘F

dmen 5" (3.1)

where N, is the number of particles per bunch, n;, the number of bunches per beam,
frev the revolution frequency, v, the relativistic gamma factor, €, the normalized
transverse beam emittance, 5* the beta function at the collision point, and F' the

reduction factor due to the crossing angle at the interaction point (IP):

F= (1 + (62655)2>; (3.2)

0. is the full 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 round beams,
with 0, < 3, and with equal beam parameters for both beams. Finally, the ex-
pected number of events of a particular kind recorded per second can be found from
multiplying the experimental measured luminosity to the theoretical calculated cross
section

Nevents = O¢ot L (33)

The luminosity can be increased by reducing the transverse beam emittance, by
increasing the number of particles in the beam or by increasing the revolution fre-
quency. The integral of the delivered luminosity with respect to time is called
integrated luminosity and is a measure of the collected data size. All collider exper-
iments aim to maximize their integrated luminosities, as the higher the integrated
luminosity the more data is available to analyze.

The LHC has performed since early 2010 initiating high-energy pp collisions
at /s = 7 TeV and the energy was raised to a new record of 4 TeV per beam
in 2012. The CMS detector was able to recording 27 fb™! of high-quality pp data
with efficiency in excess of 90%. The integrated luminosity delivered to CMS during
stable beams in years 2010 to 2012 and for pp collisions is shown in figure 3.1.
In addition, CMS has collected 150 pub~! of lead-lead and 31 nb~! of proton-lead

collisions.
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Figure 3.1: Cumulative luminosity versus day delivered to CMS during stable
beams and for p-p collisions. This is shown for 2010 (green), 2011 (red) and 2012
(blue) data-taking [71].

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a collider located at CERN' near Geneva
(Switzerland) [70]. It is the largest particle accelerator ever built by mankind. The
LHC is a two-ring-superconducting-hadron accelerator and collider installed in the
existing 26.7 km tunnel at 100 m underground that was constructed between 1984
and 1989 for the LEP machine. The LHC has been designed to collide two proton
(ion) beams of 7 TeV (2.75 TeV per nucleon) each, with a design luminosity of 103
em™2 57! (10%" em™2 s71). For most of the ring, the beams travel in two separate
vacuum pipes, but at four points they collide in the hearts of the main experiments,
known by their acronyms: ALICE, ATLAS, CMS, and LHCb. These experiments
play complementary roles in the overall LHC missions and are designed for different

kind of discoveries

e ATLAS: A Toroidal LHC ApparatuS [72]

A general purpose detector which can be used to search for a rich variety of

phenomena including searching for the Higgs boson and physics beyond the

'European Council for Nuclear Research
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SM.

e CMS: Compact Muon Solenoid [73]

CMS is the other general-purpose detector. Its mission is to study physics
similar to ATLAS.

e ALICE: A Large Ion Collider Experiment [74]

ALICE is an experiment that involves the collision of lead ions rather than
protons. When heavy ions collide a new state of matter called quark-gluon-
plasma will be created which can bring good information from the very early

universe.

e LHCh: Large Hadron Collider beauty [75]

The focus of the LHCb experiment is to study the phenomena which can be
manifested in b-physics. B-particles (particles containing a bottom quark) are
extremely massive and would likely have a rich variety of decay modes that
could possibly be a window to new phenomena beyond the SM. In particular,
the LHCDb researchers will be looking for evidence of CP violation. in B-meson

decays

The four largest experiments are shown in the figure 3.2.

In addition to the four main detectors, two other petite detectors operate near

the ATLAS and CMS detectors.

e LHCf: Large Hadron Collider forward experiment [77]

The LHC{ is the smallest detector at the LHC which stands about 460 feet in
front of the ATLAS collision point. It is intended to measure the properties
of forward-moving particles produced when protons crash together. The goal

is to test the capability of cosmic ray measuring devices.

e TOTEM: TOTal Elastic and diffractive cross section Measurement [78]

TOTEM is a long, thin detector connected to the LHC beam pipe, located
about 650 feet away from the CMS detector. This experiment studies for-
ward particles toward ultra high-precision measurements of the cross-sections

(effective sizes) of protons.
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Figure 3.2: The four LHC experiments and the accelerator tunnel underground
[76].

3.2 The Compact Muon Solenoid

CMS is a general purpose detector installed about 100 meters underground at the
LHC interaction point 5 (P5) close to the french village of Cessy, between Lake
Geneva and the Jura mountains. The CMS research program includes most of
the physics from the SM measurement to search for new physics in many different
phenomena.

The CMS detector is a large cylindrical solid-angle magnetic spectrometer with
a superconducting solenoid which generates an internal magnetic field of 3.8 Tesla.
The CMS detector, With a length of 21.5 m and a overall diameter of 15.0 m, is
called compact compared to the ATLAS detector with 46.0 m long and 25.0 m in
diameter. On the other hand, the CMS detector, with mass of 12500 tons is much
heavier than ATLAS with mass of 7000 tons.

CMS, as is shown in figure 3.3, has cylindrical symmetry with respect to the
beam axis. It is constituted by several layers of detectors centered on the interac-
tion point to accurately reconstruct trajectories, momenta, and energies of all SM

particles. The first layers are pixel detector for accurate measurement of the vertex.
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Then the silicon strip tracker is located which is used for accurate track reconstruc-
tion of the charged particles. The tracker system is covered by the Electromagnetic
Calorimeter (ECAL) for accurate measurement of the electron and photon energy.
It also contributes to measure the electromagnetic fraction of jets energy. The last
layer inside the solenoid is the Hadronic Calorimeter (HCAL) which is crucial for
energy measurements of jets and missing energy. The large muon chambers are
placed outside of the solenoid allow for a clean muon identification.

A sector of the CMS detector is schematically illustrated in figure 3.3. The
behaviors of all basic particles including muon, electron, photon, charged and neutral
hadron are shown as they passed through the detector. Different particles have

different responses when they interact with different layers of CMS detector.

e A photon leaves no trace in the tracking system, and deposits all its energy in

the electromagnetic calorimeter.

e An electron bends in the magnetic field and leaves trajectories in the tracking

system. It deposits all its energy in the electromagnetic calorimeter.

e A muon bends in the magnetic field and leaves trajectories in the tracking
system and pass through the ECAL, HCAL and the super-conducting coil.
Then it penetrates to the layers of the muon chamber and bends to the opposite
side due to the magnetic field outside supper-conducting solenoid and leaves

trajectories in all muon chambers and leaves the detector volume.

e A charged hadron (like pion, kaon and proton) bends in the magnetic field and
leaves trajectories in the tracking system. It will pass through the electromag-

netic calorimeter and deposit most of its energy in the hadronic calorimeter.

e A neutral hadron (like £ or neutron) leaves no trace in the tracking system,
and after passing through the electromagnetic calorimeter, deposit most of its

energy in the hadronic calorimeter.

For more detailed information, please refer to the Technical Design Report of CMS

[79).
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3.3 Coordinate conventions

The CMS coordinate system is oriented such that at the origin centered at the
nominal collision point the z-axis points south to the center of the LHC ring, the y-
axis points vertically upward and the z-axis is in the direction of the beam toward the
Jura mountains from LHC P5. The azimuthal angle ¢ is measured from the z-axis
in the x — y plane and the radial coordinate in this plane is denoted by . The polar
angle 0 is defined in the r — 2z plane and is measured from the positive z-axis. The
polar angle is often transformed into pseudorapidity, defined as n = —In(tan(6/2)).
The plane transverse to the beam direction is called transverse plane (r — ¢ plane).
The component of momentum in the transverse plane is denoted by Pr and the

transverse energy is defined as Fr = E'sin(0).

3.4 Tracker

The inner tracker system of the CMS detector is responsible for a precise measure-
ment of the trajectories of charged particles as well as a precise reconstruction of
secondary vertices produced at LHC collisions. A precise measurement of secondary
vertices is necessary in many of the interesting physics channels, especially those
related to b-jets and 7 physics.

The CMS inner tracker system surrounds the interaction point with a radius
of 115 cm, over a length of 270 ¢cm on each side of the interaction point. At
the LHC design luminosity of 103*¢m™2s7!, there will be more than 20 overlap-
ping proton-proton interactions and around 750 particles with each bunch crossing,
which produce few thousand hits in the tracker. In order to perform a precise track
reconstruction in such a dense environment, a tracker system with high granularity
and high hit resolution is required. In addition, the time between each bunch cross-
ing would be 25 ns which requires a fast response tracker system which does not
allow the use of gas detectors due to its slow response. The intense particle flux will
cause severe radiation damage to the tracking system and was the main challenge
in the design of the tracking system. These requirements on granularity, speed and
radiation hardness are satisfied by using the silicon detectors.

The CMS silicon tracker consists of two tracking devices, the inner pixel and

the outer strip detectors. It consists of a central part (barrel) with three pixel layers
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Figure 3.4: Schematic cross section through the CMS tracker. The components
are: Pixel Detector (PIXEL), Tracker Inner barrel (TIB), Tracker Outer barrel
(TOB), Tracker Inner Disk (TID), Tracker endcap (TEC). Each line represents a
detector module. Double lines indicate back-to-back modules which deliver stereo
hits [73].

at radii between 4.4 cm and 10.2 cm and ten strip layers extending outwards to a
radius of 1.1 m. Each system is completed by endcap sections with two pixel cover
radii 6 cm to 15 cm and tree plus nine strip layers extending the acceptance of
the tracker up to a pseudo-rapidity of |n| < 2.5. A schematic drawing of the CMS
tracker is shown in figure 3.4. The pixel detector is the inner-most part of the CMS
Tracker. The silicon detector composed of three different subsystems. The Tracker
Inner Barrel and Disks (TIB/TID) which are composed of 4 barrel layers and 3 disks
at each endcap, Tracker Outer Barrel (TOB) which consists of 6 barrel layers and
Tracker EndCaps (TEC+ and TEC- where the sign indicates the location along the
z axis) which are composed of 9 disks.

The high resolution pixel detector is closest to the interaction region. It con-
tributes to an unambiguous hit recognition and precise vertex reconstruction. It is
also responsible for a small impact parameter resolution to distinguish secondary
vertices arise from the decay of short lived particles after having traveled only a
few hundred micrometers from the original collision point. In addition to the recon-
struction of secondary vertices, the pixel detector is used to form seed tracks for the
outer track reconstruction and high level triggering.

Pixel detector composed of pixel devices which provide a fine granularity in
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Figure 3.5: Layout of the current CMS pixel detector [80].

three-dimensional space information for vertexing. It consists of three barrel layers
(BPix) at mean radii of 4.4, 7.3 and 10.2 cm and two endcap disks (FPix) placed
at =~ 6 to 15 cm in radius and z = £34.5 and 2z = +46.5 cm extending the total
acceptance up to |n| < 2.5. BPix (FPix) contain 48 million (18 million) pixels
covering a total area of 0.78 (0.28) m?. A layout of the current CMS pixel detector
is shown in figure 3.5.

When a charged particle passes through the silicon detector, gives enough energy
for electrons to be ejected from the silicon atoms, creating thousands or tens of
thousands of electron-hole pairs. Each pixel uses an electric current to collect these
charges on the surface as a small electric signal. A particle’s trajectory can be
deduced by knowing which pixels have been touched. Since the detector is made of
two dimensional tiles, rather than strips, and has a number of layers, we can create a
three-dimensional picture. Silicon pixels size (100 x 150 ym? in r — ¢ and z) allows
to reach the desired resolution on impact parameter.

The Silicon Strip Tracker (SST) of the CMS experiment covers an area of 198

m? with more than 9.3 million strips and 15000 silicon modules. It is composed

of TIB / TID / TOB / TEC+ / TEC- parts. TIB/TID uses 320 pum thick silicon
micro-strip sensors parallel to the beam axis in the barrel and radial on the disks.
TIB and TID deliver up to 4 (r — ¢) measurements on a trajectory which leads to
single point resolution of 23 um and 35 pum strip bitches. TOB uses 500 pum thick

micro-strip sensors and provides another 6 (r — ¢) measurements with single point
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resolution of 53 um and 35 pm for different strip bitches. TEC is composed of 9
disks, provide up to 9 (z — ¢) measurements per trajectory.

The silicon detectors work in much the same way as the pixels: as a charged
particle crosses the material it knocks electron from atoms and within the applied
electric field these move giving a very small pulse of current lasting a few nanosec-
onds. This small amount of charge is then amplified, giving us hits when a particle
passes, allowing us to reconstruct its path.

The CMS tracker has been operated successfully during Run 1 of the LHC ended
in February 2013. As was mentioned in previous sections the LHC has delivered
about 6.1 fb~! integrated luminosity of data at 7 TeV and about 23.3 fb~! at 8 TeV
and CMS has recorded overall 93% of these data. During this time, less than 3% of
the detector became inactive and less than 5% of the delivered luminosity was lost
due to the tracker. By the time of the shutdown in 2013, about 2.3% (7.2%) of the
barrel (endcap) modules of the pixel detector and 2.5% of the strip detector were
inactive. The hit reconstruction efficiencies exceed 99% and 99.5% in the strip and
pixel detector, respectively (with the exception of the innermost layer of the pixels)

81].

3.5 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is responsible for identifying, measur-
ing the energies, and the location of electrons and photons precisely. One of the
driving criteria in the CMS ECAL design was the requirement on energy resolu-
tion, in order to be sensitive to the decay of a Higgs boson into two photons. This
capability is enhanced by the good energy resolution provided by a homogeneous
crystal calorimeter. Crystal calorimeters have the potential to provide fast response,
radiation tolerance and excellent performance for energy resolution.

The CMS ECAL is a hermetic homogeneous calorimeter made of lead tungstate
(PbWOy,) crystals which have high density (8.28 g/cm?) and a short radiation length
(0.89 c¢m) allowing for a fine granularity and a very compact calorimeter system.
The scintillation decay time of these crystals is of the same order of magnitude
as the LHC bunch crossing time and about 80% of the light is emitted in 25 ns.
The light output is relatively low and depends on the temperature. It is about 4.5
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Figure 3.6: Schematic of CMS electromagnetic calorimeter, showing the ar-

rangement of crystal modules, supermodules and endcaps, with the preshower in
front.

photoelectrons per MeV at 18°C.

The ECAL is split into two subsystems: the ECAL barrel (EB) with 61200
crystals and ECAL endcap (EE) with 7324 crystals to surround the collision point of
the interacting protons. The EB crystals have a tapered shape and cover the pseudo-
rapidity range |n| < 1.479. The crystal cross-section corresponds to 0.0174 x 0.0174
in n— ¢ or 22 x 22mm? (26 x 26 mm?) at the front (rare) face of crystal. The total
crystal length is 230 mm which is correspond to 25.8 Xy. The EE are placed 315.4
cm far from the interaction point in each side and cover the pseudo-rapidity range
1.479 < |n| < 3. The EE crystals are grouped in mechanical units of 5 x 5 crystals.
Each endcap is divided into 2 halves, or Dees which each holds 3662 crystals. The
crystals have a front (rare) face cross section 28.62 x 28.62mm? (30 x 30 mm?) and
a length of 220 mm which is correspond to 24.7 Xj,.

A preshower detector is placed in front of the endcap to provide 7 —~ separation.
As was mentioned detecting the photons from the Higgs decay is one of the ECAL’s
main jobs. Neutral pions decay to two photons immediately after they are produced
in collisions. These two low energy photon can inadvertently mimic high-energy
photons when they are close together that the ECAL picks up together. A preshower
detector sits in front of the ECAL within a fiducial region 1.653 < |n| < 2.6 to
identify neutral pions. The preshower has a much finer granularity than the ECAL
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which can see each of the pion-produced particles as a separate photon, and can also
help the identification of electrons against minimum ionizing particles, and improves
the position determination of electrons and photons.

The CMS preshower consists of two lead radiators, about 2 and 1 radiation
lengths thick respectively, each followed by a layer of silicon micro strip detectors
to measure the deposited energy and the transverse shower profiles. The two layers
of detectors have their strips orthogonal to each other to measure the vertical and
horizontal position of particles. Figure 3.7 shows the arrangement of crystal modules,
supermodules and endcaps, with the preshower in front in a schematic picture.

In general the ECAL energy resolution can be parametrized according to the

(%)2 - (%)2 + (%)2 + (3.4)

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

following form:

The energy resolution of the CMS ECAL for electrons in beam tests with energies
ranging between 20 and 250 GeV has been measured to be [82],

(5)" = (B2) + (S8 s oswy 35)

where F is measured in GeV. The resolution has been measured in data and simula-
tion using 2010 and 2011 LHC data. The resolution for Fr & 45 GeV electrons from
Z boson decays is better than 2% in the EB , and is between 2% and 5% elsewhere.
The resulting energy resolution for photons with Er ~ 60 GeV from 125 GeV Higgs
boson decays varies across the EB from 1.1% to 2.6% and from 2.2% to 5% in the
EE [83].

3.6 Hadronic calorimeter

The primary purpose of the Hadronic CALorimeter (HCAL) is to measure the
hadron jets energy. In addition, the HCAL is also able to perform a precise time
measurement for each energy deposit. Precise time measurements can be used for
excluding calorimeter noise and energy deposits from beam halo and cosmic ray
muons. Time information can also be valuable for identifying some new physics

signals such as long-lived particle decays and slow high-mass charged particles [84].
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The HCAL is a sampling calorimeter meaning that it finds the position, en-
ergy and arrival time of the incident particles using alternating layers of ’absorber’
and fluorescent ’scintillator’ materials. It has thin layers of scintillators interleaved
between brass absorber plates. To maximize the absorber thickness in the small
available space (about 1 m radially) inside the solenoid, the brass plates are rela-
tively thick (5.5 cm) and the scintillator is relatively thin (3.8 mm). This structure
of the detector produces a rapid light pulse. The light pulses are shifted in the visi-
ble region via wavelength shifting fiber and feed into readout boxes to be amplified
by photodetectors. When the amount of light in a given region is summed up over
many layers of tiles in depth, called a 'tower’, this total amount of light is a measure
of a particles energy.

The HCAL sits behind the tracker and the electromagnetic calorimeter as seen
from the interaction point. Figure 3.7 shows the longitudinal view of the CMS
detector. The CMS HCAL consists of four regions. The barrel (HB), endcap (HE),
forward (HF) and outer (HO) calorimeters. The resolution of the calorimeter system,
combining the ECAL and the HCAL, for a charged pion is a function of energy
o/E =~ 100%/+/E(GeV) @ 5% [73].

The HB is a sampling calorimeter located in the central detector |n| < 1.3.
The plastic scintillator is divided into 16 7 sectors, resulting in a segmentation
(An, A¢) = (0.087,0.087). The absorber consists of a 40 mm thick front steel plate,
followed by fourteen brass plates with 50.5 and 56.5 mm thick, and a 75 mm thick
steel back plate. The total absorber thickness at || = 0 is 5.82 interaction lengths
(A7 ). The HB effective thickness increases with polar angle, resulting in 10.6 A; at
In| = 1.3. The electromagnetic crystal calorimeter in front of HB adds about 1.1 A;
of material. The energy resolution for a pion in HB is o/ E ~ 90%/ \/m .

The HE cover a substantial portion of the rapidity range, 1.3 < |n| < 3. It
consists of 19 layers of scintillator tiles sandwiched between 70 mm brass absorbers.
The total length of the calorimeter, including electromagnetic crystals, is about
10 interaction lengths (A;). The energy resolution for a pion in HE is o/F =~
100%/+/E(GeV).

In the central region, HB is not thick enough to contain hadronic shower fully,
particularly those fluctuated showers which develop deep inside the HCAL. The

effect of shower leakage has a direct consequence on the measurement of missing
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Figure 3.7: Longitudinal view of the CMS detector showing the locations of

the hadron barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeters
[85].

transverse energy. Need to extend HCAL outside the solenoid magnet and make
additional sampling of the shower. This part outside the magnet coil is referred
as Outer Hadron Calorimeter (HO). Therefore, the HO is useful to decrease the
leakage and improve the resolution of the missing transverse energy measurement.
The HO covers the central rapidity region ( |n| < 1.26). The HO is constrained by
the geometry of the muon system and occupied by the five Muon Rings ( numbered
as —2,—1,0,1,2). For ring 0, there will be two HO layers ( Layer 0 and 1) on either
side of the 18 cm thick tail catcher iron at R=3.82 m and 4.07 m. For Rings -2,-1,1
and 2, there will be a single HO layer ( Layer 1) at R= 4.07 m. The HO utilises the
solenoid coil as an additional absorber equal to 1.4/sinf interaction lengths and is
used to identify late starting showers and to measure the shower energy deposited
after HB. The energy resolution for a pion in HO is o/F = 120%/+/FE(GeV) [73].
The very forward calorimeter, HF', is located in the forward region outside of
the magnetic field volume, covers a large pseudo-rapidity range 3 < |n| < 5. The
HF significantly improves jet detection and the missing transverse energy resolution
which are essential in single top quark production studies, Standard Model Higgs,
and all SUSY particle searches [86]. The HF experiences the highest particle fluxes.

Around 760 GeV per proton-proton interaction is deposited into the two forward
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calorimeters on average, compared to only 100 GeV for the rest of the detector.
This high fluxes of particles presents a unique challenge to calorimetry and its de-
sign. Quartz fibers were chosen to satisfy the requirement of surviving in this harsh
conditions providing about 10 A;. Iron absorbers, embedded quartz fibers, parallel

to the beam make a fast ( 10 ns) detector to collect the Cherenkov radiation.

3.7 Solenoid

One of the most important features of the CMS apparatus is the presence of a high
solenoidal magnetic field. It is the largest superconducting magnet ever built. The
superconducting magnet for CMS has been designed to reach a uniform magnetic
induction of 3.8 T in a long superconducting solenoid of 12.5 m length and 6 m
diameter with a stored energy of 2.6 GJ at full current.

The configuration and parameters of the magnetic field lead to the measurement
of muon momenta with good resolution, without making stringent demands on the
spatial resolution of muon chambers. A magnetic field of 3.8 T brings substantial
benefits not only for the muon tracking and inner tracking but also for electromag-
netic calorimetry by preparing higher momentum resolution obtained in tracker.

The geometry of CMS magnet is shown in figure 3.8 (a and b). The inner
coil accommodates the inner tracker and the full calorimetry. Within the tracker
region, the field has a high strength and is relatively homogeneous. The magnetic
flux is returned via a 1.5 m thick nearly saturated iron yoke instrumented with four
stations of muon chambers. Therefore, the CMS magnet is the backbone of the
CMS experiment as all sub-detectors are supported from it. In figure (3.8, ¢), map
of the B field and field lines predicted for a longitudinal section of the CMS detector
is shown.

The coil contains four-layer superconducting thin solenoid built in five modules.
It is indirectly cooled by saturated helium at 4.5° K temperature. In the core, a 3.8
T magnetic field is provided. The thick saturated iron yoke returns the magnetic
flux generated by coils and provide a 2 T reversed magnetic fields to measure muon
momentum. The yoke is composed of 11 elements, five three-layered barrel wheels |
and three endcap disks in each side. The innermost yoke layer in the barrel region

1s 295 mm thick and each of the two outermost ones are thicker with 630 mm thick.
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Figure 3.8: Top: Schematic views of the CMS detector, with the numbering
convention for azimuthal sectors (S), wheels (W), barrel yoke layers (L) and end-
cap disks (D) [87]. Bottom: Map of the B field and field lines predicted for a
longitudinal section of the CMS detector by a magnetic field model at a central

magnetic flux density of 3.8 T [88].
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The barrel rings are approximately 2.5 m long. The central barrel ring, centred on
the interaction point, supports the superconducting coil. The main role of the yokes
is to increase the field homogeneity in the tracker volume and to reduce the stray
field by returning the magnetic flux of the solenoid. In addition, the steel plates
play the role of absorber for the four interleaved layers (stations) of muon chambers

that will be explained in the next section.

3.8 Muon system

As is implied by the experiment’s name, ’'Compact Muon Solenoid’, detecting muons
is one of the CMS most important tasks. Muon detection provides a clean signal to
detect over the very high background rate at the LHC. For example, the Higgs decay
to four muons through the H — ZZ* — u*tp~ ptp~ decay chain, called ’gold plated
channel’, provides the best 4-particle mass resolution and has led to the discovery
of the Higgs boson recently. In addition, many new physics scenarios need a clean
muon detection to be observed at the LHC.

The CMS muon system is designed to identify and reconstruct muons over the
entire kinematic range of the LHC. Muons can penetrate several meters of iron with-
out interacting, unlike most particles, they pass through all layers of the detector.
Therefore, the muon system is placed at the very edge of the experiment to detect
muons. In order to cover the solenoid magnet, the muon system was designed to
have a cylindrical barrel section and 2 planar endcap regions.

The CMS muon system uses three different gas-ionization particle detector to
detect and measure the muons; Drift Tubes (DT), Cathode Strip Chambers (CSC),
and Resistive Plate Chambers (RPC). These different type of detectors have been
chosen to work in different places of the CMS detector with different background
rates and magnetic field. For all the muon system detectors, the basic physical
modules are called 'chambers’ which are independently-operating units assembled
into the overall CMS muon detector system. All the muon chambers are aligned in
a way to be roughly perpendicular to the muon trajectories and placed to provide
hermetic coverage over the || range from 0 to 2.4. Chambers are placed at several
different values of the radial r distance (z distance) from the interaction point in

barrel (endcaps) to detect the track in several points in order to measure the bending
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Figure 3.9: Schematic showing the muon systems showing the locations of the
drift tubes (DT), cathode strip chambers (CSC) and resistive plate chambers
(RPC) [85].

radius of the muon. An assembly of chambers which are placed at a fix value of r
(for barrel chambers) or z (for endcap chambers) are called ’station’. It is shown in
figure 3.9 that the barrel and endcaps consist of 4 stations labeled MB1-MB4 and
ME1-MEA4, respectively.

The DT system measures muon positions in the barrel part of the detector. Each
4-cm-wide tube contains a stretched wire within a gas volume. When a muon or any
charged particle passes through the volume it knocks electrons off the atoms of the
gas. These follow the electric field ending up at the positively-charged wire. A DT
chamber is made of 3 (or 2) superlayers in which the wires in the 2 outer superlayers
are parallel to the beam line and the wires in the inner superlayers are orthogonal
to the beam line. These perpendicular wires provide a track measurement in the
magnetic bending plane (r — ¢) and the z position along the beam.

The muon barrel system is consists of five wheels placed inside the magnet
return yokes of CMS which cover the pseudo-rapidity region |n| < 1.2. Each wheel
is divided in 12 sectors, each sector with a 30° azimuthal angle, covering the full
azimuthal dimension around the beam. In the barrel region, the magnetic field

between the yoke segments is mostly uniform with strength below 0.4 T. One DC
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detectors are used in each station, except in the uppermost (lowermost) sector (see
figure 3.8), named sector 4 (sector 10), where the station MB4 is physically made
of two DT chambers.

In the endcap region where the magnetic field is more intense and the back-
ground (signal) rate is higher than in the barrel, CSC are used. CSCs are multiwire
proportional chambers consists of 6 anode wire planes interleaved to 7 cathode panels
perpendicularly and the strips are milled on them. Because the strips and the wires
are perpendicular, we get two position coordinates for each passing particle. The
CSC detectors with fast response time, radiation resistance and fine segmentation (
1 mm measurement of position in (r — ¢) plane) identify muons in 0.9 < |n| < 2.4
range.

DTs and CSCs in the barrel and endcaps provide excellent position and time
resolution. In order to assign the muon to the right bunch crossing when the LHC
reaches full luminosity a complementary, dedicated trigger system consisting of re-
sistive plate chambers (RPC) was added in both the barrel and endcap regions. The
RPC system provides excellent timing with somewhat poorer spatial resolution over
a large portion of the rapidity range of the muon system (|n| < 2.1). In addition to
serving as dedicated triggers, the RPC system plays role in the muon reconstruction
procedure. A higher trigger efficiency and greater rate capability will be obtained
by processing the signals coming from the DT, CSC, and the RPCs in parallel.

The CMS RPC consists of two gaps with common read-out strips in between. Six
layers of RPC chambers are embedded in the barrel iron yokes. The two innermost
DT layers are sandwiched between RPC layers and the third and fourth DT layers
are complemented with a single RPC layer as is shown in figure 3.9. In the endcap

region, there is a plane of RPCs in each of the first 3 stations.

3.9 Trigger

The LHC will operate at 14 TeV center-of-mass energy and a high luminosity
(103*em=2s71), at which about 22 inelastic interactions are expected to occur per
bunch crossing. About one billion proton-proton interactions will take place every
second inside the detector which is impossible to store and process this large amount

of data. Since experiments are typically searching for 'interesting’ events (such as
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decays of rare particles) that occur at a relatively low rate, trigger systems are used
to identify the events that should be recorded for later analysis. Therefore, the CMS
trigger system has the formidable task of reducing the input data rate to a rate of
O(100) Hz which will be written to permanent storage. The CMS trigger system is
based on two steps called Level 1 (L1) Trigger and High-Level Trigger (HLT).

The CMS L1 trigger, is a hardware-based system, uses coarse local data from
the calorimeter and muon systems to make electron/photon, jet and energy sum,
and muon triggers. The L1 trigger has three components called local, regional
and global. The local triggers component, also called Trigger Primitive Generators
(TPG) is based on the information coming from the local calorimeter trigger and
local muon trigger. The local calorimeter trigger looks for energy deposit in ECAL
crystals or HCAL towers and the muon trigger search for signals from DT, CSC
and RPC system. The regional calorimeter trigger uses all available information to
form the e/~ candidates, calculate the transverse energy sums per calorimeter region
and also prepare the isolation information for the e/y and muon candidates. The
calorimeter and muon candidates are ranked according to their transverse energy
and momentum and the four first candidates are passed to the Global Muon Trigger
(GMT) and Global Calorimeter Trigger (GCT). The GCT determines jets, number
of jets, the scalar transverse energy sum of all jets above a programmable threshold,
the total transverse energy and the missing transverse energy. The global muon
trigger determines more information about the selected muon using the complemen-
tarity and redundancy of the three muon systems. Finally, data from the GCT and
GMT are transmitted to GT where the L1 accept decision is made. An architecture
picture of the L1 trigger is depicted in figure 3.10. The Level 1 trigger provides a
reduction in the event rate to about 100 kHz.

The HLT trigger is a software-based system, to further reduce the event rate to
about 100 Hz on average. The HLT uses full granularity detector data for performing
the reconstruction and filtering algorithms on a large computing clusters. Only data
accepted by the HLT are recorded for offline physics analysis. The starting selection
of the HLT is based on the L1 candidates, and then improves the reconstruction
and filtering process by using also the tracker information. The tracking is very
important at the HLT level due to its role at the reconstruction. For example, im-

proving the momentum resolution of the muon can reduce the muon trigger rate; by
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Figure 3.10: Architecture of the Level-1 Trigger [73].

assigning a track to the calorimeter cluster, better electron identification is obtained;
by finding the transverse impact parameter coming from the secondary vertex, it is
possible to trigger on jets produced by b-quarks; it prepares good information for

tagging the tau lepton decays hadronically.



Chapter 4

Event Reconstruction

In this chapter, we will review the procedure in which particles are produced in

proton-proton collisions and are identified with the CMS detector.

4.1 Collider physics

In quantum field theory, one calculates the cross section of processes as one or
two incoming fundamental particles interacting to form a final state. This could
be easily used to find the expected number of events when the incoming particles
are fundamental and without internal sub-structure like e~e™ collisions. When the
incoming fundamental particles are confined in a composite particle, like quarks and
gluons inside the proton, the hard collision of interest only occurs when partons with
the right quantum numbers happen to have the right center-of-mass energy to make

the desired final state. Thus, a precise knowledge of the probability f;(z, Q%) that

Figure 4.1: figure shows how the partons of hadrons contribute to an interaction
for some hard process in hadron-hadron collisions.

51



CHAPTER 4. EVENT RECONSTRUCTION 92

proton - (anti)proton cross sections

10° gy — R 10°
s | : L . P
E —_— . -
10 Oy : — : ;10
10" | ‘ LHe HE J1o
4 Tevatron ‘LHC‘ LHe 1
10° = 410°
5 5
10° | . 310 Nz 1
10° | i 1 E HERA Q2% =10 GeV?
10° ) 410° 8 L
o (E > s/20) E =) 08 —— HERAPDF1.7 (prel.)
wE 10 7 el L\ HERAPDF1.6 (prel.)
- £ L
o) 3 1 - experimental uncertaint
S wg Oy ; 410 :] per ) iad
E o, ‘ E o [J model uncertainty
E ‘ ] 2 )
0 10° {Gie‘(ETie'>100 Gev) 410° 8 o~ 0.6 [] parametrization uncertainty
10" | 1 Jw o O I
: ~ -
2 ' , N >
10° ; 4100 2 =
3 : 3 (]>) < 04r f
10 1 o, : 410° 3 | N\ )
10° Fg (M =120 GeV ‘ +410* 4
§6Higgs( H™ eV) 3 3 d A
5 [ 1 405 L
0 E 200 GeV 310 0.2
10° | 410°
, 3 wJs2012 500 GeVI ,
107 Lot PR T 10°
0.1 1 10 L L
10 103 102 1071 1
Vs (TeV)

X

Figure 4.2: Right the parton distribution functions from HERAPDF at Q? = 10
GeV?2. The gluon and sea quarks distributions are scaled down by a factor of 20.
The experimental, model and parametrisation uncertainties are shown separately
[89]. Left plot shows scattering cross sections versus c.m. energy for the SM
processes in pp collisioins. [90].

a parton carries a fraction x of the proton momentum for a given energy scale is
essential in order to make predictions for the SM and beyond the SM processes at
hadron colliders.

The fi(z,Q?) is called Parton Distribution Function (PDF) which cannot be
extracted from the theory and are determined from experimental observables in
various processes. In figure 4.2 right, the parton distribution functions obtained
from a fit to the data recorded by HERA is shown. The shape of the sea quarks and
gluon distributions changes quickly at very low x values and is dominated by gluon
distributions. At large x values, the valence quarks are the dominant distributions.

Cross sections (o) are calculated by convoluting the parton level cross section &

with the PDFs. Total cross section can be written as

o= /dxlf($1a,uF>/d$2f(x27HF)&(331plax2p27ﬂFa,Ur)a § = T1798 (4.1)

where 6 depends on the renormalization () and factorization scale (up). It can
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be calculated perturbatively in QCD for hard scattering with energy scale much
larger than A3.p =~ (200MeV)?. For an arbitrary hard process the effects of the
EW and QCD next-to-leading (NLO) corrections can vary the parton level cross
section. Therefore, the calculation of the higher order effects is very important to
estimate the contribution of different processes more accurately and to make sure
that the cross-sections are under control for precision measurements.

In figure 4.1 left, the cross sections for various typical SM hard processes versus
center-of-mass energy are shown for a p-p hadron collider in units of mb. The total
p-p cross section (top curve) increases with the c.m. energy as a power of In (s)
due to the larger parton densities at higher energies. All SM processes have similar
behavior versus energy. The inclusive jet cross section decreases due to the cut on

the transverse momentum of the jets.

4.2 Event Generation

In order to study a signal from SM processes or extract a signal of new physics from
the SM backgrounds, one needs to generate and simulate the signal events similar
to what is expected in real data. At high energy colliders like LHC, different issues
make this procedure challenging. In each hard interactions hundreds of SM or BSM
particles can be produced with momenta range over many orders of magnitude. The
calculation of matrix element is too laborious at higher orders of perturbation theory.
At low energies, all soft hadronic phenomena (like hadronization and the underlying
event) must rely upon QCD inspired models and cannot be computed from first
principles. Many divergences and near divergences issues should be addressed after
calculation of matrix element. Finally, the matrix elements must be integrated over
a final-state phase space with huge dimensions in order to obtain predictions of
experimental observables [91].

A wide range of the interesting processes at the LHC can be simulated using
Monte Carlo techniques. Different MC generators are employed to accurately simu-
late what happens in an interaction from the hard short-distance phenomena to the
long wavelengths of hadronization and hadron decays. MC generators split events
into different stages and simulate each step independently. In this picture, the steps

are ordered descending in invariant momentum transfer. A hard interaction, is fol-
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lowed by multiple initial and final state Bremsstrahlung emissions and, eventually,
by the hadronization process.

There is a very broad spectrum of event generators from general purpose ones
to matrix element generators. The general purpose MC event generators such as
HERWIG [92], Pythia [93] and Sherpa [94] provide a comprehensive list of LO
matrix elements of the SM and some BSM processes. In addition to the LO matrix
elements, multi purpose MC generators contain theory and models for a number of
physics aspects, such as hard and soft interactions, parton distributions, initial and
final state parton showers, multiple interactions, fragmentation and decay. In order
to compute the hard process matrix element at higher order and cope with arbitrary
final state, matrix element generators have therefore been constructed. Parton level
events generated by the matrix element generators are processed by general purpose
event generators to do the remained steps. The most widely used matrix element

generators in CMS are ALPGEN [95], POWHEG [96] and MADGRAPH [97].

4.2.1 Renormalization and factorization scales

As can be seen in equation 4.1, the cross section for hadronic collisions can be
expressed as the convolution of hard processes (short distance, calculable in per-
turbation theory) and soft processes (long distance, e.g. PDFs). The factorization
scale separates the short-distance physics of the hard-scattering cross section from
the long-distance hadronic physic [98].

The hard and soft processes have expansions in powers of strong coupling con-
stant (o) while the coefficients of this expansion are known to a certain order of
a. Therefore, the series should be truncated at a defined order while uncalculated
higher order terms are remained in the perturbation series. Due to missing higher
order corrections in the calculations, there are theoretical uncertainties on the cross
sections. They are traditionally estimated by varying the scale y = up = p, between
(/2 and 2Q) where (@ is set to the natural scale, the typical mass of the process.

It is worth noting that the inherent uncertainty derives from the cross section
dependency on the unphysical renormalization and factorization scales is often large
in a lowest order calculations. This dependency reduces by calculating the cross

section at higher orders.
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Figure 4.3: P-p collision simulation. Matrix element generators simulate "hard’
part of scattering (shown in red). Parton showers produce Bremsstrahlung (blue).
Multiple interaction models simulate ’secondary’ interactions (purple). Fragmen-
tation models "hadronize’ QCD partons (green). Hadron decay packages simulate
unstable hadron decay (dark green). Generators produce QED Bremsstrahlung
(yellow). Figure shows how the partons of hadrons contribute to an interaction
for some hard process in hadron-hadron collisions.

4.2.2 Parton showers

The momenta of the outgoing partons in a hard process can be calculated using
matrix elements at leading, or in a few cases at next-to-leading in a4 order. The
effect of higher orders can also be simulated through a parton shower algorithm. It
is typically formulated as a chain of momentum transfer from the high scales to the
low scales in which the partons are confined into hadrons (= 1 GeV).

The high momenta coloured partons emit QCD radiation in the form of gluon as
photons are radiated from the accelerated charged particles. Unlike the uncharged
photons, the gluons carry colour charges and can split into gluons and cause further
radiation, leading to parton showers. The cross section of a parton ¢ splitting to
j and k partons, for example ¢ — ¢ + ¢ has two infra-red divergences, soft and
collinear. The soft divergence occurs when the radiated gluon energy tends to zero

and the collinear divergence occurs when the j and k partons are collinear. There-
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fore, enhanced higher order terms are associated with emitting a soft or collinear
gluon for which the relevant QCD matrix elements are large.
The formulation of the parton branching is formalized in terms of the Sudakov

form factor which is given by [99]

2

. ¢ dg? a 1—% o
A2, ¢2) = [ g d doP;(z, 42
i) =g~ [ 27(/323 [ Candzo a2

where () is the scale at which the shower is terminated, «; is the strong coupling
constant, z is the energy fraction of 7 carried by j and Pj; is the splitting function
in which several types of splitting are included. The Sudakov form factor is the
probability of evolving from ¢? to g3 without branching.

The MC production of the parton showering follows the following structure.
Starting from the scale ¢2, the ¢3 is found using the ratio of Sudakov factors at these

two scales in a way that no further splitting occurs in between.

4.2.3 Parton distribution functions

The cross section defined by equation 4.1 will be influenced by the choice of PDF set.
On the other hand, the event shape can be varied for different PDF sets considering
the PDF role in parton showers and multiple parton interactions. As was discussed,
the f(x;, ur) can not be extracted from the first QCD principle. Nevertheless the
perturbative QCD can predict the scale dependent evolution of the PDFs through
the DGLAP equations.

Over the years, different ansatz are made and developed by different groups

using relative data, e.g. from Deeply Inelastic Scattering (DIS).

4.2.4 Hadronization

Due to asymptomatic freedom of QCD, coloured quarks and gluons can be regarded
as free particles during a hard interactions. After the particle shower has terminated,
we enter the low-momentum-transfer and long distance in which color confinement
will organize the partons into colorless hadrons. This is called hadronization or
fragmentation. Fragmentation is governed by non-pertabutive QQCD that can not

be calculated from scratch.
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Different models are developed and parametrised to describe the transition be-
tween partonic final state and hadronic final state, including the Lund string model
and cluster model [100]. The color-connected pairs of partons produces a jet of

hadrons.

4.3 Tracks and vertices

The CMS tracker was designed to reach good space resolution during the high lu-
minosity LHC run. In such a dense environment, efficient track-finding algorithms
are also needed to deliver the desired performance.

At the the first step of the reconstruction process, the signals above specified
thresholds in pixel and strip channels are clusters into the hits. Then the position of
the hits are determined using specefic algorithm. The average hit efficiency which is
the probability to find a cluster in a given sensor that has been traversed by a charged
particle is more than 99% and 99.8% for pixel and silicon detector, respectively
[101]. At the second step, the hits are used to reconstruct the tracks of the charged
particles. The Combinatorial Track Finder (CTF) algorithm is used to produce a
collection of reconstructed tracks. CTF produces the collection of reconstructed
tracks using iterative algorithm. First, the easiest tracks to find (e.g large Pr track)
are searched for and the related hits are removed from the hit collections. Then the
search is repeated for more difficult and challenging tracks while the number of hits
are reduced.

Each iteration proceeds in 4 steps:

A seed is generated using few hits to provide initial track candidates.

The seed trajectories along the expected flight path of a charged particle is
extrapolated to find additional hits that can be assigned to the track candidate.

The parameters of the tracks are obtained by the best fit.

The tracks are selected by applying some criteria.

The magnetic field causes helical paths of charged particles and therefore five
parameters are needed to define a trajectory. The parameters can be extracted using

three 3-dimensional points or two 3-dimensional points in addition to the assumption
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of the origin of the track near to the interaction point. The high granularity of the
pixel detector reduces the fraction of channels that are hit compared to the outer
strip layer. For example, around 0.002-0.02% of channels in the pixel detector and
0.1-0.8% in the strip detector were occupied during the data taking with a 'zero-
bias’ trigger, with about nine p-p interactions per bunch crossing. In addition,
pixel detector produces 3-dimensional spatial measurements, which is essential for
the estimation of the trajectory parameters. Therefore, track finding begins with
trajectory seeds created in the inner region of the tracker. This also leads to the
reconstruction of low-momentum tracks that are deflected before reaching the outer
part of the tracker by the strong magnetic field.

In seed generation procedure the position of the center of the reconstructed
beam spot and the locations of primary vertices in the event (including those from
pileup events) is needed. A very fast track and vertex reconstruction algorithm is
performed on the hits from the pixel detector to provide the initial information for
the seed generation. The tracks and primary vertices found at this level are known
as pixel tracks and pixel vertices, respectively.

A series of six iterations of the track reconstruction algorithm is applied for
the full track reconstruction at the CMS. Iteration 0 is designed for prompt tracks
near the interaction point with Pr > 0.8 GeV and three pixel hits. The seeds at
this iteration step are produced from three pixel hits (pixel triplets). Therefore, high
quality seeds and well-measured starting trajectories is provided by the three precise
3-dimensional space points. Iteration 1 is used to recover prompt tracks that have
only two pixel hits. The seeds are produced using two hits and a third space-point
given by the location of a pixel vertex which is usually more than one because of pile
up (Mixed pairs with vertex). Iteration 2 is responsible for finding low-Pr prompt
tracks. The seeds are produced from a combination of pixel and matched strip hits
(Pixel triplets). Iterations 3-5 are intended to find tracks that are produced outside
of the pixel detector volume or tracks that do not leave hits in the pixel detector.
Iteration 3 and 4 use the two inner TIB layers and rings 12 of the TID/TEC and
iteration 5 use two inner TOB layers and ring 5 of the TEC for seeds. Table 4.1
shows the seeding requirements and the minimum Ppr and the maximum transverse
(dp) and longitudinal (zp) impact parameters relative to the center of the beam spot

for each of the six tracking iterations .
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Table 4.1: The configuration of the track seeding for each of the six iterative
tracking steps. Shown are the layers used to seed the tracks, as well as the require-
ments on the minimum pt and the maximum transverse (dp) and longitudinal (z)
impact parameters relative to the centre of the beam spot. The Gaussian stan-
dard deviation corresponding to the length of the beam spot along the z-direction
is o [101].

[teration Seeding layers pt (GeV) dy (cm) 20
0 Pixel triplets >0.8 <0.2 <30
1 Mixed pairs with vertex >0.6 <0.2 <0.2em*
2 Pixel triplets >0.075 <0.2 <3.30
3 Mixed triplets >0.35 <1.2 <10cm
4 TIB 1+2 & TID/TEC ring 1+2 >0.5 <2.0 <10cm
5 TOB 1+2 & TEC ring 5 >0.6 <5.0 <30cm

After the track finding procedure, tracks are selected in a way to reduce the
tracks which are not associated with a charged particle (fake track). Tracks with
an acceptable fit (using x?/number of degree of freedom (ndf)) which are originated
from a primary interaction vertex (using tracks impact parameters which are the
distance from the centre of the beam spot in the plane transverse to the beam-line
and the distance along the beam-line from the closest pixel vertex) are selected.

The z coordinates at the point of closest approach to the beam line is used to
cluster selected tracks. The clustering algorithm must balance between resolving
all vertices including pileup and not splitting a single vertex. Track clustering is
performed using a deterministic annealing (DA) algorithm [102] in which a global
minimum is found for a problem with many degrees of freedom. In this method
the z-coordinates of the points of closest approach of the tracks to the center of the
beam spot and their associated uncertainties are used to build a function that its
minimum leads to the most probable vertex positions.

The tracking algorithm provides a good track reconstruction for charged particle
with Pr > 0.1 GeV over the full pseudo-rapidity range of the tracker |n| < 2.5. The
average track-reconstruction efficiency for charged particle with Pr > 0.9 GeV is
94% (85%) in barrel (endcap) using ¢t simulated events under typical 2011 LHC
pileup conditions . The achieved vertex position resolution for vertices with many

tracks is 10-12 pym in each of the three spatial dimensions.
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4.4  Particle Flow

The CMS experiment uses the particle-flow event reconstruction technique for recon-
structing and identifying all stable particles in the event (i.e., electrons, photons,
muons, charged hadrons and neutral hadrons). In this technique the direction,
energy and type of particles are determine through a combination of all CMS sub-
detectors informations [103]. Then the list of the particles are used for building the
jets, determining the missing transverse energy, reconstructing the decay products
and etc.

As was discussed in section 4.3, the iterative-tracking strategy was adopted in
tracker to achieve both high efficiency and low fake rate. Tracker is the cornerstone
of the particle-flow event reconstruction considering good momentum resolution and
precise measurement of the charged-particle direction at the production vertex. On
the other hand, stable neutral particles such as photons and neutral hadrons are not
reconstructed by the tracker. The information from the calorimeters are used to find
the energy and direction of the neutral particles. A specific clustering algorithm is
developed for the particle-flow event reconstruction and is performed separately in
each sub-detector (ECAL barrel and endcap, HCAL barrel and endcap, PS first and
second layer) except HF.

The particle flow elements, tracks and colorimeter clusters, are connected to
each other by a link algorithm. In this algorithm, the last hit of the track is extrap-
olated to the PS layers, ECAL and HCAL and is linked to any given cluster if the
extrapolated position is within the cluster boundaries. Similarly, a link between two
calorimeter clusters, or between an ECAL and a PS cluster can be connected. Some
'blocks’ containing two or three elements as the base of particle reconstruction and
identification are produced. When a block is classified as a certain type of particle,
it is removed from the unclassified blocks list.

The particle-flow algorithm is able to reconstruct more than 90% of the jet
energy fractions which are carried by charged particles, photons and neutral hadrons
with good precision. In figure 4.4, the particle flow reconstructed jet is compared to
jet made from the sole calorimeter information (calo jet). The difference between
the transverse momentum of the reconstructed jet and generated jet is scaled to
the generated jet Pt to find the resolution of the jet reconstruction procedure. The

particle flow jets has the efficiency near to 100% independent of the Pr while the
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calo jets have low efficiency at low Pr. The jet energy resolution is also shown in

figure 4.4.

4.5 Photon

Photons are reconstructed based on the clusters from the crystals within the ECAL.
Collections of clusters built from reconstructed hits or RecHits form superclusters
and these superclusters are sorted into photons and electrons. Due to the different
geometric layouts of the EB and EE, different clustering algorithms must be defined.
A hybrid algorithm is performed to form superclusters in both barrel and endcaps.

In Hybrid algorithm a fixed bar of 3 or 5 crystals in 7 are fixed while searching
dynamically for energy in ¢ direction. A crystal which contains a signal correspond-
ing to a Ep greater than those of all its immediate neighbors and above a predefined
threshold (1 GeV) is chosen as a seed crystal. In the barrel, where crystals are in a
grid of n x ¢, the clusters have a fixed width in the 5 direction. A 5 x 1 (in 1 X ¢)
group of crystals centred on the seed crystal is the first domino of the cluster. In the
direction, adjacent strips of five crystals are added if their summed energy is above
another predefined threshold (0.1 GeV). An example of the result of the Hybrid
algorithm is depicted in figure 4.5. In the endcaps, where crystals are arranged in

an x X y grid, fixed matrices of 5 x 5 crystals are used [104].

search +Njep 1x5 domino
- o 1x3 domino
seed crystal 4
[
n
N

sub-cluster sub-cluster

| > 0

Figure 4.5: Domino construction step of Hybrid algorithm [105].

Photon identification is based on the shower-shape and isolation variables. In

the following some of the most commonly used variables are itemized:

e The weighted cluster RMS along 7 inside 5 x 5 region of supercluster (o, =

\/Z?XE) wi(n; — Msx5)?/ Z?X5 w; where the index i runs over the 5 x 5 surround-
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ing the seed crystal of the supercluster, n; is the pseudo-rapidity of the i
crystal, 75«5 is the energy weighted mean of the 5 x 5 crystals pseudo-rapidity
and W; = 4.7 + ln(EZ/E5><5) )

e the ratio of HCAL tower energy just behind the electromagnetic seed cluster

in a cone of radius AR = 0.15 over the energy of electromagnetic supercluster

(H/E).

e the scalar sum of energy of the hadronic particle flow candidates reconstructed
in a cone of AR < 0.3 around the photon candidate (PF charged hadron
isolation). This variable quantifies the amount of hadronic activity in the
vicinity of a photon candidate. The PF charged hadron isolation is able to
distinguish photon candidates originating from jet misidentification because
they are more likely to be reconstructed close to charged hadronic particles

than isolated prompt photons are.

e the sum of energy of neutral hadrons in a cone of AR < 0.3 (PF neutral

hadron isolation).
e the sum of energy of photons in a cone of AR < 0.3 (PF photon isolation).

PF photon isolations should be corrected due to pile-up energy contribution as:

PFIsoP=creted — mag(PFIS0 — peyent X Acrr,0) (4.3)

where the energy density peyent, computed using FASTJET package [106], is the
median background density per unit area and a measure of the pile-up activity in the
event [107]. The effective area A, is the area of the isolation region weighted by a
factor that takes into account the dependence of the pileup transverse energy density
on 77. When the extra contribution due to pileup is subtracted from the photon,
charged and neutral hadron sums, their dependence on the number of vertices is
removed as shown in the plots of figure 4.6

More than half of photons traversing the CMS tracker convert into electron-
positron pairs before the last three layers of the tracker due to the large amount of
tracker material in front of the ECAL. PF reconstruction algorithm uses the fully
reconstructed conversions in which the tracks of electron pairs are associated with

energy deposits in the ECAL. This approach avoids misidentifying electron-positron
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Figure 4.6: Mean value of the isolation variables for photons with Pr > 50 GeV
in v + jet events, as a function of the number of reconstructed primary vertices,
for events (left) before and (right) after being corrected for pileup using the p
variable [104].

pairs as charged hadrons and improve the photon isolation. On the other hand, the
showers of converted photons have wider transverse profiles. This information can
be used to distinguish converted photon from unconverted photon.

In order to reject electron, it is required that there be no charged-particle track
with a hit in the inner layer of the pixel detector not matched to a reconstructed
conversion vertex, pointing to the photon cluster in the ECAL. This criteria is called
‘conversion-safe electron veto’. The efficiency for photons and electrons to pass the
conversion-safe electron veto in barrel (endcap) is 99.1% (97.8 %) and 5.3 % (19.6%),
respectively.

Sequential application of requirements are chosen to select photon candidates
for this analysis. A summary of the photon identification requirements are given in
table 4.2. In addition to those requirements, photon candidates are selected with

Pr > 50 GeV and |n| < 1.44 and 1.56 < |n| < 2.5.

Table 4.2: Photon selection criteria.

Barrel Endcap
H/E 5% 5%
Tinin 0.011 0.031
PF charged hadron isolation 0.7 GeV 0.5 GeV
PF neutral hadron isolation 0.4 GeV 4+0.04 x Pr 1.5 GeV 4+ 0.04 x Pr
PF photon isolation 0.5 GeV 4+ 0.005 x Pr 1.0 GeV + 0.005 x Pr

Conversion safe electron veto Yes Yes
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4.6 Electrons

The CMS detector benefits from a high resolution silicon tracker and electromag-
netic calorimeter. However, the identification and reconstruction of electrons is a
challenging task. The significance bremsstrahlung photon emission induced by the
tracker materials and the helical flight paths of electrons induced by 3.8 T axial
magnetic field cause wide energy deposit along the azimuthal direction.

Two complementary algorithms are used to reconstruct the electrons called
'tracker-driven’ and 'ECAL-driven’. The tracker-driven algorithm uses PF algo-
rithm to reconstruct electrons. This algorithm is more suitable for low-Pr electrons
as well as electrons inside jets [108]. The ECAL-driven strategy, which is well suited
for high- Pr electrons, uses an approach distinct from the PF framework. A ’super-
cluster’ is built from all ECAL energy deposits located within a window of about
0.09 and 0.3 rad in n and ¢ direction respectively. The 'Hybrid algorithm’ is used
to collect the crystals for the super cluster candidates in barrel and endcap ECAL
as was discussed in section 4.5. An alternative algorithm, called 'Island algorithm’
is also used for clustering. In Island algorithm, the position of a crystal with an
energy above a threshold is found as initial seed and adjacent crystals are added to
the cluster through scanning first in ¢ and then in 7. The resulting supercluster
are matched with track seeds with a dedicated fitting procedure to reconstruct the
electrons. The electron candidates which are reconstructed with both algorithm are
found to avoid double counting.

Different variables can be used to describe and select the electrons. These vari-
ables can be categorized into three groups: identification, isolation and conversion
rejection variables. A series of cuts can be applied to select the electrons which will
lead to different electron selection efficiency. In the following, the most important

electron identification variables which are used in 2012 CMS analysis are listed.

e 7 difference between supercluster and the associated inner track extrapolated

from interaction vertex at ECAL surface (|An;,|).

e phi difference between supercluster and the associated inner track extrapolated

from interaction vertex at ECAL surface (JA¢iy|).

e The weighted cluster RMS along 1 as was introduced in section 4.5.
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Table 4.3: The cuts for selecting an electron in barrel or endcaps.

Variable Cut value
Barrel Endcaps
| AN | 0.007 0.01

| A 0.8 0.7
0-“77;7] 0.01 0.03
H/E 0.15 -

gt 004  0.04
vt 0.2 0.2

I5:/Pr 015 015

e The ratio of HCAL tower energy just behind the electromagnetic seed cluster

in a cone of radius AR = 0.15 over the energy of electromagnetic supercluster

(H/E).

e Transverse and longitudinal impact parameter of the associated track com-

pared to the associated vertex (d§™* and d’*).

e Difference between the inverse of the supercluster energy the inverse of the

track momentum (|1/FE — 1/p|).

I[solation variable is computed by summing over the transverse momenta of pho-
ton, charged hadron and neutral hadron PF candidates within a cone of radius

AR = 0.3 around the electron candidate. The electron PF isolation is defined as

Ipp =Y P 4 max (Z PP+ PR - Ay, o) (4.4)

where p is the median energy and A.ss is the effective area. The effective area
correction needs to be applied to the isolation sum to remove the effect of pileup.
The ratio of I§/Pr is used for applying the isolation cut.

In order to select the electron candidate for the analysis performed in this dis-
sertation, a series of cuts are applied on the described variables. Table 4.3 lists
the electron identification and isolation variables and corresponding cut values. In
addition, selected electrons are required to have Pr > 20 and be in allowed 7 region

(In] < 1.44 and 1.56 < |n| < 2.5).
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4.7  Muons

The muon reconstruction at the CMS is based on the track reconstruction at the
tracker and muon detectors. The matched energy deposits in the calorimeters are
also used in the muon reconstruction. The tracks in the silicon tracker and muon
spectrometers are reconstructed independently and are called tracker tracks and
standalone tracks, respectively. Then, two complementary approaches are used for

the muon reconstruction from these tracks.

e Global Muon reconstruction: standalone muon track is matched with a
tracker track and a global muon track is fitted to the hits. This approach is

very efficient for the muons with large transverse momenta (Pr > 200 GeV).

e Tracker Muon reconstruction: all tracker tracks are extrapolated to the
muon system while the expected energy loss is considered. If at least one
muon segment at the muon system is matched with the track the tracker
track is considered as a tracker muon. This approach is more efficient at low

momentum compared to the global muon approach.

The majority of muons are reconstructed either as global or tracker muon. However,
if both approaches fail and a standalone track left without any tracker track, third
category of muons, called standalone muon only, are saved (=~ 1%). All the muon
candidates are merged into a single collection, each one containing information from
tracker, standalone and global fits. The candidates which are reconstructed by both
approach are merged into a single candidate [109].

As with electron, additional information is associated with the muon candidate
which are useful for muon quality identification and selection. Some of the main

variables are [110]

e The number of hits both in tracker and muon system as well as number of

segments in muon system.

e The distance between the primary vertex and the transverse and longitudinal

impact parameters (dy and d,).

e The x? of the fit for both tracker and global muon.
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Table 4.4: The cuts for selecting a muon in barrel or endcaps.

Variable tight loose
PF muon PF muon
Global muon Global or tracker muon
dy <0.2 cm -
dz <O5 cm -
Global track fit x*/ngor <10 -
Global track fit ngegment >1 -
number of pixel tracker hits >0 -
number of silicon tracker hits >5 -
number of valid muon chamber hits >1 -
1" < 0.12 <02

rel

In addition to the identification requirements, a further quality cut on isolation
is performed to reduce contamination from muons that originate from hadronic
processes. The isolation variable is calculated using PF candidates in a cone of a
given size 0.4 around the muon track direction. The energy of the neutral hadrons
and photons are corrected for pile-up contamination by using an estimate of the

total contribution of PU tracks AfS

I = P+ mar (3 P+ PE - A8 PPV0) (4.5)

where Y PFU is the sum of transverse momenta of tracks associated to non-leading
vertices.

Frequently, muons originating from the decays of W and Z bosons have higher Pp
than those from other sources like hadron decays. Therefore, the separation between
muons from different sources is improved by normalizing the isolation energy to the
Pr of the muon, giving the relative isolation variable I', = I5./Pr.

The selection cuts are made on these quantities to minimize the contribution
of the muons originating from the cosmic rays, heavy flavor decays and hadronic
showers. Two selection working points are used in this analysis called tight and
loose collections. Table 4.4 list the various cuts applied to select loose and tight
muons. Tight muons are required to have Pr > 26 GeV and |n| < 2.1 to match
the HLT criterion used to collect data, as described in section 5.1.2. Less restrictive

cuts are applied to select loose muons with Pr > 10 GeV and |n| < 2.5 which will

be used to veto events with additional muons.
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4.8 Jets

The QCD confinement requires that the original quark or gluon is never seen in its
free states and they bind off into colorless hadrons. In a hard scattering processes,
a quark or gluon fragments or hadronises immediately after being produced. The
produced spray of the hadrons travel more or less in the direction of the final-state
parton, collectively called a jet. Over the years, various methods are proposed and
used to cluster hadrons and define jets [111]. Jet algorithms are usually involve one
or more parameters that indicate how two particles are in a same or separate jet.
CMS uses anti — k; algorithm to define the jets [112].

The anti — k; is a sequential recombination algorithm which uses the following

distances
, 11\ Ay
1
dip = — 4.7
S D

where A;; = (y; — yj)2 + (¢i — ¢j)2 and Pr;, y; = %ln%ﬁi and ¢; are the transverse
momentum, rapidity and azimuth of particle 7. R is radius parameter similar to
radius in cone algorithm. The distances in equation 4.6 are used as follows:

step 1: work out all the d;; and d;p for all particles according to equation 4.6.
step 2: find the minimum of the d;; and d;p.

step 3: if the minimum is d;;, recombine particles i and j into a single particle and
return to step 1.

step 4: if the minimum is d;gp declare i as a jet and remove it from the list of
particles. Return to step 1.

step 5: stop the procedure when no particles remain.

The value of d;; is determined by the transverse momentum of particles and
separation between particles (A;;). If there is a hard particle with high transverse
momentum between soft particles, the minimum of d;; occurs when 4 is hard particle
and j is a soft particle close to the hard particle. Therefore a hard particle simply
accumulate all the soft particles within a circle of radius R through the anti — k;
algorithm and leads to a perfectly conical jet. If another hard particle is present in

R < Ay < 2R distance from the first hard particle, there will be two hard jets. If
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Figure 4.7: A sample parton-level event which is clustered by anti—k; algorithm
[112].

A1s < R, hard particles will cluster to form a single jet. Figure 4.7 shows a sample
parton-level event which is clustered by anti — k; algorithm. The hard jets are all
circular with R = 1 and just softer jets have defected shapes. The anti—k; algorithm
is an infra-red and collinear safe algorithm. The jet boundaries are resilience with
respect to soft radiation because soft particles tend to cluster with hard ones and
not among themselves.

Jets are reconstructed from several types of inputs:

e gen-jets: stable simulated particles, except for neutrinos, are clustered after

hadronization and before interaction with the detector.

e PF-jets: all PF candidates are clustered without distinction of type and any
energy threshold.

e calo-jets: calorimeter towers in each HCAL cells and underlying ECAL crys-

tals are clustered.

which are depicted in figure 4.8

The four-momentum vectors of PF candidates are used to reconstruct jets by
the anti — k; algorithm with R=0.5 in CMS. PF jets take advantage of the excellent
momentum and spatial resolutions for the charged hadrons and photons inside a jet,

which together constitute 85% of the jet energy. The PF jet momentum and spatial
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Figure 4.8: Left: schematics of the jet reconstruction from parton level, hadron
level and caloremeter level objects. Right: a b-jet with displaced track and sec-
ondary vertex.

resolutions are greatly improved with respect to calorimeter jets. Gen-jets are used
as a reference to compare the PF-jet performance to the calo-jet performance in
[103]. It is shown that the PF-jets are better matched with gen-jets compared to
calo-jets and can be used in analysis down to Pr’s as small as 5 GeV/c.

Although several correction factors exist to bring the energy scale of calo-jets
up to unity PF-jets have an energy scale very close to unity and need only small
residual corrections. The default jet-energy correction [113] brings the jet energy
measured in the detector to the energy of the final state gen-jet or parton-jet which
depends on the jet Pr and 7. First, the energy clustered inside a jet due to the
underlying event, electronic noise and pileup are measured using the minimum bias
events (L1 correction). Then the energy of the reconstructed jet is corrected to be
matched with gen-jet and being uniform in Pr and n using dijet, Z-+jet and y+jet
Sample (L2 and L3 corrections) [114].

The analysis considers jets within 1 < 2.5 whose calibrated transverse energy is
greater than 30 GeV and pass a set of quality cuts. PF jets must have more than
one constituent, and they must have neutral hadronic, charged electromagnetic, and
neutral electromagnetic energy fractions smaller than 99%, and charged hadronic

energy fraction and charged particle multiplicity larger than 1%.
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4.9 b-tagging

B-tagging or the identification of b-jets is a critical feature for many high energy
processes. for example, b-tagging in top physics reduces the overwhelming back-
ground processes. The properties of the bottom hadrons can be used to identify a
jet originating from b-quark.

Hadrons containing bottom quarks have sufficient lifetimes (7 &~ 107'%) that
they travel some distances before decaying (=~ hundreds of micro meters). This
travel distance leads to the presence of a secondary vertex originated from the B
decay. When the tracks from the secondary vertex are extrapolated to the primary
vertex, they will have a rather large impact parameter. The impact parameter is
defined as the smallest distance between the track trajectory and the primary vertex
(dp) which is shown in figure 4.8 right. Furthermore, the bottom quark is much more
massive than anything it decays into and its decay products tend to have higher
momentum component perpendicular to the original direction of the bottom quark.
This causes b-jets to be wider, have higher multiplicities and invariant masses, and
also to contain low-energy leptons with momentum perpendicular to the jet.

A variety of algorithms has been developed and used by CMS Collaboration to
discriminate between bottom and light-parton jets based on variables such as the
impact parameters of charged-particle tracks, the presence or absence of a lepton,
the properties of reconstructed decay vertices and combination of these properties
[115]. Each of these algorithms yields a single discriminator value for each jet in
which thresholds on these discriminators define a working point with a given tagging
and miss-tagging (the efficiencies to tag non-b jets) efficiencies.

The Combined Secondary Vertex (CSV) algorithm is one of the most powerful
and successful of these algorithms. CSV is a complex approach which uses of sec-
ondary vertices together with track-based lifetime information. Secondary vertex

candidates should pass the following requirements:

e shared tracks between the secondary and primary vertices should be less than

65%.

e secondary vertex candidates which have a radial distance of more than 2.5

GeV
2

cm with respect to the primary vertex and their mass exceeding 6.5 are

rejected.
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e the candidates are rejected if the flight direction of each candidate is outside

a cone of AR < 0.5 around the jet direction.

The efficiency of the secondary vertex reconstruction is about 65%. In addition
to the secondary vertex, CSV uses the variables such as the flight distance signifi-
cance in the transverse plane, the vertex mass, the number of tracks at the vertex,
the ratio of the energy carried by tracks at the vertex with respect to all tracks in
the jet, the pseudo-rapidities of the tracks at the vertex with respect to the jet axis
and the number of tracks in the jet.

The distributions of most of the variables are significantly different for c-jets
and other light-jets. Therefore, two likelihood ratios with different weights for c-jet
and light jet backgrounds are built from these variables and are combined into a
single discriminating variable. The CSV b-tag discriminator varies between 0 to 1.
Three working points are defined in this range called loose (CSV discriminator =
0.244), medium (CSV discriminator = 0.679) and tight (CSV discriminator = 0.898)
working points in which the miss-tag rates are 10%, 1% and 0.1%, respectively. For
loose selection a b-jet tagging efficiency of ~ 80% and for medium and tight selections
a b-jet tagging efficiency of ~ 55 % is achieved. The CSV algorithm do the the best
performance of b-tagging for medium and tight working points. In this dissertation,
the medium working point is used to select b-tagged jets. In addition to the selection
of b-jet, CSV discriminator is a very good variable which will be used to extract

signal events that will be discussed in section 5.6.1.

4.10 Missing Transverse Energy

The vector momentum imbalance in the plane perpendicular to the beam direction is
known as missing transverse momentum (E?“S) and its magnitude is called missing
transverse energy (MET). MET is the transverse momentum that must have been
carried by something invisible such as neutrinos. MET is one of the most important
variables for reducing the QCD and Drell-Yan backgrounds in the analysis which
are involved with the leptonic decays of W bosons such as this analysis.

PF MET is reconstructed as the negative vector sum of the transverse momen-
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tum of all PF candidate particles in the event:

ﬁ}”ss = — Z (E, sin 0, cos ¢, & + E, sin 0, sin ¢,,7) (4.8)

n=PFcandidates

The magnitude of the E?“S can be affected by various sources. The minimum
energy thresholds in the calorimeters, minimum Pp threshold in tracker and non-
linear response of calorimeters would vary the B’Tm”. As was discussed in section
4.8, jet energies are corrected due to the particle level jet energies. The effect of this
source is reduced significantly by propagating the jet energy corrections into MET
calculation. Another source is related to the PF candidates from the pileup interac-
tions. The magnitude of the E?“S produced from the pileup interactions is small
because neutrinos are rarely produced in inelastic pp scattering (minimum bias)
interactions. Charge hadron candidates from pileup are well balanced and ﬁ?"“
originate from the neutral hadrons. The effects of pile-up is reduced by subtracting
charged hadrons and compensating for remaining imbalance from neutral hadrons
[116].

Although particles are produced uniformly in ¢, there is a shift of MET x and y
components in both data and simulation which leads to a ¢-asymmetry in MET. The
sources of the asymmetry is from imperfect detector alignment, ¢ dependence of the
calibration and a short distance between the center of the detector and the beam-
line. The MET ¢-asymmetry increases linearly with the number of reconstructed
vertices. The x and y components of MET are corrected for both data and simulation
considering number of reconstructed vertices event by event.

Anomalous E?i” measurements existed in data from calorimeter noise and
beam halo. The beam halo phenomenon are showers of secondary particles produced
through the intraction of protons with the beam collimators or the residual gas
particles. Some methods are used by CMS collaboration to identify, and sometimes
to correct, ﬁ?“s for these effects which is explained in [117].

In the 2012 data, anomalous events with extra high MET from different sources
were also observed. A misfire of the HCAL laser calibration system in the HB,
HE, or HF regions causes false signal production. These events are identified and
removed from the collected data. Another source of fake E%‘“S was due to noise

in silicon strip tracker. In such events the transverse momenta of the reconstructed
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tracks can exceed 100 GeV which can vary the EQEL"SS significantly. These events

are identified by the number of clusters in the silicon strip and pixel detectors and

extracted from data samples [116].



Chapter 5

Analysis strategy

In previous chapters all the necessary pieces to search for anomalous top quark
FCNC processes have been presented. In the following, they will be used to perform
a full analysis to study the anomalous tqy (¢ = u, ¢) interactions in a production of

single top quark production in association with a photon in proton-proton collisions.

5.1 Datasets and simulated samples

5.1.1 Signal modelling and generation

As was discussed in section 2.3.2, model independent approach is followed to search
for top quark anomalous FCNC signs by various experiments. This approach is
also followed in this analysis. It is worth repeating the Lagrangian related to the

anomalous tq7 interactions from equation 2.22 with a small modifications as follows

woh’q, woh’q,

= Lepr = eQibiruy tA, + eQukiey C tA, + h.c. (5.1)

where @, is equal to 2/3 which is the top quark electric charge and other parameters
are described in section 2.3.2. The (); factor makes the Lagrangian in equation 2.22
similar to what is used in previous searches by LEP and HERA as were mentioned
in section 2.7. Therefore, the bounds would be comparable with previous bounds.
It was discussed in section 2.6 that this Lagrangian leads to the production of top
quark in association with a photon.

In order to generate signal events, PROTOS (PROgram for TOp Simulations)

event generator is used [118]. PROTOS is a leading order generator for some new
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physics processes involving top quark. It has generators for single top and top
pair production with anomalous Wtb couplings, as well as single top and top pair
production involving FCNC couplings. In this generator, special attention is devoted
to providing theoretical values of observables such as angular asymmetries, spin
correlations, polarization, etc. PROTOS uses effective Lagrangian introduced in
equation 5.1 (without @, factor) to produce single top quark with a photon in p-p
collisions.

The tuy and tcy FCNC processes do not have any interference in a general
scenario therefore the signal sample for each channel is generated independently. tuy
signal sample is generated while k., is set to zero and tcy signal sample is generated
while Ky, is set to zero. Although the cross section of anomalous ¢y production is
a function of the anomalous couplings, kinematic distributions of the final state
particles are independent of the anomalous couplings. Therefore, signal samples are
generated for an arbitrary value of anomalous couplings (K, = Ky = 0.1).

The signal samples have been generated with the ()—scale set to the nominal
top quark mass 172.5 GeV. Various Monte Carlo signal samples are generated to
study the systematic uncertainties due to factorization/renormalization scales and
top quark mass. For each variation of the renormalization/factorization scales and
top mass one Monte Carlo sample has been generated. The considered variations for
QQ—scale are: 4 x Q% and 0.25 x Q2. To take into account the systematic uncertainty
due to top quark mass, two samples with +2 GeV around the nominal top mass are
produced.

In order to remove infra-red divergence in cross section due to the soft photon
in final state, a minimum threshold on the transverse momentum of photon Pr > 30
is applied at the generator level. In the production of signal events, the top quark
branching ratio to a bottom quark and a W boson is assumed to be 100%. Then the
W boson is free to decay only into a charge lepton (e, u and 7) and neutrino. One
can write the quadratic dependence of the cross section on the anomalous couplings

considering the minimum cut on the photon Pr as:

alpp =ty = lwby) = 29.86 |k, |*(p) (Kiey = 0),

olpp =ty = lwby) = 317 |k 2 (P) (Ktwy = 0) (5.2)

In this analysis, we will focus on the muonic decay of W boson from top quark
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Figure 5.1: Representative Feynman diagram for anomalous single top pro-
duction in association with a photon due to the anomalous tuy and tcy FCNC
interactions in p-p collisions.

decay. Less sensitivity would be obtained in electron channel (when W boson decays
to an electron and neutrino) because of the presence of two electromagnetic objects
at the final state. In figure 5.1, a representative Feynman diagram of signal channel
is shown. In tuy signal channel a valence quark interact with a gluon while in tcy
signal channel a sea quark interact with a gluon when top quark is produced in final
state. Due to the larger parton distribution of valence quarks, cross section of the
tury signal channel is much larger than tcy signal channel. On the other hand, anti-
top quark is produced when a sea quark is involved in both tuy and tcy channel.
Therefore, anomalous top is produced more than anti-top in tuy signal channel.
The partial decay width of the top quark with flavour violating interactions are

given by

«
Dt 47) = Q25 mulsa (53)

For numerical calculation we set m; = 172.5 GeV, my = 80.419 GeV, s¥, = 0.234

and o = 1/128.92. The corresponding branching ratio is then has the following form
BR(t — qv) = 0.2058 kg, |? (5.4)

It is remarkable that PROTOS generates signal sample at Leading Order. The
full Next to Leading Order QCD corrections to the signal cross section has been
calculated in [119]. It is interesting to note that the NLO QCD corrections can
enhance the total cross section up to 40% at the LHC. In figure 5.2, the K factors
INLO ag a function of the photon transverse momentum cut is shown. The K —factors

OLO

decrease with the increasing transverse momentum cut. In [119], it has been shown
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that the NLO corrections does not depend strongly on the scale dependence which
makes the theoretical predictions stable. The K-factors are considered to be 1.375

for both signal channel.
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Figure 5.2: K —factor for the signal process as a function of photon transverse
momentum cut at the LHC with the center-of-mass energy of 8 TeV [119].

5.1.2 CMS data events

In this dissertation the data consists of 19.768 fb~! of integrated luminosity, recorded
by CMS experiment at LHC during 2012 at the center-of-mass energy of 8 TeV
are analysed. The analysis is restricted to the lumi sections parts of an LHC run
validated in the final JSON file (see table 5.1). As was already mentioned, we have
concentrated on the muonic decay of the W boson in the top quark, so events are
selected from the single muon primary datasets, listed in table 5.1.

Events are selected if they pass the HLT path " HLT IsoMu24 _eta2pl”. This
path requires an isolated muon candidate with pr > 24 GeV/c and |n| < 2.1 in each

event during the online event reconstruction [120].

5.1.3 Background simulated samples

The SM background which can mimic the signatures of the signal processes can
be grouped into two categories: those with a real prompt photon in the final state
and those with a fake photon in the final state. Each category can be divided into

processes with and without top quark in the final state.
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Table 5.1: The datasets and Json file used for the analysis.

Dataset Integrated Luminosity pb—!
/SingleMu/Run2012A-22Jan2013-v1/AOD 889
/SingleMu/Run2012B-22Jan2013-v1/AOD 4429
/SingleMu/Run2012C-22Jan2013-v1/AOD 7140
/SingleMu/Run2012D-22Jan2013-v1/AOD 7317

Cert_190456-208686_8TeV_22Jan2013ReReco_Collisions12_JSON.txt

The background processes containing real photon are

o Wr-jets and Z~-jets: among the various di-boson processes produced in hadron
colliders, W~ and Z~ have the highest rate. These two SM backgrounds con-
tribute to the signal region when W — pv and Z — ptp~. The W and
Z~ are produced at tree level through three processes: initial state radiation
(ISR) where a photon is produced from one of the incoming partons, final state
radiation (FSR) where a photon is radiated off one of the charged leptons from
the vector boson decay, and finally when a photon is produced in s-channel
via triple gauge interactions (WW+). These two samples are generated by

MADGRAPH [97].

o WW+: the triple gauge boson associated production sample is generated with

MADGRAPH [97].

e 7-jets: this SM background can contribute to the final state when a muon from
a jet is misidentified as an isolated tight muon. This background is generated

with Pythia [93] in different photon Pr bins.

e itvy: ISR from quarks and FSR from top, W boson, final leptons and partons
in SM t¢ production is an important background in this analysis. The tiy

sample is generated with MADGRAPH [97].

e iy and tv: Single top quark production through the s-channel, t-channel and
tW-channel with ISR and FSR is an irreducible background in this analysis
which is generated with MADGRAPH [97].

and the backgrounds with fake photon are

e Dibosons: The Pythia is used to model the diboson processes, including W W,

W Z and Z Z production. The cross sections of diboson processes are calculated
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at NLO accuracy in [121].

e W-jets and Z/vy(— [*17)-jets: For these two SM processes, inclusive sam-
ples including any number of jets are generated. Huge cross section of these
processes leads to a considerable contribution in signal region through a fake
photon. The cross section of inclusive W-jets and Z/~(— [T1™)-jets processes

are calculated at NNLO accuracy in [122].

e (¢ and single top processes: An inclusive sample is generated for ¢t with MAD-
GRAPH in which all decay modes of the two W bosons from the top quark
decays are included. Separated samples for single top and anti-top quark pro-
duction is generated with POWHEG [123]. The cross sections for the ¢t and
single top quark production are calculated at next-to-next-to-leading logarith-

mic (NNLL) accuracy in [124].

A full list of the MC samples and their cross sections used in the analysis de-

scribed in this dissertation are summarized in table 5.2.

5.1.4 NLO modelling of W~-jets and Zv-jets

For the theoretical SM cross section, the MADGRAPH event generator is used for
the simulation of W~-jets and Z~-jets processes. The cross sections are calculated
at LO, so we need to scale the LO prediction to the NLO.

For Wn-jets and Zv-jets processes, k-factor is defined as function of the trans-

verse photon energy

. dO'NLo/dE%

= 5.5
dO’Lo/dE% ( )

Where doypo/dE} and dopo/dE] are the next-to-leading order and leading order
differential cross-sections, respectively.

The K —factor for Wn-jets process is obtained using the Baur NLO generator
[125] that calculates the cross section of Wr-jets including the NLO QCD cor-
rections. The corresponding K —factor versus the transverse momentum of the
photon is presented in figure 5.3 (left). In order to obtain a functional form of
the K —factor, the distribution of the photon transverse momentum is fitted to

a second order polynomial. The coefficients of the polynomial after the fit are:
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Table 5.2: List of all Monte Carlo datasets and their cross sections used in this

analysis.
Sample Cross-section [pb]
TTGJets_8TeV-madgraph 1.444 (LO)
WGToLNuG_TuneZ2star_8TeV-madgraph-tauola 461.6 (LO)
ZGToLLG_8TeV-madgraph 132.6 (LO)
WWGJets_8TeV-madgraph_v2 0.528 (LO)
G_Pt_50t080_TuneZ2star_8TeV pythia6 3322.309 (LO)
G_Pt_80to120_TuneZ2star_8TeV _pythia6 558.286 (LO)
G_Pt_120to170_TuneZ2star_8TeV _pythia6 108.006 (LO)
G_Pt_170t0300_TuneZ2star_8TeV _pythia6 30.122 (LO)
G_Pt_300to470_TuneZ2star_8TeV _pythiab 2.138 (LO)
G_Pt_470t0800_TuneZ2star_8TeV _pythia6 0.211 (LO)
TTJets_MassiveBiInDECAY _TuneZ2star_8TeV-madgraph-tauola 234 (NLO)
DY JetsToLL_M-50_TuneZ2Star_8TeV-madgraph-tarball 3503.71 (NNLO)
WletsToLNu_TuneZ2Star_8TeV-madgraph-tarball 36257.2 (NNLO)
WW _TuneZ2star_8TeV _pythia6_tauola 54.838 (LO)
WZ_TuneZ2star_8TeV_pythia6_tauola 32.316 (LO)
77 _TuneZ2star_8TeV _pythia6_tauola 8.06 (LO)
T_t-channel TuneZ2star_8TeV-powheg-tauola 56.4 (NLO)
Thar_t-channel_TuneZ2star_8TeV-powheg-tauola 30.7 (NLO)
T_s-channel TuneZ2star 8TeV-powheg-tauola 3.79 (NNLL)
Tbar_s-channel TuneZ2star_8TeV-powheg-tauola 1.76 (NNLL)
T_tW-channel-DR_TuneZ2star_8TeV-powheg-tauola 11.1 (NNLL)
Tbar_tW-channel-DR_TuneZ2star_8TeV-powheg-tauola 11.1 (NNLL)
tGamma_8TeV_madgraph 0.881 (LO)

po = 1.46604 ,p; = 0.00923692, p, = —1.48871 x 10~%. The variation of the renor-
malization and factorization scales provide some uncertainty on the K —factor. The
variation of the factorization and renormalization scales by a factor of two leads to
almost 10% variation on the K —factor.

We also perform the same way as W~-jets process to calculate the K —factor of
the Z~-jets process as a function of the photon Er. The EJ. dependent K —factor
is applied since the shape of photon transverse energy is an important variable in
this analysis. Figure 5.3 (right) shows the calculated K —factor versus photon Er
for Z~-jets process with the Baur NLO program.
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Figure 5.3: The NLO K—factors for W+ (left) and Z~ (right) as a function of
transverse energy of photon at the LHC with the center-of-mass energy of 8 TeV.

5.2 Event selections and reconstruction

5.2.1 Preselection

After selection and identification of different physical objects in the final state, which
were discussed in chapter 4, a series of cuts are applied to select events. The selection
criteria are optimized to reduce the contributions from SM background as much as
possible while enhancing the signal. On the other hand, it is tried to find a signal
region in which all SM backgrounds could be under control.

In addition to the trigger criteria which guaranties the presence of an isolated
muon in the events, exactly one tight muon is demanded. Tight muon is a muon
satisfying the tight working point and kinematic criteria described in section 4.7.
Tight muons benefit from the more precise lepton identification in the offline event
reconstruction. This requirement removes events with multiple leptons. In order
to suppress background contaminations with two same flavor charged leptons in
the final state such as diboson and Drell-Yan, events containing additional loose
muon are discarded. Muons with loose identification and isolation criteria called
loose muon defined in section 4.7. Events with one or more electrons satisfying the
loose working point and kinematic criteria described in Section 4.6 are vetoed. This
requirement removes opposite flavor dilepton events with one electron leg.

One of the main features of the signal channel is the presence of a high energetic
photon in the final state. Each event is required to have exactly one tight photon
with the criteria discussed in section 4.5. Such a requirement suppresses backgrounds
with no prompt photon in the final state as well as diphoton processes. In order to

use the signature of neutrino in signal events, missing transverse energy is required
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to be greater than 30 GeV. This requirement suppresses the ~-jets, Drell-Yan and
Z~-jets backgrounds and any background with no W boson in the final state.

Events must contain at least one jet with the condition defined in section 4.8.
Another useful information that can be used to reduce the contribution of the back-
grounds is the presence of a b-jet in the signal final state. Any event with more than
one b-tagged jet in the final state is vetoed. This criteria suppresses the background
from the ¢t and tt~y events.

Finally, it is required that AR(l,v) > 0.7 and AR(b — jet,y) > 0.7 to have
well separated objects and to reject FSR photons from high pr muon or final states

partons.

5.2.2 Top quark reconstruction

Once pre-selection is done, a supposedly signal-enriched sample has been selected
from real data. One important feature of the signal is that the selected muon and
b-jet are the decay products of the top quark. On the other hand, photon recoils
against top quark in signal events. Therefore, it is essential to reconstruct top quark
from the physical objects to distinguish signal from SM backgrounds better.
Before the reconstruction of top quark, one needs to reconstruct the W boson
from its decay products. It is assumed that the x and y components of the missing
momentum are entirely due to the neutrino from W boson decay. In addition,
selected muon is assumed to be the decay product of W boson. The W boson mass
constraint is used to find the z momentum component of the neutrino as follows

[126].

My = (B + £ Episs + P2, — (Pry+ ER) — (P, + P, (5.6)

This equation has in general two solutions:

P, 2Pz E2 Emi352 — g2
gyzafﬂi¢a4#— L (5.7)
P i Pr i P i
with
M2 ,
a:7¥+»TM§$“ (5.8)

The P,, obtained from the equation 5.7 has an imaginary part if the discrim-
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inant becomes negative. This happens due to the finite resolution of the missing
transverse energy, lepton momentum resolution and the finite W boson width. In
case that there is only imaginary solution we take the real part of the solution in
order to keep the events with enough statistics. In case of having two real solutions,
the solution with the smallest abstract value is chosen [127].

The W boson four momentum can be reconstructed after finding the P, ,. Then
one should assign a jet to reconstruct the top quark. A jet with the highest value
for b-tag discriminator in each event is tagged as b-jet. The four momentum of the

W boson and b-jet are used to reconstruct the top quark.

5.2.3 Main selection

The requirement on the number of b-tag jets determines whether the ¢t or W~-jets
is the most important SM background. In section 5.2.1 ¢t events are reduced by
rejecting events with more than one b-jet. Therefore, the signal region defined by
the pre-selection cuts is enriched by the SM processes with light jets at the final
state.

In figure 5.4, the distribution of reconstructed top quark mass for the SM back-
grounds, FCNC signal and real data is shown. It is clear that a huge fraction of
the SM background is from the W-jets process. The reconstructed top mass peak
of those SM backgrounds which do not contain a top quark, such as Wn~-jets, Zv-
jets, diboson and etc, is far from the real top mass. On the other hand, events
from the SM processes with top quark in the final state and signal are gathered
around the top quark mass in top mass plot. Therefore, a top mass window is
defined around the measured top quark mass to reduce the contribution of SM
backgrounds. Final requirement is discarding events with the reconstructed top
mass out of 130 < my,y < 220 GeV.

The phase space defined by the pre-selection and top mass window cuts is called

signal region.

5.3 Multivariate analysis

One of the most important challenges to the searches for rare signals in large data

sets is to find suitable variable with high discrimination power after the pre-selection.
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Figure 5.4: The top mass distribution for data, signal, and all backgrounds. All
backgrounds except for W+jets are based on simulation.

A variable with very high discrimination power is able to extract a maximum of the
available information from the data. In most of the analysis, it is not possible to find
a simple kinematic variable with a high discrimination power. On the other hand,
there are always some variables which has moderate discrimination power between
signal and background events. Furthermore, individual cuts in each observable are
not able to exploit possible correlations among the different observables.

In order to combine several discriminating variables into a powerful variable,
MultiVariate Analysis (MVA) is most commonly used in high energy physics analy-
sis. The MVA framework has been also used for various disambiguation and identi-
fication problems in the official CMS event reconstruction, for example for b-tagging
or electron identification.

A large set of advanced multivariate analysis techniques are implemented in the
Toolkit for Multivariate Data Analysis (TMVA) package [128]. TMVA provides the
ability to map from the N-dimensional phase space of the N-input variables to one
dimension. A classifier output derived from the input variables determines if the
event is signal or background like.

In order to classify signal and background events, MVA method has to be trained
and tested. First, the classifier method is trained using a set of signal and back-
ground MC event candidates within the TMVA. In this step, MVA method is used
to built the final variable while the parameters of the method are optimized to sepa-

rate signal-like from background-like events with respect to input variables. Second,
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a separated signal and background MC samples are used to test the training pro-
cedure. Finally, the training of the classifiers are applied to data, background and

signal events.

5.3.1 Boosted decision tree
Decision trees

Decision trees are tree-structured binary classifiers that consist of a sequential cuts
on discrimination variables. In this method the D-dimensional space of discrimina-
tion variables are split in many rectangular sub-spaces by applying a series of cuts
on the input variables. The tree starts from a root node and is split into interme-
diate nodes and ends up with leafs as is shown in figure 5.5. At each node, one
variable and the corresponding cut value that provide the best separation of the
data is chosen. The quality of separation is typically measured in terms of the Gini
index as

Gini index: p.(1 —p) (5.9)

where p = S/(S+ B) denotes the purity. The variable and cut in each node is chosen
by requiring the maximum increase in the Gini index between the initial node and
weighted sum of daughter nodes.

The leaves, i.e. the final nodes, determine whether the event is signal or back-
ground according to their purity. If the purity of the leaf is less (greater) than 0.5

it is considered as signal (background).

Boosting

Decision trees are fairly sensitive to statistical fluctuations in the training data
sample which make it less powerful than other multivariate techniques. However,
boosting method can make decision trees more robust and also increase its perfor-
mance. Boosting methods combine many different sensitive trees into a one strong
forest. In this method, all trees are trained by data while the misclassified events
are reweighed for new training. Then the classification of a test event is obtained
by a weighted average of the responses of each of the individual decision trees in the
forest.

Three are different boosting algorithms that employ different prescriptions of
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Figure 5.5: Example of a decision tree showing intermediate nodes (green) as
well as signal (blue) and background (red) leaves. The variables used stem from
the tcy data analysis. The picture was produced by TMVA.

updating event weights at each training step and combine the trees by different
methods. One of the most popular boosting algorithm is the so-called AdaBoost
(adaptive boost) algorithm [129].

In AdaBoost algorithm first tree is trained with the original event weights.
Weights of events are modified for the next tree training and misclassified events
are multiplied by a common boost weight exp(a. The factor « is derived from the

fraction of misclassified training events (f) in the previous classifier as

) (5.10)

Total event weight is renormalized such that the sum of weights remains constant.
For each event the boosted event classification ygees:(z) or boosted decision

output (BDT output) is then given by

YBoost(x) = % > b () (5.11)

where x is a vector of the discriminating observables, M is the total number of
trained trees, ay, is the boost weight of the classifier m and b,,(z) is the result of an

individual classifier which is +1 for signal and —1 for background.



CHAPTER 5. ANALYSIS STRATEGY 89

5.3.2 Artificial neural networks

Artificial Neural Networks (ANN) are one of the oldest machine learning techniques
used wildly in the high-energy physics and many important physics results have
been extracted using this method in the last decades. ANN are layered networks
of artificial neurons which recieve signal from another artificial neroun and forms
an output signal. One can therefore view the neural network as a mapping from a
space of input variables to an output variable in case of classification problem. In
the following neural networks are briey discussed, while a comprehensive overview
can be found in [130]. The ANN is used in background estimation procedure which
is describe in section 5 of this thesis.

The typical architecture of a neural network is shown in figure 5.6. The input
signals x; are recieved by the first layer of neurons (processing elements). The
output layer is only one neuron which is the results of the neural network. User
provides the input neurons and sees the output neuron. Between the input and
output layers there are a number of hidden layers which are not directly accesible to
the user. Connections are between layers not within the layers and the input signal
is propagated from the input layer to the output layer in an architacture called
feedforward network [131]. The strength of the connection between the neuron
number ¢ and neuron number j is a variable parameter Wj;, called weight of the
connection. These weight are adjusted to perform a variaty of mapping of input to
output signal.

Each neuron performs a weighted sum of the incoming signal
Yy = Z Wiz, (5.12)
i=1

For many problems linear approximation is the most appropriate method which is
also used in this analysis. Other linear neural network and nonlinear approximation
may lead to low accurancy or lengthy computations. The neural network is trained
by the known signal and background points of input variables. Wj; are found in
a way that for a given inputs x, neural network yields a response close to 1 for

signal-like events and 0 for background-like ones.
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Figure 5.6: Graphical representation of the artitechture of a feed-forward neural
network with four input observable, one hidden layer of three nodes and one
output node.

5.4 Background estimation

After the full selection is applied, the dominant background comes from the SM
W~-jets process. It can mimic the signal if W boson decays to muon and neutrino
and be associated with the heavy jets. The contribution of W~-jets is estimated
from data. On the other hand, final states contain photon suffer from non-trivial
significant background arising from jet faking as photon, mostly originating from the
jets in W-jets events in this analysis. Jets typically can be misidentified as photon,
also called fake photon, if they fluctuate to one or two leading 7°’s, which decays
via ™ — 7y resulting in an electromagnetic object indistinguishable from a highly
energetic photon. The probability of jet faking a photon depends on whether the jet
is in the ECAL barrel or endcap, and the pr of that jet. As the jet fragmentation
models describe the jet fragmentation are not accurately known at this new energy
regime, we extract the contribution of the backgrounds with jet faking photon from

the data.
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5.4.1 Data-driven estimation of the W — jets shape

Among SM backgrounds which contribute into the defined signal region with fake
photon, WW-jets process has the largest cross section and is the most signal like back-
ground. Therefore, we focus on the estimation of the contribution of this important
background from data and trust on the simulated events for other backgrounds in
this category. We are aware that the main difference between the signal or the
dominant background (W~-jets) and W-jets process is mostly due to the origin of
the selected photon which has passed our tight selection criteria. We can use this
feature to find a very similar region to the signal region which is occupied by events
with a photon originated from a jet.

A particular shower shape variable which measures the effective width of the

photon super cluster in the 7 direction, denoted as 0y, defined in section 4.5 as

5X5H 5X5H

Oinin = sz‘(m — M5x5)%/ sz‘ (5.13)

where the sum runs over the 5 x 5 crystal matrix around the most energetic crystal
in the SC. This variable is used in photon identification to discriminate the prompt
photons against photon candidates that arise from the misidentification of jet frag-
ments. Two photons from 7% decay produced in jet fragments lead to the wider
showers in ECAL compared to one isolated prompt photon. Almost uniform dis-
tribution of fake photons for this variable is also expected. Therefore, this variable
can be used to select fake photons when the cuts on oy,;,, written in table 4.2, are
reversed.

In order to estimate the contribution of the W-jets process a control region,
called W-jets control region, is defined using oy,;,, variable. The W-jets control
region is defined similar to signal region while the photon candidates are selected
by requiring the 0y, > 0.011 and o;,;;, > 0.031 in barrel and endcaps, respectively.
In order to remove the contribution of ¢ events in W-jets control region, extra
condition is applied on the number of b-jets (Ny_jets = 0).

The distributions of the o;,,, variable in IW-jets control region for data and SM
backgrounds are shown in figure 5.7. The W -jets control region is enriched by the W-
jets events which are shown in blue color. There are also some contaminations from

the t¢ and Drell-Yan processes which will be considered as a source of systematic
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uncertainty in the background estimation procedure. The W-jets control region is
almost free from signal contribution because signal events contain a prompt photon
and a b-jet. It can be seen from figure 5.7 that we can find purer control region by

increasing the cut value on the o0y,,;, variable. However, the statistics will decrease.
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Figure 5.7: The distributions of the o;,;, variable for SM backgrounds and data
in W-jets control region.

One expects not to see different behaviour for W-jets in signal and control
region for many kinematic variables because a jet is misidentified as a photon in
both regions. From now on, the data events in WW-jets control region will be used
to estimate the W-jets shape for the distribution of a large number of variables in
signal region after checking for the similar behaviour of W-jets sample in signal and

control region using W-jets MC sample.

5.4.2 Data-driven estimation of the I/-jets and W v-jets nor-

malizations

We use a template fit method to estimate the normalizations of W-jets and W~-
jets in the signal region. The idea is to divide data into three elements: W-jets,
W~-jets and other backgrounds. Then, a proper variable will be used to find the

normalization of the W-jets and W~-jets from the fit. So, data can be parametrized
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as

F(X) = OW_jSW_j(X) + OW'y—jSWW—j(X> + bB(X) (514)

where X is an arbitrary kinematic variable. In equation 5.14, Cy_; and Cy_; are
the normalization of the W-jets and W~-jets samples, respectively. These normal-
ization factors are supposed to be determined from the fit. The total number of
predicted SM backgrounds except for W-jets and W~-jets are denoted by b which is
obtained from the simulated samples normalized to the related cross sections and to
an integrated luminosity of 19.76 fb=! of data. The probability distribution function
for the W-jets, Wr-jets and sum of the other backgrounds are given by Sy _;(X),
Swo—;(X) and B(X), respectively. These functions are obtained from

e The MC simulated sample of W~-jets for Sy—;(X).
e The data sample in W-jets control region for Sy _;(X).

e The sum of the MC simulated sample of all SM backgrounds except for the
W-jets and Wr-jets for B(X).

In order to perform a reliable and stable template fit to estimate the unknown
parameters, a variable which has different template for each element is needed. Var-
ious distribution are tried to find best variable which has the power to discriminate
between the W-jets and W~-jets events. It has been found that the cosine of the
angle between two gauge bosons (7, W) behaves differently for W-jets and W~-jets.

Figure 5.8 shows the template of the cosine of the angle between photon and
reconstructed W boson for W-jets, W~-jets and sum of all other backgrounds in
the signal region. The W boson and photon tend to be back to back in W~-jets
events while this is not the case for the W-jets process. The template of the sum
of other backgrounds has an almost uniform behaviour in all range. Therefore, the
fit procedure to the data can be controlled by W~-jets in left-side and W-jets in
right-side of the cos(y, W) distribution.

Although the cos(~y, W) variable shows a reasonable discrimination power other
variables are found to have almost similar power to separate events of these two
backgrounds. Therefore, selected variables are combined through neural network
multivariate method to reach optimum separation between W-jets, W~-jets back-

grounds. It is observed that using multivariate classification output decreases the
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Figure 5.8: The probability distribution function of the cos(y, W) variable for
the W-jets, W~-jets and sum of the other backgrounds in the signal region.

fit errors significantly and leads to more stable results with respect to the system-
atic uncertainty variations compared to cos(vy, W) variable. Neural network input

variables are listed below

e cos(W,~): it is expected to see more back to back v and W boson in W~-jets

events compared to W-jets events.

e transverse momentum of the selected photon: prompt photon which are gen-
erated from the first inelastic interaction are more energetic than a photon

which is produced inside a jet from 7° decay.
e transverse momentum of the selected b-jet.

o A¢(y, MET): use the balance of the v and W boson information in transverse

plane in W~-jets process.

e H/E of the selected photon: although fake photons could pass our tight selec-

tions they tend to show their jet characteristics in distribution of H/E variable.

As signal events are containing a prompt photon recoil against top quark, the
distributions of the cos(vy, W) and other selected variables are very similar to the
shape of the dominating W~-jets background. In addition we know from previous

experimental results that we will have small number of signal events in signal region
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Figure 5.9: The distributions of the cos(y, W) in signal region for signal and
W-jets samples.

compared to SM backgrounds. Thus, there is no problem of contamination of signal
into the fit method. The W~-jets and signal events are fitted at the same time with
the same template. The comparison of the cos(y, W) distribution for signal and
W~-jets can be found on figure 5.9. Some slight differences are observed between
signal events and W~-jets events which is expected to have only a small effect on the
analysis. Furthermore, a multivariate technique will be used to separate the signal
events from the W~-jets events that makes this effect negligible.

The neural network is constructed as described in the section 5.3.2. W~-jets
and W-jets simulated samples are introduced as signal and background to neural
network respectively. In figure 5.10, distribution of the input variables to neural
network are shown. Neural Network output for test and trained samples, ROC
curve and the correlation matrices are shown in figure 5.11. It can be seen that
the train and test distributions are in agreement and it is approved systematically
by Kolmogorov-Smirnov test. Selected variables show no significant correlations.
Neural network output in low values (neural network output < 0.4) can be used to
control the W-jets contribution in data.

Before performing the fit, one should make sure that the W-jets predicts similar
shape for neural network output in signal and control region using W-jets MC
simulated events. Then the shape of data sample in W-jets control region can be
used as Sy_;(X) in the fit procedure. Figure 5.12 shows the distribution of neural

network output for W-jets in signal region and control region while the cut on
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Figure 5.10: Distribution of the Neural Networks input variables for the signal
(W~-jets) and background (W-jets) simulated samples.

MET is reduced to 10 GeV and the requirement on AR(l,~) and AR(b— jet, ) are

96

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

removed in control region to have more statistics. The shape in two regions are in

good agreement within the uncertainties.

The fit is performed to extract the best values of Cy_;, Cy,—; using neural net-

work output distribution for data and SM estimated backgrounds. The coefficients

Cw_j, Cyw,—; are with flat prior and b can vary 30% around the MC prediction

value in the fit. The output of the fit is shown in figure 5.13. In this figure, the

distributions of neural network output for data and all backgrounds are shown. The

W-jets is fully estimated (both shape and normalization) from data while only the

normalization of W~-jets is based on data. The rest of backgrounds are taken from

simulation. The results of the fit is reported in table 5.3.

Table 5.3: Wr-jets and W-jets predictions using data-driven (DD) and MC

methods.

DD MC
W-jets  288.74 £ 47.17  346.38+63.69
We-jets  1027.45+£57.48  1397.45+ 97.43

Various sources of systematic uncertainties can vary the fit results. In the fol-

lowing we will investigate these effects.

A systematic uncertainty can be raised from the definition of the control region.
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Figure 5.11: Distribution of the Neural Networks output for test and trained
sample, correlation matrix and ROC curve.

As was discussed in previous section, the cut on 0y, can be varied to define a new
control region. In order to estimate the systematic uncertainty due to definition of
the control region, we vary the cut on 0;,;, by increasing the cut in two steps of 5%
and 10%. It is clear from figure 5.7 that we are not allowed to increase the cut on
the 0;pi, to the higher values because the remained data events are not statistically
enough to perform the fit. The template fit is redone to find the fit result with the
new shape for W-jets sample obtained from the new control region. The results are
presented in Table 5.4. The variation of the new fit values from the nominal values,
written in table 5.3, will be considered as a source of systematic uncertainties on
the estimated normalizations.

The normalization of all other backgrounds except for W-jets and W~-jets is
based on the theoretically predicted cross sections by SM. In order to take into
account the theoretical uncertainties on the cross sections in the background esti-

mation procedure, all cross sections are varied by 30% and the fit is performed again
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Figure 5.12: The distributions of the neural network output in signal region
(blue line) and control region using W-jets MC events.

Table 5.4: W-jets and W~-jets Data-driven (DD) predictions while the cut on
Tinin is shifted by 5% and 10% for defining W-jets control region.

i > 0.01155(0.03255)  0yiy > 0.0121(0.0341)

for Barrel(Endcap) for Barrel(Endcap)
W-jets 268.95444.54 273.751+45.56
Wr-jets 1014.12458.87 1008.61 £57.90

to find the related uncertainty on the data-driven background estimation. The un-
certainties obtained from the error normalization of other backgrounds on the fit

results are shown in table 5.5.

Table 5.5: W-jets and W~-jets relative variation of the data driven predictions
for a variation of 30% of each background.

tt  single top Dibosons Zy-jets Z/y(— IT17)-jets
W-jets < 3% < 2% <1% < 4% < 1%
Wr-jets < 2% < 1% < 1% < 1% < 4%

It was discussed that our control region is enriched by W-jets events but there
are few contributions of other backgrounds. In order to estimate this effect, the
contribution of other backgrounds are subtracted from data in W-jets control region
and the fit is redone. A new shape for W-jets is obtained when the contribution of
other backgrounds is subtracted from data in W-jets control region. The effect is
less than 7% for both W-jets and W~-jets estimated number of events. It is clear

that this source of error is not significant and our control region is almost pure.
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Figure 5.13: The distributions of the neural network output for SM backgrounds
and data while the fit results are included.

5.4.3 Data-driven estimation of the W ~v-jets shape

The contribution of the W~-jets is estimated from data as was discussed in previous
section. In order to distinguish signal events from this important background, we
also need to know the shape of that for some variables accurately. Therefore, it is
essential to find them directly from data.

In order to estimate the W~-jets shape for an arbitrary variable in signal region,
we rely on the fact that the kinematics of the W~-jets events are independent of
the top quark mass. Because the reconstructed W boson and selected b-jet are not
the decay products of the top quark in W~-jets sample. Therefore, one expects to
see similar behaviour inside and outside of top mass window. A side band-region
is defined similar to the signal region while the top mass window requirement is
changed from inside to outside (myy, > 220 and my,, < 130). The side-band region
is a control region for W~-jets samples.

The distribution of top mass quark is shown in figure 5.4. Although a small
fraction of signal events are in side-band region SM processes have huge contribution
in this region. In the side-band region, we rely on MC prediction for all backgrounds
except for W-jets. In this region, we subtract the contribution of all backgrounds
from data for an arbitrary variable to obtain the W~-jets shape. To obtain the

shape of W-jets from data in the side-band region, we use the data events in side
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band while the cut on variable o0y, is reversed as well as requiring no b-tagged jet
(W-jet control region, see section 5.4.1). The number of W-jets events in the side-
band is normalized due to its data driven values in signal region using the following

equation:

«
Nyt = Ny x =22 (5.15)

(0779
where N,,; is the number of the W-jets events in the side-band and N, is the number
of the W-jets events in the top mass window which has been estimated from the
template fit. The parameters «;, is the fraction of the WW-jets events in the top mass

window and a,; = 1 — a, which are taken from data in W-jets control region.

5.4.4 Other backgrounds

The Wn~-jets and W-jets backgrounds described above are the major backgrounds
for the signal processes considered in this dissertation. Some background categories
are not included in these data-driven estimations. These backgrounds contribute
only a small number of events after the final selections or can be described well
by MC simulation. The shape and normalization of all SM backgrounds except for

W~-jets and W-jets are estimated from simulation.

5.5 Event weights and DATA /MC comparison

In order to achieve a better agreement between the SM prediction from simulated
events and measured data, several types of weights need to be applied on the MC
events. In this section different event weights that have to be used in this analysis

will be presented. Finally, the measured data is compared to the MC prediction.

5.5.1 Cross section

The number of events in a generated sample is independent of the event rate of a
certain process in measured data. However, more events are needed for high rate
processes to find the behaviour of that process accurately. Therefore, each event in
MC sample should be weighted due to the expected rate in the integrated luminosity
of the dataset used. The weight is calculated as
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o o x L (5.16)

number of generated events

where o is the cross section of the related process and L is the total integrated

luminosity.

5.5.2 Pileup reweighting

As already stated in chapter 4, multiple proton interactions happen during one
bunch crossing and additional particles are produced that are not related to the one
single interaction we want to study. In order to account for the pileup noise, CMS
generated MC events with a specific pileup distribution model for 8 TeV simulated
samples. Although the CMS pileup condition is modelled appropriately it needs to
be corrected due to the real data situation. In figure 5.14, the number of pile-up

interactions in data and simulation are compared.
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Figure 5.14: he distribution of true pile up interactions for data and MC. (The
MC distribution refers to the "PU-S10”)

Therefore, the measured pileup distribution in the used data sample is divided
to the known MC pileup distribution to find the pileup scale factor as a function of
the pileup numbers. Then each event in MC is weighted by this function according

to the number of pile-up interactions for that event.
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5.5.3 B-tag discriminator reshaping

The correction factors applied to the simulation for b-tagging and mis-tagging ef-
ficiencies need to be accounted for. As described in section 4.9, we used the CSV
algorithm with the medium working point to tag the b-jets candidates. Events con-
tain more than one b-jets are discarded to suppress multi b-jet background events.
It will be seen in the next section that the b-tag discriminator distribution is also
an important variable to suppress the zero b-jet background events.

Therefore, we need to correct the CSV discriminant not only for the medium
working point but also for the whole range of CSV discriminant. In order to correct
the MC CSV discriminant due to the measured data, the CSV discriminant value in
MC is found in such a way that the MC efficiency is equal to the efficiency measured
in data. The MC efficiency is calculated as

eé@ L Number of type i jets with CSV discriminant > Working point j

5.17
Total number of type i jets ( )

Where i accounts for different type of the jets (light jet, c-jet and b-jet) and j
accounts for three working points (loose, medium and tight).

This procedure is performed to find the ), for nine points. For each working
point, points in neighbourhood are search to find a point which has similar efficiency
which is measured in data. these points are are selected as a modified working points
in MC. In addition to these points, two extra fix points are considered when CSV
discriminant is 0 and 1. In these two fix points, CSV value is assumed to be equal for
data and MC. The original and modified points are shown in figure 5.15. The b-tag,
c-tag and miss-tag efficiencies in measured data are accompanied with uncertainties
which leads to uncertainty bands in modified MC CSV. The uncertainty bands are
shown with dash line in figure 5.15.

When the modified values of CSV discriminant is found in MC for three points
based on data. Then, one can interpolate to find the correct value of CSV discrim-
inant for any other arbitrary point. The CSV discriminator before and after the

correction is presented in Fig.5.16.
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Figure 5.15: the CSV modified points vs the original (uncorrected) points. the
dashed lines illustrate the uncertainty bands.

5.5.4 Other weights and correction factors

More scale factors are associated to the selected events in simulation to keep into
account further differences between data and MC.

The calculated muon momentum in both data and MC shows different biases
originating from residual magnetic fields and misalignment. The muon transverse
momentum (curvature) corrections are extracted from Z — pp. The muon scale
factor is applied as function of 7 and py as an weight in each event.

The width and peak position of the Z boson is exploited to measure photon
energy resolution and determine the absolute photon energy scale using the data
itself. The Z — pu~y process is a clean source of high energy photons in the hadron
collider environment. To estimate the true scale and resolution in the simulation,
the energy responses in Z — uuy sample is employed. The extracted photon en-
ergy scale in data and simulation is applied on simulation as a function of photon
transverse energy.

The performance of single lepton trigger is measured using a data driven method
called tag and probe [132]. This method is used to measure the lepton efficiency in
data and in simulation, and used to determine a scale factor to correct the simu-
lation for any data/MC difference in efficiency. The single muon trigger efficiency

is measured using muons from Z-boson decay. The measured trigger scale factor is



CHAPTER 5. ANALYSIS STRATEGY 104

CMS Preliminary, 19.1 fb™, Vs =8 TeV

L e e e e e
—e— Data

[ other

B wy

Bl W+ets

— Signal(tuy) 1 pb

[ ] Uncertainties (Systd Stat

Events/ 0.05

a2
11l

H‘HH‘HH‘HH‘\

OO 01 02 03 04 05 06 07 08 09

b-Jet Discriminator
CMS Preliminary, 19.1 fb™, Vs =8 TeV

—e— Data

[ other

B wy

Bl W+ets

— Signal(tuy) 1 pb

[ ] Uncertainties (Systd Stat

1

Events/ 0.05

00 01 02 03 04 05 06 07 08 09

b-Jet Discriminator

1

Figure 5.16: The distributions of the CSV discriminator before (top) and af-
ter (bottom) b-tag Discriminator Re-shaping. The Wr-jets and W-jets back-
grounds are driven from data and the reshaping effects are just applied to the
MC simulated events. The error bands include both systematic and statistical
uncertainties.

applied as a function of muon 7 in this analysis.

5.5.5 DATA/MC comparison

After taking into account all the related scale factors, the event yields can be seen
on table 5.6 (uncertainties are statistical only). At the last column which is related
to top mass window cut, there is a good agreement between the SM prediction and
observed data after doing the fit.

DATA/MC agreement can also be checked in the distribution of different kine-
matic variables. In figures 5.17 and 5.18 the distribution of the photon, muon and
b-jet for pr and 7 variables are shown. In all plots there is a good agreement

between measured data and MC prediction prediction. The signal distribution is
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shown with red line in all the histograms. It is clear that the photon ps is a very
good discriminant between SM processes and signal events.

In figures 5.19 and 5.20, distributions of jet multiplicity, b-tag discriminant,
cos(v, W), AR(~,b — jet), AR(~, i) and cos(top,y) are shown. Among these vari-
ables, b-tag discriminant shows a very good discriminating power between signal
and background events. Figure 5.21 shows the charge distribution of the selected
muon in data, SM backgrounds and signal. As was discuses in section 2.6, one of the
important features of tu~y signal channel is an asymmetry between top and anti-top
production rates which can make the anomalous production of top quark more sen-
sitive to find the couplings characteristics compared to anomalous top decays. This
feature will be employed to discriminate signal from backgrounds in the following

sections.

5.6 Signal extraction

The agreement between the SM prediction and measured data was tested in both
number of events and shape of several variables. Although some variables present
a reasonable separation between signal and background events better separation
power can be achieved by combining these variables. In this section a multivariate

technique is employed to find the signal excess clearly.

5.6.1 Training of BDT

In order to perform the MVA in this analysis a Boosted Decision Tree (BDT) is
trained using the TMVA framework. The BDT is trained for tuy and tcy signal
channels separately using Wr-jets, ¢t and di-bosons simulated background events.

The following variables are chosen as input variables for tuy and tcy BDT training.

e photon transverse momentum,

b-jet transverse momentum,

e muon transverse momentum (only for tcy),

angular separation between the photon and the muon (AR(u,7) ),

e angular separation between the photon and the b-jet (AR(b — jet,v) ),
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estimated from data. The tu~y signal sample is normalized to a cross section of 1
pb. The error bands contain both systematics and statistical uncertainties.
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dle) and cos(y, W) (bottom) after the selection cuts for data, backgrounds and
signal. The W-jets and W~-jets contributions are estimated from data. The tu~y
signal sample is normalized to a cross section of 1 pb. The error bands contain
both systematics and statistical uncertainties.
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Figure 5.20: Distributions of the AR(~,b — jet) (top), AR(v, 1) (middle) and
cos(top,vy) (bottom) after the selection cuts for data, backgrounds and signal.
The W-jets and W~-jets contributions are estimated from data. The tuy signal
sample is normalized to a cross section of 1 pb. The error bands contain both
systematics and statistical uncertainties.
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Figure 5.21: Distributions of the muon charge after the selection cuts for data,
backgrounds and signal. The W-jets and W~-jets contributions are estimated
from data. The tuy signal sample is normalized to a cross section of 1 pb. The
error bands contain both systematics and statistical uncertainties.

e (CSV discriminant value for the b-tagged jet,

jet multiplicity,

cosine of the angle between the reconstructed top quark and the photon,

muon charge (only for tuvy),

Photon, muon and b-jet properties are distinctive features of signal events in this
analysis. CSV discriminant nicely separates SM processes with one b-jet from those
with no b-jet. Although AR cuts between photon, b-jet and muon are applied in
pre-selection, these objects tend to be closer to each other in some SM processes.
Jet multiplicity can distinguish between multi-jet SM processes like ¢t and signal.
Finally, the cosine of the angle between the reconstructed top quark and the pho-
ton contains many properties of the signal events. The variables with the most
discriminating power are photon pr and CSV discriminator.

Distribution of the BDT input variables are shown in figure 5.22 and 5.23. Cor-
relation coefficients between all variables are shown in figure 5.24 for signal and
background samples and both signal channel. Selected variables are mostly decor-
related. Nevertheless, TMVA provides decorrelation tools to deal with correlated
variables.

Input variables can contribute many times in construction of trees while some of
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Figure 5.22: The distributions of the BDT input variables for tyu signal channel,
Blue is the signal and red is the combined background.

them are used more because they can separate signal events with high signal selection
efficiency and high background rejection efficiency. Therefore, TMVA provide the
importance variable list which shows how important a variable contributed to BDT
compared to other variables. Table 5.7 shows the variable importance for tyu and tyc
signal channel. As was expected transverse momentum of the selected photon and

CSV discriminant value of the selected b-jet play important roles in BDT training.

5.6.2 BDT output

The final BDT output is a single discriminant ranging from -1 to +1, discussed
earlier in equation 5.11. Events with higher (lower) BDT output values are signal-
like (background like) events. Therefore, one expects to see signal events gathered
close to +1 while background events be close to -1. As was discussed in section 5.3,
a statistically independent MC sample should be used to test the BDT training. In
figure 5.25, the BDT output distribution for test and train samples are shown for
both signal channels. There is good agreement between the BDT output distribution
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Figure 5.23: The distributions of the BDT input variables for tyc signal channel,
Blue is the signal and red is the combined background.

of test and train samples which indicate that the BDT is safe from overtraining. It
can also be seen in the Kolmogorov-Smirnov test values for signal and backgrounds
which compare the distributions in the training and testing samples numerically.
Quality of training can be found from ROC curve showing the signal efficiency
versus background rejection efficiencies, see figure 5.26. Single top and photon in tuy
signal channel are produced from the interaction of a valence quark and gluon which
leads to more energetic objects in final state. This feature makes tu~y training more
efficient than tcy training. Therefore, BDT training is more efficient against back-
grounds for tuy signal channel compared to tcy signal channel which is illustrated

in ROC curves.

5.7 Systematic uncertainties

Numerous sources of systematic uncertainties are associated with both the back-
ground estimations and the simulation of the signals. There are three types of

systematic effects considered in this analysis: those that affect only the rates of



CHAPTER 5. ANALYSIS STRATEGY 114

Correlation Matrix (signal) Correlation Matrix (background)

Linear correlation coefliclents in %

ey
Correlation Matrix (signal) Correlation Matrix (background)

Linear correlation coeffichents in % Linear correlation contlicients in %

oy, o m - WMM

Figure 5.24: The correlation matrices for tyu channel for signal (top-left) and
background (top-right) variables. The correlation matrices is also shown for tyc
channel for signal (bottom-left) and background (bottom-right) variables.

signal or background processes, those that affect only the shapes of the BDT dis-
criminants for signal or background processes, and those that affect both the rate
and the shape. In the last case, the rate and shape effects are treated simultane-
ously so that they are considered completely correlated. Below is a list of systematic

effects considered for this analysis:

e Luminosity: The overall uncertainty on the integrated luminosity of the
data used in the analysis is estimated based on the cluster counting from the
silicon pixel detector [133]. A value of 2.6% error is considered on the signal
and background rates except for the backgrounds estimated with data-driven

method.

e Pileup re-weighting: The systematic uncertainty due to Pileup re-weighting

is determined by varying the minimum-bias cross section used to calculate the
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Table 5.7: The BDT input variables according to their importance separately
for tuy and tcy.

variable name  variable importance (tuy) variable importance (tcy)

Photon pr 0.185 0.187
CSV disc 0.179 0.156
pr of muon - 0.114
AR(u,7) 0.094 0.151
pr of bjet 0.136 0.108
Jet Multiplicity 0.081 0.120
cos(top, ) 0.125 0.074
AR(bjet, ) 0.104 0.087
Muon charge 0.093 -

(1/N) dN / dx

TMVA overtraining check for classifier: BDT

TMVA overtraining check for classifier: BDT

8 O] Signal (test bampie) 1| | « Signal (waining samhple) | 4 & FIZ signal (test samplé) | |' Signal (fraining sample) |
7 Background (test sample) | *+ Background (training sample) 7 = 45 Background {test sample) | | * Background (training sample)
Smi test: signal lity = 0.21 (0.209) 3 2 4 F Smi test: signal =0.111 (0.668)
6 = 4 E
1 < asf
5 = af S
43 E |
! 33 s
; g
49 1.5 g
He F 2
2 E 1E oy
Je = [
l EL 0sf B
- 48 F . é
0 B Loy g 0 e ; y
0.6 0.2 0.4 0.6
BDT response BDT response

Figure 5.25: The BDT output distribution for overtraining check fot tyu (left)
and tyc (right).

pileup re-weighting by 5% from the default value of 69.3 mb. New pileup
weights are applied to determine the uncertainty on both the rate and shapes

[134].

Muon, photon and trigger scale factors: The scale factors used to take
into account the muon, photon and trigger efficiencies differences between
measured data and simulation are varied up and down by their statistical and
systematic uncertainties [135, 136]. These variations are small and vary the

shape and rates of the signal and background processes slightly.

Photon Energy Scale: The uncertainty on the nominal photon energy scale
is considered to be 1% in barrel and 3% in endcap [136]. This uncertainty can
vary both the shape and rate of background and signal processes. However, the

effects on shape is more significant because photon pr is the most important
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Figure 5.26: ROC-Curve, i.e. signal efficiency versus background rejection plot
fot tyu (left) and tyc (right).

variable in BDT training.

e Jet Energy Scale: The uncertainty on the jet energy scale (JES) is evaluated
by shifting the jet energy scale applied to the reconstructed jets up and down
by one standard deviation. EZ¥* is recalculated due to the variation of the

jet energy scale [137].

e Jet Energy Resolution: The uncertainty on jet energy resolution (JER)
is taken into account by smearing the jets energies according to the known
difference in JER w.r.t data [114]. The effect of JER is carried over to the

calculation of the Ef** in the event.

e B-tagging: As was discussed in section 5.5.3, the b-tag reshaping procedure
is accompanied with uncertainty bands for b-jet, c-jet and light jets. These
uncertainties are taken into account by varying the b-discriminant values of

the simulated jets using modified up and down curved shown in figure 5.15.

e Cross Sections: The expectation for some of the background processes yields
are derived from theoretical predictions. Uncertainties affecting these normal-

izations are taken to be 30% conservatively.

e Background estimations: As discussed in Section 5.4.2, different source
of uncertainties have influence on the results of the the fit. These errors are
considered on the normalizations of W-jets and W~-jets processes. The un-
certainties on the data driven background rates are calculated to be 17% and

23% on the W~-jets and W-jets rates, respectively.
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e Uncertainty due to PDF': The systematic uncertainty originating from the
proton parton distribution functions on the cross section of signal is estimated
using the PDFALHC recommendation [138]. In this method the cross section
of ty production due to the anomalous tu~y and tcy interaction is calculated by
the 22 eigenvalues of the CTEQ PDF sets as a function of photon pr. Table
5.8 shows PDF error in different photon py bins which can change both shape
and rate of the BDT output of signal distribution.

Table 5.8: PDF uncertainty as a function if the photon pp for the signal sample.

P [50 — 100] [100 — 150] [150 — 200] [200 — 250] [250 — 300] [300 — 350]
PDF Unc.  0.011 0.014 0.027 0.028 0.031 0.044
P] [350 — 400] [400 — 450] [45 — 500] [500 — 550] [600 —650] > 650
PDF Unc.  0.048 0.051 0.063 0.068 0.075 0.078

e Signal NLO corrections: In section 5.1.1, the NLO k-factor is given as a
function of photon pr. An uncertainty of 5% is assumed on the reported k-

factors in [119].

e Renormalization/Factorization scale: Two different signal samples are
produced with the Q-scale multiplied and divided by a factor of two to estimate
the effect of QQ-scale variation. Then the differences between the the output of

varied samples and the nominal sample enable us to estimate this systematics.

e Top quark mass: To estimate this uncertainty, two new samples for the
signal are produced with the top mass shifted by 2 GeV from the nominal
value of 172.5 GeV. Then the differences between the varied and the nominal

samples provide the uncertainty from top mass.

All systematic uncertainties discussed above are accounted for in the limit cal-
culation via nuisance parameters which are discussed in section 5.8. It is worth men-
tioning again that among the systematic uncertainties, the luminosity uncertainties
only affect the normalization while the uncertainties from the pileup, trigger and lep-
ton and photon selection efficiencies, b tagging, and jet energy scale and resolution
affect also the shape of the output of the BDT discriminant of signal or background.
The PDF, renormalization and factorization scales, and top quark mass uncertain-

ties affect both the shape and the normalization of the BDT discriminant of signal.
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Table 5.9: Relative variation of the expected cross-section limit obtained when
omitting the nuisance parameter associated to a certain systematic uncertainty
from the fit for both tuy and tcy channels.

Systematic source Applied on  type tuy (%) tey (%)
Lumi All MC Rate 1.8 -4
Trigger scale factor All MC Rate+Shape 2.2 -0.4
Pile up scale factor All MC Rate+4Shape 7 -2.3
Muon scale factor All MC Rate+Shape -0.7 4.4
Photon scale factor All MC Rate+Shape -1.9 -4.5
Photon energy scale All MC Rate+Shape 0.5 -3.1
btag and mistag All MC Rate+Shape -1.1 4
Jet energy scale All MC Rate+Shape 2.9 -2.2
Jet energy resolution All MC Rate+Shape 2.1 -3.4
PDF Signal Rate+Shape 3.13 -0.6
Q-scale Signal Rate+Shape 0.9 -2.4
Top-mass Signal Rate+Shape 2.5 -1
Background normalization W+jets Rate 5.6 -3
Background normalization W+~+jets Rate 2.5 -1.1
Background normalization ~All MC Rate 0.3 -1

The uncertainty on the normalization of the SM backgrounds is considered to affect
the rate of these processes.

The impact of the systematic uncertainties on the result of the analysis is quan-
tified by their relative impact on the expected cross-section upper limit. For each
uncertainty, the limit is derived with and without including the corresponding nui-

sance parameter in the fit. The relative variation is defined by

Oezp(Without nuisance) — o,y (Wwith nuisance)

ACeyp =

(5.18)

Oezp(With nuisance)

The relative variation of the expected cross-section limit obtained for the various
uncertainties is listed in table 5.9 for both tuy and tcy channels. It can be seen
from table 5.9 that removing sources of systematics leads to tighter upper bounds
(negative value for Ao,,,) for most of the uncertainties although it is not the case for
all sources. This behaviour is mostly related to the statistical fluctuations and the
smallness of the variations due to the certain systematic source. The BDT output for
the tu~y channel shows more powerful discrimination between signal and backgrounds
compare to tcy channel. Therefore the shape and normalisation variations of the SM
backgrounds due to the systematic uncertainties have smaller effects in tu~y channel

and the positive value for Ao, is more probable consequently.
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5.8 Results

After estimating contributions of all SM backgrounds, taking into account all the SF
and training BDT, the BDT output distributions for signal, backgrounds and data
are shown in figure 5.27. As was discussed in section 5.3.1, independent BDT's are
trained for tuy and tcy signal channels. It can be seen in figure 5.27 that the tuy and
tcy signal distributions are well separated from the SM background distributions.
Furthermore, the measured data is described well by the SM prediction in the whole
range of the BDT output and there is no evidence for signal events in both channels.

The BDT output distributions of the data driven backgrounds (W-jets and
W~-jets) are shown separately while all MC estimated backgrounds are summed
and shown in pink color in figure 5.27. All the systematic sources, mentioned in
section 5.7, are summed quadratically and combined with statistical errors in each
bin independently.

As no excess over the SM prediction is observed, we will constraint the contribu-

tion of the signal processes and top quark FCNC anomalous couplings consequently.

5.8.1 Limits

The results of these searches are published in reference [67]. The distribution of
the BDT discriminant for data, SM backgrounds and signal are used to set upper
limits on the signal cross sections. The limit setting procedure is performed using
CLs method implemented in the theta framework [139]. The effects of system-
atic uncertainties on the BDT discriminant templates is modelled by varying each
of the systematic sources 1o in simulation and re-deriving the templates of the
BDT discriminant. The systematic uncertainties which only change the rate of the
background processes are considered on the background and signal normalizations.
All systematic uncertainties are quantified as nuisance parameters with a Gaussian
prior.

The 95% C.L. upper limits obtained from the shape analysis of the BDT output
distributions for tuy and tcy signal are summarized in tables 5.10 and 5.11. The
limit setting procedure for leading order and next to leading order is performed
including the systematic uncertainties discussed in section 5.7 while the uncertainty

on signal NLO corrections is removed for LO calculations.
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Figure 5.27: The BDT output distribution for data, all backgrounds, and tyu
(left) and tyc (right). The W-jets and W+y-jets contributions are estimated from
data. The tuvy signal sample is normalized to a cross section of 1 pb. The error
bands contain both systematics and statistical uncertainties.

120



CHAPTER 5. ANALYSIS STRATEGY

CMS, 19.8fb™, Vs=8TeV

S [ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T I_
\%014 __ ........... Prajlctaj ............................................................ __
= E —— 95% CL Observed Limit ;]
2 0 12 s e e et aeaeaan

7 OLe . 95% CL Expected Limit
= C [ +10 Exp.Limit
= Ol [ +20 Exp.Limit
]
X 008L— o

z
© 0.06

N
0 0.01 0.02 0.03 0.04 0.05 0.06
Ktuy
CMS, 19.8 b2 {s =8 TeVv
—~~ T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T
&0_14__ .......... _ Predlcted
= - ! —— 95% CL Observed L|m|t
=5 012 e 95% CL Expected Limit
= C i [ +1o Exp.Limit
= 0. © [ +20 Exp.Limit
o) ‘
X 0.08
g
©0.06
0.04
002 .............................................................................................................

0 0.02 004 0.06 0.08 0.1 0.12 014 0.16 0.18 0.2
Ktey
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Table 5.10: The observed and expected 95% exclusion limits on the signal cross
section, anomalous couplings, and branching ratios at leading order.

Exp. limit (LO) Obs. limit (LO)

Oty X Br(W — ) 0.040 pb 0.025 pb
Oty X Br(W — ) 0.039 pb 0.034 pb
Ktuy 0.036 0.0279
Fiter 0.111 0.094
Br(t — uy) 0.027% 0.017%
Br(t — ¢v) 0.25% 0.22%

As was discussed in section 5.1.1, the cross section of the anomalous production
of single top quark in association with a photon is a function of anomalous couplings.
Therefore, the upper limit on the cross sections are used to constrain the tuvy and
tcy anomalous couplings. In order to calculate the bounds at NLO, it is assumed
that k-factor increase the cross section by a factor of 1.375 for both signal channels.

Table 5.11: The observed and expected 95% exclusion limits on the signal

cross section, anomalous couplings, and branching ratios with including the QCD
higher order corrections on the signal cross section.

Exp. limit (NLO) Obs. limit (NLO)

Oy X Br(W — ) 0.039 pb 0.026 pb
Oty X Br(W — ) 0.042 pb 0.037 pb
. 0.031 0.025
Ktey 0.098 0.091
Br(t — uy) 0.019% 0.013%
Br(t — ) 0.201% 0.17%

The limits on the anomalous couplings can easily be translated to upper bounds
on the branching ratios of anomalous top decays using equation 5.4. Therefore,
limits on the branching ratios of anomalous top decays obtained in this analysis are
indirect limits which can be compared with the results of the direct searches.

It can be seen in tables 5.10 and 5.11 that the upper limits obtained on the tuy
anomalous couplings and related branching ratio is stronger than corresponding tcy
limits. It is due to the larger cross section of the tuy signal compared to tcy which
is directly related to the larger PDF of up-quark compared to c-quark in proton.
Therefore, the anomalous production of single top quark in association with a photon
is more sensitive to tuy anomalous coupling. As was discussed in section 5.17, this

feature enables us to discriminate between the anomalous tuy and tcy interactions
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Figure 5.29: The comparison of the 95% CL exclusion limits in the Br(t —
uy) — ktuy plane from ZEUS, H1, DELPHI, CDF, and CMS experiments.

in case of discovery.

In figure 5.29, the results of this analysis are compared with previous results from
other experiments in the Br(t — wy) — kyy, plane. The excluded region by CMS
results compared to the best upper bounds of the previous experiments is shown
in yellow color. The upper limits on the top quark FCNC anomalous branching
ratios obtained in this analysis has improved previous limit by around two orders of

magnitude and is the most stringent limit to date.



Chapter 6

Fiducial cross sections

Obtained limits in this analysis which are given in previous section depend on our
specific model which predicts the existence of anomalous tqgy FCNC couplings. In
this section, we provide upper limits as model independent as possible to allow

comparison to an arbitrary theoretical prediction.

6.1 Motivations

The results of this analysis which leads to upper limit on the cross section of anoma-
lous single top quark production in association with a photon (035,;%) multiplied by
leptonic branching ratio of the W boson decay (%) are calculated in a defined signal
region firstly. Events in which a muon, a photon and an invisible particle (for ex-
ample neutrino) are associated with QCD jets are selected to define a region in the
total phase space of pp collisions called signal region. Then upper limits obtained in
signal region (restricted phase space) are extrapolated to the total phase space using
information extracted from signal models. Although our main purpose is searching
for anomalous top quark FCNC coupling restricted phase space can be used to test
other new physics models which leads to similar final state objects.

In order to see the dependency of the results to the t¢y FCNC model clearly,

we can define new variables. ’Visible cross section’ is defined as:

N95%
95%
vs £ ( )
where afj?;% is the 95% CL upper limit on the cross section of any new physics signal
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inside the signal region, N*% is upper limits at 95% CL on the number of new

physics events inside the signal region and L is the integrated luminosity.

95%

In our specific FCNC model, o,;/° can be written as

0 %% = g%% x Br(W — ly) x A (6.2)

V18 tqy

A is the signal selection efficiency that accounts for the effect of selection cuts and
detector inefficiencies and resolutions. The signal selection efficiencies are the ratio
of the remaining events after all selection cuts to the total number of events before

applying the cuts using the full leptonic samples which was discussed in section 5.

A number of events remained after all selection cuts (6.3)
N total number of events '

A is found to be 1.86% and 2.42% for tuy and tcy samples respectively (see table

5.6). Therefore, one can write

95% ‘72??
Tiqry X B?"(W — lVl> = T (64)

It is clear that the upper limits on 0?;’3) x Br(W — ly;) given in table 5.10 depends

on new physics model through the factor A. Because 0227 depends on the number
of backgrounds, number of data and uncertainty on the number of background event

in signal region if we consider a simple cut and count analysis (uncertainty on signal
95%

selection efficiency can also vary ../ a bit which can be accounted for easily) and
is independent of new physics model effects.

As was mentioned before, although the signal region defined in this analysis is
optimised for the production of anomalous top quark in association with a photon
through the FCNC interactions, this signal region can be used to test the signature
of other new physics models which leads to the processes with muon, neutrino, b-jet
and photon in final state. In other word, we should remove the dependency of the
limits to the A factor as much as possible to make the results as model independent

95% is a value which is model independent and can be used

as possible. Therefore, o
to limit any arbitrary new physics models if be reported in experimental particle
physics paper.

One should note that the detector level objects which are reconstructed from
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detector response in various parts of the CMS detector are used to define signal
region. Although reconstructed objects are originated from generated particles they
are associated with many complicated detector effects which are known to a rea-
sonable extent and are accounted for full simulation in this analysis. Therefore, if a

phenomenologist is going to test a new physics model with the same final state (a
95%

muon, a photon, MET and jets) by 0,7, it is necessary to redo these complicated
detector simulation to extract needed information (A) for extrapolating the results

from signal region to the total phase space and find the upper limit on the inclusive

95% _ o7 )

cross section of the new physics model (anew_mysiCS = —u

For example in [140], authors try to develop global analysis at NLO in QCD
of the most constraining limits on top-quark FCNC operators. In this paper many
experimental results are examined to constrain the top-quark FCNC couplings in
different final states. Omne of the important final states are single top and photon
production channel. If the experimental results are presented in such a way that can
be easily used by phenomenologists, the final state can be employed in addition to
the results for checking different effects to the same signal (NLO effects, generator
effects, ...) or testing other signal models.

Although agg’;% is widely reported by experimental papers for various final states
and is widely employed by phenomenalogist to constraint parameters space of new
physics models, the complication of detector simulations and unclear detector in-
efficiencies makes the interpretation of results a bit vague [45, 141]. The most
straightforward way to use experimental results are accessing to the fiducial cross
sections. The idea is to report the measured cross section (or upper limit on the
cross section) similar to o,;s in a ’simple’ restricted phase space. In addition, it is

demanded to 'remove detector effects’ to get rid of the complex detector simulations.

6.2 Fiducial phase space and cross section defini-

tions

As was noted in previous subsection, model dependency of the results appears in
factor A which includes the effects of both selection cuts and detector effects. The
selection cut dependency can be removed significantly if we define a restricted phase

space similar to the reconstructed signal region. The more similar restricted phase
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space to reconstructed signal region the less model dependent results.

Restricted phase space can be defined in different level of events simulation. It
could be defined at parton level using the hard interaction output particles which
are easily available from matrix element generator. In this case, the effects of the
final state radiations and hadronisation should also be removed from the results.
On the other hand, final state radiation and fragmentation effects are easily avail-
able through general purpose event generators like PYTHIA and HERWIG [92, 93].
Events after final state radiations and fragmentations contain the list of particles
that pass through the detector. Events at this step are called particle level events.
Therefore, the restricted phase space can be defined in particle level without losing
the simplicity of the results application.

Fiducial phase space is defined by applying a set of selection cuts on particle
level events. Before listing fiducial phase space requirements, we need to define
particle level objects like photon, muon, jets, etc. The photons and leptons are
required not to originate from the decay of a hadron. So, lepton candidates are
from W boson, Z boson or 7 decays. Electrons or muons from 7 decays must satisfy
the same requirements as prompt leptons. The missing transverse momentum is
defined as the vectorial sum of all neutrinos present in the event. Neutrinos from
hadron decays are rejected. Jets are reconstructed from all particles with ¢7 > 10
mm, excluding muons and neutrinos, using the anti-kt algorithm with a radius
parameter of 0.5. Reconstructed particle-level jets are tagged using a B-hadron
matching, where tagged means that at least one B-hadron is found within the jet.
Top quark candidates are reconstructed using muon, MET and b-jet candidates
as described in section 5.2.2. If no b-jet was found, the highest Pr jet is used to
reconstruct the top quark.

Selected particle level candidates are used to define fiducial phase space which
is summarized in table 6.1. It is tried to define a fiducial phase space similar to
analysis reconstructed level signal region introduced in section 5 while cuts on more
difficult variables like isolation requirements are removed.

In order to find the upper limit on the cross section of new physics in fiducial
phase space defined in table 6.1, one should find a map from reconstructed level
signal region in which we performed all analysis steps to this almost similar fiducial

phase space. Signal selection efficiency for any arbitrary signal model can be written
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Table 6.1: Definition of the fiducial region.

Object Requirement
Single muon pr > 26 GeV, |n| < 2.1
Veto for additional muons pr > 10 GeV, |n| < 2.5
Electron veto pr > 20 GeV, |n| < 2.5
Single photon pr > 50 GeV, |n] < 2.5 (1.44 < |n] < 1.56 excluded)
At least one jet (Npjer < 2) pr > 30 GeV, |n] < 2.5
Missing pr poiss > 30 GeV
Muon, jets, and photons AR(u,7) and AR(jet,~y) > 0.7
Reconstructed top quark mass 130 < myus < 220 GeV
as
A=Ae¢ (6.5)

where A is the fraction of number of generated signal events at particle level that

can pass fiducial phase space requirements defined in table 6.1. It is defined as:

A number of events remained in fiducial region (6.6)

total number of events

In equation 6.6, € accounts for the difference between the fiducial phase space and
reconstructed level signal region. Due to the similarity of fiducial phase space and
signal region definition, € is mostly related to detector inefficiencies and resolutions.
Although € seems to be independent of the input model signal characteristics in
defined fiducial phase space can effects epsilon [142]. For example, a signal model
with photon and jets mostly in barrel experiences different reconstruction efficiency
compared to a new physics signal model with photon and jets mostly produced in
endcaps. A and A can be calculated using particle level and full simulated samples,

respectively. Therefore, €, which is also denoted as €4, can be written as

N

efid = ,71 (67)

We can rewrite equation 6.4 using equation 6.5,

95%

a?;,;% x Br(W —ly) = (Z)l—ise (6.8)

95%

A is different for each signal model while € and o, are mostly model independent.
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Therefore we can rewrite above equation in the following form

5 95%
Oy X A=t (6.9)

The value of # is called fiducial cross section, o4, which is independent of the

input signal model to a reasonable extent and all detector effects are lifted.

95% _ Tos'
Orid = 2 (6.10)
€fid

We summarize the way that a phenomenalogist can use o4 for a given fiducial
phase space to constraint parameters space of an arbitrary new physics model with

a similar final state below.

e find the cross section of new physics model in pp collisions as a function of the

model parameters (0pew—physics)-
e generate events and include radiation and hadronization effects.
e apply fiducial phase space requirements and find factor A.

o use (Cpew—physics(model parameters) = Uﬁd) to find constraint on new physics

parameters.

6.3 Upper limits on fiducial cross sections

In this section upper limit on o4 is reported. In section 5, signal region is optimised
for single top production in association with a photon and the SM contributions from
different sources are estimated. In the defined signal region at the detector level, the
BDT output distribution of the SM background, tqvy signal and the observed data
are shown in figure 5.27. Upper limits on the oy, x Br(W — ly;) obtained from
shape analysis of the BDT outputs are shown in table 5.10. In table 5.10 upper

limits on the cross sections are obtained from the upper limits on the number of

95%

007 observeq Cal be found for both signal

signal events in signal region. Therefore, o
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channels as:

Np% 912

Ug?ﬁobserved(tu/y) = 27 = 19.768 = 0.461 (611)
NP2% 1593

O-lg)?ziobserved(tc/y) = 27 = 19.768 = 0.806 (612)

95%

One expects to find 0,°7° , ...

4 independent of the signal model in a defined

signal region (considering same values for signal selection efficiency error) but the

95%
vis—observed

95%
vis—observed

obtained values for o (tuy) and o (tery) are not the same. The

reason is that we have done shape analysis to set upper limits and the limits are
sensitive to the shape of the BDT output for signal and SM backgrounds. Better

separation between SM backgrounds and signal events more stringent upper limits

0.95%

on o,°. For example, the tuy signal is better separated from SM backgrounds

95%

compared to tcy signal and consequently o,°7° ,

o %% (tey).

vis—observed

(twy) is more stringent than

95%
vis—observed

95%

vis—observed(tc’y) can not be used for

As was discussed, o (tuy) and o
testing new physics models. On the other hand, they may be used for testing
different aspects of the tqy processes such as the effects of the next to leading order
to the tgy FCNC processes [140]. Therefore, in addition to the shape dependent
upper limits which are given in equation 6.11, we can perform a counting analysis
in the signal region to remove BDT shape dependency.

In the signal region, there are 1794 data events and 1805.44 &£ 215 background
events. One can find the upper limit on the visible cross section performing a simple

counting analysis. Considering 10% uncertainty on the signal selection efficiency

and using CLs method, one finds

95% N% 38492

Ovis—observed — L N 19.768

=19.472 fb (6.13)

Although this bound could be useful, it is a bit loose due to the applied loose selec-
tion cuts to define the signal region and the analysis suffers from large systematics
uncertainties. The power of systematic uncertainties are reduced by an excellent
signal discrimination power of BDT in the shape analysis. In order to report more
useful results, additional requirement is imposed to define a more limited signal re-
gion. Events with no b-tagged jets are kept to be able to control the contribution of

the W-jets and W~-jets from data with enough statistics. After finding their contri-
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butions in data, as was discussed in section 5, we can choose events with exactly one
b-tagged jet. This requirement rejects the contribution of backgrounds considerably
while keeping most of the signal events. In this region, there are 275 data events

while 258.71 + 49.5 background events are estimated. Considering 10% uncertainty
95%

on the signal selection efficiency and using CLs method, one can find ¢, , . . in
the new signal region:
N%%  104.86
o257 = = 5.305 fb (6.14)

vis—observed L - 19.768

The total number of background events and the number of data events for both
signal regions are reported in table 6.2. The uncertainties in the SM expectation
include both statistical and systematic uncertainties. The total number of observed
events is decreased by a factor of approximately 6.5 after requiring exactly one
identified b jet in an event, while the expected number of SM events decreases by a
factor of 7. The combined relative uncertainty in the number of expected SM events
increases from 12% to 19% when this b jet requirement is included.
Table 6.2: The total number of observed selected events in the data (Nyps), the

SM expectations (Ngyp) in the fiducial region, without and with a requirement on
the presence of a single accompanying b-jet.

Fiducial region Nobs Nsar

Basic selection (Table 6.1) 1794 1805 4215
Basic selection and Ny jep =1 275 258 + 49

In order to find A, signal samples are generated and with initial conditions
similar to those samples which are used for the detector level study. After simulating
showering and hadronisation effects with PYTHIA, the selection cuts in table 6.1 are
applied to find the number of remained events in the fiducial phase space. The

values of A% are found to be:

A =12.02% (6.15)
AT = 12.63% (6.16)

The upper limits on the fiducial cross sections, visible cross sections, A, A and
€iq are summarized in table 6.3 for the shape analysis of BDT output distributions

and for the cut and count analysis in two given signal regions. Observed upper limits
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on the cross section in a restricted phase space are found to be 122 fb and 102 fb at

95% CL for tuy and tcy production, respectively, when at most one identified b jet
is required in the data. These limits are found to be 47 fb and 39 fb at 95% CL for

tuy and tcy production, respectively, when exactly one identified b jet is required

in the data.

Table 6.3: Model independent results in two fiducial region: 1- a region which
is determined by the ’'basic selection cuts’ of this analysis 2- a region which is
determined by the ’basic selection cuts’ of this analysis and exactly one b-tag
requirement. In fiducial region 1 we use two different method to set limits, shape
analysis and counting analysis. The variables are: Upper limits on number of new
physics events and cross section (Ngg;i‘)m g and Jg?zj observeq) 1D fiducial region at
detector level, signal selection efficiency at detector level (A) and particle level
(A), fiducial efficiency (ef;q) and upper limits on the cross section of new physics

model in fiducial region at particle level (fiducial cross section o??g"_ observed)”

fiducial phase space and analysis type

variables channel basic selection cut basic selection basic selection+1 b
shape analysis counting analysis  counting analysis
N95% tuy 9.08 384.92 104.86
observed tey 15.96 384.92 104.86
95% tuy 0.46 b 19.472 tb 5.305 b
vis—observed tery 0.81 tb 19.472 tb 5.305 tb
A tury 1.86% 1.86% 1.30%
tey 2.42% 2.42% 1.711 %
A tury 11.60% 11.60% 11.45%
tey 12.61% 12.61% 12.39%
o tuy 0.16 0.16 0.113
fid tey 0.19 0.19 0.137
595% tury 2.87 tb 121.70 tb 46.94 tb
fid—observed tey 4.26 b 102.48 tb 38.72 tb




Chapter 7

Conclusion

In this thesis, we have presented a search for tuy and t¢y FCNC interactions through
the production of single top quark in association with a photon. The search is
based on 19.8 fb~! of proton-proton collision data collected with the Compact Muon
Solenoid experiment during the 2012 run of the Large Hadron Collider at a center-
of-mass energy of \/s = 8 TeV. The muonic decay of the W boson from top quark
decay is just considered in this analysis.

A multivariate analysis is performed to reach the best performance of the anal-
ysis after optimizing the preselection cuts. No excess over the SM background
predictions is observed and 95 % C.L. upper limit is derived from a shape analysis
on the BDT output on the signal cross sections. Upper bounds on the signal cross
sections are used to constrain the anomalous tuy and tcy FCNC coupling and the
related top quark branching ratios.

The results obtained in this analysis are compared to the previous limits ob-
tained in different experiments in figure 7.1. The results on the anomalous top
quark FCNC decay Br(t — ¢qZ) are also shown on the vertical axis. It can be seen
that the CMS results have improved the previous results by around one order of
magnitude for both Br(t — ¢v) and Br(t — ¢Z) using 8 TeV data. Although the
SM predicts top quark anomalous branching ratios many order of magnitudes below
the current experimental limits, experiments are closing to the regions which are
predicted by some beyond SM models.

Run-1l is just beginning at a pp collision energy of 13 TeV, a significant increase
compared to the LHC run-1. This new energy frontier will allow researchers to

probe new boundaries of the fundamental structure of the matter. This increment
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Figure 7.1: The comparison of the 95% CL exclusion limits in the Br(t —
qv) — Br(t — ¢Z) plane from ZEUS, H1, DELPHI, CDF, and CMS experiments.

in energy enhances the cross section of the anomalous ¢y production by a factor of
2.5 and 3.1 for tuy and tcy signal channels, respectively. With this increase in cross
sections, it is expected to reach the same exclusion limit by half of the data used
in this analysis. However, higher luminosity at RUN 2 of the LHC leads to more

pile-up which would effect the analysis reach.
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