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Abstract

Standard Model of elementary particles (SM) explains various physical phenomena
occurring in the world around us in the terms of participating fundamental par-
ticles and interactions among these particles. The particle family of the model is
completed with the long sought Higgs boson of mass 125 GeV by the CMS and AT-
LAS experiments at the Large Hadron Collider in 2012. The SM, however, is largely
accepted to be incomplete as it does not explain theoretical stability of the Higgs
boson mass, or explain observed dark matter in the universe, or incorporate gravity
to name a few. Many beyond SM theories are postulated to overcome limitations
of the SM. One of such theories is Supersymmetry (SUSY). SUSY models predict a
partner to every SM particle, which differs by spin half from the SM counterpart.
These particles are expected to be more massive than their SM cousins.

This thesis presents a search for SUSY in a final state with multiple jets, b-jets and
large missing transverse momentum. The search is performed using 137 fb~'data
collected by CMS experiment at LHC, over the years 2016, 2017 and 2018 using
proton-proton collisions at centre of mass energy of 13 TeV. The SM events and
different SUSY topologies which also give the same final state are considered. No
signature for SUSY is found based on this analysis. The limits are put on differ-
ent SUSY scenarios with squark and gluino pair production. Depending on model,
gluinos with mass up to 2-2.3 TeV and squarks with mass 1.1-1.6 TeV are probed at
95% confidence level.
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Chapter 1

Introduction

Scientific endeavours are mostly carried out to understand the phenomena observed
in nature, and most of them as well influence, impact and benefit human kind in
long term. The Large Hadron Collider (LHC) project at Geneva (Switzerland) is a
collaboration of around 100 countries across the world, is one such unprecedented
large scientific effort. It is established with an aim to answer some of the burning
questions posed by particle physics and astrophysical observations.

Standard Model (SM) [1-3] is a theory of fundamental particles and their inter-
actions which successfully explains a large amount of natural phenomena occurring
in the universe around us. In the SM, the spin-half particles, leptons and quarks con-
stitute the fundamental blocks of matter. Gauge bosons, W, Z, photon and gluons,
carry one unit of spin, and are responsible for mediating various interactions among
particles. The electromagnetic force experienced by particles carrying electric charge
is mediated by photon. The weak force is mediated by W and Z bosons, in which
W is responsible for phenomena like radioactive decays, while Z boson mediates
neutral, weak interactions. The protons and neutrons within an atomic nucleus are
bound together by strong force, overcoming repulsive electric forces among protons.
The strong force is mediated by gluons. The masses of elementary particles are un-
derstood to originate from interactions with the Higgs boson field.

Despite of being a very successful theory supported by many collider and non-
collider experimental observations, we know that the SM is still an incomplete the-
ory. It does not have answers to many puzzles posed by nature like the composition
of dark matter [4, 5], dominance of matter over anti-matter [6, 7], theoretical mass
stability of recently discovered Higgs boson [8, 9], and incorporating fundamental
gravitational force within it to name a few [10]. Believing the intuition based on
development of the particle physics in past, it seems quite possible that the SM is
only a partial manifestation of some more complete theory whose remaining con-
stituents are still to be discovered. Many new theories are postulated to overcome
shortcomings of the SM. Supersymmetry (SUSY) is one of such beyond SM (BSM)
theory, which can possibly answer some of these unresolved questions. The SUSY
postulates a counterpart for every SM field differing by a spin-half unit, and hence
predicts many new particles. These particles, if exist in nature, are expected to be
much heavier than their SM cousins as they have not yet already been observed. To
produce such heavy particles in laboratory, we need very high energies, beyond the
energy ranges exploited through accelerator experiments ever before.

At LHC, two proton beams are collided at centre of mass energy of 13 TeV, the
highest collision energy ever achieved in a particle collider. When these relativistic
protons collide, energy gets converted into mass, and heavy particles can be pro-
duced with mass of TeV range (if these exist in nature). The outcomes of collision
are detected and recorded, at four different detectors installed on the LHC ring. The
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Compact Muon Solenoid (CMS) is one of the two general purpose detectors de-
signed to study outcome of proton proton collisions. A Toroidal LHC ApparatuS
(ATLAS) is the another general purpose detector. This thesis describes a search for
SUSY particles in multijets and missing transverse momentum final state using data
equivalent of 137 fb~! integrated luminosity, collected by CMS experiment over
years 2016, 2017 and 2018 (called full Run 2 or legacy dataset).

The SUSY search strategies at both the ATLAS and CMS experiments can be
broadly divided into categories like inclusive or generic searches based on final state
signatures of jets, MET and zero or more leptons, and targeted searches leveraging
on full mass reconstruction of SM particles (Z, W, H or top including the boosted ob-
ject tagging). The inclusive searches mainly target processes with large production
cross sections for gluinos and squarks [11-14]. The approach of not tuning to specific
models for this search has benefit of simultaneous coverage to a large and diverse
strongly produced SUSY phase space. While the zero or one lepton final states bene-
fit from large branching fractions of SM particles (Ws or Zs) to quarks, the multilep-
ton final states are relatively cleaner with lesser background contributions. Hence
these searches performed in exclusive final states have different background com-
position, systematic uncertainties, and will provide a concrete cross-check in case
of potential new discoveries. The sensitivity to stop pair production is enhanced
by tagging the top-quarks in boosted regime, or constructing their masses using re-
solved decay products [15, 16]. Production cross section of both charged and neutral
electroweakinos is very low and generally with small amount of hadronic activity.
Such events are best triggered based on leptonic signatures which also makes the
backgrounds smaller as compared to zero lepton searches. With well understood
detectors and huge amount of data, the experiments are also extending searches to
unusual topologies resulting from long lived particles, or soft leptons results from
compressed particle spectra models [17, 18].

The SUSY search described in this thesis, is an extension of the analysis with 13
TeV collision data, first carried out with 2.3 fb~! back in the year 2015 [13]. From
2015 to 2019, the analysis has gone through multiple evolutions to accommodate the
increased amount of collected data and the changes in detector response over time. I
directly contributed to the results published by this analysis with 35.9 fb~' of CMS
data in year 2017 [19] and 137 fb~! of full Run 2 data in year 2019 [20]. These two
milestone results included major evolutionary steps of going from 72 independent
search regions to 174 independent search regions accommodating lowering jet multi-
plicity to explore compressed SUSY phase space. Such a detailed exploration of data
in multiple dimensions of jets, b-jets, HT and MHT required revisiting the methods
to estimate the SM backgrounds. I made a detailed study of the data driven method
using tau-response templates hadronic tau background estimation in 2015 publica-
tion, and identified several lacunae related to kinematic distributions of muon and
tau leptons which brought the estimated hadronic tau background yield closer to the
expected, as summarized in chapter 6. In the full Run2 analysis based on 2016-2018
data, I worked on updating the two independent background strategies of event
by event lost lepton estimation and tau template method for hadronic tau estima-
tion by a new independent strategy using average transfer factors to obtain signal
region yields starting from control regions in data. Hence, I integrated the estima-
tion of these two major SM background components together (comprising around
50% of total background). I took a lead in understanding the challenges posed by
data quality during legacy analysis, mainly devising the strategies to mitigate the
effects of fake MHT due to successively degrading response of electromagnetic end-
cap detectors across the full dataset, and failure of a section of hadron calorimeter
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endcap in 2018 data. I presented these studies in the CMS SUSY meetings as well as
in CMS JetMET group, and these methods are used by various other analysis in the
SUSY group. The current version of analysis has successfully extended gluino mass
exclusion from 1600 GeV in year 2015 to 2310 GeV in 2019, with the full Run 2 data.

In addition to the SUSY search analysis, I invested significant time on FastSim
calorimetry project. The project was aimed at improving the performance of Fast
Simulation (FastSim), a widely used simulation technique in SUSY sample genera-
tion (50 K to few million events for a single point on SUSY mass scan). I started with
basic kinematic comparisons of FastSim versus FullSim, where FullSim uses Geant4
based detail detector simulation and is well tested using test beam data. These com-
parisons lead to the understanding of the origin of observed discrepancies in Fast-
Sim when compared to FullSim. As a step towards improving the performance of
Fast simulation, I developed a new parameterized form to model hadron shower
starting position and its transverse shower development in FastSim. The perfor-
mance of this new parameterized model is also validated against Geant4 and found
to be better by orders of magnitude at many places as compared to existing FastSim
models in use.

The thesis has elaborative discussion on the strategy used in the analysis work
and also summarizes to the reader the SUSY phase space exclusion achieved based
on this analysis. It also talks about the methodical investigation done to understand
limitations of existing FastSim model and the progress made towards its improve-
ment. The thesis is structured as follows. Chapter 2 gives a brief introduction to
the SM and motivates why one should search for SUSY. Chapter 3 explains the basic
experimental set up used at CMS detector to collect data. As detector conditions are
evolving continuously due to exposure to radiation, it becomes important to under-
stand data very well to not get mislead by any anomalous signal in detector. Later
part of chapter 3 discusses how various issues with legacy data quality were han-
dled during this SUSY search. Chapter 4 discusses role of Monte Carlo simulations
in such SUSY search, and in particular various studies carried out to improve perfor-
mance of Fast Simulation which has key role in SUSY sample generation. Chapter 5
starts with basic details of SUSY analysis discussed in this thesis and introduction to
background estimation. Chapter 6 is devoted to details of two different background
estimation strategies, tau template and average transfer factor, implemented as ma-
jor parts of this thesis work. At the end, chapter 7 summarizes results and conclu-
sions of this analysis.






Chapter 2

Standard Model and
Supersymmetry

2.1 Standard Model of elementary particles

Standard Model (SM) has been an immensely successful theory in explaining the
fundamental constituents of matter and interactions among them. The particles in
this theory can be classified into three categories. Fermions form a group of elemen-
tary particles which are fundamental constituents of known matter. Gauge bosons is
a set of particles which act as mediators for weak, electromagnetic and strong forces.
The Higgs boson, the recently discovered scalar boson, interaction with which gives
rise to nonzero mass to fermions and weak interaction gauge bosons. The theory is
tested to a very high precision by a series of accelerator experiments carried at LEP,
Tevatron and LHC [21-24]. The success of this theory is two fold. It explained and
supported most of the experimental observations. Secondly, many of its predictions
based on theoretical perspective later got confirmed through experimental observa-
tions. As an example, precision measurements at LEP [22] tested electroweak theory
to per mill precision level.

2.1.1 Fermions

Fermions have characteristic half-integral spin as the name suggests. Leptons and
quarks fall in this category, with three generations for each based on mass heirarchy
[25]. Table 2.1 shows particle content with their fundamental properties for fermion
class. There is an associated antiparticle to every particle, such that all quantum
numbers for antiparticle are opposite to that of particle. Three lepton generations
have individual associated quantum numbers, Le, L, and L. L. =1 for first gener-
ation, L, =1 for second generation and L, =1 for third generation. In quark sector,
quantum number called charm (C=1), strangeness (5=1), bottomness (b=1) and top-
ness (t=1) are associated to quarks ¢, s, b and t respectively. For u and d quarks,
relevant quantum numbers associated are the third component of isospin I3 =1/2
and I3 =-1/2 respectively.

2.1.2 Bosons

Table 2.2 shows particle content of boson category. Bosons possess integer spin. The
Gluon (g), photon (v), W and Z are vector bosons with spin one. Higgs boson is a
scalar boson with spin zero. The W boson having -1 charge has an antiparticle with
equal and opposite charge. Vector bosons act as mediators of various forces and
their masses decide the range of mediated force. Gluons and photon are massless
and act as mediator for strong and electromagnetic force respectively, while W=,
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TABLE 2.1: Fermions

spin class generation particles mass (MeV) charge (Q)
1/2  leptons 1% Ve <2x107% 0
e 0.511 -1/2
ond vy <0.19 0
1 105.7 -1/2
3rd vr <182 0
T 1777 -1/2
1/2  quarks 1% u 2.2 2/3
d 4.7 -1/3
2nd c 1.275 x10®  2/3
s 95 -1/3
3rd t 173.1 x10%  2/3
b 4.18 x103 -1/3

7" are massive gauge bosons which mediate weak force. The scalar particle, Higgs
boson is responsible for masses of fermions and bosons.

TABLE 2.2: Bosons

particle mass (GeV) charge (Q) spin

g 0 0 1
v 0 0 1
W 80.4 -1 1
V4 91.2 0 1
H 125.2 0 0

2.1.3 Fundamental interactions

The SM lagrangian is obtained by imposing three local gauge invariances on quark
and lepton field vectors: U(l)y ® SU(2);, ® SU(3)c. According to Noether’s the-
orem, coupling of quark or lepton fields with gauge fields arises naturally as a re-
sult of imposed invariance. Photon is a gauge field associated to U(1) symmetry,
SU(2)1, gauge symmetry gives rise to three weak vector bosons W+, W~ and Z°
and SU(3)c symmetry implies existence of eight gluons. Here the generic property
of SU(n) group that it has n? — 1 independent generators, allows 3 and 8 gauge
bosons (which are independent generators) for SU(2)y, isospin and SU(3)¢ color
symmetry respectively. In total, the SM thus has twelve force carrying gauge parti-
cles. Conserved quantities from U(1)y, SU(2)r, and SU(3)c symmetry are electric
charge (Q), isospin and color respectively [26].

Strong interactions

The SU(3) symmetry of strong interaction forces a quantum number called "color" to
be conserved in any such interaction. Quarks and gluons participate in strong inter-
action. Each of quarks, can have color quantum number R (called "red"), G (called



2.1. Standard Model of elementary particles 7

"green") or B (called “blue”). Eight gluons which are generators of this group, arise
from unitary, traceless representations of 3 x3 matrix and possess a linear combina-
tion of R, G, B colors. Eight independent generators are :

RG, RB, GB, GR, BR, BG, RR — GG/V2, RR+ GG — 2BB/V6

Here "bar" implies anticolor. Anti-quarks possess color opposite to that of quark. At
every quark-gluon and gluon-gluon interaction, color exihibited at either of legs is
so as to conserve color at the vertex. The strength of this interaction increases with
distance. At very small distances, quark-quark coupling strength becomes so small
that quarks within mesons and baryons become almost free (called asymptotic free-
dom) [27, 28]. Beyond ~ 1 fm, the force among colored objects become so strong
that no color object can have individual identity, but instead they are combined to
form colorless objects, called "hadrons". This process of forming colorless objects
via color exchanges, is called hadronization. The property that quarks and gluons
can not be isolated beyond 1 fm and hence lead to hadronization, is called “color
confinement”. Hadrons come in two categories. Mesons are quark-antiquark com-
position, while baryons are three quark states. For mesons and baryons, “Baryon
number” are equal to zero and one respectively. These quark confined states, obey
generalized Gell-Nishijima formula, which relates total charge (Q), third component
of strong isospin (/3), baryon number (B), strangeness (S), charm (C), bottomness (b)
and topness (t):

B+S+C+t+0
5 ] (2.1)

Proton is the lightest baryon with valence quark composition “uud” which pos-
sesses RGB color combination to make the proton color neutral. These valence
quarks are embedded within a sea of gluons and non-valence quarks. Quarks and
gluons within proton are together called as “partons”. During energetic proton-
proton collision at LHC, at fundamental level, the interacting partons from two pro-
ton beams get enough energy to move apart from each other. But due to color con-
finement, these can not be isolated and combine with quarks and gluons sponta-
neously formed at the dispense of their potential energy to form a spray of colorless
hadrons which gets boosted in the direction of net momentum carried by interact-
ing partons. In experimental terms, this spray of boosted hadrons is called a “jet”.
As LHC is a hadron machine (as protons are hadrons), strong interactions dominate
over direct production of electroweak processes.

Q=ell3+

Electromagnetic interactions

All charged particles undergo electromagnetic interaction via photon exchange. As
photon is massless, electromagnetic force has infinite range. Electric charge and par-
ity conservation is respected at every photon-fermion interaction vertex. As photon
does not possess electric charge, it can not have self interaction. As a result, tripho-
ton vertex does not exist unlike trigluon vertex in case of strong interaction, where
gluons themselves possess color charge. The popping up of electromagnetic com-
ponent (electrons, photons) in hadron machine like LHC, starts with a fundamental
process 7 — 2+, where 7¥s are copiously produced in hadronization of quarks and
gluons. So even though, direct production of electroweak bosons is rarer compared
to strong interactions, electromagnetic components (electrons and photons) are not
that rarer at LHC because of 7¥s. The typical time scale of this process is 10717s.
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Weak interactions

The SU(2) isopin symmetry imparts left handed fermions with I3 = &+ 1/2 paired up
to form a doublet (v, er). Particles in these doublet interact via W and Z bosons.
Weak force is mediated by W and Z bosons and is experienced by particles carrying
weak hypercharge Y. Left handed fermions have Y=-1 and weak force experienced
is proportional to Y. The electric charge Q, I3 and Y are connected by Gell-Mann-
Nishijima formula

Q=ells + 3] 2)

As an example, electron has I3 =-1/2, Y=-1/2, hence Q=-e. In the SM, neutrinos
are massless and do not have right handed counterparts. Right handed counter-
parts of fermions like electron, muon do not participate in weak interaction; and are
represented as isospin singlets.

The heavy W and Z bosons, make a weak interaction a short range. As name
suggests, this interaction is weaker (and slower) compared to strong and electro-
magnetic interaction. A typical time scale of weak decay 7 — pTv, is 10 %s.

Electroweak symmetry breaking

At high energies, electromagnetic and weak force are unified and follow U(1)y ®
SU(2)1, symmetry. The vy, W, W~ and Z 0 are the mass states obtained from linear
combination of four gauge fields, B* associated to U(1) symmetry and W/ (i=1, 2,
3) associated to SU(2) symmetry.

Wt = (W, —iWa)/V/(2) (2.3)
W~ = (W1 +iW)/\/(2) (2.4)
Z° = —Bsinfy, + Wzcosby, (2.5)

~ = Beosty, + Wasinf,, (2.6)

Here 0,, is called weak mixing angle. Photon is massless while W+ and Z° are
heavier. The origin of mass asymmetry between mediators of electromagnetic and
weak force (so called "electroweak symmetry breaking") is explained by Higgs mech-
anism.

Higgs mechanism

In the SM, force mediators B*, Wi“ and gluons are expected to be massless, as a naive
introduction of mass term in SM lagrangian, breaks local gauge symmetry. But in
reality, W= and Z° particles are found to be massive [29-31]. To explain the masses
of SM heavy bosons (and fermions), the SM lagrangian is extended to include Higgs
field with quartic potential [32, 33]. This potential has nonzero minimum (called
vaccum expectation value). Expansion of SM lagrangian about minimum of poten-
tial leads to spontaneous symmetry breaking and gives rise to massive electroweak
bosons.

Before spontaneous symmetry breaking, there is a massless B* gauge field asso-
ciated to U(1)y symmetry (2 degrees of freedom (dof) associated to two transverse
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polarizations), and three massless W/ fields associated to SU(2);, symmetry (6 dof).
For spontaneous symmetry breaking, Higgs field takes a complex scalar doublet
form (4 dof). Thus in total, there are 12 degree of freedom. Interaction of Higgs
field with SM lagrangian, gives rise to a real scalar Higgs boson (dof 1), W/} and B*
mix to give three massive vector bosons (WW* and Z°) (dof 9; two transverse and one
longitudinal polarization associated to each boson) and one massless photon (dof 2).
Thus, total degrees of freedom is preserved after spontaneous symmetry breaking.
Coupling of Higgs field with fermions is proportional to mass and hence strongest
for the top quark, followed by weak gauge bosons.

2.2 Limitations of the SM

The SM is immensely successful in explaining fundamental nature of the world
around. With Higgs discovery in 2012, the SM is complete in its elementary par-
ticle constituents. But some questions are still unanswered by SM.

* Out of four known fundamental forces, gravity, electromagnetic, weak and
strong, SM has explanation only for electromagnetic, weak and strong, while
gravity is not incorporated yet. It is postulated that gravity can become com-
parable to strengths of other three forces at energy as high as GUT scale (10'°
GeV). The SM has no explanation for why and how this is the case.

e Based on astronomical observations, it is known that not all visible matter in
universe can explain rotation curve of galaxy, instead there should be an extra
matter (which is invisible by all means so far) distributed from galaxy centre
to its halo to explain this curve [34]. This invisible matter (also called “dark
matter”) is supposed to have no interaction other than weak force. The SM
has no candidate, which can explain this significant abundance of dark matter.

* Experimentally detected Higgs boson has mass 125 GeV [8, 9]. But considering
quantum loop corrections to Higgs mass (from SM fermion coupling to Higgs
field), Higgs mass can go as high as the Planck mass scale. For Higgs boson
mass to be stable at 125 GeV, very high fine tuning in mass is needed. Thus SM
does not satisfactorily explain Higgs boson mass at 125 GeV [35-38].

With these limitations in mind, many beyond SM theories are proposed to over-
come drawbacks of SM. One of such theory is Supersymmetry or SUSY.

2.3 Supersymmetry

Supersymmetry is a theory which maps every fermion to boson and vice versa. Thus
each SM particle has one superpartner. Superpartners of quarks and leptons, are
called with prefix “s” to their SM counterparts (e.g. sup, selectron), while part-
ners of gauge bosons are called with postfix “ino” to names of SM counterparts (e.g.
guagino, wino). Each SUSY particle is denoted with “tilde” on symbol of their SM
counterparts. In SUSY world, instead of single particle states, one has to deal with
(super)multiplets of particle states.

Only chiral supermultiplets can contain fermions whose left handed parts trans-
form differently than right handed parts. Hence all SM fermions should be member
of chiral supermultiplet. As an example, partner of left and right handed Dirac elec-
tron, will be left and right handed components of selectron, ez, and er. Similar is the
case with other leptons and quarks.
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It is observed that SM Higgs scalar boson should be a part of two Higgs chiral
supermultiplets. This is because, a doublet with weak hypercharge Y=1/2 can only
give mass to up-type quarks with charge +2/3 and a doublet with Y=-1/2 can give
mass to down type quarks with charge -1/3. These doublets are denoted as (H,!,
HY) and (HY, H;). A physical SM Higgs boson is a linear combination of H? and
HO.

The vector bosons of the SM reside in gauge supermultiplets. Every gluon has
associated gluino, to form spin 1/2 color-octet. The electroweak gauge symmetry
SU(2)r, ® U(1)y is associated to W}, B* and also to their superpartners called wino
and bino. After electroweak symmetry breaking, bino, a neutral wino and two neu-
tral Higgsinos combine to form four physical mass states, called neutralinos (Y?
where i=1..4), while two charged winos and two charged Higgsinos combine to form
four charged mass states, called charginos (Y where i=1,2). This is called minimal
supersymmetric extension of the SM spectrum (MSSM) where there are superpart-
ners like higgsino, wino, zino, together with all squarks and sleptons [39-41].

TABLE 2.3: Chiral supermultiplets in MSSM

Name spin 0 spin1/2
squarks, quarks  (ur, EZ) (ur, dr)
UR UR
dr dr
sleptons, leptons (v, er) (v,er)
€R R

Higgs, Higgsino  (H,,HY) (Hi ,HO)
(H, Hy) (Hy HY)

TABLE 2.4: Gauge supermultiplets in MSSM

Name spin1/2 spinl
gluino, gluon g g
wino, W bosons W/ wi
bino, B boson B B*

The SM fermion (f) coupling —\ s H f f induces one loop correction to Higgs mass:

Amj = —2XA7A? (2.7)

Similarly, a scalar (S) coupling —\s|H|?|S|? induces one loop correction to Higgs
mass:

Am?% = A2 (2.8)

If the new physics is such that each quark and lepton of the SM were accom-
panied by two complex scalars having the same Higgs couplings of the quark and
lepton (A5 =|Af]?), A% term will automatically cancel and the Higgs mass would be
stabilized at its tree level.



24. R parity 11

At lower energies, coupling strength of interaction is maximum for strong, mini-
mum for weak and intermediate for electromagnetic. With energy, coupling strengths
of strong, electromagnetic and weak interactions vary. Extrapolation of strengths to
higher energies show that, with a set of existing SM particles, the three gauge cou-
plings become of comparable strength only approximately. In other words, unifi-
cation of strong, electroweak forces will not be exact. But if one just allows for the
MSSM, the extrapolation of three gauge couplings with energy meet exactly at one
point, called GUT scale and also will let proton decay rate to be compatible with
present experimental bounds.

In MSSM, gauge interactions of sleptons and squarks are expected to be similar
to SM quarks and leptons, that is, left handed squarks couple to W bosons but right
handed squarks do not. Chargino and neutralino are mass eigenstates formed after
superposition of gauge eigenstates wino, bino and higgsino. Neutralinos which are
the lightest supersymmetric particle, are considered to be stable and only weakly in-
teracting, and hence is a favored dark matter candidate. These prospective outcomes
of supersymmetry, make it attractive to search for at the colliders.

24 R parity

In the SM, baryon number (B) conservation does not allow decay of proton to any
other lighter particle, as proton is the lightest baryon. But unlike stability of electron,
which is ensured by local gauge symmetry associated with photon field, there is
no fundamental symmetry to ensure baryon number conservation. Due to this, in
the MSSM, baryon number and lepton number are not supposed to be conserved
separately. As a result, decay of proton to (e*,7”) will be allowed in the MSSM.
But experimental observation is that proton is stable and current limits on proton
decay is about 103 years [42]. To keep proton decay intact even in supersymmetric
extension of SM, a new quantum number called “ R parity” is defined [43, 44].

Pr = (_1)3(B—L)+2s (2.9)

Here B, L and s are respectively baryon number, lepton number and spin of a
particle. All SM particles have Pr even. Their supersymmetric partners will have
odd P R-

Another consequences of R parity conservation will be:

¢ in proton-proton collision, SUSY particles should be produced in pairs.

¢ decay of each SUSY particle should have odd number of SUSY particles at each
stage of decay chain.

2.5 Simplified models

In this thesis, SUSY models conserving R parity are investigated. For the interpreta-
tion of results, the models are considered in which either gluinos or squarks are pro-
duced in pairs in a proton-proton collision. Figure 2.1 shows representative strong
SUSY production scenarios considered in this search [45-49]. The names of these
simplified SUSY models are adopted in such a way that they define the sequence
of production and decay of particles. Each of these models assumes that all other
SUSY particles, except those appearing in diagrams, are very heavy and not acces-
sible at the LHC. Also the decay chain as specified in the model is assumed to have
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100% branching ratio. Looking into such topology featured simplified models allow
results to be interpreted for many realistic scenarios. Following are the details of the
models considered.

e Titttt, T1bbbb, Tlqqqq - T1 refers to scenarios with gluino pair production.
For example, T1tttt represents a decay chain where gluino has decayed to t¢
and V. Similarly, T1bbbb and T1qqqq respectively represent decay to bb and
light flavoured ¢q in association with 9.

e T2tt, T2bb, T2qq - T2 refers to squark-antisquark pair production. In T2tt sce-
nario, top squark-antisquark decay to their SM counterparts along with Y!. In
a similar way, T2bb and T2qq refer to production and decay of bottom and
light flavoured squark-antisquark pair respectively.

¢ T5qqqqVV- T5 model again refers to gluino pair production, which decay to
light flavoured ¢g but now in association with next-to-lightest neutralino X3 or
chargino Yi. The probability for decay to X3, ¥ and X is assumed to be 1/3
each. The XJ and X7, further decay to Z or W boson and 9.

These models may or may not have leptons in the final state. The search de-
scribed in this thesis only looks into zero lepton final state, i.e. the heavy quarks
and bosons are only allowed to decay in hadronic final state. Depending on whether
there is gluino or squark-antisquark pair production, these scenarios can populate in
high or low jet multiplicity regions respectively. End product of each decay chain has
neutralino as Lightest Supersymmetric Particle (LSP), which is stable and weakly
interacting, hence can be a viable dark matter candidate. The presence of LSP in col-
lision events leads to a distinctive signature of large missing transverse momentum
(pss or MET). As will be discussed in chapter 7, this analysis has achieved exclusion
of gluino mass to 2180 GeV, 2310 GeV, 2030 GeV for T1tttt, T1bbbb and T5qqqqVV
scenarios and squark mass exclusion to 1190 GeV, 1220 GeV and 1630 GeV for T2tt,
T2bb and T2qq scenarios respectively.
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FIGURE 2.1: Representative diagrams of gluinos and squark pair pro-
duction in rowwise left to right ordering: T1tttt, T1bbbb, T1qqqq,
T5qqqqVV, T2tt, T2bb and T2qq
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Chapter 3

Experimental set up and event
reconstruction

This chapter gives an overview of the experimental set up used to create the pp col-
lisions at the LHC, and to collect the collision data by the CMS detector. With each
subdetector system optimized for its purpose, the chosen experimental set up is effi-
cient in inferring physics processes which possibly took place as the proton bunches
collided. Nevertheless, assessing the data quality is a crucial step before analyzing
it for the physics motivation under consideration. Later part of this chapter tries to
give glimpse of challenges with multijets + p® search, and how detector related
anomalies were identified and rejected in data taken during various phases of Run

2 operations.

3.1 The LHC as an accelerator and a collider

The LHC [50] is operated by European Organization for Nuclear Research (CERN).
This underground experiment is running at 27 km diameter circular tunnel in the
Geneva region near Switzerland and France borders. Two proton beams, each with
a centre of mass (CM) energy 6.5 TeV are collided at a designed luminosity (£) of
103*em 2571, Each proton beam is like a train of proton bunches, where consecutive
bunches are separated by about 25 ns in time. Each proton bunch has about 10!
protons and is flying almost close to speed of light.

3.1.1 Acceleration and bunch formation

The procedure of getting relativistic protons uses a chain of multiple accelerators
each of which is designed to increase their energies in specific range before passing
on the protons to the subsequent stage. At first, protons are extracted from hydrogen
gas by applying very high voltage and sent to Radio Frequency (RF) cavity, where
protons get focussed and assembled to form bunches. The RF cavity increases en-
ergy of protons from 90 keV to 750 keV. After that, energy of protons is increased
successively through accelerators LINAC2 (50 MeV), Proton Synchrotron Booster
(PSB) (1.4 GeV), Proton Synchrotron (PS) (25 GeV), Super Proton Synchrotron (SPS)
(450 GeV), and finally the LHC (6.5 TeV). Fig. 3.1 shows a sketch of the CERN accel-
erator complex.

3.1.2 Parton-parton interaction at collision point

With a spacing of 25 ns or 7.5 meters, 3546 proton bunches are possible across the
LHC ring of 27 km. Out of these only 2808 are filled while others are kept empty
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CERN's accelerator complex
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FIGURE 3.1: The CERN accelerator complex

for ejection of used proton beam once instantaneous luminosity has gone below cer-
tain threshold and also to guarantee safe dumping of beam in case of problems. At
/s =13 TeV, proton-proton inelastic collision cross section (gipe) is 80 mb (cross sec-
tion for elastic and diffractive processes do not contribute as their output is hardly
possible to fall within detector coverage). As a result, average number of inelastic
proton-proton collisions (pp) per bunch crossing expected (after all 3546 bunches are
crossed) are about 16.

L X 0inel X bunch separation x fraction of filled bunches =

2808
3546

103%em 2571 x 80mb x 25ns x =16

This number is very close to the mean of average pp interactions per bunch cross-
ing observed in year 2015 (< p >) as shown in fig. 3.2 (right). With dedicated work
by experts on how to increase number of bunches in a single proton beam, how to
squeeze the beam to have smaller area and what should be beam crossing configu-
ration, the LHC by end of Run 2 could attain the instantaneous luminosity double
of its nominal value, it had started with, as shown in fig. 3.2 (left).

As proton is a composite structure made up of quarks and gluons (collectively
called partons), energy of interacting partons (Q?) is different from centre of mass
energy of the pp system. Parton Distribution Function (PDF) decides probability
of fraction of proton energy carried by a parton, and hence the energy available
in a parton-parton interaction to produce the SM or new particles. A hard collision
event is the one where partons which interact are energetic enough to produce heavy
particles. The probability to have hard collision increases with Q2.

For a given bunch crossing, more than one pair of partons can undergo a hard
interaction. The one with the maximum momentum transfer between the partons
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is referred as “primary interaction vertex” or “primary vertex”, while the others are
called “pile up” interaction vertices. The particles produced in the pile up interac-
tions result in undesired overlap with those produced in the primary interaction,
and is called “in-time pile up”. Another source of undesired overlap is “out-of-time
pile up”, where the outcomes of two consecutive bunch crossings get mixed up if
signal capturing by detector is not fast and extends beyond 25 ns by when the next
bunch crossing takes place. Both the “in-time” and the “out-of-time” pile up pose
challenges at the time of acquisition of data (real time or online) and its analysis (of-
fline). The LHC was designed to have on average 25 proton-proton interactions per
crossing. But, as shown in fig. 3.2, average pp interactions during Run 2 were about
34 [51], with a large variation across years and also during data taking in single year.

CMS Integrated Luminosity Delivered, pp, vs = 13 TeV CMS Average Pileup (pp, Vs=13 TeV)
Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC 6000 6000
00 — 2015,42 D 100 B = Run li: <> = 34
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FIGURE 3.2: Integrated luminosity and average pile up during Run 2

The two proton beams, after being fully accelerated, are made to cross each other
at four collision points across the LHC ring, and the outcome of collision is recorded
by detectors surrounding these beam crossing points, namely the CMS, ATLAS, AL-
ICE and LHCb. The CMS and the ATLAS are general purpose detectors, with max-
imum spatial coverage around the interaction points. A Large Ion Collider Exper-
iment (ALICE) is designed to study heavy ion physics and the Large Hadron Col-
lider beauty experiment (LHCb) uses a specialized detector to study flavor physics
(mainly hadrons containing b-quarks).

3.2 The CMS detector

A perspective view of the CMS detector is shown in fig. 3.3. Silicon based pixel and
strip tracker surrounds the pp interaction point and provides precise momentum
measurement of charged tracks using bending of trajectories in high magnetic field.
Tracker covers 5.8 m in length and 2.5 m in diameter. Outside tracker sits electro-
magnetic and hadronic calorimeters, which have a role of energy measurement by
fully absorbing incoming energetic particles. Electromagnetic calorimeter is special-
ized for energy measurement of electrons and photons, while hadron calorimeter
plays a crucial role in jets and p'** measurement. The assembly of tracker, electro-
magnetic and hadronic calorimeter sits inside a bore of superconducting solenoid,
which provides the high magnetic field (3.8 T) necessary for bending of charged
particles, especially muons. Muons do not shower inside calorimeter, hence only
track measurement is possible for them. Also the highly energetic muons fly almost
straight in the detector, hence a large bending power is needed for a good track mea-
surement. Muon chamber is the outermost component of this detector and helps to
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make muon momentum measurement precise in association with inner tracker mea-
surement. With all these subdetectors in place, overall dimensions of CMS detector
becomes, length 21.6 m, diameter 14.6 m and weight 12500 tonne.

Superconducting Solenoid
Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Electromagnetic

A \\ V) "\ A
Calorimeter ﬁ \ ) \ \ é\ Muon
SN Detectors

Compact Muon Solenoid

FIGURE 3.3: CMS detector perspective view

The common nomenclature associated with direction and four momentum of
particles in CMS detector are as given in table 3.1

TABLE 3.1: CMS detector nomenclature

Nomenclature Description

Origin Nominal collision point

x-axis radially inward pointing LHC centre
y-axis vertically upward

z-axis along beam direction

r /.CEZ + y2

o) in x-y plane with respect to x

0 with respect to +z axis
Pseudorapidity n -In(tan(#/2))

Energy and momentumin  pr and Et
transverse direction

Imbalance of momentum in  p*or MET
transverse direction

3.2.1 Solenoid

Superconducting magnet is an electromagnet made from coils of superconducting
wire Niobium-Titanium (NbTi). They have zero electrical resistance (when cooled
down to few kelvins), hence can carry extra high currents to generate very large
magnetic field.
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Higher the momentum of particle, lesser is the bending of track (Lorentz force
law: mv=qgBr) which degrades the momentum resolution. Thus a large bending
power is especially needed for precise momentum measurement of highly ener-
getic charged particles, mostly produced in decay of heavy bosons. The individual
hadrons within jets and electrons from heavy boson decays are not as challenging
as muons for precise momentum measurement due to relatively low momentum of
hadrons within jets while electomagnetic shower due to electrons and photons are
short and get contained within electromagnetic calorimeter. Muons do not undergo
shower to deposit their energy in calorimeter, hence relies only on track momentum
measurement. Thus superconducting magnet best serves for the purpose of precise
momentum measurement across MeV to TeV energy range.

The CMS superconducting solenoid is 13 m long, has 6 m inner diameter and
provides 4T field. Bore of coil accomodates the inner tracker and the calorimetry
inside. A 12 Tm bending power is achieved before muon is measured in muon
system. Muons in final state provide a clean signature, as they do not undergo
bremsstrahlung. Hence, it is advantageous to have a very good momentum reso-
lution. The bending power of a solenoid is such that inner tracker along with muon
chamber improves momentum resolution of tracker alone system from 60% to 8% in
0 <7 < 0.8 region and 50% to 16% in 1.2 < n < 2.4 region as shown in Figure 3.4.

3.2.2 Tracker

The CMS tracking system is made up of silicon as active material. The foremost
tracker encountered by particles produced at pp interaction is pixel detector. The
pixel detector has three barrel pixel layers at radii of 4.4, 7.3 and 10.2 cm. On both
sides of these pixel layers, there are disks of pixel modules on either 7 sides. The
pixel detector delivers three high precision space points on each charged particle tra-
jectory. The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. This region is formed using Inner Barrel and Disks (TIB/TID). The TIB/TID
system delivers up to 4 r-¢ measurements: a single point resolution of 23 ym and
35 um for first two and a third layer respectively. The TIB/TID is surrounded by
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Tracker Outer Barrel (TOB). It has an outer radius of 116 cm and consists of 6 barrel
layers. They provide 6 r-¢ measurements with single point resolution of 53 ym and
35 pm, respectively for first four and last two layers. The TOB extends in z between
+118 m. Endcap tracking detectors (TEC+ and TEC- where the sign indicates the
location along the z axis) cover the region 124 cm < [z| <282 cm and 22.5cm < 1|
< 113.5 cm. Average pitch of these strips is about 184 ym. Fig. 3.5 has schematic
sketch of tracker.
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FIGURE 3.5: Tracker with different modules

A precise measurement of secondary vertices and impact parameters (section
3.3.4) is necessary for the efficient identification of heavy flavour particles (or quarks)
which are produced in many of the interesting physics channels. This is where high
granularity tracker helps. Tracking information is also heavily used in the high level
trigger (HLT) of CMS, which has to do the job of reducing the event rate of L1 trigger
output (100 kHz) to 0.5-1 kHz event rate to be written to the tape for permanent stor-
age (section 3.4). The choice of detector technology is based on occupancy level. The
pixelated detectors at radius<10 cm with dimension 100x150 pm? keep occupancy
about 10~* per pixel. Silicon micro strip detector at 20<r<55 cm of dimension 10
cmx 80 um has 2-3% occupancy per cell. The outer tracker has 500 ym thickness sili-
con as opposed to the 320 um in the inner tracker. Thicker sensors would in principle
have a higher depletion voltage. But since the radiation levels in the outer tracker
are smaller, a higher initial resistivity can be chosen such that the initial depletion
voltages of thick and thin sensors are in the same range of 100 V to 300 V.

3.2.3 Electromagnetic calorimeter (ECal)

For electrons and photons of energies of order of few GeV, bremsstrahlung and pair
production are dominant mechanisms of energy loss inside material respectively.
This leads to a cascade of secondary electron-positron pairs and photons, which is
called an electromagnetic (EM) shower. The objective of ECal is to measure energy
of incoming electron or photon by total energy deposition inside detector through
electromagnetic shower. The characteristic lengths of electromagnetic shower are
radiation length (X() and Moliere radius. The X is the longitudinal distance along
shower development in which incident electron losses 1/e of incident energy by
bremsstrahlung and is equal to 7/9 of photon’s free path of pair production. Moliere
radius defines distance transverse to shower development, such that a cylinder of
Moliere radius has 90% of energy of electromagnetic shower contained.
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FIGURE 3.7: ECal barrel assembly in terms of crystals, modules and
supermodules

In CMS, ECal is a homogeneous calorimeter made up of Lead tungstate (PbW Oy)
scintillating crystals. Central barrel is made up of 61200 crystals, while each endcap
is made up of 7324 crystals. High density (8.28 g/cm?), short radiation length (0.89
c¢m) and small Moliere radis (2.2 cm) of these crystals make detector fine granular
and compact. Response time is such that 80% of the light is emitted in 25 ns; which
is consistent with proton bunch crossing. Peak emission wavelength is at 420-430
nm. There is total internal reflection inside the crystal for optimum light collection
on the photodetector. In case of barrel, non-uniform light collection by barrel crystals
due to variation in length is corrected by making one side of crystal non-transparent.

ECal barrel

ECal barrel (EB) covers a range upto |7l < 1.479. Granularity in barrel is 360-fold in
¢ and (2x85) fold in 7, making total of 61200 PbW O, crystals. Each crystal makes
3° angle with respect to the vector from the nominal interaction vertex, in both the ¢
and 7 projections, so as to avoid passing a particle directly through cracks between
two crystals. Crystal front face cross section is 0.0174x0.0174 in 7 - ¢ plane (22x22
mm? at the front face of crystal, and 26x26 mm? at the rear face). Front face of ECal
crystal (or ECal start) is at 1.29 m and crystal length is about 25.8 X. Assembly in
ECal barrel is such that crystals are fitted into submodule and submodules are as-
sembled into modules (400 to 500 crystals). Supermodules are formed by combining
four such modules (1700 crystals). Eighteen supermodules, each with 20° in ¢ form
a half barrel. Figure 3.7 shows different components in assembly of ECal barrel.
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FIGURE 3.8: One “D” formed out of supercrystals which makes half
of each ECal endcap

ECal endcap

The ECal endcap (EE) extended the barrel coverage to 1.479 < Inl < 3.0. Crys-
tal front face cross section is 0.0174x0.0174 in 7 - ¢ plane (28.62x28.62 mm? at the
front face of crystal, and 30x30 mm? at the rear face). Crystals are arranged in x-y
grid pointing off-interaction point, making angle 2-8°. Front face of ECal endcap
envelope is at 315.4 cm from interaction point and crystal length is about 24.7 X,
Assembly in endcap is such that 5x 5 crystals make one supercrystal. Such 138 full
and 18 partial supercrystals make one “D” as shown in figure 3.8. Each endcap is
made up of two such “D”s.

Photodetectors

The scintillation light produced by passage of particles through ECal crystals is con-
verted to electronic signal by photodetectors located at the rear end of crystals. Re-
quirements on photodetectors are they should be fast, radiation tolerant and insen-
sitive to 4T magnetic field and particles passing through. Barrel uses avalanch pho-
todiodes with active area of 5x5 mm?. A pair of them is mounted on each crystal.
Gain is 50 at maintained temperature of 18° celcius. ECal endcap uses vacuum pho-
totriodes (VPT). Photomultipliers are having a single gain stage. An active area of
approximately of each VPT is 280 mm?. One VPT is glued to the back of each crys-
tal. The lower quantum efficiency and internal gain of the vacuum phototriodes,
compared to the avalanche photodiodes, make them appropriate for ECal endcap,
which has higher expected level of radiation.

Electronic readout

The on-detector electronics has been designed to read a complete trigger tower (5x5
crystals in 7-¢ or a super-crystal for EB and EE respectively). The signal is shaped
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by a multi-gain Pre-Amplifier and digitized by 40-MHz analog to digital converter
(ADC). The digitized data are stored during the Level-1 trigger latency (the delay
before a transfer of data begins) of about us. The full ECal data for an event, if
all channels are read out, exceeds the allocated target of 100kB/event for ECal by
a factor of nearly 20. Reduction of the data volume is done by selective read-out
based on energy with respect to various thresholds (Et). Algorithm is based on
categorization of trigger towers based on energy (if in barrel).

If a trigger tower belongs to the high interest class (E > 5 GeV) then the crystals
of this trigger tower and of its neighbour trigger towers (225 crystals in total in the
barrel case) are read with no zero suppression. If a trigger tower belongs to the
medium interest class (E1 > 2.5 GeV), then crystals of this trigger tower (25 crystals
in the barrel case) are read with no zero suppression. If a trigger tower belongs to
the low interest class and it is not the neighbour of a high interest trigger tower, then
the crystals in it are read with zero suppression at about 30.

3.2.4 Hadronic calorimeter (HCal)

The objective of HCal is measurement of hadron jets and which also lead to measure-
ment of pfis . HCal barrel is radially restricted by outer extent of the ECal (r = 1.77
m) and the inner extent of the magnet coil (r = 2.95 m). To compensate for the lim-
ited radial extent of HCal barrel, there is Outer HCal (HO) calorimeter (tail catcher)
outside solenoid. Beyond |7l = 3, the forward hadron calorimeters are placed at
11.2 m from the interaction point.

HCal barrel (HB)

HCal barrel plays significant role in new physics searches like SUSY (particularly
searches with all hadronic final states), where large number of high pr jets are ex-
pected mostly in central barrel region. As hadronic showers are longer in length,
HCal barrel is designed to have a depth of more than 5\ at 7=0. The depth in terms
of s is extended further using HO, which is discussed in following section. There
are 36 (18+18) identical azimuthal wedges which form HB+ and HB-in In| =1.3.
Wedges are constructed out of flat brass absorber plates, where “layer 1” is on inside
of LHC ring. Each wedge is divided into four ¢ divisions such that 18 x4=72 cover
2xm (Fig.3.9) . Table 3.2 shows various layers inside a wedge.

TABLE 3.2: Layers in HB wedge

layer material thickness
front plate steel 40 mm
1-8 brass 50.5 mm
9-14 brass 56.5 mm
back plate steel 75 mm

Scintillators used as an active medium, which are placed in between brass plates.
Plastic scintillators are divided into 16 7 sectors, resulting in a segmentation (An,A¢)
= (0.087,0.087). The 16th 7 sector overlaps with HCal endcap. Scintillator tiles of a
given ¢ layer (i.e. 16 ) sectors) are grouped into a single mechanical scintillator tray
unit, which corresponds to one readout.
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FIGURE 3.9: 18 wedges forming HB+ / HB-

Each wedge has 17 scintillator layers in depth; of which layer 0 and 16 have
thickness of 9 mm, while layers 1-15 have 3.7 mm thickness. Layer zero is to sample
hadronic showers developing in the inert material between the EB and HB, while
layer 16 serves to correct for late developing showers leaking out the back of HB.
Light from each tile is collected with a 0.94-mm-diameter green double-cladded
wavelength-shifting fibre. After exiting the scintillator, the wavelength shifting fi-
bres (WLS) are spliced and go to an optical connector at the end of the tray and then
transferred to a hybrid photodiode (HPD).

HCal endcap (HE)

This covers 1.3 < Inl < 3.0. The C26000 cartridge brass is used as absorber as it is
nonmagnetic, high radiation tolerant and has good mechanical properties. Brass
plates are 79-mm-thick with 9-mm gaps to accommodate the scintillators. Total
length including ECal endcap become about 10\. Trapezoidal shaped scintillators
have grooves in which WLS fibres are inserted. The granularity of the calorimeters
is (An,A¢)=(0.087,0.087) for In| < 1.6 and (An,A¢)=(0.17,0.17) for Inl > 1.6. Figure
3.10 shows 7n-¢ segmentation in HE.

Outer calorimeter (HO)

HO utilises the solenoid coil as an additional absorber and is used to identify late
starting showers and to measure the shower energy deposited after HB. The mag-
netic field is returned through an iron yoke designed in the form of five 2.536 m wide
(along z-axis) rings. The HO is placed as the first sensitive layer in each of these five
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FIGURE 3.12: Improvement in pion energy resolution after using HO
in addition to HB

rings. Location of rings in terms of z coordinates is -5.342 m, -2.686 m, 0, +2.686 m,
+5.342 m (Fig. 3.11). As HB thickness is smaller at =0, ring 0 has HO scintillators at
radial distances 3.82 m and 4.07 m on either side of iron. For other rings, scintillator
is only at a radial distance of 4.07 m. Tiles in HO are such that they map to towers in
HB of granularity 0.087x0.087 in 1 and ¢. HO helps to recover the effect of shower
leakage as shown in Fig. 3.12.

Forward calorimeter (HF)

The HF covers eta range of 3.0 < Inl < 5.2. Low pr jets are mostly abundant in
this region. As this eta region is beyond ECal and tracker coverage, jets and p/ss
measurement in forward region relies only on this calorimeter section.

Forward hadron calorimeter is designed with the requirement that both active
and passive material should survive harsh radiation conditions. This led to choice
of quartz fibre (fused-silica core and polymer hard-cladding) as active medium.
Charged particles above the Cherenkov threshold (E > 190 keV for electrons) shower
and generate Cherenkov light. Only light that hits the core-cladding interface at an
angle larger than the critical angle (71°) contributes to the calorimeter signal. The fi-
bres measure about 600 ym in diameter for fused silica core. Over 1000 km of fibres
are used in the HF calorimeters. A steel absorber structure is composed of 5 mm
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thick grooved plates. Fibres are inserted in these grooves. There are two sets of fi-
bres; half run over the full depth of the absorber (165 cm), while the other half starts
at a depth of 22 cm from the front of the detector. Electromagnetic showers are short
in length, hence a large fraction of their energy is in the first 22 cm. Hadron showers
are longer enough and deposit almost equal energy in both segments. This allows
to measure electromagnetic and hadronic showers. The front face of the calorimeter
is located at 11.2 m from the interaction point. Fibres run parallel to the beam line,
and are bundled to form 0.175x0.175 towers in 7, ¢. Light is guided through air-core
light guide, which has highly reflective (>90% at desired angle) lining to direct it in-
side of a hallow tube and then reach to photocathode. Photomultiplier tubes (PMTs)
are used to convert the light signal to electronic measurement.

3.2.5 Muon chamber

Muon chambers have objective of muon identification, momentum measurement
and triggering. Good muon momentum resolution and trigger capability is enabled
by the high-field solenoidal magnet and its flux-return yoke. Barrel system has drift
tubes which cover |7 < 1.2. Four muon stations are interspersed among the layers
of the flux return plates. Out of four stations, one is inside the yoke, 2 additional
layers embedded within the yoke and the other is outside. First three stations have
8 chambers; in two groups of four. Four chambers measure the muon coordinate in
the r-¢ bending plane, and other 4 chambers provide a measurement in the z direc-
tion. The fourth muon station does not contain the z-measuring planes. A drift-tube
(DT) chamber is made of 3 (or 2) superlayers (SL), each made up of 4 layers of rect-
angular drift cells staggered by half a cell. The SL is the smallest independent unit
of the design. Dead spots are avoided by such overlap of half a cell width. One
SL, that is, a group of 4 consecutive layers of thin tubes in staggered geometry gives
excellent time-tagging capability and provides a time resolution of a few nanosec-
onds. The constraints of mechanical stability, limited space, and the requirement of
redundancy led to the choice of a tube cross section of 13x42 mm?.

In endcaps, muon rates and background levels are high, and magnetic field is
nonuniform. Due to these challenges, Cathode Strip Chambers (CSCs) are used in
endcaps, which are multiwire proportional chambers comprised of 6 anode wire
planes interleaved among 7 cathode panels. CSCs identify muons in range 0.9 < |7
< 2.4. In the endcap-barrel overlap range, 0.9 < Il < 1.2, muons are detected by
both the barrel drift tubes (DT) and endcap CSCs. A muon in the range 1.2 < Inl <
2.4 crosses 3 or 4 CSCs. There are four stations of CSCs in each endcap. Chambers in
each station are positioned perpendicular to the beam line and interspersed between
the flux return plates. Cathode strips of each chamber run radially outward and
provide a precision measurement in the r-¢ bending plane. Offline reconstruction
efficiency of simulated single-muon samples is typically 95-99% except in the regions
around | 7n1=0.25 and 0.8 (between 2 DT wheels) and |7 |=1.2 (transition between
the DT and CSC systems), where the efficiency drops. Figure 3.13 shows one quarter
view of muon chamber. A fast dedicated muon trigger device based on Resistive
Plate Chamber (RPC) is used to identify the relevant bunch crossing to which a muon
track is associated even in the presence of the high rate and background expected
at the LHC. RPC is a basic double-gap module consisting of 2 gaps, operated in
avalanche mode. The RPC is capable of tagging the time of an ionising event in a
much shorter time than the 25 ns with adequate spatial resolution.
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FIGURE 3.13: Muon chamber quarter view

3.3 Event reconstruction

As the various particles produced in a collision event traverses through the detector
material, the energy deposited by them is converted into an electronic signature and
recorded for further analysis. The next task is to convert these raw information into
meaningful physics objects which can be further analyzed to understand the colli-
sion event in which these originated. The CMS uses a Particle Flow (PF) algorithm
for event reconstruction [52], where information from all subdetectors is optimally
combined and used for object reconstruction. The signature of various detector level
objects can be simplistically summarized as follows:

¢ Electron: a track in tracker, energy deposit in ECal

* Photon: no track in tracker, energy deposit in ECal

Muon: track in tracker, muon chamber

Charged hadron: track in tracker, energy deposit in ECal and HCal

Neutral hadron: no track in tracker, energy deposit in ECal and HCal

Neutrino (or other weakly interacting particle): no signature in detector; im-
balance in total transverse momenta

3.3.1 Track reconstruction

Every charged particle passing through a magnetic field gives rise to a bent trajectory
in tracker in form of hits. Track reconstruction is done using iterative tracking [52]. It
starts from a set of three or four hits as far from interaction point as possible to avoid
confusion of nearby tracks, followed by extrapolation. If there are hits in chamber,
within window of extrapolation error, extrapolation continues otherwise not. Once
a track is reconstructed, the hits corresponding to that track are not considered for
the next iteration. Curvature of a track can be used to get charge and momentum
of a particle. As tracker is made up of light material (small atomic number), energy
loss associated with production of hits in tracker is generally small. However, the
support structure adds to the material budget which results in conversion of photons
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to e* pair and bremsstrahlung radiation for electrons. These effects are accounted
for in the momenta and position reconstruction of these particles.

3.3.2 Energy reconstruction in calorimeters

Electrons, photons and hadrons deposit most of their energies in ECal and HCal re-
spectively, which are made up of heavy material like PbW O, and brass. Electrons
and Photons loss energy by electromagnetic shower [53]. In electromagnetic show-
ers (EM), electrons with energy above critical energy (where rate of energy loss by
radiation and ionization become equal) travel one radiation length and give half of
their energy to bremsstrahlung photon. Similarly a photon travels one radiation
length and undergoes pair production with each created particle receiving half of
its energy. Electrons below critical energy cease to radiate and ionization becomes
the major energy loss mechanism. For photon, minimum energy required for pair
production is 2m.c?. Below that energy, compton scattering and photoelectric effect
become dominant energy loss mechanisms. Electromagnetic showers are short and
hence electrons and photons stop in ECal by depositing all of their energy. Hadron
showers start with nuclear interaction. They have hadronic as well as purely elec-
tromagnetic components. Hadronic component is made up of protons, neutrons,
charged pions etc. Electromagnetic component starts with ¥ decay to pair of pho-
tons, which further continues through pair production and bremsstrahlung of elec-
trons. Hadronic showers are longer and deposit their energy both in ECal and HCal,
before getting stopped. The difference in length scale of hadronic and EM shower
provides ability to distinguish between particles.

Particle Flow (PF) reconstruction

The objective of calorimeter energy clustering is to detect energy from neutral par-
ticles and separate them from charged energy deposits. During Particle Flow (PF)
reconstruction [52], separate clustering is done in each subdetector. No clustering is
in HF (each cell gives one cluster). Clustering starts with local energy maximum, and
grown such that at least one boundary of cell is shared with already existing cluster
and has energy above threshold. For linking a cluster to track, a tangent is drawn
from intersection point of charged track to tracker layers. This tangent is extrapo-
lated to ECal. A cluster is linked to a track if extrapolated tangent position is within
cluster boundaries. This way a bremsstrahlung photon energy cluster is linked to
electron track. The output of PF algorithm is a list of PF candidates, namely, PF Elec-
tron, PF Muon, PF Charged Hadron, PF Neutral Hadron and PF Photon along with
their position and four momenta coordinates.

3.3.3 Jet reconstruction

The quarks and gluons hadronize resulting in a spray or jet of particles. Exeprimen-
tally, momenta of these particles can be inferred by clustering the final state particles.
In CMS, we use Anti-kT algorithm with distance parameter R=0.4 (called AK4 jets)
[54, 55] for clustering. For a Particle Flow (PF) jet, input to jet clustering is a list of
PF candidates. The distance parameters used in this algorithm are as below:

5

dij = mz’n(pi?,pi?) X 7 (3.1)

dip = py; (32)
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Here A% is spatial separation between two PF candidates (ij):

AZ = \J(m — )% + (65— 6y)? (3:3)

and R=0.4 decides the size of AK4 jet in (,¢) plane. The pr weighting of spatial
distance ensures that clustering starts with highest pr candidate. A closest PF can-
didate is merged with this highest pr candidate only if the spatial distance between
two is A?j < 0.4, else this highest pr candidate is formed as an individual jet. For the
next iteration of clustering, a merged system from previous iteration is treated like a
new PF candidate. In this way, the process continues till all PF candidates are clus-
tered into jets. Towards endcap and forward region, HCal cells get bigger, which
results in lowered granularity and eventually resolution of jets. Jet reconstruction
efficiency is function of pr, it approaches unity at high pr . For soft jets, it is possible
that jets are discarded due to noise thresholds, hence efficiency is low there. Jet re-
sponse is made uniform by applying Jet Energy Corrections (JEC) dependant on pr
and 7 of jets. A typical jet has 65% of jet energy as charged particles, 25% as photons,
10% as neutral hadrons.

3.3.4 b-jet reconstruction

With a superior CMS tracker, identification of jets originating from the hadronization
of b-quarks is possible. The b-hadrons are hadrons containing b quark as constituent.
These b-hadrons have sufficiently long lifetime (in rest frame 1.5 ps) that they decay
to charmed hadron after traversing a finite distance. This leads to a displaced vertex
with respect to the primary vertex of collision. This displaced vertex is called a
“secondary vertex”. Combined Secondary Vertex based on deep neural network
(DeepCSV) is the algorithm used for b-jet tagging [56]. The csv based b-jet tagging
relies on distinct properties of b-hadrons like large proper life time, large impact
parameter (perpendicular distance between a back propagated track from secondary
vertex and primary vertex), large mass, decays to final states with high charged
track multiplicities (on average 5 charged tracks), large semileptonic branching ratio
(20% times b hadrons decay to electrons or muons). Variables described above are
combined into a single discriminating variable (CSV) using likelihood technique,
which is used for tagging.

3.3.5 MET (p¥*) reconstruction

By conservation of momentum, total momentum before and after proton-proton col-
lision should match both in longitudinal and transverse direction. Nonelementary
nature of proton, makes it difficult to know longitudinal momentum transferred dur-
ing collision on event by event basis. As net momentum in transverse plane before
proton-proton collision is zero, in a balanced event net momentum in transverse
plane after collision also should be zero. But, weakly interacting neutral particles
leave undetected in the detector. In such scenario, vector sum of all visible particles
in event does not add to zero. The p%iss is a measure of unbalanced prt in a trans-
verse plane to beam direction and is directed opposite to vector sum of pr of all
visible candidates in event [57]. However, any kind of malfunctioning of detector,
anomalies in event reconstruction or resolution effects of jets can give rise to high

piss  which can accidentally mimic signature of new physics or SUSY we are inter-
miss

ested in. Precise p'** measurement, is therefore, required in case of analyses having
weakly interacting particles in final state (e.g. neutralino), which have true source
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miss

of piiss  Section 3.5 discusses more on how handling the p2i* becomes challenging
and then how ensuring data quality becomes prime important.

3.4 Triggers

Trigger systems are indispensable components of the LHC experiments, and are
aimed to select the pp collisions of physics interest for permanent storage for further
detailed investigation [58]. With a collision rate of 40 MHz, and a typical collision
event recorded by the CMS detector corresponding to 1-1.5 MB, approximately 40-60
TB data is produced per second while the permanent storage is limited to the rate of
1-5 GB/s to write to tape. Most of the collision events correspond to mundane mul-
tijet production, and production rate of new physics particles and electroweak SM
processes is 5-6 orders of magnitude smaller. The concept of triggers allows to select
the events of interest in real time and lead to selective storage of collision events for
future investigations. The CMS trigger system does this event preselection online or
in real time at two levels - hardware based Level 1 (L1) trigger and software based
High Level Trigger (HLT).

3.4.1 L1 trigger

This is the first step of triggering where a preliminary event selection is done based
on crude energy measurements in calorimeters and muon candidates in muon de-
tectors. The CMS experiment does not yet use tracker information in L1-trigger.
Instead of using a complete event reconstruction, decision of selecting an event is
made based on presence of trigger primitive objects like electrons, photons, muons,
jets above a certain threshold and high p* in the event. The decision is conveyed
to front end electronics, where information from all subdetectors at the most granu-
larity and resolution is stored in buffers. If the decision of L1 is to store the event, the
raw data is passed to the next level of trigger. Due to such crude selection based on
reduced granularity, L1 manages to convey the decision within 3.2 s and to reduce
the event rate to about 100 kHz.

3.4.2 HLT trigger

The events selected by L1 trigger are passed to HLT, for the second level of data
compression. Unlike L1 where decision is made at hardware level, HLT uses sophis-
ticated algorithms to reconstruct the event using information from all sub detectors
and employ a Particle Flow algorithm. These algorithms are run parallelly on a com-
puting firm of around 5000 CPUs and the delivery of decision regarding whether to
store an event takes around 50 ms. The advantage of being software based is that
the thresholds can be adjusted even at the time of data taking depending on in-
stantaneous luminosity. As independent trigger paths are checked simultaneously,
sometimes the cross triggers with a cut on two or more independent physics objects
are used for further data compression. Another approach used for data compression
is “prescaling”. The trigger paths with low pr thresholds are maintained by setting
prescale “n” to the path. This ensures that every n-th event triggered is only stored.
This way, the event rate after passing through HLT is maintained to about 0.5-1 kHz,
which can be stored on data storage devices.
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3.5 Identification and rejection of events with large anoma-
miss

lous py

3.5.1 Data and MC inputs

In 2018, analysis is carried with full Run2 data equivalent to 137 fb~!. Data samples
and CMSSW versions used for reconstruction are as follow:

e 2016 : 17Jul2018 94XReReco (35.9 fbfl)
e 2017 : 31Mar2018 94XReReco (41.5 fbfl)
* 2018: 17Sep2018 102XReReco for runs A,B,C; PromptReco for run D (59.6 fb_l)

The details of various datasets along with corresponding luminosity are shown
in appendix A.
SM background samples used for three years are as below:

e 2016 : Summerl6 (94X MiniAODv3)
e 2017 : Fall17 (94X MiniAODv2)
e 2018 : Autumn18 (102X MiniAODv?2)

More details on each sample are given in appendix B.

These MC samples are used to provide relevant inputs for background estima-
tion strategies as will be discussed in following chapters. The samples are generated
using MADGRAPH5_aMC@NLO [59, 60] and parton showering and hadronization
is done using PYTHIAS [61]. For 2016, CUETP8ML1 tune [62] is used while for 2017
and 2018, CP5 tune [63] is used for underlying event modelling. The simulated back-
ground samples are normalized using most accurate available cross sections [59, 64—
73]. The cross sections used correspond to next-to-next-to-leading-order (NNLO)
calculation except for single top which used next-to-leading (NLO), QCD and v + jet
processes which used leading order (LO) cross sections. Detector response is mod-
elled using GEANT4 [74] based package (also called “FullSim”).

For signal MC, 94X Fast Simulation (FastSim) is used for 2016, 2017 and 102X Fast
Simulation is used for 2018. Signal samples are generated using MADGRAPH5_aMC@QNLO
at leading order (LO) and normalized using NNLO plus next-to-next-to-leading log-
arithmic (NNLL) cross sections [75-79]. Parton showering and hadronization are
done using PYTHIAS. For 2016, CUETP8M1 tune [62] is used while for 2017 and
2018, CP2 tune [63] is used. Detector response is described using CMS fast simu-
lation programme [80, 81]. FastSim corrections are applied to account for FastSim
against FullSim differences [82, 83].

3.5.2 Event cleaning to mitigate anomaouls large p7's

Before starting any physics study using collected data, it is important to have a good
understanding of data collected by detector to not get mislead by any false signal
in detector. Data quality monitoring (DQM) phase before making data available for
public usage, partially does this job; where data certification is done on weekly basis
using a set of data quality histograms, which are further assessed by offline shifters
and sub detector experts.
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FIGURE 3.14: Anomalous MET event rejection during event cleaning
[57]

But, even in a certified dataset, it is quite possible that certain anomalous MET
events are there, where MET is not due to physics processes, but arising from de-
tector malfunction. The fact that detector is constantly irradiated under such “busy
environment” can lead to unforeseen detector efficiency loss or response delay in
one or more channels causing spurious p'® in such cases. Such events are not use-
ful for analysis purpose. Fig. 3.14 (top) shows a MET tail observed in data against
MC simulation. In such cases, data is investigated to know origin of spurious piss
events. General strategy is to apply various event cleaning filters to take care of these
issues. Fig. 3.14 (bottom) shows how MET tail events are rejected after applying var-
ious event cleaning filters. It also shows that high p2!* region is affected more by
the anomalous pis* issues compared to low p2ss region.

Most of above filters are also used during Run 2 analysis. Following is the de-
scription of various filters [57].

¢ globalSuperTightHaloFilter

The colliding proton beams get surrounded by halo of particles arising from
interaction of incident protons with residual gases in beam pipe and beam
pipe itself. Even after shielding used to protect from these particles, some high
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energetic muons able to reach detector and can affect analysis at extreme cases.
This filter is motivated towards tagging events with a halo muon.

HBHENoiseFilter, HBHEIsoNoiseFilter

miss

To reject sporadic p71'® events in HCal barrel and endcap, arising due to single-
ion feedback noise, magnetic field dependant collective hybrid photodiode
(HPD) noise and collective readout box (RBX) noise pulses. The filter uses
geometric patterns of HPD or read out channels and pulse shape and timing
information to tag anomalous pii* events, for example, an event is rejected if
single HPD has more than 17 or 18 occupied cells.

EcalDeadCellTriggerPrimitiveFilter

In ECal, due to coarse resolution, it is not possible to get readout crystal by
crystal. This filter uses trigger primitive information to identify fake pfiss
events. Trigger primitive value saturates above 127.5 GeV. If trigger primitive
value is close to saturation value, in channels with no data link, this filter iden-
tifies and removes such events as they will be most probably populating pmiss
tail.

ecalBadCalibReducedFilter

Due to the intense dose of radiation, some of ECal endcap cells perform badly
than their calibrated response, resulting into high pr anomalous jets. The
ecalBadCalibReducedFilter uses a list of bad cells in ECal as input and rejects
an event with energy falling in such cell, which is most likely to be a noise
event.

BadPFMuonFilter

To reject the scenarios where muon either fails the Particle Flow requirement
or is a PF muon but has large uncertainty on its pr .

Good vertex filter

To make sure event has originated from primary vertex. This filter requires
that there should be atleast one reconstructed vertex which has Ngo¢ > 4 and
lzl <24 and p < 2.

In addition, some custom filters were used particular to analysis requirement.

* Muon jet filter

Reject event with misreconstructed muon with pr > 200 GeV and muon energy
fraction > 0.5 and

AD(FI Frissy > 1 — 0.4 (3.4)

¢ To reject anomalous jets in QCD CR

Veto events if the leading jet (j1) has neutral EM energy fraction < 0.03 and

AD(F, HES) > (r - 0.4) (3.5)

e PFCaloMET ratio filter
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Uses MET calculated using Particle Flow objects (PFMET) and that before Par-
ticle Flow based reconstruction using calorimetry objects (CaloMET). To pro-
tect against PF failure reject event if

PFMET

CaloMET ~ ° (3.6)

e HT5/HT cut

To reject anomalous jets in 3 < 7| < 3.1 reject event if it fails below condition
for a leading jet (j1),

HT5 i 7 miss
T = maz(1.2,0.19 x A®(pY, HE™) 4 0.90) (3.7)

Here HT5 represents scalar sum of pr of jets with pr > 30 GeV and |n| < 5.0

As detector is continuously evolving with exposure to radiation during data tak-
ing, it may happen that existing set of cleaning filters are not enough to handle issues
with data. In such cases, the data is further studied in analysis phase space, and cri-
teria are developed to take care of various issues.

Run 2 round of analysis was more challenging after realization of various issues
with data collected in different eras of 2016, 2017 and 2018. The 2016 and 2017 data
was suffered by "Level 1 trigger primitive prefiring" issue. In addition ECal endcap
noise issue badly affected later runs of 2017 data. Two disks in HE were found to
have gone bad in later eras of 2018 data taking.

It was very important to understand the impact and having a recipe in hand to
deal with these issues before starting with the real physics analysis.

3.5.3 Level-1(L1) trigger primitive prefiring

During 2018 data commissioning, it was found that the gradual timing shift of ECal
was not properly propagated to L1 trigger primitives in 2016 and 2017. This effect
worsened with data taking as the transparency of crystals at high 1 gradually de-
cresed over the course of time, and effective noise levels increased. As a result, by
the end of 2017, a large fraction of L1 EGamma objects at > 2.0 were associated
to previous bunch crossing. This lead to “self veto” of events, as L1 trigger forbids
consecutive bunch crossings to fire. The effect was corrected for 2018 data taking.

In analysis perspective, for 2016 and 2017 run eras, it was important to check
how much is the impact of L1 prefiring issue on final state variables. To do this,
in 2016 MC, analysis is repeated by removing events with jets having pr > 100
GeV and within 2.25 < || < 3.0. As shown in figure 3.15, impact on variables of
interest was 5-10% both in zero lepton (OL) and one lepton (1L) events, which was
not insignificant. As a result, it was decided to apply central prefire maps to jets and
electrons in 2016 and 2017 MC to make them consistent with data.

Impact of applying L1 prefiring maps

Data versus MC comparisons are made for leptons, Hr-jets (jets within |n| < 2.4)
and H¥S5-only-jets (jets within 2.4 < |n| < 5.0) in respective n bins for objects having
pr > 100 GeV as they were most affected by this issue. Figure 3.16 and 3.17 show
how these comparisons look before and after applying prefire map on 2016 and 2017
MC respectively. Prefire corrections are more for 2017 compared to 2016. Data versus
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FIGURE 3.15: Impact on Nje(left) and H3(right) distributions af-
ter skipping jets from prefire affected region in events containing an
electron or a 1~ (1L) (top) or zero lepton (OL) (bottom)

MC agreement clearly shows improvement of about 10-15% after applying prefire
map in most affected region.

3.54 ECal endcap (EE) noise

The CMS detector is continuously hit by energetic particles produced in pp colli-
sions. As a result, detector performance degrades with time. By end of 2017, tans-
parency loss of ECal went up to 80-85%. This lead to increase in fake p'is (instru-
mental p2 ) more into later era of 2017 data (2017 F) than early eras (2017 B-E).
To deal with this issue, centralized MET-v2 recipe was propagated at analysis level
to 2017 dataset. MET-v2 recipe recalculated p2'* after excluding jets with pT<75
GeV and unclustered candidates in 2.65< |7 [ <3.139. Figure 3.18 shows that 2017B:E
versus 2017F agreement improved by about 10% after applying MET-v2 recipe.

HsS-only-jets : residual disagreements after MET-v2

Even after MET-v2 implementation, jets with 2.4< |n| <5.0 (called H¥5-only-jets in
following) showed prominent differences in F versus B:E comparison. In 2017 F, pt
vs n) distribution showed asymmetry with respect to n =0 and pt vs A¢ distribution
showed a concentration of high pr jets anti-aligned to p2i* (Fig. 3.19 and Fig. 3.20).
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FIGURE 3.16: 2016 data versus MC comparison for lepton, Hr-jet

and H®5-only-jet with pr > 100 GeV after high A® baseline selec-

tion in 1L control region before (left) and after (right) applying jet and
photon prefire map to jets and leptons respectively.

EcalNoise]et filter to reject residual EE noise effects

To reject high pr noisy H¥5-only-jets appearing as bulge in their distribution of pr
versus A¢(pp it |/ miss) a custom filter (called "EcalNoise]et filter") was developed to
reject the event from 2017F, if leading or subleading H¥*-only-jet with pr >250
GeV has A¢ < 0.1 or A¢ > 2.6 with respect to HIisS . Figure 3.21 showed that
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FIGURE 3.17: 2017 data versus MC comparison for lepton, Hr-jet

and H®-only-jet with pr > 100 GeV after high A® baseline selec-

tion in 1L control region before (left) and after (right) applying jet and
photon prefire map to jets and leptons respectively.

after applying this filter, both pt versus n and pr versus A¢ distributions became
symmetric in 2017 F. This filter also helped to make H¥5-only-jet pr spectrum and
neutral EM fraction comparison more consistent among early (2017 B:E) and later
(2017 F) eras of 2017 data taking as shown in Fig. 3.22.

With the help of MET experts, the events rejected by EcalNoiseFilter were further
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FIGURE 3.18: 2017F versus 2017 B:E data comparison in zero lepton

high A® baseline region before (left) and after (right) applying MET-

v2 recipe (P after excluding jets with pT<75 GeV and unclustered
candidates in 2.65< | 7| <3.139)

scrutinized in more details. It was found that there are actually hot cells in Ecal may
be arising due to calibration issue, which is causing an extra energetic jet to appear
opposite to H3 . This conclusion was consistent with the message extracted from
above studies.

The understanding that extra bulge events are due to detector noise also got
confirmed after seeing that EcalNoise]et filter shows hardly any reduction in one
lepton region dominated by true MET events as shown in Fig. 3.23 and Fig. 3.24. As
this region is dominated by true p** due to neutrinos accompanying lepton in the
event, the effect of noisy jets is found to be very small or negligible.

Impact of EcalNoise]et filter on signal samples

While the proposal had been to use EcalNoise]et filter to get rid of Hs5-only-jets
coming from noise in forward region, it was important to check impact of this cut
on signal efficiencies. Table 3.3 shows fractional events that pass when EcalNoise]Jet
filter is applied to inclusive set of events selected by applying baseline criteria (but
as seen before impact is more on tails of jet pr ). Impact on signal and SM MC is
less than 1% while in data, impact is 2-3% in high A® region and 5-6% in low A®
region dominated by fake MET due to jet mismeasurement. As this cut is effectively
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FIGURE 3.19: 2017F versus 2017 B:E data comparison: pt vs n distri-

bution for leading two HX5-only-jets for B:E (top) and F (bottom)

in zero lepton high A® baseline region after applying MET-v2 recipe

(piss after excluding jets with pT<75 GeV and unclustered candi-
dates in 2.65< 1171 <3.139)

rejecting events with fake MET without affecting true MET events, it was decided to
apply it at analysis level.

TABLE 3.3: Impact of EcalNoise]et filter

A® baseline SUSY model (mass point) Passed filter (%)
high A® T2qq: (1650,1)/ (1650,500)/ (1650,1400) 99.8/99.8/ 99.8
T2tt: (1000,50)/ (1000,200)/ (1000,650) 99.8/99.7/ 99.7

T1tttt: (1900,100)/ (1900,1000)/ (1900,1600) 99.9/ 99.8/ 99.6
T1qqqq: (2000,1)/ (2000,500) /(2000,1400)  99.7/ 99.7/ 99.9

Data: 2017B:E/ 2017F 98.4/ 97.8

MC: ¢t +jets/ W+jets/ single top 99.4/99.7/ 99.7
low A Data: 2017B:E/ 2017F 94.3/ 93.1

MC: tt +jets/ W+jets/ single top 99.0/ 99.6/ 99.3

Hr-jets : residual disagreements after MET-v2

Figure 3.18 (right), shows that differences in B:E vs F in Nj¢; have become severe
after Nj¢;=6. To understand further, pr distribution of Hr-jets (pt >30, Inl<2.4)is
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FIGURE 3.20: 2017F versus 2017 B:E data comparison: py vs A® with

respect to Hss for leading two HRSS-only-jets (2.4< |n| <5.0) in

B:E (top) and F (bottom) in zero lepton high A® baseline region after

applying MET-v2 recipe (p'** after excluding jets with pT<75 GeV
and unclustered candidates in 2.65< 17 | <3.139)

plotted for Nje; < 6 and Nje;> 6 cases (figure 3.25). For Nje;> 6, flat 20% discrepancy
is observed between B:E and F for jet pr < 500 GeV, which is not the case for Nje;<
6.

To investigate this discrepancy, jet pr versus photon multiplicity is plotted for
all Hr-jets in events passing high A® baseline selection. Fig. 3.26 shows how the
ratio 2017F /2017(B:E) looked. The bins where this ratio is > 2 or < 0.5 must be noise
prone bins as energy cluster due to noise will not find associated track and will be
categorized as photon in such cases. To check impact of these noise prone bins,
an event passing high A® baseline selection with at least one Hr-jet falling into
any of noise prone bins is rejected and then inclusive distribution comparisons are
rechecked (figure 3.27). Both distributions show improvement in F/B:E agreement
about 5-7%. Considering total luminosity associated with full Run 2 dataset, this
improvement will be of sub-percent order, hence it was decided not to put any hard
cut based on photon multiplicity.

3.5.5 HCal endcap readout failure (HEM) in 2018 dataset

Two disks of HCal Endcap (15, 16) failed during 2018 data taking. The issue is
known as HE-Missing or HEM failure. Missing HE-15/16 corresponds to -3 < 7
< -1.4 and -1.57 < ¢ < -0.87 (40°). In this region it was expected to get fake leptons
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FIGURE 3.21: pr vs n (top) and pr vs A® with respect to Hmiss
(bottom) for leading two H®*-only-jets (2.4< |n| <5.0) in zero lep-
ton high A® baseline region after applying EcalNoiseJet filter along
with MET-v2 recipe (p2i** after excluding jets with pT<75 GeV and
unclustered candidates in 2.65< |7 1<3.139) in 2017F

as there would not be any HCal deposit associated to ECal deposit hence acciden-
tally categorizing an energy cluster falling into HE-15/16 region as EGamma object
at PF level. Jets directed along HEM affected region will be undermeasured, causing
fake MET in that direction, leading to overall extra MET measurement in the event.

Impact on one lepton region in data

For preliminary analysis of impact of HEM issue on one lepton region, Run2018B-
RelVal MET dataset specially reconstructed with HEM (called HEM dataset) and
without HEM issue (called nominal dataset) is used. As events in nominal and HEM
datasets are exactly same (but reconstructed differently), a map of event number,
lumiblock number and run number is used to achieve event by event matching of
two datasets. Table 3.4 shows event yield in HEM dataset under condition of

A] Event has one electron [1e ] or one muon [1p ]

B] Event has one electron or one muon and the same event is also tagged as one
lepton [1L] event in nominal dataset

Thus HEM dataset has 91 extra one lepton events compared to nominal dataset.
Using event map, these exact 91 events are picked from nominal dataset and cutflow
is studied.
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FIGURE 3.22: 2017F versus 2017 B:E data comparison for

H™SS_only-jets (2.4< |n| <5.0) : pr and neutral EM fraction in zero

lepton high A® region (left) after MET-v2 recipe (p2** after excluding

jets with pT<75 GeV and unclustered candidates in 2.65< 17 1<3.139)

but before EcalNoiseJet filter (right) after MET-v2 recipe and after
EcalNoise]Jet filter

TABLE 3.4: 1L yield from HEM dataset before and after asking for
matched 1L event in Nominal dataset

class Yield after [A] Yield after [B]

1L 3537 3446
le 770 724
1p 2767 2722

Table 3.5 shows that 46 extra le events coming in HEM are mostly due to lepton
misreconstruction, while 45 extra 1u events are either due to misreconstruction or
accidental passing of some of the filters.

Due to low statistics of available sample, baseline selection was not imposed on
the comparisons made with Run2018B-RelVal MET dataset. With full 2018 dataset,
data versus MC comparison is made in one lepton region after baseline selections
are applied.
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FIGURE 3.23: pr spectrum of H¥'*-only-jets in one lepton high A®

baseline region before (left) and after (right) applying EcalNoiseJet

filter along with MET-v2 recipe (p** after excluding jets with pT<75
GeV and unclustered candidates in 2.65< |71 <3.139) in 2017F
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FIGURE 3.24: pr vs A® with respect to H¥* for leading

H®iss-only-jet in one lepton high A® baseline region before (top) and

after (bottom) applying EcalNoise]et filter along with MET-v2 recipe

(s after excluding jets with pT<75 GeV and unclustered candi-
dates in 2.65< |7 1 <3.139) in 2017F

Figure 3.28 shows that after imposing baseline selection, excess 1y events seen in
HEM dataset no longer persist further to contribute to one lepton region, but excess
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FIGURE 3.26: Ratio F/B:E obtained for pt vs photon multiplicity dis-
tribution of Hr-jets from events passing high A® baseline selection

le events show up as a bump in data versus MC comparison.

Nominal and extended HEM veto

As a conservative approach towards handling this issue, a first version for vetoing
excess one electron events, called “Nominal HEM veto” was proposed as mentioned
below:

Reject an event

¢ if there is an electron (passing identification and isolation requirement) falling
in HEM affected region

OR
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FIGURE 3.27: 2017F versus 2017 B:E data comparison in zero lepton

high A® baseline region after applying 2D photon cut with MET-v2

recipe (P after excluding jets with pT<75 GeV and unclustered

candidates in 2.65< | | <3.139): (left) Njc¢distribution, (right) pr spec-
trum of all Hr-jets if event has total Nje> 6

TABLE 3.5: Details of excess 1L events entering into HEM dataset due
to issues like accidental passing of filters or lepton misreconstruction

Cut HEM yield Nominal yield (Mis)identity of
excess events in HEM
[ledp]

Total 91 91 0

PFCaloMETRatio 91 65 26 [0, 26]

noMuon]et 91 64 1[0, 1]

JetID 91 63 1[0,1]

Trigger 91 63 00, 0]

1L (without isolation) 91 25 38 [35, 3]

1L (isolated) 91 0 25[11, 14]

¢ if there is a jet with pt > 30 GeV falling in HEM affected region

This improved data versus MC agreement in 1L control region considerably by
rejecting fake lepton contribution as shown in figure 3.29.

But this veto does not seem to clear completely extra low pT jets counted in HEM
affected region as shown in figure 3.30.

Figure 3.30 (left) shows the ratio of 2018D to 2018A datasets for pr versus ¢ dis-
tribution plotted for H-only-jets after applying "Nominal HEM veto" to 2018D.
Ratio distribution shows that there are remnant excess H55-only-jets around HEM
affected region. These must be the jets which partly fell into HEM affected region
(hence undermeasured) but failed to get rejected by “Nominal HEM” veto. Figure
3.30 (right) shows ratio plot of pr versus A®(jet, MHT) distribution of H3*-only-jets
from 2018 RunD in a rectangle around HEM affected region (-3.2 < |n| < -2.4,-1.8 <
|| < -0.5) to that of all HIS-only-jets from 2018D in figure 3.30 (left). This ratio
plot depicts that these excess HX*5-only-jets are mostly low pr jets aligned along
direction of Hss .
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FIGURE 3.30: Remnant excess in leading two HRsS-only-jets seen

around HEM affected region after “Nominal HEM veto” (left). Ma-

jority of these excess jets are found to be low pr and aligned along
direction of H¥*(right).

As a remedy, “Nominal HEM” veto was extended by 0.2 in 7 - ¢ directions, in
order to reject undermeasured jets due to HEM. Also based on above studies, this
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extended HEM veto is asked to check A®(jet, MHT) for a jet falling into the extended
veto region and reject the event only in case A®(jet, MHT) < 0.5. The “Nominal HEM
veto” on electrons is kept unchanged.

Figure 3.31 shows similar plots but now after extended HEM veto. Clearly low
pr excess jets entering in signal region due to undermeasurement are effectively
rejected. This extended HEM veto with additional A® requirement on jets is also
found to be the best option as it’s causing minimal signal efficiency loss of about 2%.

13 TeV

MHT jets

MHT jets

1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
T

FIGURE 3.31: Distribution of Hs*-only-jets after extended HEM
veto (left). Majority excess jets seen with “Nominal veto” in low pr
region are rejected with extended veto (right)
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Chapter 4

Fast Simulation of hadron showers
in CMS calorimeters

4.1 Introduction

In High Energy Physics (HEP) research, the role of Monte Carlo (MC) simulation is
indispensable. Every generated event has to account for detector response to make it
equivalent to the real event produced in data. The data delivered in any HEP exper-
iment, is “nature given” and hardly possible (rather not intended) to be controlled
manually. As an example, SM Higgs boson production cross section at 13 TeV is
of order of few pb. This is many orders of magnitude smaller than the QCD mul-
tijet production (~ mb) or electroweak boson production (~ nb). The cross section
just gives relative probability of production, but in data, there is no intuitive way
to predict which SM process would happen in a given pp interaction. As a result,
the number of events produced in data for various detailed measurements is lim-
ited by the production cross section of the process and total integrated luminosity.
On other hand, in simulations one can generate events corresponding to any pro-
cess, however rare, as high as one desires and then scale down the total number to
match expected number for given luminosity in data. Due to the manual control
involved, the MC simulations have played vital role in many Standard Model (SM)
measurements, detector performance studies and calibration work.

In CMS, currently GEANT4 based full simulation (called FullSim) is most com-
monly used. The FullSim involves detail modelling of how CMS detector responds
to various particles coming out of proton-proton collision. This modelling is done
based on the information of how particle-matter interactions happen, saved as a
database in Geant4 package. FullSim response is validated extensively using test
beam experiments, which makes it equivalent to data. Along with FullSim, a pa-
rameterized mode of simulation using a simplified geometry, called FastSim is also
employed by CMS. As an example, the energy loss by a particle passing through
a detector block of length “L” (AE), will be modelled in FastSim as a particle pass-
ing through a thin layer of material, with associated parameterized energy response
to this layer, such that particle-trace through this layer will loss AE amount of en-
ergy in case of a physical detector. Currently, FastSim is extensively used for “new
physics sample” generations. This chapter discusses various studies done to check
and improve performance of FastSim with reference to FullSim.
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4.2 Motivation to study FastSim performance

Currently, with the availability of a well validated FullSim, the MC simulation of
most of the Standard Model processes uses FullSim. But, because of detailed simu-
lation of Geant4 based material interactions and actual detector geometry, FullSim
response becomes really slow. As an example, for a single ¢¢ event simulation, the
time taken is around 50 sec even in clean environment (without pile up). This time
consumption becomes a real concern when there is a need to generate large number
of events of particular rare process. The processes predicted by any supersymme-
try (SUSY) model have very low cross-section compared to SM processes, implying
very less number of events are expected compared to SM process for a given lumi-
nosity. As a result, any SUSY signal simulated for purpose of data analysis, need
to have large number of events to get enough statistics. Also the SUSY parameters
are not known. This requires that, during a SUSY search, such large statistics sam-
ple needs to be produced not just for a single SUSY mother-daughter mass pair, but
for multiple mass points in SUSY mother-daughter mass plane, which are scanned
simultaneously to ensure that the phase space covered in the search is as maximum
as possible. Because of lengthy time demand, FullSim no longer remains an optimal
choice in such cases and FastSim is preferred over FullSim in such cases. At present,
SUSY and Exotica analysis groups rely extensively on FastSim for sample genera-
tion of various models. The need of FastSim is going to increase in future in High
Luminosity LHC era (HL-LHC), when even simulating a single SM process sample
with FullSim corresponding to such high luminosity can be cumbersome because of
being computationally intensive. This underlines the fact that “FastSim” can be a
potential substitute for “FullSim”, if its performance is in very good agreement with
FullSim.

4.3 Performance of FastSim

When FastSim was developed, the objective was to be as close to FullSim as possible
but to reduce the time consumption of simulation. To achieve faster and still compa-
rable response to FullSim, FastSim uses simplified detector geometry and parame-
terization for modelling particle interactions. For example, in FastSim, one detector
block will be approximated by a thin material layer and instead of using Geant4 to
predict how much energy, particle would have lost while traversing that detector
block, a parameterized mathematical form will be used as a plug in to find the lost
energy fraction. Due to the approximations involved, FastSim response is not as
perfect as FullSim but the time consumption is reduced considerably.

While FastSim was devised as an alternative to FullSim, it was designed such
that the measurement of high level physics objects, like leptons, jets, MET is consis-
tent with FullSim description. But after looking at some more detailed quantities, it
is clearly seen that FastSim response deviates from that of FullSim, at many places.
As an example figure 4.1 shows that MET Significance in ¢¢ simulated events is con-
sistent with data in FullSim but not in FastSim. To understand the origin of such
discrepancies, it was important to revisit FastSim starting from simulation of basic
quantities.

4.3.1 Hadron showers in calorimeters

The jets, formed by hadronization of quarks and gluons are ubiquitous at the LHC &
are indispensable tools for new discoveries at the CMS experiment. Hadrons within
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FIGURE 4.1: MET significance in simulated ¢¢ events in FullSim (top)
and FastSim (bottom) [74X CMSSW version]

jets, undergo nuclear interaction with detector medium and produce what is called
as “hadronic showers”. In simple words, hadronic shower is a multiparticle produc-
tion, which takes place at cost of disposal of energy of incoming hadron. Hadronic
shower is generally characterized in terms of interaction length A, which defines the
distance along trajectory, in which 63%, i.e (1- exp(—1) ) of incident hadrons are
lost due to nuclear interaction. Figure 4.2 shows schematic of hadron shower [84].
Shower has essentially two basic components, hadronic component, dominated by
charged (and some neutral) hadrons and electromagnetic component initiated by 7°
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decay into 2+, followed by electron-positron pair production by each +, and subse-
quent development of an electromagnetic shower.

The pions are lightest among hadron category. As a result, they form major con-
stituent of hadronization products of quarks and gluons- the jets. Hence, correct
modelling of pion response is crucial in simulation to get the modelling of jets cor-
rect. This lead to prioritizing pion response understanding to analyze observed dif-
ferences in FastSim versus FullSim.

} EM.
COMPONENT

HADRONIC
COMPONENT

' ABSORBER

___________________________

JVv215.c

FIGURE 4.2: Sketch of hadronic shower in detector medium

4.4 Modeling of charged pion energy response

An incident pion will interact with detector medium to generate a hadron shower,
which completely deposits energy of incoming pion into the detector in form of en-
ergy hits. To study modelling of a pion response, a pion sample was created by
following a chain of generation, simulation and reconstruction (GEN-SIM-DIGI-
RECO). The response of detector is generally dependent on incoming particle en-
ergy. The pions within jets, mostly have energies of order of few GeV or even lesser.
Hence to start with, it was decided to study response of a pion sample with single
flat energy in above range. The charged pions in the energy range 5 GeV to 100
GeV were considered, and distributions for 9 GeV energy are presented here for
illustration purpose. When a sample is generated by following a chain GEN-SIM-
DIGI-RECO, energy can be retrieved at various stages.

4.4.1 Energy retrieval at various stages of simulation

Here events were generated using Pythia flat energy particle gun [61]. This is called
“GEN" step, and the energy of particle at generation step is termed as “gen level par-
ticle energy” in the following. During detector simulation, tracker is not considered
(as energy lost there will be negligible) and magnetic field is set to 3.8T. At end of this
step, energy deposition is recorded for further analysis in terms of hits (called sim-
ulated hits or simhits) in the detector. The energy corresponding to simhits will be
called as “simhit energy”. This is called “SIM” step. Now, the simhits only within the
active part of detector are recordable in the actual experiment, and hence relevant
for this study too. But, major energy loss happens in passive material of detector.
Based on Geant4 simulation, for every pair of (active+passive) layer, a “sampling
fraction” is known a priori, which represents the ratio of energy deposited in active
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medium to energy deposited in (active+passive) medium. To retrieve energy loss in
passive medium and get back total simhit energy corresponding to incident particle,
simhit energy in active medium is corrected by applying “sampling fraction”. After
simulation step, energy hits in terms of analog pulse are digitized (called “DIGI”
step). Electronic signal pulse shape as a function of time and electronic noise are
taken into account at this step. Next step of reconstruction chain called “RECO” is
the one where the digitized information obtained from the detector is converted to
momenta or energy measurements, by converting digitized energy pulse to equiva-
lent reconstructed hits which will appear at detector level (called “rechits”). Energy
of “rechits” is called reconstructed energy (also called “reco” energy) which should
be equivalent to energy of incoming particle. After proper calibration, total recon-
structed energy should peak at generator level energy, with a distribution around
the peak contributed by the detector resolution effects.

4.4.2 Comparisons of simulated and reconstructed energies

In the CMS calorimeter set up, the ECal corresponds to ~ 1\ material in front of
HCal. Hence, almost 63% of charged pions starts showering in ECal. However, pion
showers are deep and they deposit most of their energy in HCal. To get total energy
of incoming pion, the hits in the detector are reconstructed and their energies are
combined. At “simhit” level there is no detector noise, hence total simhit energy
should match incident pion energy. As HCal is a sampling detector, at simhit level
only the energy fraction deposited in active layer is recorded. To correct for the en-
ergy deposited in absorber (passive layer), energy deposit in every active layer of
HCal is multiplied by a "sampling fraction" associated to that layer to account for
energy lost in corresponding passive layer. At “rechit” level, total energy after com-
bining all rechits may exceed the true energy of incoming particle due to detector
noise and resolution effects already accounted. For this reason, to make energy mea-
surement at rechit level legitimate, only rechits above certain energy threshold are
used to get total energy by suppressing detector noise contribution. To make an edu-
cational decision on what threshold to be put, detector response to neutrino sample
is studied. Neutrino being a weakly interacting particle, does not undergo any in-
teraction in the detector and just flies off. Hence, for an incoming neutrino, expected
energy deposit in detector is zero. Figure 4.3 shows the individual rechit energy
distribution in ECal Barrel (EB) and HCal Barrel (HB) for 9 GeV incident neutrino
generated using Pythia particle gun similar to pions. Thus there is non-zero energy
recorded in detector even in absence of detector-particle interaction.

Looking at the mean (1) and RMS (o) of above distributions, a noise rejection
cut off of i + 20 was applied in both EB and HB. This came out to be 0.8 GeV
for HB rechit and 0.118 GeV for EB rechit. Figure 4.4 shows total simhit energy
distribution (left) and total rechit energy distribution after noise threshold (right) for
9 GeV energy incident pion.

Looking at Figure 4.4, it looks that FastSim and FullSim are fairly consistent.
But, when looked at ECal and HCal energy deposits separately, FastSim showed a
considerable disagreement with respect to FullSim. Figure 4.5 shows total simhit
energy distribution in ECal and HCal barrel separately for 9 GeV incident pion with
n=[0,0.1].

This fundamental disagreement at simhit level was important to be addressed
as it posed question on how well and consistently hadron shower development is
modelled in FastSim as compared to FullSim. To understand that, first place to check
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FIGURE 4.4: Total simhit energy (left) and total rechit energy after
noise threshold (right) for 9 GeV incident pion

consistency was the shower start position, as it decides energy sharing between ECal
and HCal.

4.5 Modelling of shower start location

After entering into calorimeter, a particle may travel a finite distance before it under-
goes its first hadronic interaction with the detector material, and hence start shower
development. The position corresponding to this first inelastic interaction is called
a shower start position. A shower start position can be in ECal or HCal based on
probability of first nuclear interaction.

In a coordinate system aligned along the incoming particle direction, the position
of shower start position will be a function of path length travelled by a particle.
Figure 4.6 shows the dependence of path length on incident angle . As an example,
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FIGURE 4.5: Total simhit energy distribution for 9 GeV pion in (left)
ECal barrel and (right) HCal barrel

a pion directed at =0 crosses ECal entrance at distance 129 cm from the collision
point while that directed along n =0.5, crosses ECal entrance at ~ 145 cm. Thus
during shower start distribution comparison it is needed to decouple the effect of ¢
dependent path length on shower start distribution.

n=0 n=0.5

(z=179 cm)

(z=129 cm)

FIGURE 4.6: Path length as a function of incident angle(6)

Figure 4.7 (left) shows the distribution of a calorimeter entrance point (also called
starting point) and first inelastic interaction point in calorimeter obtained using the
default G4SimWatcher functionality provided by Geant4 simulation package as com-
pared against the same distributions obtained using the FullSim for an incident pion
with 0.0 < |n| < 0.04.

FastSim gives a peak at 129 cm for a starting point in calorimeter which is the
ECal entrance position for n = 0. It was important to understand why FullSim does
not give a sharp peak at 129 cm but shows a spread between 120-135 cm. The differ-
ence was understood after realizing how the incident particle trajectories are traced.
Fastsim uses the parameterization and the incident pions are recorded at the front
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tribution of shower start point (right) compared between FullSim and

FastSim (with default SimWatcher class) for a pion shooted at 0.0 <
|n| < 0.04

face of the ECal. But the Fullsim traces the incident particle trajectory in steps, hence
also goes through a lot of dead material that is in front of ECal. Hence for proper
comparison of a starting point (calorimeter entrance point) and first inelastic interac-
tion point, it was needed to only select the detector volumes corresponding to ECal
and HCal. After this proper selection of detector volumes and also restricting to ex-
act 7 =0.04 (as there is physical gap at n =0.0), comparisons look as shown in figure
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FIGURE 4.8: Calorimeter entrance point (left) and shower start point

(right) distribution comparison between FullSim and FastSim (with

default SimWatcher class) for a pion shooted at i =0.04 after proper
selection of physical volumes

Calorimeter entrance point in FastSim matches with FullSim after selection of
proper physical volumes. Both peak at 129 cm which corresponds to ECal front face
at central tower. Two issues in FastSim shower start distribution are still noticeable.



4.5. Modelling of shower start location 57

One is, in ECal, shower start distribution is not starting exactly at ECal front face,
but almost from middle of ECal longitudinal length, at around 140 cm. Also the
FastSim distribution in ECal is not exponential as expected. The FastSim model was
carefully revisited, to understand these features in details.

According to this model:

¢ ECal is treated as a single step while HCal is considered as combination of
steps of fixed size. Also the model says that shower start position can lie only
beyond half a step size. As a result, for ECal, shower start distribution only
starts after half a ECal length.

¢ Instead of exponential distribution, a flat distribution is sampled to get shower
start position in ECal, as a result there is no exponential behaviour seen in
ECal.

Due to the above observed issues with current FastSim model, an alternative
FastSim model available (GFlash) but not in use is also checked doing similar com-
parisons. This model is based on Grindhammer parameterization [85]. The shower
start distribution by this model matches with FullSim in ECal but in HCal slope of
distribution seems to disagree at considerable extent as shown in Figure 4.9.
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FIGURE 4.9: Calorimeter entrance point (left) and shower start
point (right) distribution comparison between FullSim and FastSim
(GFlash) for a pion shooted at  =0.04

451 Proposing new hadronic shower model for FastSim

Above studies marked that FastSim does show deviations with respect to FullSim
when we start looking into details. On the other side, FastSim is gaining more and
more importance due to the vital role it plays in new physics searches and also for
upcoming High Luminosity LHC (HL-LHC) era. With this in mind, it was decided
to write a new hadronic shower model for FastSim from scratch. It was beneficial
to keep a modular form for this model for future refinements. Different modules in
this model are going to be - shower start module, transverse parameterization and
longitudinal parameterization module.
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4.6 Updated model for shower start location

4.6.1 Shower start and interaction length())

As mentioned in previous section shower start defines the position where an inci-
dent particle undergoes inelastic interaction to produce a cascade of particles. Shower
start distribution is generally characterized in terms of interaction length ().

Suppose N(0) denotes number of primary particles incident at detector. Then in-
teraction length()) is the distance from detector entrance point over which around
63% primaries undergo inelastic interaction to generate shower. Then number of pri-
maries (particles which are not yet showered) survived at distance(x) from entrance
point are-

N(x)

N(0) x exp(—x/\) 4.1)

As a result, shower start distribution is expected to be exponential in terms of
distance travelled in As.

4.6.2 Shower start distributions using pion sample

For developing a model, a single pion sample is generated using Geant4 based sim-
ulation of CMS detector but with simplified calorimeter geometry for various ener-
gies. The simplified geometry had configuration ECal+HCal, with gap between two
filled by an air. Each calorimeter layer was represented by a flat square shaped layer.
Samples were generated with fixed 7=0 and uniform in ¢ direction. Energies of sam-
ples were ranging from 0-400 GeV. For each event in sample, a shower start position
is saved by coordinates (x,y,z) defined in particle’s local coordinate system, such that
z is defined along the particle trajectory. A shower start distribution is obtained, one
for each energy, by extracting z coordinate of shower start position from all events
corresponding to that energy.

It was observed that at higher energies shower start distributions follow expo-
nential behaviour but not at very low energies as shown in figures 4.10.
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The reason for deviation of shower start distribution from exponential behaviour
at low energies can be attributed to modulation of shower start probability due to
energy lost by ionization processes.

4.6.3 Ionization loss at low energies

Atlow energies (E<1 GeV or so), ionization is a major process contributing to energy
loss.

The rate of energy loss (-dE/dz) for a particle with charge ¢ and velocity v due
to ionization in a given medium is given by a Bethe Bloch formula given below [53,
84].

—dE/dz = Dg*ne/B*[In(2mec 5292 /1) — B2 — 6(7) /2] (4.2)

where z - the distance travelled through medium

D x (Z/A), where Z is atomic number and A is mass number of the medium

me - mass of electron

n. - electron density of medium

I - mean ionization potential of medium

The important features of energy loss by ionization are summarized in the fol-
lowing -

¢ Energy is lost particularly to the electrons from atoms of a given medium

¢ Slower the particle, faster is the energy loss. Hence ionization loss becomes
significant at low energies.

* Energy loss is proportional to atomic number (Z) of a medium

* Energy loss rate becomes always minimum at around Sy ~4, where particle
is called as a minimum ionizing particle (mip). Until the particle undergoes
nuclear interaction , it deposits energy via ionization as it traverses the detector
material, hence behaves like a mip if it is sufficiently energetic.

* Beyond (v ~4 (i.e for relativistic particles) rate of energy loss again increases
as relativistic expansion of particle’s electric field allow further and further
electrons of the medium to interact with a particle.

As shower start distribution follows exponential fall off, for any given incident
particle, its shower start position will be a random position sampled from the ex-
ponential fall. If an incident particle has lost all of its energy before reaching this
random shower start position (which is probabilistic), a particle is lost and there will
be no shower. More the fraction of primaries lost by ionization, more will be the
deviation of shower start distribution from exponential fall.

4.6.4 Shower start distribution including ionization losses

Based on Bethe Bloch form, for a charged particle of given energy (E) in given
medium, an average position (u) where particle will stop due to complete energy
loss by ionization, can be given by equation:

E

"= T 4
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To a good approximation, the distribution of stopping position (G(z)) just by
ionization for a particle of energy E, will be a gaussian with mean .

2

X exp(_(z;u)) (4.4)

1
Gle) = V(2ro2)

Thus the probability that an incident primary of energy E will be stopped by
ionization energy loss (D(z)) before position z can be obtained by integrating G(z).

z 1 _
D(z) :/ G()dz = = x (1 +erf(Z_1) (4.5)
oo 2 20
Thus only the fraction (1-D(z)) of incident particles will be available to undergo
shower at position z. As a result, the probability that a particle will actually shower
at position z in presence of ionization losses will be

P(z) = exp(—z/A) x (1 — D(z)). (4.6)

4.6.5 Parameterizing shower start distribution

To define a generic model for shower start distribution, it was necessary to param-
eterize Equation 4.6 in terms of incident pion energy and distance travelled by it
along trajectory in CMS detector. For that a tuning function is defined with follow-
ing 10 input parameters:

Energy of particle (E), ECalEntrance, ECalExit, HCalEntrance, HCalExit, ECal in-
teraction length (A\g), HCal interaction length (Ay), mean and standard deviation of
a gaussian about average stopping position due to ionization loss (;» and o respec-
tively) and Normalization.

As there is no material in between ECal and HCal and hence no material interac-
tions possible, the gap between the two is ignored while deriving parameterization.
Thus for the given position z, the distance travelled in terms of interaction lengths
(z)) for ECal and HCal will be as follows.

Within ECal,
o= z — ECalEntrance 47
AE
Within HCal,
ECalExit — ECalEntrance  z — HCalEntrance
Z\N = + (48)

/\E AH

With z) defining distance travelled by particle trajectory, parameterized form of
Equation 4.6 becomes:

P(z) = Normalization x ezp(—zy) x 0.5 x (1 — er f(=—)) (4.9)
V2o
Pion shower start distributions for various energies are fitted with Equation 4.9 to
extract u, o, \g and \g. It is observed that, mean (1) and standard deviation (o) of a
gaussian, signifying ionization stop position have characteristic energy dependence
as given by equations 4.10 and 4.11. Figure 4.11 shows these energy dependencies.

1= —0.6464 + 88.4 x E (4.10)
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o=3.502+1.13 x ln(E) (4.11)
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FIGURE 4.11: Mean(u) and standard deviation(o) of ionization stop
position versus energy(E)

For A\g and A, energy dependence is found to be very subtle and only observed
for the very low energies.

TABLE 4.1: Energy dependence of A\g and Ay

Energy (GeV) Ag (cm) Energy (GeV) g (cm)

E<2.6 19 E<1.8 16
2.6 <E<4.2 20 1.8 <E<3.8 17.5
4.2 <E<10 20.5 3.8 <E<4.8 18
10 <E 22.5 4.8 <E<5.6 19.5
5.6 <E<10 20
10 <E 20.5

4.6.6 Validating shower start parameterization

For validation, parameterized shower start distributions are first compared against
the same Geant 4 based shower start distributions which were used for extracting
parameterization. Remember that those Geant 4 based samples had used simplified
detector geometry and no magnetic field. To get parameterized distributions, for
every energy, i, 0, Ag and Ag values are obtained based on Equations 4.10, 4.11
and Table 4.1. An ionization stop position (/onizationStop) (in cm) due to complete
energy loss is obtained by random sampling of a gaussian defined with (y,0).

TonizationStop = gRandom — Gauss(u, o) (4.12)

A shower start position (showerstart) (in units of \) is defined by random sam-
pling an exponential with slope -1.
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showerstart = gRandom — Exp(—1) (4.13)

IonizationStop and shower start positions are transformed in proper way so that
they represent real positions in CMS ECal or HCal. Given these two positions, an
incoming particle will shower only when shower start position is before Ionization-
Stop position and can contribute to shower start distribution in such case. The
parameterized shower start distribution is obtained by iteratively filling random
shower start position in it whenever above condition is satisfied. Parameterized
shower start distributions are compared against corresponding Geant4 distributions
for three different angle of incidence of pion as cos(f) =1, cos(¢) =0.5 and cos(0)
=0.33. Here cos(#) =0.5 and cos(#) =0.33 correspond to cases where path length as
seen by a particle is stretched to twice or thrice the length corresponding to 6 =0
geometry. Hence parameters ECalEntrance, ECalExit, HCalEntrance, HCalExit for
these three cases respectively take values (129, 152, 179, 270), (258, 304, 358, 540),
(387, 456, 537, 810). The shower start distribution comparisons of parameterized
versus Geant 4 distributions are shown in figures 4.12, 4.13, 4.14.

The agreement between Geant4 based and parameterized shower start distribu-
tions is within 10-20% in most of the cases for both standard and extended simplified
CMS geometry. This gives the confidence that the generalized parameterization will
hold for any given geometry and any angle of incidence and also in presence of
magnetic field, where curvature of trajectory can be seen as particle is viewing an
extended geometry, similar to the cases we have already discussed before.

4.6.7 Performance validation using standard CMS geometry samples

As a last step of validation, instead of Geant 4 samples with simplified geometry, the
standard CMS geometry samples were used for this purpose. A single pion samples
of around 10,000 events are generated for various energies across energy range of 0.2
GeV to 1000 GeV. A uniform distribution in n=[-0.05,0.05] and ¢=[-7,7] is used for
each of these energy samples, along with non-empty gap between ECal and HCal
and 3.8 T magnetic field considered during simulation, to represent realistic event
scenario in CMS detector.

Figures 4.15 show that even with real geometry and magnetic field on, param-
eterized distributions are consistent with Geant 4 distributions within 20-40% over
energy range of 5 GeV-1000 GeV. Some activity is observed in a gap between Ecal
and Hcal in case of real CMS geometry, which is expected as there exists some dead
material associated with electronics and structural support. For energies below 5
GeV, a little lateral shift in distribution is observed with respect to that expected
from a parameterized distribution. At low energies, curvature of trajectory due to
magnetic field is pronounced compared to high energy. As a result, the effect of mag-
netic field on path length is more for low energies. Thus, if there is any inconsistency
in orientation of the coordinate system in simplified and real geometry samples, it
can lead to such lateral shift. The orientation of coordinate system in real CMS ge-
ometry samples to understand the observed shift will be revisited and accounted
for when adopting the new parametrization for central simulation. Apart from this
small discrepancy for very low energy pions, our newly proposed parameterization
faithfully models the distributions predicted by GEANT4 over a wide energy range.
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FIGURE 4.12: Validation of modified shower start parameterization
using a pion sample where each pion is shooted at angle ¢ such that
cos(f)=1
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FIGURE 4.13: Validation of modified shower start parameterization
using a pion sample where each pion is shooted at angle § such that
cos(#)=0.5

4.7 New transverse shower model

4.7.1 Transverse shower models in FastSim

Hadronic showers are relatively complex as compared to electromagnetic showers
as they have purely hadronic and also electromagnetic component (arising from
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FIGURE 4.14: Validation of modified shower start parameterization
using a pion sample where each pion is shooted at angle ¢ such that
cos(#)=0.33

7). Relative fraction of 7° and hadronic component fluctuates a lot from shower
to shower. Hence, simulation of hadronic shower has to take into account:
1. Energy dependence of fraction of 7¥ and its fluctuations
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FIGURE 4.15: Validation of modified shower start parameterization
using a pion sample with real CMS geometry and magnetic field on.
Here pion sample has used uniform distribution in n=[-0.05,0.05] and
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2. Response of calorimeter differs for 7° and purely hadronic component.
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3. Propagation scale of 7 is radiation length (X() while that for hadronic com-
ponent is interaction length ().

In current FastSim model, a lot many adjustments are done on the fly without any
reasoning given. Adjustments like defining "40" transverse steps for each longitudi-
nal step (where energy is to be deposited), randomly varying energy and number of
energy spots to be deposited at given step make this model difficult to follow.

An alternative FastSim model, which is available but not used, "GFlash", uses
Grindhammer parameterization [85] to define transverse shower as shown in equa-
tion 4.14 below.

Rso[M\)?
(r[A]? + Rso[A]?)?

Here the Norm represents normalization factor, 7[A] and Rsg [A] respectively rep-
resent radial distance in transverse plane from shower axis and median of a shower
in given transverse plane in terms of interaction length A\. A sample of various in-
cident pion energies 0.4-1000 GeV is used to check how well Grindhammer param-
eterization fits transverse hadron shower profile. For current study, only showers
starting in HCal are considered. It is found that above parameterization fits trans-
verse profile in various longitudinal depths reasonably well for low energy pions
but towards high energy the fit starts deviating from true transverse profile (Figure
4.16). In these comparisons, "E" corresponds to energy of particle and "L" corre-
sponds to longitudinal depth (e.g. L=0 represents average transverse profile over
first interaction length).

As a solution over inaccessible nature of existing FastSim model and discrepan-
cies with respect to Grindhammer parameterization, it was decided to tune Grind-
hammer parameterization further to make it more general to be applicable over wide
energy and longitudinal depth range.

f(r)=2 x Norm x r[\] x (4.14)

4.7.2 Modification to Grindhammer parameterization

For modification, different additional terms to Grindhammer form as a correction
factor were tried. One realization was parameter R is very sensitive to fitting
range. Hence, to derive parameterization, fitting range is kept fixed to be 120 cm
for all layers and all energies, and then tried which can be a generic form to fit.

Following model, as given by equation 4.15, seem to work for transverse profile
of all energies and for various longitudinal depths.

B C ) x R3]
2 T G+ B2 )2

Here A, B, C are normalization constants. One longitudinal depth is considered
at a time and transverse profile from that depth is fitted with above form to get
values for A, B, C and Rsg [A\]. After repeating the procedure for various energies,
approximate energy based parameterization is derived for above parameters (Table
4.2).

Figures 4.17,4.18, 4.19, 4.20, 4.21 show transverse shower profile of various ener-
gies fitted with new parameterization for various longitudinal depths (L=0 to L=4).
The performance of new parameterized model is better compared to Grindhammer
parametrization, particularly towards high energies.

f(r)=(A+ (4.15)
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FIGURE 4.16: Comparison of transverse shower profile of pion
against fit using Grindhammer parameterization

4.8 Modelling of sampling fluctuations

In existing model, sampling fraction is determined for each pair of (active+passive)
layer and is taken as a constant for that particular pair. But, in reality hadronic show-
ers are complex and as a result sampling fraction for a given pair also fluctuates from
shower to shower. In new model for hadronic shower in FastSim, these fluctuations
in sampling factor were supposed to be included.

For that at first using Geant4 showers, a distribution of sampling fraction is ob-
tained for each (active+passive) layer. This is done for all 36 identical azimuthal
wedges in HCal, for various energies and also for various particle types (hadrons,
mips, 7°) and different shower starting point. It was found that Landau distribu-
tion fits irrespective of different shower types. The mean (1) and standard deviation
(o) of Landau fit is extracted for each of the case mentioned above. Once known,
Landau distribution given by (y,0) can be used to model fluctuations in sampling
fraction. Figure 4.22 shows a Landau fit to one of the layer.
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TABLE 4.2: Energy dependence of various parameters in modified
Grindhammer parameterization

Adepth Energy dependence

L0 Rs0 [\]=31.78 - 1466/6 xE + 1496 /(0.6 xE? + 6 xE)
A=0.00577 + 0.2048/E -0.1672/(E? + E)
B=0.00631 - 0.05404/E + 0.02575/E?

C=-10"° (E<=4 GeV),C=107° (E>4 GeV)

L1 Rs0 [M\]=16.3 + 12.29/E - 0.00805 xE
A=0.01617 + 1.787/E -16.9/(E? + 10xE)
B=0.004714 - 0.01305/E + 0.002404 /E?

C=-10"° (E<=500 GeV), C=10 (E>500 GeV)

L2 Rso [M\]=19 +29.41/E - 5.022 /E?

A=0.04181 + 2.691/E -26.16/(E? + 10xE)
B=0.004883 - 0.03741/E + 0.03398/(0.5xE? + E)
C=-10"°

L3 Rso [\]=20.25 + 52.45/E - 13.75/E?

A=0.08721 + 1.105/E -1.383/(E? + E)
B=0.004326 - 0.0311/E + 0.0096/E?
C=10"?

L4 Rs0 [\]=23.88 + 12.67/E + 377/(E? 4+ 10xE)
A=0.0828 +2.687/E -24.72/(E? 4+ 10xE)
B=0.007382 - 0.08527/E + 0.08958/(0.5xE? + E)
C=10"°

4.9 Longitudinal shower parameterization

In current FastSim, longitudinal shower profile is based on Grindhammer parame-
terization [85]. This parameterization used two different gamma functions, one for
electromagnetic component and other for hadronic component. But, in fact electro-
magnetic component fluctuates a lot based on whether ¥ is created in early part of
shower or in later part, as 7° energy profile will be different in these two cases.

In new model, instead of two components, parameterization is developed con-
sidering three different components of shower, hadronic, early and late 0.

Figure 4.23 gives a rough sketch of modelling longitudinal shower profile for
new FastSim model. To model different parameters, single pion sample is gener-
ated for various energies and simulated using simplified CMS detector geometry.
At first, fractions of three components are determined. Fig. 4.24 (top) shows frac-
tion of total deposited energy (fy,) in calorimeter, fraction of f4, representing elec-
tromagnetic component (f;0) and fraction of f.0 showing late 7° component ( fﬂ?).
Once these fractions are found, «, g for different components determined by fitting
rate of energy loss along longitudinal direction (dE/dx) by gamma function and
corresponding o, /3 are retrieved. This is done on shower by shower basis to get dis-
tribution of «, 5. Figure 4.24 (bottom) shows that average of gamma distributions
fitted to FullSim distributions (green) and that by picking random «, 5 values from
their distributions (red) almost match. But, they deviate slightly from average Full-
Sim distribution (blue). This was because few showers could not be described well
with gamma distribution. But, on average, gamma distribution is a reasonably good
approximation to describe longitudinal shower profile.
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FIGURE 4.17: Comparison of transverse shower profile of pion
against fit using modified parameterization for longitudinal depth
first longitudinal depth (L=0)

4.10 Summary

A new parameterization is developed for different components of hadronic shower
and performance is checked against standard Geant4 based simulation. New param-
eterization for different components of hadron shower is performing better com-
pared to existing FastSim model and may help to resolve some of FastSim versus
FullSim discrepancies. These components can be used as different modules in new
hadron shower model. Because of the modular nature it will also be easier to do any
modification if needed in future. As various components of modeling have been up-
dated and validated against GEANT4, it has been proposed to integrate all modules
into the CMS nominal FastSimulation.
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FIGURE 4.21: Comparison of transverse shower profile of pion
against fit using modified parameterization for longitudinal depth
fifth longitudinal depth (L=4)
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FIGURE 4.22: (u,0) derived by fitting Landau distribution to sam-
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Chapter 5

Search for supersymmetry with jets
& p™ final states

This chapter starts with a brief discussion on what is the importance of SUSY searches
in jets + piss final state and where such searches benefit against SUSY search in fi-
nal states containing leptons or photons. After this brief introduction, the goal is to
give the broad idea of the SUSY search carried as a major part of this thesis work.
The chapter discusses what can be the major SM backgrounds for the SUSY search
with jets + psS final state, what are the event selections used and their impact on
SM backgrounds and potential SUSY signal and the set of triggers applied on data
collected of years 2016, 2017 and 2018. Later part of the chapter includes details of
various SM background estimation strategies used in this SUSY search.

Presence of SUSY particles in proton proton collision events can be manifested
in a large variety of final states [86]. The fig. 5.1 shows production cross sections
for various SUSY processes as predicted by theory. Gluino and squark pair produc-
tion via strong interaction dominates over electroweak production of sleptons and
electroweakinos [14].

Section 2.5 discussed strong SUSY production scenarios considered in this search.

The Lightest Supersymmetric Particle (LSP), x{ is assumed to be stable and weakly
interacting and hence gives large p** in the event. Thus, this final state will be
enriched with jets coming from light flavor (or bottom) quarks and gluons and piiss
predominantly coming from x9 [11-13, 19, 87-89]. Jets and p#i** can be accompa-
nied with a lepton from leptonic W boson decay. Lepton can also originate from
semileptonic decay of b-hadrons. In the inclusive analysis described here, we target
fully hadronic final state with no lepton in the final state. Events with isolated lep-
ton or an isolated track are vetoed to reject physics processes resulting in high piss
due to associated neutrinos (e.g. W+jets and t¢ production). More details on event

selection will be discussed in section 5.2.

5.1 The Standard Model backgrounds

The Standard Model (SM) processes giving jets and p'iss in the final state are the
background (noise) for this search, as events originated from such processes are in-
distinguishable from potential signal events in data. The dominant backgrounds are
Z+jets where Z decays to pair of neutrino and antineutrino, W+jets or ¢t +jets where
electron or muon from W decay is lost or W decays to hadronic 7 and multijet events
originating from Quantum Chromodynamics (QCD) processes with significant fake

miss

bt
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FIGURE 5.1: SUSY production cross sections for various processes at
CM energy of 13 TeV [90]

TABLE 5.1: Decay modes of Z, W and 7

Particle Mode Branching Fraction (%)
4 ete” 3.36
ut T 3.36
Trr~ 3.37
VU 20
q9q 70
WHW™)  eTve(e ve) 10.71
pr v (v ) 10.63
rur(t™vT) 11.38
aq 67.41
7 (17) etvovr(e verr) 17.82
prowe (- vgrs)  17.39
qq v-(v) 65

51.1 Z+jets

Zero lepton requirement rejects events where Z boson decays leptonically. Also piss
requirement does not allow fully hadronic decay mode of Z to be a background for
this search. Only possible decay modes causing background for the search are to
pair of neutrinos or both 7s from Z decaying hadronically. But as can be seen from
Table 5.1 later one has a very small probability ( 3.37% x 65% x 65% = 1.4%). On
similar argument, possibility that both e or ;1 from leptonic decay mode fail to be
identified or reconstructed or fall out of detector acceptance and appear as jets+p3iss
event is highly improbable. Then only dominant mode that becomes background
is the invisible decay (figure 5.2 (left)). This is an irreducible background for the
search, which means it can not be further reduced by imposing any selection on
event properties.
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5.1.2 W-+jets and ¢t +jets processes

The W+jets process has contribution from direct W production at the interaction
vertex as well as from those produced in top quark decays. Similar to Z, leptonic and
fully hadronic decay modes of W do not enter into signal region due to zero lepton
and high pss requirements. Leptonic decay mode of W is more probable compared
to that of Z. When a W decays leptonically, the lepton can be lost in two ways; e
or u~ can be lost if it failed identification or isolation or falls outside acceptance,
or W decays to hadronically decaying tau giving true jet+p2*s signature in final
state, which again becomes irreducible background for the search. Both these cases

contribute to “lost lepton” background (Figure 5.2 (center)).

5.1.3 Quantum Chromodynamics (QCD) processes

The QCD basically has contribution from light flavour quark jets and gluon jets.
These processes appear like jets+MET signal events, if either there is a fake HsS
arising from jet mismeasurement or true H*5 coming from semileptonic decay of
bottom or charm hadrons (Figure 5.2 (right)). For events with Ny,_j,;=0, primary
HMss source is the jet mismeasurement and H3* will be directed along the mis-
measured jet. For events with NV},_je;> 0, semileptonic b-jet decay is a prime source
of H™isS and in a boosted b-jet topology, neutrino from semileptonic decay will be
aligned with a final state jet as there is no other true source of HJ* in the event.
Thus H¥S in both cases is aligned along the direction of jet and hence the charac-

teristic of such events is low A®(FX", H 1) angle as shown in figure 5.3.

ﬁ;vmt _ Eﬁf'fr #0
MHT
/ aligned

with a jet

FIGURE 5.2: Schematic sketch of SM backgrounds: (left) Z + jets,
(center) W + jets, and (right) QCD multijet.

Based on major SM background composition to search, event selection is made
in order to achieve good signal sensitivity by efficient rejection of SM backgrounds.
5.2 [Event selection

For this inclusive search to cover a wide variety of SUSY topologies, event selection
is done using four orthogonal search variables.

® Njet - The number of jets with pp >30GeV and |n| <2.4
* Np_jet - The number of b-tagged jets with pr > 30 GeV and |n| < 2.4

* Hy (or HT)- Scalar sum of pr of jets in Nj¢; collection
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FIGURE 5.3: A®(pl", H 1is%) distribution in QCD events plotted in
zero lepton signal region for events with zero, one or atleast two
Np_jets: (left) leading jet, (right) subleading jet within || <2.4 af-
ter applying baseline selection of Hr> 300 GeV, HIs > 300 GeV,

ZVjetZ 2

o HMiss (or MHT)- Magnitude of negative vector sum of pr of jets with pr > 30
GeV and |n| < 5.0

For substantial SM background rejection and minimal impact on signal models
following baseline selections are applied:

* Niew >2, Hr >300 GeV, HIs* >300 GeV

This defines the baseline selection for this search. In addition, a region with
Hrp>300 GeV and 250 GeV < Hs < 300 GeV is used as a low-H* sideband
to derive normalization and validation of R+S strategy.

On top of above selections, to avoid contribution from leptonic decay modes of
SM backgrounds, events with isolated lepton and/or isolated track are vetoed.
¢ Muon veto:

Muon candidates selected are those which satisfy “Medium ID” requirement.
Medium ID is optimized towards prompt muon selection from Z and W boson
decay with efficiency of about > 99.5% [91]. In addition, impact Parameter (IP)
with respect to primary vertex (PV) should satisfy condition

dey(p, PV) <0.2cm (5.1)

d.(pu, PV) <0.5¢cm (5.2)

Medium Muon candidates should have pr >10 GeV and |n| <2.4. To distin-
guish between prompt muons and muons from b hadron decays, it should
also satisfy mini-isolation requirement of Ipnini <0.2. An event satisfying above
criteria is rejected.

¢ Electron veto:
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Electron candidates have to satisfy “Cut based veto” selection. Due to “looser
selection” imposed, “veto ID” has maximum efficiency to select real electrons
but can also have more fakes. Candidates should have pr >10 GeV and |7|
<2.5. Isolation requirement is Ii,in; <0.1. Any event satisfying above condi-
tions is rejected.

e Isolated track veto:

This is applied on top of isolated lepton veto, to reject events where any lep-
tonic event has failed lepton veto due to lepton misidentification or isolation
requirement not being satisfied. It also helps to reduce hadronic tau back-
ground by vetoing events with isolated charged pion track.

Lepton track needs to satisfy requirement of pr >5 GeV and I <0.2, while
hadronic track (mostly pion) should have pr >10 GeV and Iy <0.1, where
track isolation Iy is defined as the ratio of scalar pr sum of charged tracks
within AR<0.3 of primary track to pr of primary track.

o AD(FE,H )
As enormous QCD background has the feature that pi** due to jet mismea-
surement is aligned to mismeasured jet, events in signal region are needed
to satisfy A®(p’ J;Ft,ﬁ %ﬁss) > 0.3,0.3,0.5,0.5 for four leading Hr jets, to reject this
background. QCD dominated control region is selected by inverting above AP
requirement (at least one of the leading jet should fail either of A®(p’ jft,ﬁ miss)
> 0.3,0.3,0.5,0.5 cuts) and asking for V},_je; =0 and 250 GeV < H%liss < 300 GeV
(called low A® QCD validation region). A data-driven strategy to estimate,

called “Rebalance and Smear (R+S)” explained later, is validated separately in
low-H2 and low A® validation regions.

miss

e MET filters for rejecting events with spurious high py

Section 3.5 has discussed various event cleaning filters used during legacy
analysis. An event of interest is expected to pass all imposed filters.

In various SUSY topologies, a rich variety of final states are possible. One can de-
sign a SUSY search exclusive to either of possible topologies or it can be an inclusive
search covering maximum phase space to allow simultaneous scan of various SUSY
topologies. The analysis described here uses inclusive approach for SUSY search.

Events survived after above cuts are considered for this search and are distributed
across 174 search bins. Figure 5.4 shows Nje; — Ny,_jet and Ht — H‘{T]ﬂiSS binning used
during 2016 [19] and full Run 2 analysis. Each Nje; — Np—jet bin is further divided
into Hr — H3"® bins as shown in fig.5.5. To get advantage of higher luminosity,
bins are made tighter for full Run 2 analysis.

5.3 Signal and SM background composition

The figures 5.6 and 5.7 respectively show distribution of various search variables
only with Hy > 200 GeV, H®* > 200 GeV requirement and after full baseline se-
lections applied. Here event weights of both background and signal processes are
normalized to their respective cross-sections and lumi of 35.9 fb_l, so as to match
total number of events (observed for SM and theoretical for signal) expected in 35.9
fb~'data. Kinematic distributions from signal mass points, which were buried un-
der huge SM background yield started becoming visible after putting baseline cuts,
as observed in fig. 5.7.
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FIGURE 5.4: Nj¢; - Ny_jet binning used for 2016 (left) and full Run 2
analysis (right) with 35.9 fb~'and 137 fb~'data respectively
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analysis (bottom) with 35.9 fb~'and 137 fb™'data respectively

jet

By starting with a set of events satisfying Hy > 200 GeV, HIs > 200 GeV
requirement, how various cuts help in rejection of SM background processes and
final survived fraction contributing as SM background in signal region are shown in
Fig. 5.8. The Hy , H , Njo, baseline selection brings potential SM background
down to few percent. Relative rejection by A®(jets, H¥55) cut is maximum for QCD
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FIGURE 5.6: Distribution of kinematic variables for SM backgrounds
and various SUSY signal topologies before applying baseline selec-
tions

as expected. In a true physics event, H¥s5 is expected to be less than Hr , hence
rejection is minimum with HISS < Hp requirement (red line in figure 5.5 (bottom)).
Lepton veto and isotrack veto rejection is few percent or less than that. The p&iss
filters are supposed to reject anomalous pis events in data due to detector issues
as discussed in section 3.5 but does not have significant impact in MC as expected.
Survived background fraction is maximum for Z+jets (about 4%), followed by tt,
Wjets, single top and QCD in descending order.

Background composition changes depending on kinematic phase space. Figure
5.9 shows how Z+jet, tt/W + jets (Lost Lepton) and QCD contribution changes as a
function of one search variable at a time and inclusive in other three search variables.
The Z+jet appears as largest background both at low and high H¥'* ends. But as a
function of Nje; , N,—jer multiplicity, lost lepton contribution increases due to domi-
nating ¢¢ process at higher end. Figure 5.10 shows a composition in two dimensional
[Niet ,Nb—jet ] phase space but inclusive in Ht >300 GeV and H%‘iss >300 GeV for top
plot and Hy >600 GeV and H¥'* >600 GeV for bottom plot. With higher Hr and
HIiss requirement, both QCD and lost lepton background from tZ/W +jets drop,
except at NV},_je; =2+ for highest two Nje; bins, where lost lepton remains a dominant
background even at high Hy , HI requirement due to ¢ contribution. In case of
invisible Z+jet event, two neutrinos are most likely to fall in same hemisphere giv-
ing high HI as compared to ¢¢, where neutrino, antineutrino from top and antitop
fall mostly in opposite hemispheres leading to small values of H** due to mutual
cancellation. As a result, Z+jet dominates in H spectrum.
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FIGURE 5.9: Background composition as a function of different search
variable bins in 137 fb~'data (see table F.1 for numbers)
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FIGURE 5.10: Background composition against [Nje; , Vp—jet ] inclu-

sive in Hy and H™ with selection of Hr > 300 GeV, HRss > 300

GeV for top plot and Ht > 600 GeV, Hs5 > 600 GeV for bottom plot
in 137 fb~'data (see tables F2 and F.3 for numbers)
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5.4 Triggers

Triggers are used to store only a subset of all data events, which are useful for physics
analysis purpose [58]. A set of MET x MHT triggers are used for event selection

from data in signal region.

HLT_PFMETx_PFMHTx_IDTight_v* (x=90,100,110,120,130,140)
HLT_PFMETNoMux_PFMHTNoMux_IDTight_v* (x=90,100,110,120,130,140)

HLT_PFMETx_PFMHTx_IDTight PFHT60_v* (x=100,110,120,130,140)

HLT_PFMETNoMux_PFMHTNoMux_IDTight PFHT60_v*
(x=100,110,120,130,140)

Here the variables and their values refer to trigger level reconstruction and cal-
ibration. The high threshold triggers act as a back-up to compensate efficiency loss
when low threshold triggers are prescaled at higher instantaneous luminosity. The
same set of triggers was used also for lost lepton control region (CR) and QCD low
A® validation region in 2018. The efficiency of this set of triggers is determined both
in true and fake p** region. Efficiency in true p/¥** region is calculated using single
electron dataset as reference while efficiency in fake p*> region is calculated using
single photon dataset as reference.

Events passing MET and single electron trigger (Ht> 300, Njet> 1)

€t —MET — . . N
e Events passing single electron trigger (Ht> 300, Nje> 1)
(5.3)
Events passing MET and single photon trigger (Ht> 300, N> 1)
€ fake— MET = : . :
fake Events passing single photon trigger (Hr> 300, Njet> 1)
(5.4)
CMS simulation preliminary
g 14,“% RUN2016 (35.9 fb) CMSsimulation preliminary
g . Fe— RuN2017 (415 tb) g 14% Run2016 (35.9 fb)
= 1.2¢ 5 S e Run2017 (41510
3 [—e— Run2018 (59.2 o) T 19f
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FIGURE 5.11: Signal region trigger efficiencies in True and Fake MET
region

Efficiencies are shown in Figure 5.11 and are used to correct simulated signal
yield and events used to get Z+jet and R+S QCD prediction.
Following are the triggers used for various CR selections.
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¢ Single electron or muon triggers:

These are used to collect events in di-electron and di- muon CR for Z+jet pre-
diction. Single-muon triggers are found to be fully efficient in di-muon CR.
Single-electron trigger efficiency is fully recovered for HEM failure by vetoing
electrons in HEM failure region.

* A set of single photon triggers:

These are used for Z+jet CR selection.

— HLT Photonl175_v* — for 2016
— HLT Photon200_v* — for 2017 and 2018

They are found to be 99% efficient in high A® baseline region ( pJ. > 250 GeV).

* Suite of Hr triggers
These are used for R+S QCD seed selection.
HLT_PFHTx_v* (x=200, 250, 300, —— 900)

Many of them are prescaled, hence corrections are applied to account for prescal-
ing.
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5.5 Estimation of SM backgrounds

Signal region (SR) events recorded in data can be admixture of contribution from
SM processes and SUSY signal if it exists. In this admixture, there is no way to
know whether a particular data event has originated from SM process or potential
SUSY event. But from MC simulation it is possible to get an idea about estimate
of expected SM background and strength of potential SUSY signal to populate in a
particular search bin. The general idea of getting background prediction is to start
with a kinematic phase space which is dominated by SM background and is almost
free from signal, called a “ control region” (CR). Based on best known understand-
ing of CR and SR, a method is developed which is applied on CR event yield to get
expected SM background yield in SR. This method which maps from CR to SR takes
into account the physics based difference between CR and SR. The SM background
yields predicted by this way can be compared directly to expected MC yields in SR.
If expectation and prediction agrees within uncertainties, it provides confidence on
estimation strategy. Such well validated estimation strategy from MC, is applied
to data CR to get data driven background prediction. A necessity of “data driven”
approach comes from the fact that MC generation restricted to next to next lead-
ing order (and not including higher order diagrams) lets spectra of various search
variables to differ in MC with respect to data both in normalization and shape. In
addition, with changing collider and detector conditions across data taking, it is not
always possible to simulate all detector level effects. In data driven approach used
for this analysis, CR for background estimation is taken from data and MC based
inputs used in estimation strategy (e.g. lepton efficiencies) are corrected for data
versus MC differences by applying associated data/MC scale factors as correction.

Following sections will describe Z+jet, QCD and lost lepton background estima-
tion strategies used in 2016 [19]. For Z+jet and QCD, the strategies were unchanged
during full Run 2 analysis [20].

5.5.1 Z(v7) + jets background estimation

The Z(v7) + jets background uses v + jets as a control region (CR) for estimation
in 46 Ny_jey =0 bins while estimation in higher N_je; bins use Z — 1717 as CR
[19]. Using Z — 171 as CR for overall background estimation would have been
an option. But, Z — 171~ suffers by low statistics (branching fraction ~ 10%). The
production of prompt v + jets events is similar to Z + jet process, and production
rates become of similar order for high boson p1 with respect to Z mass. Also v+ jets
is benefitted by higher statistics compared to Z — 1717 in N},_je; =0 bins. For these
reasons, 7 + jets is used as CR, for Z(vv) + jets estimation in Ny,_je =0 bins, while
extrapolation to higher N},_je; bins is done using Z — 171~ spectrum directly from
data. Both v + jets and Z — 171~ CRs do not have true pi* . Jet clustering is redone
by removing y or Z(1717) from 7 + jets and Z(1*17) + jets events, to mimic p'=*> from
Z(vD) + jets process. Both v and dilepton pair from two CRs should have pt > 200
GeV.

Only direct prompt production of v+ jets resembles production of Z at vertex. To
avoid contamination from indirect (from 7° decay) and fragmentation photons (from
gluon radiation), v + jets sample is corrected by applying "direct photon fraction"
(Fair) and photon purity (5,) derived from the MC events. Normalization difference
between v + jets and Z + jets is accounted by applying transfer factor Ry /., derived

from MC events as a function of 46 N},_jc; =0 bins. Double ratio (R%ﬁ% / R%’;%) de-

rived as a function of H™S is used to correct transfer factor for trigger efficiency and
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data versus simulation differences in photon reconstruction efficiency [92]. Equation
5.5 shows estimated Z — vv background as a function of v + jets yield.

red ata sim miss obs
Ng—”’f - (R%nt/’y/RZn/’Y) X RZH/W X Fair X B’Y(HT ) % Nw (5.5)

Due to lack of statistics, Ry, /, can not be trusted for high NV}, _je; case. For this
reason, Z(1*17) + jets events are used for extrapolation to higher Nj,_je; . Extrapola-
tion factor F, is measured for each Nijet , N—jey using Z(1™17) + jets data corrected
for its purity (equation 5.6).

Fjy = Nj»/Njo (5.6)

This extrapolation factor is used as a multiplying factor to get event yield in given
[Niet ,No—jet ,Hr ,H¥ ] bin from yield in [Nje; ,0,Hr ,H¥ ] bin (equation 5.7).

N(Z = v0)}, = N(Z = vD)f § x Fp (5.7)

In equations 5.6 and 5.7, index j, b correspond to Njet, Np—jet respectively while
index k corresponds to a kinematic bin in Ht —HZ* plane.

Figure 5.12 (top) shows Ry /, ratio and (bottom) shows F};, extrapolation factors
in bottom panel.

Figure 5.13 shows MC closure for Z invisible background expected and pre-
dicted after scaling to 137 fb~!. By definition, there is a perfect closure observed in
Ny_jet = 0bin. In other bins also expectation and prediction agree within statistical
uncertainties.

5.5.2 QCD multijet background estimation

The QCD multijet background estimation uses Rebalance and Smear (R+S) method
[19, 93, 94]. A set of low A® control region (CR) events are selected using a set of
Hr triggers (with no condition on H2s% ) with thresholds of 200 to 1050 GeV.

In first step of rebalancing an event, pr of each measured jet in CR event is varied
in order to maximize the probability:

P(jtrue‘jmeas) = P(jmeas‘jtrue)/W(H’f‘nissv 5¢j1(b)) (58)

The P(J true|J meas) represents posterior probability density of assigning true jet
momenta Jy,c to a configuration of jets with measured momenta J,,cqs. The like-
lihood to observe a configuration of measured jets J,,cqs given a configuration of
jets with true momenta Jyy is represented by P(Jmeas|J true)- The w(HISS, 5¢; 4 (1))
represents magnitude and direction (with respect to highest pr or leading b-tagged
jet) of HS in QCD events.

In second step called smearing, every individual jet in rebalanced event is smeared
by random sampling of jet response templates which accounts for jet resolution in
detector. Each rebalanced event is sampled numerous times and is weighted by
number of times it is smeared. This R+S procedure results in generating event sam-
ple which resembles original CR event sample but after electroweak background
contamination subtracted. Figure 5.14 shows validation of R+S method in QCD
CR. Observed data yield in CR agrees with total predicted background within (sta-
tistical 4 systematic) uncertainties.



90 Chapter 5. Search for supersymmetry with jets & ps final states

L -1
CMS Preliminary 137 fb (13 TeV)
0 L B B B L LN DL IR BN |
=4 " " " "
q:) 106 ZSNJ.E‘SGSE 45Njet55 | GSNJelS7 ESSNJ.E‘SQENMZlO
g : : : :
w 10° ¢ Data
|:| Signal y+jets
10* |
' DNonprompt
10° |
102
10
1
07F T AR ™
E Simulation : ! E
> 06E J ; E
1> = . ' | \ E
2 05F o® | : ; E
E o ' 0dy © e )
%,\] 0400 ee000 eg®00eqe 3.. o.‘.o‘ﬁo o'.o‘ﬁo .‘.o‘ﬁ:
o = : : : : E
03F E
02E . \ N \ ./ L =
5 10 15 20 25 30 35 40 5
N._., H™®, H_ bin index
jet’ U1 T
. CMS __ Preliminary 137 ot (13 TeV)
*g 10 2<Ng<3i 4<Ngy<5 | 6<N,<7 | B8<N,<9 | N,210
6 ! ! ! !
g) 10 N et : : FANE
0:1:22/0:1;2 23] -
w0 ' ' ¢+ Data
4 , B z+ets
10 : m tiz
10° —.—‘ i ] Diboson
2 L —.7 Ot
M=l =l ==
10 f =
: ; L o Lo
{RRRARE i
E 1 : L : L L
< i 0 T g 0 T ; i ; i g T g T g T
5:{ lie e i e . ° =
u-F . . * . T E
10t @ ° 5
: . t :
1072 . ‘ . e
F . ]
-3 ! HE | HE ! ! ! !
10 2 z 6 8§ 10 12 14 16 18
Niew Ny o bin index

FIGURE 5.12: (top)Top panel shows v+ jets events in data overlaid on

decomposition as prompt and non-prompt v+ jets events in MC. Bot-

tom panel shows Ry, /., ratio in 46 0-Ny,_jey bins.(bottom) Top panel

shows Z — 171~ data overlaid with different backgrounds. Bottom

panel shows Fy;, extrapolation factors derived for various Njet -Np—jet
bins.

5.5.3 Lost lepton background estimate

As discussed before, lost lepton background will have contribution from lost elec-
tron and muon (lost®*) and from hadronically decaying tau (lost™).

The lost®* background estimation during 2016 analysis used event by event ap-
proach [19]. A SM event with either an electron or muon and satisfying baseline
selection, can enter into a signal region if lepton fails at any of the following three
steps:

1] kinematic acceptance

2] reconstruction

3] isolation

Kinematic acceptance here is defined as a lepton should have pt >20 GeV and ||
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<2.1. Identification and isolation requirements for electron and muon are as speci-
fied in section 5.2. The "found lepton" events populating one lepton control region
(CR) are those after successively passing all above three requirements. To get "lost
lepton" events either because of failing at acceptance or reconstruction or isolation
step, each CR event weight is scaled appropriately to account for efficiency associ-
ated to that step and all following steps. This scaling by efficiency to get "lost lepton"
count from "found lepton" event counts is done on event by event basis, by using ef-
ficiencies as a function of [pr , n] of "found lepton" event in CR.

Method was validated in MC by comparing predicted background from one lep-
ton CR yield to expected yield directly from MC (called MC closure test) as shown
in Fig. 5.15. In such validation, both single lepton CR and zero lepton signal region
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(SR) are both derived from the same MC sample.
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The lost™ estimation in 2016 was done using template method. For full Run 2
analysis, lost™ component was estimated together with lost®* using Average Trans-
fer Factor (TF) method. The lost™ estimation for 2016 analysis and estimation of
lost®* + lost™ using TF method for full Run2 analysis are major parts of the thesis
work. Next chapter discusses details of template method and average TF method.
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Chapter 6

Estimation of ¢ +jets & W+jets
backgrounds

This chapter discusses estimation of hadronically decaying tau (lost™) using tem-
plate method used in 2016 analysis and estimation of lost™ together with lost-electron
or muon (lost®") using average TF method used during full Run 2 analysis. The
chapter discusses details of template method and then motivation for choosing av-
erage TF method over template method for Run 2 analysis. Later part discusses
details of average TF method and also justifies why it is called “average” TF.

6.1 Estimation of [0ost™ background using template method

The 7 from W decay has 65% probability to decay hadronically (7,) and 35% prob-
ability to decay to electron or muon. At the generator level, W boson decaying to
muon or tau are kinematically equivalent (as W boson much heavier compared to
muon or tau). Figure 6.1 shows that pr distribution of generator level tau (gen-7)
and generator level and reconstructed level muon (gen-x and reco-;;) match very
well after kinematic cuts of pr >20 GeV and |n| <2.1.
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< L ] < L ]
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FIGURE 6.1: Comparison of gen-7 and generator level muon pr (left)
and that of gen-7 and reco-y pr (right) after kinematic cuts of pr >20
GeV and |n| <2.1

The difference between muon and tau appears only at the reconstruction level.
Muon is reconstructed with very good momentum resolution in detector (average pr
resolution of global muon in barrel is about 1.5% for up to pr < 600-700 GeV). The 7,
produces real multijet+pis* signature at detector level. The pr of gen-7 gets divided
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between ,-jet and associated tau neutrino as soon as 7 decays. In MC simulation,
for a given pr of gen-7, it is possible to get probability distribution of fractional pr
carried by ,-jet.

Tau template method used for background estimation in 2016 [19] relies on fol-
lowing two facts:

* As muon and tau are equivalent at generator level, 1 + jet events can be used
as control region (CR) for 7, background estimation

¢ Probability distribution of fractional pr carried by 7,-jet can be used as a tem-
plate to simulate 73, + jet event from 4 + jet CR event.

The 7, background estimation is done in high A® and low A® zero lepton region.
High A® zero lepton region defines signal region (SR) while low A® zero lepton
region is used to estimate electroweak contamination (here 7,) to the QCD CR.

6.1.1 The 7, template construction

To get the pr spectrum of 7,-jet as a function of gen-7 pr , W + jet, ¢t and single top
MC simulated samples are used. The events having at least one gen-7 are selected.
The gen-7 carrying maximum p is used for template construction.

In order to find a 7,-jet associated with gen-7, a matching function is used. This
matching function compares position of gen-7 against position of each of the recon-
structed level jet in 7-¢ space. The jet which is closest to gen-7 within a cone of
AR=0.2 if gen-7 py < 50 GeV and AR=0.1 otherwise, is determined as associated
mh-jet. Here relaxation of AR for low gen-7 pr is done to ensure reasonable effi-
ciency for matching with 7,-jet. The ratio of pt of a matching m,-jet to pr of gen-7
defines “7,-jet response”. For every such 7,-jet event, 7,-jet response is filled with
proper eventweight. This is done on event by event basis for full MC sample to
generate probability distribution of fractional pr of gen-r carried by 7,-jet (called
mh template). Four different 7, templates are constructed corresponding to gen-7 pr
ranges of 20-30 GeV, 30-50 GeV, 50-100 GeV and above 100 GeV, each with 50 bins of
jet response as shown in figure 6.2. Probability distribution is normalized such that
integral over all 50 bins equals unity for each of the templates. Detector resolution is
worse at low pr compared to high pr. As a result fig. 6.2 shows that, a tail in proba-
bility distribution beyond one is prominent for low gen-7 pr template compared to
high pr ones.

While simulating 7, + jet event from muon CR event, muon pr is supposed to
be replaced by 7, template. For this reason, 7, template should depict the response
of a ,-jet pr as a function of gen-7 pr without any contamination from surrounding
activity in event and would be expected to be less than one ideally. But the templates
derived using SM MC (¢ +jet and W+jet MC) can be contaminated by some contri-
bution from nearby activity making it "impure". This impurity as well as detector
resolution will show up as template response shifted to higher fractional pr values
than one.

To avoid such contaminated response, two alternative ways of tau template con-
struction were considered.

¢ Use Pythia8 [61] particle gun to produce tau and force it to decay hadronically.
Use the closest matching jet to gen-7 for template construction (called "7-gun"
templates).
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FIGURE 6.2: 7, templates obtained as a function of various gen-7 pr
ranges

* Use Pythia8 particle gun to produce W and force it to decay to tau, and further
decay of tau in hadronic channel. Use the closest matching jet to gen-7 for
template construction (called "W-gun" templates).

In both cases, the generated event is passed through nominal CMS event recon-
struction steps.

For a consistency check, 7-gun and W-gun template responses are compared at
generator level, i.e instead of reconstructed jet, a closest matching generator level
jet to gen-7 is used for template construction. For W-gun template, W is produced
using Pythia gun within |n| <4.0 without any pr requirement. For 7-gun template,
7 is allowed a range of n = [-2.4,2.4], ¢ = [-3.14, 3.14] and pr =[0.0,160 GeV].

Figure 6.3 shows comparison of response templates obtained from 7-gun and W-
gun for different pr ranges. These comparisons clearly show that 7-gun templates
failed to recover a shape of hadtau pr distribution from W decay. The discrepancy
is arising because decay products of W are polarized and possess certain angular
correlations. This polarization effect is accounted properly in W-gun templates but
not in 7-gun templates. This lead to the conclusion that 7-gun templates will not
serve the purpose and W-gun templates will be a better choice for simulating 7,-jet
response over SM MC templates and 7-gun templates.

To make reconstructed level W-gun template response look closer to true re-
sponse, additional adjustments are done as follow:

¢ To minimize “no matching jet” cases while template construction, the mini-
mum jet pr threshold in PF jet parameters is moved from 5 GeV to 1 GeV. As
low pr jets are more prone to detector mismeasurement compared to high pr
ones, this lowering of threshold pr can significantly improve low gen-7 pt
templates.

¢ To account for the rare events where matching jet has pr < 1 GeV and hence in-
evitably falling under “no matching jet” case, such events are forced to fill zero
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FIGURE 6.3: Comparison of 7, templates obtained with tau gun and
W-gun for pr ranges (top left) 20-30 GeV, (top right) 30-50 GeV, (bot-
tom left) 50-100 GeV and (bottom right) >100 GeV.

response template bin instead of just ignoring them. This condition ensures
that each matching jet event contributes to either of the template bin.

Figure 6.4 shows comparison of templates obtained using SM MC samples and
W-gun sample at reconstruction level. It can be seen that W-gun is removing tails
in pr distribution, significantly for low gen-7 pr template compared to high gen-7
pr template, which is expected as low pr tau generally has stronger activity going
around, and hence more contaminated. Figure 6.5 shows 7,-jet response templates
produced using W-gun events.

Impact of using W-gun templates instead of templates obtained from W+jets and
tt +jets MC events will be discussed in section 6.1.4.

6.1.2 Emulation of events containing 7, +jet event

The 7, +jet events are simulated from j+jets events by bootstrapping over 50 bins of
m, template. That is, for every muon+jet event, there are 50 simulated 7, + jet events,
such that their probabilities add up to unity.

The muon from control region (CR) is selected by applying following conditions:
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* exactly one isolated muon with pt > 20 GeV and n < 2.1 (pt > 25 GeV for 300
GeV < Ht < 500 GeV due to trigger requirement). The muon should satisfy
identification and isolation requirement as given under section 5.2

¢ no isolated electron candidate as defined under section 5.2.

¢ mr < 100 requirement to reduce potential signal event contribution.

In a muon+jets events, a jet matching to a reco-;; within AR< 0.4 is found. For
every iteration of bootstrapping, a muon from this matched jet is to be replaced with
a T,-jet response given by x-axis value corresponding to the template bin picked for
that iteration. At first, raw pr of a matched jet is obtained by undoing jet energy
corrections (JEC). Then simulated 7,-jet pr using m,-jet response becomes:

pr(jet)
JEC

Probability of this simulated tau+jet event, is given by y-axis value of the bin
selected for iteration and is called “bootstrap-weight” (wyootstrap)- Hence the weight
of a simulated 7,-jet event during each bootstrapping iteration becomes:

PTr—jet = JEC X ( —pr(p)) + pr(p) x m response (6.1)

weight[T + jet] = weight[p + jet] X Wyootstrap (6.2)
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FIGURE 6.5: The 7, templates constructed using W-gun sample.

Here weight[u + jet] represents weight based on cross section times luminosity.
This scaling of weight[p + jet] ensures that weights of 50 simulated 7,-jet events add
to unity for each of CR event.

As simulated 7,-jet has different py than muon jet pr , it is possible that simu-
lated 7,-jet either pass or fail kinematic cuts on jet during baseline selection. For this
reason, it becomes necessary to recalculate all search variables for each of simulated
Th-jet event.

* Njey - if both muon jet (before smearing) and simulated 7,-jet pass kinematic
cut of pr >30 GeV and |n| <2.4, then Nj¢; remains unchanged. If muon jet was
not counted under Nje; , but simulated 7,-jet passes kinematic cuts, then Nje;
increases by one. If muon jet was counted under Nje;, but simulated 7,-jet does
not pass kinematic cuts, then Nj¢; decreases by one.

* Hrt:usenew Nje collection obtained above to get Hr

e HIss: recalculate H¥'* by subtracting muon jet pr and adding simulated
mh-jet pr vectorially to original H®'* only if both satisfy pr >30 GeV and ||
<5.0 requirement

o A®d: use new HISS to get HMSS -¢). For leading four jets (based on pr ) in new
Nijet collection, find A® with respect to new H. %ﬁss -0

® Ny_jet : determined by accounting for the fact that 7,-jet has significant prob-
ability of getting b-mistagged. More details of this strategy are discussed in
subsection 6.1.3.

These recalculated search variables are used to assign a search bin associated to
simulated m,-jet event.
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6.1.3 Efficiencies associated with muon control sample

The simulated 7, +jet events need to be corrected for inefficiencies associated with
muon identification, purity of CR and for residual differences in topology of muon
+ jet and 7, + jet event. These efficiencies are determined from MC as discussed
below.

Lepton acceptance

Muon CR is selected based on condition that muon should have pt > 20 GeV and |7|
<2.1. Requirement on muon 7 is based on tracker coverage being upto |n| <2.5 and
jet cone radius of AR =0.4.

Along with || requirement, pr > 20 GeV requirement comes from the fact that
at very low pt, momentum measurement in forward direction becomes challenging
due to the dense environment about lepton track. To avoid these criticalities, muon
CR is selected based on kinematic conditions on muon as mentioned above (called
"muon acceptance"). To correct muon CR yield for efficiencies associated to these
kinematic cuts, muon CR event is scaled by reciprocal of “muon acceptance” on
event by event basis. If 1, represents total single muon events passing baseline cuts
and falling in [Nje; , Hr , Hfrmss ] bin and j¢45s represents muon CR events passing
baseline and pr > 20GeV and || <2.1 cuts and fall into [ Njet, H, H‘Tniss] , then mean
“Muon acceptance” parameterized in terms of [ Njet , Hr, H%liss ] is as given below:

__ HMpass []Vjeta HT: H’%liss]

elzicc[]vjethT’H”rfniSS] - LLall [N ¢, Hp Hmiss} (6.3)
a jety y L4

Figure 6.6 shows how muon acceptance looks in high A® region. Towards high
jet multiplicity, t¢ contribution dominates over W+jets. As a result, leptons coming
from W decay are more boosted and hence fall in central eta region of detector, which
lead to improvement in lepton kinematic acceptance.
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FIGURE 6.6: Lepton acceptance in 84 bins of [Njet, Hr, H®* ] in high

A® region. The [Ht , H¥s | bins for each Nj.; are similar to search

region [Hr , H¥ ] binning except two Hr bins corresponding to
highest HsS bin are combined

The Ny,_je; dependence of muon acceptance is also considered on top of [N ,
Hr , HF"® ] dependence. If 1,4 represents total single muon events passing base-
line and falling in [Njet , Np—jet , Hr , H%liss ] bin and pp—pass represents muon CR
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events passing baseline and also pr >20 GeV and |n| <2.1 cuts and fall into [Njet ,
Ny_jet , Hr , H®55 ], Np,_jet, dependence of muon acceptance becomes:

Hb—pass []Vjeta Ny_jet, Hr, Hffliss] Lall []Vjet, Hr, ngniss]

R : x — (6.4)
AcclNo—er [tpass[Niet, Hr, HI] tto—att [Niet, No—jet, Hr, H]
VT TTT { L ‘ TTrTT ‘_\ 1T ‘ TTTT { TT 1T { TT 1T { TTT TA
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FIGURE 6.7: The Ny_jo; dependence with respect to central lepton
acceptance for N;e; bins [3,4], [5,6] and > 9

The Ny,_jet dependence observed for various Nje; bins is shown in fig. 6.7.

Isotrack veto efficiency

One prong and three prong decay of 7, have characteristic charged track coming
from a charged pion. Hence to suppress 7, background in signal region, the events
with isolated track are rejected in signal region. Similar to lepton acceptance, iso-
track veto efficiency is first derived in bins of search variables Nje, Hr and HXss | If
Th—aqu Tepresents number of events having 7, at generator level and 7,y o7rqck TEPTE-
sents events having 7, at generator level but no isolated track at reconstruction level,
then isolated track veto efficiency as function of [Nje; , Hr , H. %ﬂss ] becomes:

Th—noTrack []Vjetv Hr, H%uss]

. 6.5)
Th—all [Njet, Hr, H}']

miss
6isotrk[]\fjeta HT7 HT ] =

Figure 6.8 shows isotrack veto efficiency as a function of [Nje; , Hr, H%liss ]. To-
wards high jet multiplicity, due to surrounding activity, it becomes difficult to find
isolated track and hence efficiency drops down.

Similar to lepton acceptance, V},_j.; dependence on top of mean efficiency is
determined. If 7,_;_4; represents number of events having 7, at generator level and
falling in [Njet , Np—jet , HT , H%“SS ] bin and 74, _p—noTrack represents events having
T at generator level but no isolated track at reconstruction level and fall into [Njet ,
Ny—jet , Hr, Hmiss 1, Ny,_jet dependence of isotrack veto efficiency becomes:
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high A® region. [Hr , H | bins are as in Fig. 6.6
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The dependance of isolated track veto efficiency

on Ny,_jerin different Njeibins is

shown in fig. 6.9. Variation against central isolated track veto efficiency is maximum

for highest Ny, _jes.
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T — i probability

The 7 — p probability is used to correct for contamination in muon CR arising from 7
decay to muon. The muons in the CR are expected to be coming directly from W de-
cay for treating them equivalent to gen-7. But, CR can have contamination from taus
coming from W, which decay leptonically to muon. In order to correct for this con-
tamination, 7 — p probability is determined as a function of [ Njet , Hr, HEFSS ] bins.
If p1q represents total muon CR events passing baseline cuts and falling in [Nje ,
Hr, Hfl?iss ] bin and pt,0—gen represents muon CR events passing baseline, falling in
[Njet , Hr , H %‘iss ] bin but either there is no matching generator level muon found or
muon is identified as coming from tau decay, then 7 — p probability becomes:

Mno—gen {Njet , Hr, H%ﬁss]
prant[Njet, Hp, HES9]

£ [Njet, Hr, HF™] = (6.7)

Figure 6.10 shows 7 — p probability as a function of [Nje, , Hr, Hfrniss ]. The
probability is found to be almost flat and hence no M,_;¢; dependence is derived for
this component.
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FIGURE 6.10: Probablity of muons coming from taus in 84 bins of
[Niet , Hr , H¥5* ]in high A® region. [Hr , H}'* ] bins are as in Fig.
6.6

mr efficiency

The selection of muon CR is made with additional requirement on its transverse
mass as given by equation 6.8, where tk represents the particle trajectory and A¢
represents the angle between the trajectory and ps . If muon has originated from
SM W+jet process, where neutrino is the only source of pmISS and mr distribution
has sharp cut at W boson mass. If SUSY exists and muon is originated from any such
SUSY event, then along with neutrino, p** will have additional contribution from
the LSP in the event, which will remain undetected in the event leaving extra piiss .
In those cases mt will not be bounded by W mass and will not satisfy equation 6.8.
Thus the condition mt < 100 GeV cut helps to reduce CR contamination due to non
SM processes.

tk‘ pmlss \/2]? miss 1 — COS(A¢)) < 100GeV (6.8)
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To correct for the reduction in muon CR yield due to mr, efficiency of selection
is determined as a function of [Nje; , Hr , HrrfniSS ] bins. If 14 represents total single
muon events passing baseline cuts and falling in [ Nje; , Hr, HEFniSS I bin and ppass—mo
represents muon CR events, falling in [Ny, , Ht , H‘TniSS ] which actually satisfy m
requirement given by equation 6.8, then mr efficiency becomes:

__ HMpass—mry []Vjety Hr, HITniSS]

" [Niet, Hr, HRS5] = : (6.9)
v [Nier ] Hati[Niet, Hr, HF]

Figure 6.11 shows mr efficiency in 84 bins of [Nje , H , HR ].
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FIGURE 6.11: mr efficiency in 84 bins of [Nje: , Hr , H{E’iSS ] in high
A® region. [Hy , HIs | bins are as in Fig. 6.6

Figure 6.11 shows that mr efficiency is almost flat and does not really show up
the true feature that mr efficiency is proportional to pr of a lepton. Figure 6.12
shows mr efficiency as a function of pr and 7 of a muon in CR. As expected, there
is no 7 dependence, but towards high pt , mr efficiency reduces.

As mr efficiency is pr dependent, pr spectrum of muon from CR and gen- are
compared before and after imposing mr cut.

Figure 6.13 shows that after m cut, reco-;z and gen-7 p spectra no longer remain
equivalent. The impact of mr cut on reco-y1 pr spectrum is checked in various
Ny_jet bins as shown in figure 6.14. To account for this residual mr cut impact, it
was decided to reweight muon pr spectrum in CR to make it equivalent to gen-.
If ratio of reco-;: pr to gen-7 pr as a function of Vy,_j; represents "pr reweighting
factor" then, corrected m,-jet response after accounting for “p1 reweighting factor”
for given bootstrapping iteration becomes,

of T jet of T jet of reco
corrected 7}, response = proiT)et _ PTOTTIt | PT o (6.10)
profgent  profrecop profgent
corrected 7y, response = T, response X pr reweighting factor (6.11)

This recipe to account for differences in pr spectra of gen-7 and reco-y in Np_jet
bins and then correcting for mr efficiency as a function of [pr , n] showed better
performance over using average mr efficiency as a function of [Nje; , Hr , H%ﬁss ].
Results will be discussed in section 6.1.4.
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Accounting for b-mistag rate of a 7,-jet

Tau lepton has a life time of about 10~!3s in its rest frame before it decays to a jet.
On the other hand B hadrons (hadrons with b quark content) also have a life time of
the order 10~1?s before decaying to light quark jets (called b-jet) due to a suppressed
couplings of bottom quark to up or charm quarks. As a result b-jets have a charac-
teristic displaced vertex. As tau lepton lifetime is of similar order as for B hadrons,
there is a significant probability that 7,-jet is mistagged as a b-jet. If this mistagged
jet satisfies the kinematic jet requirements, an event will be wrongly placed in higher
Ny _jer search bin. To account for this effect, b-mistag probability of 7,-jet is deter-
mined, and used to correct the final 7, + jet prediction.

The b-mistag probability of 7,-jet is determined as a function of gen-7 pr . A
fraction of events with gen-7, where a matched reconstructed jet to gen-7 exceeds
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FIGURE 6.14: Comparison of pr of gen-7 and reco-: after mr cut in
Ny_jet bins 0, 1,2 and > 3 respectively

the csv threshold for b-tagging (csv >0.8) defines b-mistag probability. Figure 6.15
gives the b-mistag probabilities obtained for a matching jet to gen-7 and reco-x in
different samples. It is observed that in ¢7 + jet events mistag rate increases with
increasing pr due to the increasing proximity of real b-jet in the event. In the W+jet
event, b-mistag rate is almost flat both for muon jet and 7,-jet. We used the b-mistag
rate of 7,-jet from W+jet sample as an intrinsic b-mistag rate of 7,-jet.

Asb-mistag rate is nonzero across pr range, for every simulated 7,-jet event there
are two possibilities; either 7,-jet is b-mistagged or not and depending on that the
simulated event can fall in different V},_je; bins. To account for this, two iterations
("k") are considered for every simulated 7,-jet event.

If muon jet from CR event is already b-tagged based on the csv value, then it is
highly unlikely that simulated 7,-jet will not be b-tagged, as Fig. 6.15 shows that
b-mistag rate of m,-jet is always higher than muon jet. Hence simulated event with
new values of Nje; , Hr and H%liss in such case will belong to same Ny,_je; bin as
CR event during both iterations making total probability of that NV},_j.; to be one.
But if muon jet is not b-tagged, then in first iteration, simulated 7,-jet event is filled
in Ny_je; bin of CR event with eventweight scaled by (1-b-mistag rate). For second
iteration, simulated 7,-jet event is filled in V},_jc¢ +1 bin with eventweight scaled by
b-mistag rate. This way, probability of two N},_je; bins associated to simulated 7,-jet
event sum up to one.
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6.1.4 Validation of method in MC event sample

With all efficiency corrections applied, 7, background estimate can be given as:

NE T late bi res T Br(W—m,v
NTh :Zi o8 (Zjemp o ms(p7fn P Zk Wbl:mistag) (1-f7"l’«)(1_fn)ﬁ€isotrk) (612)

RecoI50 Acceiny

Figure 6.16 and 6.17 show the comparison of the predicted background from
single muon control sample against expected 7, background in high A® search re-
gion and low A® region including QCD sidebands using MC after scaling to 35.9
fb~!. The expected 7, background in search (low A®) region is obtained by select-
ing events with only one 7, at generator level which satisfy baseline selection under
high (low) A® conditions and a jet is found matched to the gen-7. The predicted
yield from muon CR has used W-gun templates, average mr efficiency against [ Vjcs,
Hy, H%liss | and average [Njet , N,—jet | corrections developed to correct for resid-
ual nonclosure seen against [Nje; , Np—jet ]. The error bars on both expectation and
prediction are statistical only. The results agree within statistical uncertainty in all
search bins for both high and low A® regions. This validation is referred as a closure
test since the various efficiencies derived from MC are applied back on MC CR itself
to check consistency of prediction against expectation.

The remaining lack of closure is corrected using residual correction factors. The
average residual [Nje; , Np—jet | corrections are derived as a ratio of MC expectation
to MC prediction by integrating yields in corresponding Hr - H bins. Figure 6.18
and 6.19 (left) show these correction factors while using a template derived from t#
+et and W+jet MC. The average corrections found for closure while using W-gun
template but mr efficiency versus [Nje; , Hr , qunss ] and W-gun template and mr
efficiency versus [pr , 1] after reweighting muon pr spectrum for prediction are
shown in figures 6.18 and 6.19 (right) respectively. The gradual reduction in [Nje; ,
Ny _jer ] average corrections imply the improvement in closure after these changes.

Closures are also checked for inclusive 1D distribution in different search vari-
ables as shown in figure 6.20. These closures again have used W-gun templates,
average mr efficiency as function of [Nje; , Hr , H | and are after applying av-
erage [Njet , Np—jet ] corrections developed to correct for residual nonclosure seen
against [Njet , Np—jet |-
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FIGURE 6.16: The comparison of MC 7, background expected in 174
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FIGURE 6.17: The comparison of MC 7, background expected in 174

search region (black solid circles) against the predicted 7, background

in low A® region using single muon control sample (pink shaded
region).

6.1.5 Estimation of 7, background in 2016 dataset

After validation, the same estimation strategy is applied on single muon control re-
gion (CR) from data to get 7, prediction. Prediction is corrected for various muon CR
efficiencies as discussed before. The NjNb residual correction factors obtained from
MC closure as shown in figure 6.18 (left) are also applied on top to data prediction.
The only correction factors which are additionally applied to data prediction but not
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to MC prediction comes from various trigger efficiencies involved. As CR is selected
using single muon triggers, while search region uses MET triggers, background pre-
diction from data CR is first scaled up by reciprocal of single muon trigger efficiency
and then scaled down by MET trigger efficiency factor to get final prediction.

In addition, for low Ht region to remain above trigger turn on, the muon pr
threshold was moved to 24 GeV from 20 GeV. The effect of this change on prediction
is estimated in MC. The ratio of MC prediction with muon pr threshold of 24 GeV
and that with 20 GeV, obtained bin by bin is applied as a correction factor to data
prediction in low Ht region.

Figure 6.21 and 6.22 give the final data prediction obtained in signal region after
applying all the efficiency correction factors in 174 search bins and in 1D search
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FIGURE 6.20: The comparison of MC 1, background expected in

search variables Hr, H®55, Nio; and Ny, _jet(black solid circles) against

the predicted 7, background using single muon control sample (pink
shaded region).

variable projections respectively. Above comparison of data prediction against MC
expectation is for a trivial sanity check of method but not used explicitly in any of
final results.

Systematics associated to 7}, estimate

Major systematics considered associated with lost™ background estimate using tem-
plate method are as described below. They are used as nuisance parameters for final
statistical interpretations.

* JEC systematics:

The 7, template is rederived by varying jet pr by JEC uncertainties. MC Pre-
diction obtained with these new templates is compared against MC prediction
obtained without considering any uncertainty. The fractional change in pre-
diction per bin is used as JEC systematics.

* Lepton SF systematics:
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FIGURE 6.21: The 7, prediction in data (pink shaded region) against
Th background expected from MC (solid dots).

Data/MC SF associated to muon identification, isolation and reconstruction
obtained from SUS lepton POG are varied by associated uncertainty and pre-
diction is reobtained. The change in prediction is assigned as systematics.

* Btag systematics:

b-mistag probability of 7,-jet is varied by 50% and prediction is obtained again.
Fractional change in prediction due to this, is considered as systematics.

* Acceptance systematics

Acceptance systematics is the variation in lepton acceptance due to change in
Parton Density Function (PDF) or Renormalization Scale used in MC simula-
tion within uncertainty [95]. To get PDF systematics, eventweight is scaled in-
dependently by a set of 100 variations in PDF weights, to get 100 variations in
lepton acceptance. The maximum variation in lepton acceptance with respect
to nominal acceptance is considered as a PDF systematics.

In a similar way, to get Scale systematics, eventweight is scaled independently
by a set of 9 variations in Renormalization Scale weights, to get 9 variations in
lepton acceptance. The maximum variation in lepton acceptance with respect
to nominal acceptance is considered as a Scale systematics.

Final data prediction in 174 search bins and associated systematics are used as
inputs to get statistical interpretations based on final comparison of data against all
SM background predictions. These results have been published in [19]. The inter-

pretation of results in the context of strong SUSY production are shown in appendix
C.
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FIGURE 6.22: The m, prediction in data (solid dots) against 7, back-
ground expected from MC (stacked histograms) in Hy ,HES | Nje
and Np_jet bins.

6.2 Estimation of lost® +[ost™ background using average Trans-
fer Factor (TF) method

In 2016 analysis, lost™ prediction was derived using template method. The method
relied on analogy of T+jet event to p+jet event at generator level and then smear-
ing of u+jet event based on probability distribution of fractional pr carried by 7 jet
from generator 7. This approach although robust, did invite extra complexities like
correcting single muon control sample on event by event basis for efficiency asso-
ciated to detector acceptance of muon, 7 — x contamination, isotrack veto, mT cut
and dilepton contamination. Also background strategy was computation intensive
(at least 50 and at most 100 iterations for each control region (CR) event).

As at the time of start of this analysis, when it was an exploring stage of how
detector behaves, how data looks in comparison to simulation, it was decided to
choose a conservative event by event approach. This allowed to extract kinematic
shape of each estimated background event as a function of each CR event. For this
reason, template method was implemented during 2016 analysis.

But now with time as understanding of detector has become comprehensive and
have gained enough confidence on how data looks in comparison with MC and
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undersanding of how to deal with residual data versus MC differences, it was pos-
sible to think of a simpler approach like average TF method for prediction of lost®*
+lost™ event from one lepton CR event.

The combined prediction of lost®* +lost™ is expected to reduce systematics sig-
nificantly helping constraining the limits on SUSY scenarios. Figure 6.23 shows
lost®* +lost™ expected yield contribution from ¢t +jets, W+jets and single top MC
events. The ¢t +jets and W+jets form the major background components. The rel-
ative fraction of t¢ +jets contribution increase towards high Ht , Nijet , N—jet mul-
tiplicity, while for HIsS | ¢7 +jets contribution decreases relative to W+jets towards
high values due to presence of two neutrinos in the ¢ event.

CMS simulation Supplementary (13 TEV)
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FIGURE 6.23: Combined lost®* +lost™ yield expected in zero lepton
signal region as obtained from t¢ +jets, W+jets or single top MC (see
table G.1 for numbers).

6.2.1 Average Transfer Factor (TF)

Transfer Factor will represent unique transition factor to be used to get signal region
background prediction (lost®* + lost™) from control region yield (one lepton). In
MC event sample, with help of generator level information available, it is possible
to tag an event as either found lepton (lepton present both at generator and recon-
structed level) or lost®* or lost™ event (lepton present at generator level but not
at reconstructed level) and hence is straightforward to obtain ratio of lost®* +lost™
event yield to found lepton event yield representing Transfer Factor in MC. In data,
such categorization of events is not possible as no generator level information avail-
able. Hence, the crucial point of this method becomes to correct Transfer Factor
derived from MC for data versus MC differences in order to make Transfer Factor
applicable on one lepton CR in data to derive lost®* +lost™ background prediction
in data signal region.

In method opted here, Transfer Factor is derived as a function of 174 search bins.
The word “Average” dictates the fact that Transfer Factor obtained for every bin
represents average fraction of lost®* +lost™ to found lepton events in that bin and
does not care for kinematics of lepton on event by event basis (as was done in tem-
plate method). As a consequence of this averaging, it is impossible to extract the full
kinematics of a CR or SR event.
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6.2.2 Strategy

Average Transfer Factor implementation involves four main steps:

¢ step 1: Get Data/MC scale factor (SF) for one lepton CR as a function of search
bins.

¢ step 2: Use SF derived in step 1 to get Data/ MC SF for zero lepton SR as a
function of search bins.

¢ step 3: Use SFs derived in steps 1 and 2, and derive zero lepton to one lepton
TF in data

* step 4: Apply TF derived in step 3 on one lepton CR from data to get lost®*
+lost™ background prediction in data signal region.

In steps [1] and [2], product of POG recommended SUSY lepton SFs and Btag
SFs are used to get final data/MC correction factor per event. Estimation relies on
method “event reweighting by ignoring true b jets in the event”.

6.2.3 Event reweighting by ignoring true b jets

A jet, reconstructed as a b jet, may or may not have associated generator level b jet.
This efficiency of tagging a jet as b jet is different in data and SM MC. To account for
the differences in efficiency, the b tag scale factors are provided, which are function
of jet flavor, jet pr and 7.

The event reweighting method used here has the objective to correctly predict
the number of b jets in data from MC, but by ignoring b tagged status of individual
jets in MC simulated events [96]. In this method, for every reconstructed jet [j] in
event, a non-zero b-tagging probability (bl[j]) is assigned. Here blj] is obtained by
multiplying MC b-tagging efficiency by b-tag SF. Once b[j] is determined for all jets,
combinatorial probability (F,) of event being tagged as 0-btag, 1-btag or 2-btag is
obtained. As an example, for an event with Nje; =3, probability to have 0-bjets and
1-bjets in event will be as given by equations 6.13 and 6.14.

Py = (1-0[0]) x (1 —b[1]) x (1—b[2]) (6.13)
Pr = b[0] % (1—b[1]) x (1—b[2]) +b[1] x (1—b[0]) x (1 —b[2]) +b[2] x (1 —b[0]) x (1—b[1])
(6.14)

and similarly for probability of higher b-tagged jets. The MC eventweight is
scaled by P, to assign probability to different b-tagged events. Thus same MC event
contributes to different V,,_j¢; bins after accounting for data versus MC differences
in such a way that their total probabilities add to one.

6.2.4 Scale factors for one lepton CR (SFCR)

Eventweight of every one lepton event (NC)) falling within detector acceptance

(pr > 5 GeV, Inl<2.5) is scaled with Lepton Correction Factor (LCF) on event by
event basis which is given by product of SFs associated with lepton identification,
isolation and reconstruction as given by equation 6.15.

Lepton Correction Factor (LCF) = idSF x isoSF x recoSF (6.15)

Here idSF, isoSF and recoSF are SUSY electron (muon) scale factors associated
to electron (muon) identification, isolation and reconstruction given as a function of
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its pr and 7). Using t¢, W+jets and single top MC samples and distributing the events

in 174 search bins, represents corrected MC yield in one lepton CR (NpC eorrected)

for data versus MC differences. Then average electron SF for CR becomes:

e,MC—corrected

N,
SFCR, = ﬂmE&Mc (6.16)

found

In similar manner, SFCR can be defined for one muon events as,

w,MC—corrected

Nfound
SFCR, =~ 6.17)
found

6.2.5 Scale factors for zero lepton SR (SFSR)

To overcome the difficulty that in “lepton lost” case, it is not possible to extract as-
sociated SFs, the fact used is total of lepton lost (Vi) and lepton (or track) found
(Ntound) events should be same in both data and MC and should match prompt one

lepton events at generator level (Né\foi’é;“th)
MCtruth _ ArMC MC __ ardata data
Nprompt - Nfound + Nlost — +Vfound + Nlost (618)

As data can be equivalently represented by corrected MC yield,

MCtruth _ AxrMC MC _ arMC—corrected MC —corrected
Nprompt = Nfound + Nlost - Nfound + Nlost (619)
MC—corrected __ arMC,truth MC—-corrected
Nlost - Nprompt - NfOund (620)

Given this, average lepton SF in zero lepton signal region (SFSR), can be ex-
pressed as

NMC—corrected NMC’,truth _ NMC’—corrected
_ Vlost __ “'prompt found
SFSR = T = NIIC (6.21)
lost lost
Here Né\fog’lﬁ"th represents MC event yield having an electron (muon) falling
within detector acceptance (pr > 5 GeV, |71<2.5) at truth level and NMC repre-

MO, truth
sents susbset of N C:tru

prompt  Where no matching prompt lepton is found in the event

at reco level. The NMC eorrected g 5 complementary set of events where there is

either a matching lepton or track found at reco level.

¢ If a well identified and isolated lepton, matching to a gen lepton is found ,
the lepton correction factor (LCF) to get corrected MC yield (Np/C eorrected
becomes:

Lepton Correction Factor (LCF) = trackSF x isoSF x recoSF (6.22)

¢ If no well identified and isolated matching lepton is found but there is an iso-
lated matching lepton track found, then lepton correction factor in such cases
becomes:

Lepton Correction Factor (LCF) = trackSF (6.23)
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Here trackSF represents SUSY scale factors associated to isolated tracks.
Similar to SFCR, SF for SR is obtained separately for electrons (SF'SR.) and
muons (SFSR,,).

6.2.6 TF in bins of signal region using MC

Nominal t¢ +jets, W+jets and single top MC simulated samples are used here to
derive TF in bins of signal region. In one lepton CR, to make sure that an electron
or a muon selected is a prompt lepton coming from W decay, a reconstructed level
lepton should match to generator level lepton and satisfy an additional requirement
of mt < 100 GeV. Here matching is defined as angle between generator level (pr
> 5 GeV and |n| < 2.5) and reconstructed level lepton should be within AR < 0.3
and relative pr difference between reco and gen lepton (Apt/pt) should be less
than 10%. One lepton events selected in this way are distributed across 174 search
bins by following recommended method of “event reweighting by ignoring true b
jets in the event”and they define one lepton MC yield in control region (N¢ ). To
get “lost>" +lost™” yield in signal region (N £Y), from the events passing baseline
selection, a set of events with no isolated lepton and no isolated track are distributed
across search bins by following similar method. Once determined these, TF in MC
in bins search region (i) is given as:

NIMC
MC __ ost,i
TFMC = T (6.24)
found,i
MC ; : MC —corrected MC —corrected
To apply on data, T'F;" is corrected using N, and N -] . To
get NMC eorrected grom NMC  following four cases are considered:

e If there is a reconstructed level electron and also a matching generator level
electron (pr > 5 GeV, |n1<2.5) in the event, use SFCR, [i] as correction factor

e If there is a reconstructed level muon and also a matching generator level
muon (pr > 5 GeV, I71<2.5) in the event, use SFCR,, [i] as correction fac-
tor

e If there is a reconstructed level electron (muon) but no generator level electron
(muon) (pr > 5 GeV, I71<2.5) in event, assign correction factor to be one

e If there is a reconstructed level electron (muon) and also generator level elec-
tron (muon) (pr > 5 GeV, In1<2.5) in event, but it fails matching condition,
assign correction factor to be one

MC—corrected MC
N, from NV;

To get N, o ot following four cases are considered:

e If there is no reconstructed level electron but has generator level electron (pr
> 5 GeV, Inl<2.5) in the event, use SF'SR, [i] as correction factor

¢ If there is no reconstructed level muon but has generator level muon (pr > 5
GeV, In1<2.5) in the event, use SF'SR,, [i] as correction factor

e If there is no reconstructed level electron (muon) and also no generator level
electron (muon) (pr > 5 GeV, |71<2.5) in the event, assign correction factor to
be one

¢ If there is no reconstructed level electron (muon) and also no generator level
electron (muon) (pr > 5 GeV, |71<2.5) but there is generator level tau in the
event, assign correction factor to be one
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6.2.7 TF dependence on search variables

As a simpler way to look at TF, the variation with respect to [Njet , N1,—jet | is checked
by integrating yields in CR (SR) across [Ht , H** ] bins as shown in figure 6.24.
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FIGURE 6.24: Nje; - Np_jer dependence of TF from MC simulated

events

To understand the observed trend in TF, similar distribution checked separately
for t¢ +jets and W-jets by dividing zero lepton contribution in categories like lost
due to failing acceptance or identification or isolation (lost®*) or lost™ as shown in
figure 6.25.
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FIGURE 6.25: TF variation for (left) ¢ +jets and (right) W+jets from

MC simulated events

Figure 6.25 reveals following facts:

 TFis independent of whether the process is ¢¢ +jets or W-+jets
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* Going from low to high jet multiplicity, lost®* +lost™ contribution due to fail-
ing acceptance has significantly reduced by about 10-15 %.

This can be understood as while going towards high jet multiplicity, leptons
coming from W decay are highly boosted and more central in 7, which allow
them to pass lepton acceptance requirement more often. This is the major rea-
son causing fall in TF towards high jet multiplicity.

e At low jet multiplicity, all three components of zero lepton contribution show
dependence on Ny,_je;

To understand NV,_je; dependence further, lost®* +lost™ contribution is divided
in two categories based on proximity of generator level lepton (gen®") in event to
b-jet as given by equation 6.25.

ARmm(gene,u’b_jet) <04 (6.25)
) 13 TeV
8102 Lost lepton (LL)
[}
'-'-102 - (ARb-jet,gen Iepton)min>o'4
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FIGURE 6.26: The lost®* +lost™ fraction falling into proximity of b-jet

Figure 6.26 shows that both for low jet and high jet multiplicity, higher the b-
jet multiplicity in event, it is more probable that a lepton falls within any of the
b-jet or alternatively because of proximity of lepton a jet gets mistagged as b-jet.
In such cases, lepton fails isolation requirement, which shows up as increasing TF
trend versus Ny,_j; at low jet multiplicity. At high jet multiplicity, single lepton
contribution dominates over lost®* +lost™. As a result although this effect is there,
it does not show up that prominently for higher Ny,_je; .

6.2.8 Validation of method using MC simulated sample

Figures 6.27 and 6.28 show validation of method by comparing expected lost*
+lost™ yield against predicted lost®* +lost™ yield by applying T'Fyic to 1L CR from
MC. The 174 bin closure is perfectly at one as expected by method. As TF is derived
as a function of 174 search bins, depending on bin boundaries in inclusive 1D dis-
tributions from Fig. 6.28, direct to prediction ratio fluctuates about one. A detailed
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FIGURE 6.28: Closure in search variables with 2016+2017+2018 MC

validation of this method is done with respect to 2016 published results using event
by event approach for lost®* +lost™ estimates. The studies are summarized in App.
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6.2.9 Estimation of lost“" +lost™ in data and systematic uncertainties
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FIGURE 6.29: lost®* +lost™ prediction from data in 174 bins against
MC expectation

Figures 6.29 and 6.30 show comparison of lost®" +lost™ prediction using 137
fb~'data against MC expectation from 2016+2017+1018 MC. Similar to 7, estimation
with template method, these data versus MC comparisons are used to check that no
abrupt features shown by data prediction but are not used in final results used for

statistical interpretations.

As TF is applied as a simple scaling factor to one lepton CR yield, various sys-
tematics are derived by checking impact of propagation of various uncertainties on

TE.

¢ JEC systematics:

JECs applied to jets in event are scaled down by associated JEC uncertainties
and jet pr are rederived. Using new jet collection, all search variables are red-
erived and TF is obtained again. Variation of new TF with respect to nominal

TF represents JEC systematics.

* Muon SF systematics:

For muons, tracking SF is close to one. Hence only muon SFs associated with
identification and isolation are varied by associated uncertainties indepen-
dently and TF is rederived in both cases. Variation with respect to nominal

TF represent muon id and iso SF systematics respectively.

¢ Electron SF systematics:

For electrons, track reconstruction SF, idSF and isoSF are defined. Systematics
derived by varying these three SF independently. Variation with respect to

nominal TF represent electron id, iso and reco systematics respectively.
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FIGURE 6.30: Comparison of lost®* +lost™ prediction from data
against MC expectation in search variables

* b-tag systematics:

Btag SFs are varied by associated uncertainties and variation in TF is consid-
ered as b-tag systematics.

* mt systematics:

The piiss is varied by associated uncertainty and is then propagated to mr.
With this new mr, TF is rederived. Variation with respect to nominal TF rep-
resent mT systematics.

* Acceptance systematics:

Event weight is scaled by a set of 100 PDFweights or 9 Renormalization Scaleweights
available and TF is rederived independently for each of them. Maximum varia-

tion with respect to nominal TF given by either of PDF weights / scale weights,

is considered as PDF or scale systematics.

In addition there are statistical uncertainties from MC used to get TF and data
statistical uncertainty from data CR. Statistical uncertainty on data CR dominates
over other systematic sources of uncertainty.



6.2. Estimation of lost®" +lost™ background using average Transfer Factor (TF)

method 121

6.2.10 Merging of systematics across years

As final lost®* +lost™ prediction is obtained by combining predictions from individ-
ual years, systematics for three years are added properly to account for correlation
among them.

¢ Correlated systematics:

All systematic uncertainties mentioned above (except TF statistical error and
Data CR statistical error) use luminosity weighted average across three years.

If Sy[; are values of particular systematics across different years and Ly[; rep-
resent luminosity for these years respectively, then final systematics after com-
bining three years become:

3
i1 (Sypi) X Lyf)
3
Zi:l Ly[i]

Here index "i" corresponds to years 2016, 2017 and 2018 respectively.

S = (6.26)

¢ Uncorrelated systematics associated to statistical error on TF:

If 0Ly and 1Lyp;) represent "lost® +lost™ " and "one lepton” yields for differ-
ent years, then final MC based TF derived is:

3

Zi:l 0Ly[i]
3

> izt Ly

Statistical error on T'Fjy, represents final MC based statistical error on TF.

T Final = (6.27)

* Data statistical error systematics:

Here data CR statistics for three years is simply added and statistical error on
it is considered as Data statistical error systematics.

Table 6.1 gives order of various systematics after merging across three years.
Data and MC statistical error uncertainties dominate over other systematics.

TABLE 6.1: lost®* +lost™ systematics after merging three years

systematics source % uncertainty
B mistag, mt, PDF, scale, MulD, Mulso, ElelD, Elelso 0-1

EleReco 0-2

JEC 0-5

MC statistical 1-70

Data statistical 1-100

The final results along with the predicted backgrounds and systematic uncer-
tainties in each search region are presented in chapter 7 and are published as [20].
The results are presented graphically in 7.1 including the data observed in various
search regions.
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Chapter 7

Results and summary

miss

This chapter summarizes the results from a SUSY search carried in multijets+pi
final state using data equivalent to 137 fb™'integrated luminosity collected by CMS
experiment over years 2016, 2017 and 2018. The event yield in zero lepton signal
region (SR) from data (observed event yield) is compared against the stacked pre-fit
predictions for the SM backgrounds as shown in fig. 7.1. The stacked SM back-
ground predictions are obtained using the methods discussed under chapters 5 and
6. The corresponding numerical values are given in appendix E. The similar com-
parison is also made in one dimensional projection in different search variables as
shown in fig. 7.2 and for 12 aggregate search bins, each representing a potentially in-
teresting SUSY topology (Table 7.2) as shown in figure 7.3. The observed event yield
agrees with predicted SM background yield in all search bins within uncertainties.
Thus we did not observe evidence for production of SUSY particles in this data.
Upper limits are evaluated for the production cross sections of the signal scenarios
using a likelihood fit. The signal strength and its associated systematics, estimated
backgrounds, their uncertainties and control region (CR) yield are input to the fit.

Likelihood function for each search bin is defined as the product of probability
density functions; poisson distribution considered for control region yield and log-
normal distribution for each of the nuisance parameter coming from various sources
of systematic uncertainties in signal and background yields. The major sources of
signal systematics and corresponding values are as given below.

TABLE 7.1: Uncorrelated signal systematics percentage

Source Value (%)
Renormalization/Factorization: 0-5.7
uncertainty in renormalization and factorization scales

Jet energy scale: 0-14
impact of JEC uncertainty on jet pr and

Jet energy resolution: 0-10
impact of JER uncertainty on jet pr and n

Pile-up reweighting: 24
uncertainty in total inelastic cross section

Isolated lepton and track veto: 2
uncertainty in lepton and track reconstruction efficiency
Integrated luminosity: 2.3-2.5

uncertainty in luminosity determination

Other than these, systematics due to uncertainty in b-jet tagging efficiency and
misidentification move the event across bin boundaries hence lead to shape change
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and are considered as correlated systematics across bins.

The observed data counts in signal region, central background predictions, total
statistical and systematic uncertainties on each background prediction are shown in
App. E. They are used as inputs to likelihood fit along with expected signal strength
for the particular bin. The correlation among bins is taken into account. While set-
ting limits, C'L(,) method [97, 98] is used where a model with signal+background
is compared against background only (null) hypothesis. Here “model” implies a
cross section prediction with certain free parameters. Before fitting, signal yields are
corrected for any contamination to control region. The approximate NNLO+NNLL
cross section is used to determine corresponding exclusion curves. If A; and Ay, rep-

£"__r

resent mean expected signal strength and mean background prediction and “n” is

the observed data count in particular search bin, then probability of observing “n
data events under “signal+background” hypothesis will be

_ As + Ap)"
Plots) = P(n,As + Ap) = el (/\SJF)‘b)}(n!b) (7.1)
Under background only hypothesis, probability of observing “n” data events
becomes
Py = P(n, \y) = el- 0o 20)" (7.2)

n!
Once, these probability density functions in hand, a test statistic is defined as:

P(n, As + Ap)
P (TL, )\b)
This test statistic (also called likelihood ratio) is optimal to discriminate sig-

nal+background hypothesis from background only hypothesis. Thus, for every “n
there is associated unique Q value.

—2in(Q) = =2 x In( ) (7.3)

e If P(n,As +Ap) = P(n,\p), then -2 In(Q) =0
e If P(n,\s +Ap) > P(n,\p), then -2 In(Q) <0
e If P(n,\s +X,) < P(n,\p), then -2 In(Q) > 0

For n=n,y,s, observed data count in a search bin, corresponding Q value is called

Qobs~
With known Q.ps, one defines two quantities; C'L(,) and C'L(;, 1) as probabil-

ity of getting Q < Qs under background only and signal+background hypothesis
respectively.

CLy = Po(Q < Qobs) (7.4)

C'L(bJrs) = P(b+s) (Q < Qobs) (7.5)

The CL,) and CL, ) can be determined easily by fraction of area of back-
ground only and signal+background probability distribution (with [-2 In(Q)] on x-
axis) to the right of -2 In(Q.ps) value. Then confidence level of signal+background
hypothesis normalized to background only hypothesis becomes:

CL(p4s)
L =
CLe) =7 .

(7.6)
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To find 95% confidence limit, a maximum signal strength \]*** is determined
such that observing n,,s or fewer data events reaches 5% assuming a Poisson statis-
tics with a mean of \{**® +\;,. In other words, to get 95% confidence limit, C'L ) <
0.05. The signal with Ay > A["** is then excluded at 95% confidence limit (CL). For
observed limit, nqps is taken to be observed data count, while for expected limit npg
is taken to be equal to total background estimate. Expected limit is a measure of how
(in)compatible the background estimate is to the model with mean (\s +Ap), hence it
defines experimental sensitivity to rule out signal+background hypothesis.

CMS Preliminary 137 fb* (13 TeV)
% 107 B25Nes? 45N, <5 6<N, <7 BN, <9 Ny 2 10
Lﬁ 106 + Data

TET ET ET.

N

I;I I;I:]ISI;

E Y eER

100 120 . 140 160
Search region bin number

N
(SN

80

FIGURE 7.1: Data versus background prediction across 174 search
bins using 2016+2017+2018 data

The exclusion is expressed in terms of gluino (squark)-neutralino masses for
gluino (squark) pair production models. Gluinos with masses as large as 2180, 2310,
2000, and 2030 GeV, are excluded based on T1tttt, T1bbbb, T1qqqq, T5qqqqVV model
scenarios shown in fig. 2.1. Figure 7.5 show similar results for squark pair produc-
tion scenarios. Squarks with masses up to 1190, 1220, and 1630 GeV, are excluded
respectively based on T2tt, T2bb and T2qq scenarios. For T2tt model, upper limit is
not set in case of lower diagonal region, where the model becomes very similar to SM
tt process and hence CR has significant contamination. For T2qq model, along with
results with four mass-degenerate squark flavors (up, down, strange, and charm),
each arising from two different quark spin states, exclusion is also shown in case
only one of the eight states is accessible at LHC. In such case, upper limit on squark
is reduced to 1130 GeV. Table 7.3 show comparison of expected exclusion obtained
with 137 fb~!'Run 2 data against 35.9 fb~'data in 2016 [19]. On average exclusion is
extended by 200-300 GeV for both gluino and squark models.
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TABLE 7.2: Aggregate search bins

Bin Parton multiplicity Heavy flavour dém

1 Low No Small
2 Low No Large
3 Medium No Small
4 Medium No Large
5 High No All

6 Low Yes Small
7 Low Yes Large
8 Medium Yes Small
9 Medium Yes Large
10  High Yes Small
11  High Yes Large
12 High Yes All

TABLE 7.3: Exclusion comparison with 137 fb™~'data (Run 2) and 35.9

fb~1(2016)
Model Exclusion with Exclusion with
137 fb~'data [GeV] 35.9 fb~'data [GeV]

T1tttt 2180 1960

T1bbbb 2310 1950

T5qqqqVV 2030 1800

T2tt 1190 960

T2bb 1220 990

T2qq 1630 1390
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CMS Preliminary

137 fb* (13 TeV)

CMS Preliminary

137 fb* (13 TeV)

+ Data . ARV

Lost
lepton

I:I QCD

—g-aak (m, = 1400 GeV, m,, = 100 GeV)
--- g-qg 9’ (m =1000 GeV, m;, =800 GeV)

22 H, > 300 GeV

Niet

Lost

lepton

I:I QCD

(m_ =2000 GeV, m, =100 GeV)
(m_ =1200 GeV, m

£
HT'** > 300 GeV, H, > 300 GeV|

=800 GeV)

FIGURE 7.2:

—G-bb% (m, = 2000 GeV, m,, = 100 GeV)
- §obb 9’ (m =1000 GeV, m; = 800 GeV)
Ne22, H'"‘SS > 300 GeV, H_ > 300 GeV

4

Data
mensional projection in search variables Njet, Hrand H}'**using

2016+2017+2018 data

versus

2 3
N, (P, > 30 GeV)

Q4TI T T T T T T T T T g T T T T 3
gozt i 9lgo2 ]
L ofe . S 4| o—-e . . > .
-0.2p ° 1 0Ol 02 E
I S T T IR I AR W W -04f | | | k|
300 400 500 600 700 800 900 1000 1100 2 4 8
H_r|1_1|ss [GeV] |et (p >3O GeV)
CMS Preliminary 137 f5* (13 TeV)

%)

= Lost

g + Data .Z*Vv Ie(;)Ston I:IQCD

L

background prediction in one di-



128 Chapter 7. Results and summary

CMS Preliminary 137 fb* (13 TeV)

-0.5F_| | | | ! ! ! | | | |
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FIGURE 7.3: Data versus background prediction in twelve ag-
gregate search bins corresponding to various topologies using
2016+2017+2018 data
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FIGURE 7.4: 95% confidence level upper limit on crosssection
for gluino pair production models T1tttt, T1bbbb, Tlqqqq and
T5qqqqVV. Thick solid black line shows observed exclusion while
dotted black line shows limits after varying theoretical crosssection
by associated uncertainty. Thick red dashed line shows expected ex-
clusion under background only hypothesis while thin red lines show
region containing 68% and 95% distribution in limit under this hy-
pothesis.
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Appendix A

Datasets used for full Run 2
analysis

The following table shows datasets collected from three years of data taking. The
number for each dataset corresponds to integrated luminosity across three years
listed in fb~'.

Year Primary Dataset A B C D E F G H Total
HTMHT - 5746.365 2572903 4242289  4024.754 3104509 7574961 8650.622  35916.403
JetHT - 5750.126  2572.903 4242292  4024.754 3104509 7575824 8650.628  35921.036

2016 MET - 5746.370 2572903 4242287  3924.254 3104508 7575824 8649.019 35815.165
SingleElectron - 5746.183 2572.813 4242201  4025.019 3104.288 7575483 8650.155 35916.142
SingleMuon - 5746.010 2572.903 4242292  4025.228  3104.509 7575579  8650.628  35917.149
SinglePhoton - 5746.364 2572903 4242286  4025.226  3104.509 7575824 8650.626 35917.738
HTMHT - 4793.951 9631.154  4247.680  9313.949  13534.500 - - 41521.234
JetHT - 4793.961 9631.214  4247.682  9313.949 13534525 - - 41521.331

o017 MET - 4793.348  9632.741  4247.682  9313.950 13498.415 - - 41486.136
SingleElectron - 4793.904 9630.900  4247.670  9313.642  13539.222 - - 41525.338
SingleMuon - 4793.961 9631.215  4247.682  9313.642 13538.559 - - 41525.059
SinglePhoton - 4793.961 9631.210  4247.680  9313.642 13539.211 - - 41525.704
EGamma 13950.619  7060.617  6890.713  31741.739 - - - - 59643.739

so1g JetHT 14027.047  7060.785 6894.782  31710.692 - - - - 59692.692
MET 14024.176  6907.892  6894.782  31719.531 - - - - 59546.381
SingleMuon 14027.047 7060.622  6894.771  31742.979 = - - - 59725.419

FIGURE A.1: Details of datasets for years 2016, 2017 and 2018
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The following table shows SM MC simulated samples used for full Run 2 analysis.

Year Dataset c(pb) [Ldt(fbh
TTJets_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 831.76 12.26
TTJets_SingleLeptFromT_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.72 337.24
TTJets_SingleLeptFromTbar_TuneCUETP8M1._13TeV-madgraphMLM-pythia8 182.72 330.25
TTJets_DiLept_TuneCUETP8M1.13TeV-madgraphMLM-pythia8 88.34 349.06
TTJets_SingleLeptFromT_genMET-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 9.684 1792.22

2016  TTJets_SingleLeptFromTbar_genMET-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8  9.658 1760.63
TTJets_DiLept_genMET-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 5.919 1647.82
TTJets_ HT-600to800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 2.685 5343.28
TTJets_HT-800t01200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1.096 9607.90
TTJets_HT-1200t02500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.194 15097.94
TTJets_HT-2500toInf_ TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.002 646450.58
TTJets_TuneCP5_13TeV-madgraphMLM-pythia8 831.76 9.63
TTJets_SingleLeptFromT_TuneCP5_13TeV-madgraphMLM-pythia8 182.72 337.26
TTJets_SingleLeptFromTbar_TuneCP5_13TeV-madgraphMLM-pythia8 182.72 309.66
TTJets_DiLept_TuneCP5_13TeV-madgraphMLM-pythia8 88.34 320.56
TTJets_SingleLeptFromT_genMET-150_TuneCP5_13TeV-madgraphMLM-pythia8 9.684 1476.65

2017  TTJets_SingleLeptFromTbar_genMET-150_TuneCP5_13TeV-madgraphMLM-pythia8 9.658 848.46
TTJets_DiLept_genMET-150_TuneCP5_13TeV-madgraphMLM-pythia8 5.919 1463.03
TTJets_HT-600to800_TuneCP5_13TeV-madgraphMLM-pythia8 2.685 29849.58
TTJets_.HT-800t01200_TuneCP5_13TeV-madgraphMLM-pythia8 1.096 35778.74
TTJets_HT-1200t02500_TuneCP5_13TeV-madgraphMLM-pythia8 0.194 65027.68
TTJets_HT-2500toInf_TuneCP5_13TeV-madgraphMLM-pythia8 0.002 1899830.47
TTJets_TuneCP5_13TeV-madgraphMLM-pythia8 831.76 12.29
TTJets_SingleLeptFromT_TuneCP5_13TeV-madgraphMLM-pythia8 182.72 312.78
TTJets_SingleLeptFromTbar_TuneCP5_13TeV-madgraphMLM-pythia8 182.72 327.36

2018 TTJets_DiLept_TuneCP5_13TeV-madgraphMLM-pythia8 88.34 324.29
TTJets_.HT-600to800-TuneCP5_13TeV-madgraphMLM-pythia8 2.685 5208.14
TTJets_.HT-800to1200_TuneCP5_13TeV-madgraphMLM-pythia8 1.096 9301.11
TTJets HT-1200t02500_TuneCP5_13TeV-madgraphMLM-pythia8 0.194 13862.50
TTJets_HT-2500toInf_TuneCP5_13TeV-madgraphMLM-pythia8 0.002 555382.49

FIGURE B.1: SM MC ¢¢ +ets samples used in analysis. The cross

sections are calculated to NNLO.
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Year Dataset o (pb) [Ldt(fb 1)
QCD_HT200t0o300-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1717000.00 0.03
QCD_HT300to500-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 351300.00 0.15
QCD_HT500t0700_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 31630.00 1.98

2016 QCD_HT700t01000_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6802.00 2.30
QCD_HT1000t01500-TuneCUETP8M1.13TeV-madgraphMLM-pythia8 1206.00 12.61
QCD_HT1500t02000-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 120.40 98.33
QCD_HT2000toInf_ TuneCUETP8M1_13TeV-madgraphMLM-pythia8 25.24 238.49
QCD_HT200to300-TuneCP5_13TeV-madgraph-pythia8 1717000.00 0.03
QCD_HT300t0500-TuneCP5_13TeV-madgraph-pythia8 351300.00 0.06
QCD_HT500t0700-TuneCP5_13TeV-madgraph-pythia8 31630.00 1.77

2017 QCD_HT700t01000-TuneCP5_13TeV-madgraph-pythia8 6802.00 2.92
QCD_HT1000t01500_TuneCP5_13TeV-madgraph-pythia8 1206.00 13.81
QCD_HT1500t02000_TuneCP5_13TeV-madgraph-pythia8 120.40 94.55
QCD_HT2000toInf_TuneCP5_13TeV-madgraph-pythia8 25.24 226.31
QCD_HT200to300-TuneCP5_13TeV-madgraphMLM-pythia8 1717000.00 0.03
QCD_HT300t0500-TuneCP5_13TeV-madgraphMLM-pythia8 351300.00 0.15
QCD_HT500t0700-TuneCP5_13TeV-madgraphMLM-pythia8 31630.00 1.74

2018 QCD_HT700to1000-TuneCP5_13TeV-madgraphMLM-pythia8 6802.00 7.04
QCD_HT1000t01500_TuneCP5_13TeV-madgraphMLM-pythia8 1206.00 12.73
QCD_HT1500t02000_TuneCP5_13TeV-madgraphMLM-pythia8 120.40 89.87
QCD_HT2000toInf_TuneCP5_13TeV-madgraphMLM-pythia8 25.24 212.13

FIGURE B.2: SM MC QCD samples used in analysis. The cross sec-
tions are calculated to LO.

Year Dataset o (pb) fﬁdt(fbfl)
WJetsToLNu_HT-100To200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1627.45 6.11
W]JetsToLNu_HT-200To400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 435.24 89.57
W]JetsToLNu_HT-400To600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 59.18 131.12

2016 WJetsToLNu HT-600To800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 14.58 1281.72
WJetsToLNu HT-800T01200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6.660 1175.76
WJetsToLNu_HT-1200To2500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 ~ 1.608 427391
WJetsToLNu_HT-2500ToInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.039 67792.88
WJetsToLNu _HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8 1627.45 21.96
W]etsToLNu_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 435.24 48.56
W]JetsToLNu_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 59.18 239.73

2017 WJetsToLNu_HT-600To800_TuneCP5_13TeV-madgraphMLM-pythia8 14.58 1471.62
W]JetsToLNu_HT-800To1200_TuneCP5_13TeV-madgraphMLM-pythia8 6.660 3020.20
WJetsToLNu _HT-1200To2500_TuneCP5_13TeV-madgraphMLM-pythia8 1.608 12269.07
W]JetsToLNu_HT-2500ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 0.039 508831.27
WJetsToLNu_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8 1627.45 18.10
W]JetsToLNu_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 435.24 58.31
W]JetsToLNu_HT-2500ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 0.039 79961.87

2018  WJetsToLNu_-HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 59.18 99.68
WJetsToLNu HT-600To800_TuneCP5_13TeV-madgraphMLM-pythia8 14.58 1346.26
WJetsToLNu_HT-800To1200_TuneCP5_13TeV-madgraphMLM-pythia8 6.660 1249.54
W]JetsToLNu_HT-1200To2500_TuneCP5_13TeV-madgraphMLM-pythia8 1.608 4670.23

FIGURE B.3: SM MC W+jets samples used in analysis. The cross sec-
tions are calculated to NNLO.
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Year Dataset c(pb) [Ldt(fb )
ZJetsToNuNu_HT-100To200_13TeV-madgraph 344.83 70.39
ZJetsToNuNu_HT-200To400_13TeV-madgraph 95.53 259.19
Z]JetsToNuNu_-HT-400To600_13TeV-madgraph 13.20 747.31

2016  ZJetsToNuNu_HT-600To800-13TeV-madgraph 3.148 1831.99
Z]JetsToNuNu_HT-800T01200_13TeV-madgraph 1.451 1495.71
ZJetsToNuNu_-HT-1200T02500-13TeV-madgraph ~ 0.355 1447.84
ZJetsToNuNu_HT-2500ToInf_13TeV-madgraph 0.009 47414.35
Z]JetsToNuNu-HT-100To200-13TeV-madgraph 344.83 65.74
Z]JetsToNuNu_HT-200To400_13TeV-madgraph 95.53 225.69
ZJetsToNuNu_HT-400To600-13TeV-madgraph 13.20 686.16

2017 ZJetsToNuNu_-HT-600To800-13TeV-madgraph 3.148 1789.28
ZJetsToNuNu_HT-800To1200_13TeV-madgraph 1.451 1396.10
ZJetsToNuNu_HT-1200To2500_13TeV-madgraph ~ 0.355 929.88
ZJetsToNuNu_HT-2500ToInf_13TeV-madgraph 0.009 722.32
ZJetsToNuNu_-HT-2500ToInf_13TeV-madgraph 0.009 39950.11
Z]JetsToNuNu-HT-100To200-13TeV-madgraph 344.83 68.60
ZJetsToNuNu_HT-200To400_13TeV-madgraph 95.53 242.81

2018  ZJetsToNuNu_-HT-400To600-13TeV-madgraph 13.20 203.97
Z]JetsToNuNu-HT-600To800-13TeV-madgraph 3.148 1813.18
Z]JetsToNuNu_HT-800T01200_13TeV-madgraph 1.451 1410.14
ZJetsToNuNu_HT-1200To2500_13TeV-madgraph ~ 0.355 951.46

FIGURE B.4: SM MC Z+jets samples used in analysis. The cross sec-

tions are calculated to NNLO.

Year Dataset - - c(pb) [Ldt(fb )
ST_s-channel_4f_leptonDecays_13TeV-amcatnlo-pythia8_TuneCUETP8M1 3.340 116.20
ST_t-channel_top_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1 136.02 493.35

2016  ST_t-channel_antitop_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1  80.95 479.44
ST_tW _antitop _5f_NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 19.47 167.27
ST_tW _top_5f_ NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 19.47 167.29
ST_s-channel_4f leptonDecays_TuneCP5_PSweights_13TeV-amcatnlo-pythia8 3.340 1154.17
ST_t-channel_top_4f_inclusiveDecays_TuneCP5_13TeV-powhegV2-madspin-pythia8 136.02 43.13

2017  ST_t-channel_antitop _4f_inclusiveDecays_TuneCP5_13TeV-powhegV2-madspin-pythia8 80.95 48.67
ST_tW _antitop_5f_NoFullyHadronicDecays_TuneCP5_PSweights_13TeV-powheg-pythia8 19.47 272.59
ST_tW _top_5f NoFullyHadronicDecays_TuneCP5_PSweights_13TeV-powheg-pythia8 19.47 237.87
ST_s-channel_4f leptonDecays_TuneCP5_13TeV-madgraph-pythia8 3.340 2327.69
ST_tW _antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 19.47 55.30

2018  ST_tW_top_5f NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 19.47 55.27
ST _tW _antitop 5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 35.60 212.18
ST_tW_top_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 35.60 267.14

FIGURE B.5: SM MC single top samples used in analysis. The cross

sections are calculated to NLO.
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Year Dataset o (pb) fﬁdt(fb_l)
DYJetsToLL_M-50_HT-100t0200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 181.30 60.77
DYJetsToLL_M-50_HT-200t0400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 50.42 190.59
DYJetsToLL_M-50_HT-400t0600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6.984 1392.58

2016  DYJetsToLL_M-50_HT-600t0800_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1.681 4932.14
DYJetsToLL M-50_HT-800t01200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.775 3447.37
DYJetsToLL_M-50_HT-1200t02500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.186 3200.91
DYJetsToLL_M-50_HT-2500toInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.004 91105.26
DYJetsToLL_M-50_HT-100t0200-TuneCP5_13TeV-madgraphMLM-pythia8 181.30 78.00
DYJetsToLL_M-50_HT-200t0400_TuneCP5_13TeV-madgraphMLM-pythia8 50.42 226.83
DYJetsToLL_M-50_HT-400to600_TuneCP5_13TeV-madgraphMLM-pythia8 6.984 1512.70

2017 DYJetsToLL_M-50_HT-600to800_TuneCP5_13TeV-madgraphMLM-pythia8 1.681 4791.67
DYJetsToLL_M-50_HT-800t01200_TuneCP5_13TeV-madgraphMLM-pythia8 0.775 3920.47
DYJetsToLL_M-50_HT-1200t02500_TuneCP5_13TeV-madgraphMLM-pythia8 0.186 3267.32
DY]JetsToLL_M-50_HT-2500toInf_TuneCP5_13TeV-madgraphMLM-pythia8 0.004 84618.62
DYJetsToLL_M-50_HT-100t0200_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8 181.30 63.46
DYJetsToLL M-50_HT-2500toInf_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8 0.004 92287.49
DYJetsToLL_M-50_HT-200t0400_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8 50.42 221.89

2018  DYJetsToLL_M-50_HT-400to600_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8 6.984 1373.18
DYJetsToLL_M-50_HT-600to800_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8 1.681 5230.89
DYJetsToLL_M-50_HT-800t01200_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8 0.775 4005.59
DYJetsToLL_M-50_HT-1200t02500_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8  0.186 2678.52

FIGURE B.6: SM MC DY+jets samples used in analysis. The cross
sections are calculated to NNLO.

Year Dataset o(pb) [Ldt (b1
GJets_HT-100T0200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 9226.00 1.10
GJets_ HT-200To400-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 2300.00 8.93
GJets_HT-400To600-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 277.40 18.24
2016 GJets_ HT-600ToInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 93.38 54.41
GJets_DR-0p4_HT-100To200-TuneCUETP8M1_13TeV-madgraphMLM-pythia8  5000.00 2.96
GJets_DR-0p4_HT-200To400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8  1079.00 46.34
GJets_DR-0p4_HT-400To600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 ~ 125.90 92.95
GJets_DR-0p4_HT-600ToInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 43.36 269.54
GJets_HT-100T0200_-TuneCP5_13TeV-madgraphMLM-pythia8 9226.00 1.08
GJets_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 2300.00 8.05
GJets_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 277.40 16.70
2017 GJets_ HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 93.38 34.98
GJets_DR-0p4_HT-100To200-TuneCP5_13TeV-madgraphMLM-pythia8_v2 5000.00 3.19
GJets_DR-0p4_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8_v2 1079.00 46.18
GJets_DR-0p4_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8_v2 125.90 106.00
GJets_DR-0p4_HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 43.36 192.11
GJets_HT-100T0200-TuneCP5_13TeV-madgraphMLM-pythia8 9226.00 1.06
GJets_ HT-200To400_-TuneCP5_13TeV-madgraphMLM-pythia8 2300.00 8.28
GJets_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 277.40 16.76
2018 GJets_ HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 93.38 53.15
GJets_DR-0p4_HT-100T0200-TuneCP5_13TeV-madgraphMLM-pythia8 5000.00 3.08
GJets_DR-0p4_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 1079.00 45.80
GJets_DR-0p4_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 125.90 108.76
GJets_DR-0p4_HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 43.36 286.14

FIGURE B.7: SM MC ~v+jets samples used in analysis. The cross sec-
tions are calculated to LO.
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Appendix C

Results using only 2016 data
corresponding to luminosity 35.9
fb~1

The figures C.1 and C.2 show statistical interpretations for simplified gluino and
squark models based on SUSY search done using 35.9 fb~'data from 2016.
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FIGURE C.1: 95% confidence level upper limit on crosssection for
gluino pair production models T1tttt, T1bbbb, T1qqqq, T5qqqqVV
and T1tbtb. Thick solid black line shows observed exclusion while
dotted black line shows limits after varying theoretical crosssection
by associated uncertainty. Thick red dashed line shows expected ex-
clusion under background only hypothesis while thin red lines show
region containing 68% and 95% distribution in limit under this hy-
pothesis.
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FIGURE C.2: 95% confidence level upper limit on crosssection for

squark pair production models T2tt, T2bb, T2qq. Thick solid black

line shows observed exclusion while dotted black line shows limits

after varying theoretical crosssection by associated uncertainty. Thick

red dashed line shows expected exclusion under background only

hypothesis while thin red lines show region containing 68% and 95%
distribution in limit under this hypothesis.
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Appendix D

Validation of Average Transfer
Factor method

D.1 Average TF method against event by event method (2016)

As a validation check, hadtau prediction in data obtained using Average TF method
is compared against prediction obtained with event by event approach and used
for 2016 published results. Figure D.1 shows a comparison where 174 bin hadtau
prediction in data (solid black points) is compared against the prediction from event
by event method (template method) used for 2016 published results. No systematic
change is observed and two methods agree within statistical uncertainties.

35.9 fb1 (13 TeV)
L LA BT B

7<N_ <8 N_ =9

jet = ' jet =

Prediction from data
¢  Average TF Prediction

Event-by-Event

- -
L)
L]
(d

=

H‘

o
gl - O

Avg TF
Evt-by-Evt

FRRRTIN I O I LTI
120 140 160
Search region bin number

FIGURE D.1: Comparison of hadtau prediction in data obtained by
TF method and event by event method

Further performance of Average TF implementation was checked by comparing
how the expected and observed limits look after replacing Lost Lepton and Hadtau
background components and associated systematics from 2016 analysis with com-
bined Lost lepton estimate with Average TF and associated systematics scaled to
35.9 fb~!. From figure D.2 it is observed that expected limit is almost consistent with
previous limit implying sensitivity with new method is similar to that with event by
event approach. Observed limit looked weaker over intermediate range of gluino,
neutralino mass range. For further understanding of what is causing this change in
observed limit, the particular search bins which are leading to significant change in
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observed limit are found. As shown in figure D.3, dropping of low sensitivity search
bins like 127, 140 showed hardly any impact on both observed and expected limits.
But dropping of bin 172(173) lead to stronger(weaker) observed limit as compared to
one using all 174 search bins. Expected limit became weaker equally after removing
either 172/ 173.

For expected limits, observed data counts are not used. Bins with expected signal
strength much higher than SM Bkg Prediction improve expected limit. Bins 172,173
fall in this category. Hence, skipping of those bins made expected limit worse.

For observed limits, it is the interplay of data, signal strength and background
predictions.

¢ Bins with Data < SM Bkg, help to constrain observed limits. Hence skipping
such bins makes observed limit worse (ex. bins 173 and 140).

¢ Bins with Data > SM Bkg allow possibility to include signal, making observed
limit weaker. Hence skipping of such bins improve observed limit.

(a) If signal > > SM Bkg, impact of such bins on observed limit is higher (ex.
Bin 172).

(b) If signal < SM Bkg, impact of such bins on observed limit is not significant
(ex. Bin 140).

Thus, high sensitivity bins like 172 and 173 which show significant opposite im-
pact on observed limits are causing change in observed limit for Average TF method
against event by event approach.

I Obs_Moriond17
I Obs_AvgTF
B Exp_Moriond17
I Exp_AvgTF

\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘

ol bl il bl Lo Lo LW LY
1200 1300 1400 1500 1600 1700 1800 1900 2000
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FIGURE D.2: Comparison of expected and observed limit for T1tttt

model obtained using event by event background prediction of Lost

Lepton and Hadtau as two separate background components (brown)

against those obtained after using combined Lost Lepton+Hadtau
prediction using average TF method (blue)
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FIGURE D.3: Comparison of expected and observed limit for T1tttt
model obtained using Lost Lepton+Hadtau background prediction
using average TF method (solid line) against those after skipping one
of the bins (127, 140, 172 or 173) from limit calculation (dotted line).






145

Appendix E

Numerical values for results

E.1 Numerical results for full set of search bins

The following tables give observed number of events in data and pre-fit background
predictions in search bins corresponding to different Vi, categories. For the back-
ground predictions, the first uncertainty is statistical and the second is systematic.

. H}l:niss HT
Bin  [Gev]  [GeV]
300-350 300-600 2-3

N N Lost-lepton Z —vv QCD Total
jet  “bijet  background background  background background

3887213207280 8909211303500 18281330300 1297921100300 130718

Observed

[=}

1 —990—840

2 300-350 600-1200 2-3 0 276076515 497273450 3327180160 806472001220 7820
3 300-350 >1200 23 0 18111743 308+12H12 621342 552 +H40+33 514
4 350-600 350-600 2-3 0 262307330720 7799611502200 65913030 1048861560200 100828
5 350-600 600-1200 2-3 0 5319780178 14569777700 20571008 2009371607550 19319
6 350-600 >1200 23 0 279+31+6 689117141 291613 997+32+43 933
7 600-850 600-1200 2-3 0 122173+% 628673130 111769+ 75191 85+370 6786
8 600-850 >1200 2-3 0 522012 240013 073106 +03] 293115118 277
9 >80 850-1700 2-3 0 116115%3 1088123100 3510214015 1905+ 28+10 933
10 2850 21700 23 0 10 489733 00270R00 s07787E 50
11 300-350 300-600 2-3 1 5591150057 98091211500 36312004350 15763 22011500 15272
12 300-350 600-1200 2-3 1 43675318 6167679 995+ 11511804120 1177
13 300-350 >1200 2-3 1 274175404 384115162 18101 841313 71
14 350-600 350-600 2-3 1 3237175t 856472010 12477 11925H100T10 11121
15 350-600 600-1200 2-3 1 757455 1782304200 48727438 2587+43+28 2530
16 350-600 >1200 2-3 1 36.7+8510% 8613114 9.1+30+69 132130436 127
17 600-850 600-1200 2-3 1 162117+ 712161120 23113418 8761151120 728
18 600-850 >1200 2-3 1 27435500 2951348 01240104009 333438448 31
19 >80 850-1700 2-3 1 87435403 1247312 0107004007 133162 112
0 850 21700 23 1 0093800 60707H 003tENE 60730 5
21 300-350 300-600 2-3 >2 70613713 935+2+2%0 66188172 1708774350 1787
22 300-350 600-1200 2-3 >2 9611311 714112 19H1+0 186115+2 148
23 300-350 >1200 2-3 >2 3.5H47+01 44102414 22413421 10.2748+23 11
24 350-600 350-600 2-3 >2 36227114 81172230 1348113 1186128433 1159
25 350-600 600-1200 2-3 >2 166115+3 201°1+61 51433+ 373+18+62 322
2 350-600 >1200 2-3 >2 6074801 9.9+03131 15109412 175443734 13
27 600-850 600-1200 2-3 >2  17.5176H03 724112 0.0910.99+0.09 89 t8+22 50
28 600-850 >1200 2-3 >2  0.072300 34101410 0,087 058007 34125410 4
29 >850 850-1700 2-3 >2 0.0 43109 125503130 0.0940.97+0.9 12.6133149 9
0 2850 21700 23 22 009798 06sTRZNR 004l 077373 0

FIGURE E.1: Numerical results for Nje; bins [2,3]
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miss - =
Bin [IéTeV] [cl;ie{/] Nt Nojet &fi;ffiiﬁ ba%k;;c;/t]x/nd bacl?gcr(]))und baclfgzlund Observed
31 300-350 300-600 4-5 0  8719F110H120 13926+ 73+600 63343504310 23278+370+740 23241
32 300-350 600-1200 4-5 0  2989+i8t3%  3962*3911%0 482004240 7439+ 270+2%0 7277
33 300-350 >1200 45 0 21611445 317+12+15 2251120407 759120400 726
34 350-600 350-600 4-5 0  5228T8F160  11407767H40  184T1008 168191150 16720
35 350-600 600-1200 4-5 0 46541368 900270 2117110HI00 1386611901380 13837
36 350-600 >1200 45 O 36411718 680117132 104725+ 11487611 1141
37  600-850 600-1200 4-5 0 4287199 1592722758 5172822 p025T3Rs 2028
38 600-850 >1200 4-5 0 72275l 225TI0+H 1.9T1+08 29913+ 291
39  >850 850-1700 4-5 0 = 42475508 35173 0137000006 3937573 360
40 >850  >1700 45 0 6.173301 384730 0067005002 44675274 51
41 300-350 300-600 4-5 1 4217F83F77 2846 Ti3HS0 2041120200 7ogytlcAN0 7157
42 300-350 600-1200 4-5 1 1389735133 847810 261*1A04210 p496+130+2%0 2387
43 300-350 >1200 45 1 9371043 6931 93+30+71 255131472 229
44 350-600 350-600 4-5 1 206873t41 23261450 643N 4458 63+370 4317
45 350-600 600-1200 4-5 1 1777739%%5  1912F137300 9o 30473 3782+63+310 3822
46 350-600 >1200 45 1 11271373 1487424 45725 30512772 350
47  600-850 600-1200 4-5 1 10771573 33273158 1.8M1142 44171250 388
48 600-850 >1200 45 1 231732704 48673FE0 078TOAT0Y 725780781 74
49  >850 850-1700 4-5 1 9.4730+03 73538 0127059700 821513 73
50 850 21700 45 1 L0300 s3I 0030%NE  9afie 1
51 300-350 300-600 4-5 2 1806*i*3  46872*70 68+ T4 2342768+110 2505
52 300-350 600-1200 4-5 2 687126110 14471424 71+39+70 90247+ 864
53 300-350 >1200 4-5 2 34.0774t07 120704421 2471343 70+15+23 72
54 350-600 350-600 4-5 2 82013520 38112+ 1710417 12187366 1208
55 350-600 600-1200 4-5 2 79412912 32412154 2371343 1141+52+€0 1180
56 350-600 >1200 4-5 2 47.8752H1  p56t0o+id 1217+H2 g5t1it2 78
57 600-850 600-1200 4-5 2 37.1789T07 555109406 04570300 93.1789+07 98
58 600-850  >1200 45 2 8873207 84%(3NI2 020%018%0p 17473343 15
59  >850 850-1700 4-5 2 1.2728+00 120704723 0.097007700 133728123 15
60 850 1700 45 2 007800 144fIS0R 004700RE 15739003 1
61 300-350 300-600 45 >3 147+15+2 40+0+34 44742461 192135+18 222
62 300-350 600-1200 4-5 >3 767733713 135101448 gtetl2 99+1I+13 92
63 300-350 >1200 4-5 >3 5873201 11440004l 372247 10.6T45HT 5
64 350-600 350-600 4-5 >3 73+ 3379412 121418 10711512 111
65 350-600 600-1200 4-5 >3 9271142 30791 3.2+20+42 12501112 138
66 350600 >1200 45 >3 50734701 24570 1873 93738 s
67 600-850 600-1200 4-5 >3 1372900 49701418 gof(lat0ls 3129418 5
65 600850 >1200 45 >3 0072600 07970003 01070BOR 0973003 0
69 850 850-1700 45 >3 0073300 1057020 01079%0E 12733408 1
0 2850 21700 45 >3 0073700 0137000R 0047gRE 0273370 0

FIGURE E.2: Numerical results for Nje; bins [4,5]
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miss 0
Bin [IéTeV] [Cli_gl] Niet  No-jet &iﬁ:QSESﬁré ba%k;rgll/nd bacl?gcrc?und bacggglund Observed
71 300-350 300-600 6-7 0 686133711  76I1T{7TE 14478 1590710 1480
72 300-350 600-1200 6-7 O 967 314 873TETEE  275Tii0HIN 2114H0TI0 1993
73 300-350 >1200 67 0 1215131138 1168173133 17278070 41007 362
74 350-600 350-600 6-7 O 3531518 514t 331043 9017313 847
75 350-600 600-1200 6-7 0 1219735728 1542%2FIN 13078 2891775T%0 2842
76 350-600 >1200 67 O 208T1t: 2587 1FR 81H50+3 54775350 553
77 600-850 600-1200 6-7 0  761%72H10  18213*1T 170708808 250tiiti 245
78 600-850 >1200 6-7 0  29.7%35t02  72.8%28t38  23+12HI0 1048777133 122
79 >80 850-1700 6-7 0 185135103 352134133 0107057100 538757132 55
80  >850  >1700 67 0 43739707 127733007 00575500 17.0032000 20
81 300-350 300-600 6-7 1 67513M3  2487¢F 42127 965t 946
82 300-350 600-1200 6-7 1 950M3%+1>  289%6T3 11573878 135575177 1282
83 300-350 >1200 6-7 1 105613 T37 393133771 57 %t 2010307 197
84 350-600 350-600 6-7 1 2521H18+2 16813130 9512013 42003843 425
85 350-600 600-1200 6-7 1  10507%%*13 510755 5315713 1614731 1521
86 350-600  >1200 6-7 1 15541574 8613112 2671371 268717420 269
87 600-850 600-1200 6-7 1  347033%0¢ 6073 0.697041T03% 9576t 90
88 600-850 >1200 6-7 1 259%i7H0%  244%13T0L 0597030 5097510 49
89  >850 850-1700 6-7 1 79733%01 115711123 00579000 19.4733433 17
0 2850 21700 67 1 153000 420708005 00atEAE serils 7
91 300-350 300-600 6-7 2 37611518 6412113 9.8723183 450120117 450
92 300-350 600-1200 6-7 2 693133110 7643113 34+17H6 803+38+23 797
93 300-350 >1200 6-7 2 467783107 10570741 187790t 7611178 84
94  350-600 350-600 6-7 2 1200272 436712780 21712702 16571315 188
95  350-600 600-1200 6-7 2 66172511 13412427 146773770 80972130 762
96 350-600 >1200 6-7 2 66.6777432  p28t09HA6  p5i38432 g5 gf87T60 106
97 600-850 600-1200 6-7 2 193737703 15773732 0157040007 352137132 32
98 600-850 >1200 6-7 2 8.0132102 65103113 0.097097F00r 145133113 14
99 >850 850-1700 6-7 2 18717700 ggt03065 () 5+0041002 4 gi18+07 9
100 >850 21700 67 2 051300 115PR0R 00279%00 177203
101 300-350 300-600 6-7 >3 67.8558t1e  ggt0iHd7 1 4F10H08  ggotSotal 86
102 300-350 600-1200 6-7 >3 136172 1057023 74432138 15417148 167
103 300-350 >1200 67 >3 157731103 1441008105 39722017 ppptiTels 16
104 350-600 350-600 6-7 >3 206733702 60753132 0.68106103 272154132 28
105 350-600 600-1200 6-7 >3  137tllth 18570376 pgrletid 158*11+9 115
106 350-600 >1200 6-7 >3 15473406 gqf0lHls 1710408 ppptaSile 23
107 600-850 600-1200 6-7 >3 41723700 2167000108 00510981002 63725102 6
108 600850 21200 67 >3 21730700 08970T0F 0o7RertR 3073004 2
109  >850 850-1700 6-7 >3  0.0712100  041+0044017 0 5+004+002 5112402 1
10 2850 21700 67 >3 00%53700  01670%0Y 00279%0% 027yl 1

FIGURE E.3: Numerical results for Nje; bins [6,7]
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niss § _
Bin [IéTeV] [Gli{/] Nt Nojet ;isﬁéfgiﬁg ba%k;'gll/nd bacl?gcrcl?und baclfg:'ilund Observed
111 300-350 600-1200 8-9 0 1395798719 600737798 587228 25831130 245
112 300-350 >1200 89 0  31.0T55M1 2517378 572 113723122 88
113 350-600 600-1200 89 0  136.1%33*17 1237+l 30+15+H 28919420 280
114 350-600 >1200 89 0  49.9733t08  5pptR0fRE oyl 129+16+13 104
115 600-850 600-1200 8-9 0 6.6123102 139726115 0370214018 20 9*35t1s 28
116 600-850  >1200 89 0 6.1121104  12.9726+16 79040 197733117 22
117  >850 850-1700 8-9 0 1IT5AH00 41415406 0 0ptO0AH008 53713106 2
18 2850 21700 89 0 159201 229393 002 El a7
119 300-350 600-1200 8-9 1 18371173 373+ 273413 24738417 229
120 300-350 >1200 8-9 1 438133107 13813938 g0 8213+ 68
121 350-600 600-1200 8-9 1 17673073 75+l 109133133 26213122 224
122 350-600 >1200 89 1 = 6847¢7H1Z p95tIEHRZ g gtROT  107.8755123 90
123 600-850 600-1200 8-9 1 34130102 87424 010008005 122726124 7
124 600-850 >1200 89 1 83728101 g tera3 03170180 16773223 15
125 >850 850-1700 8-9 1 0.0733T00 20870751061 0057004002 pFlSH0e 2
126 >850 21700 89 1 LOIGHIGE  135M0%T0N 0.0200 000 24753404 2
127 300-350 600-1200 8-9 2 1691144 11,0105+ 95tAgHe 19073347 193
128 300-350 >1200 89 2 28974703 55t08H18 g0 tRitdd 446770148 53
129 350-600 600-1200 8-9 2 14611512 231113482 45222 174110+2 158
130 350-600 >1200 89 2 429736703 11009738 4138 s8.0ffltisd 74
131 600-850 600-1200 8-9 2 3.6124102 2507047085 0.09 00T 6272309

132 600-850  >1200 89 2 8.0725103  2.307045+082 081009004 10.4+39+09 9
133 2850 8501700 89 2 077600 0.9670TI0R 005 900R 17708003

134 285 21700 89 2 2593701 040730 002100 20734102 2
135 300-350 600-1200 8-9 >3  46.87&1%07 3810333 37iAEHlS 543760130 57
136 300-350  >1200 8-9 >3 173739702 1267081076 3613012 222774118 17
137 350-600 600-1200 8-9 >3 444739410 g 5H04+a6 g 340814063 53 +60+47 36
138 350-600 >1200 8-9 >3  15273§t03 o gt03+l7 9 g7 40684051 19 +36+18 23
139 600-850 600-1200 8-9 >3  0.0757+09  0.88+016+054 0410044002 g Fl7H0S 2
140 600850 1200 89 >3 2773201 08370 00570R0E 36733705 2
141 2850 8501700 89 >3 0873000 018TT0N 00579R0E 117290 o
42 2850 21700 89 >3 007500 0a4fRR 002 E0N 023 o

FIGURE E.4: Numerical results for Nje; bins [8,9]
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miss 5 =
Bin [IéTeV] [Cfiu{a{/] Niet  Nojet ;;csl:glfglizré ba%k;(;;/nd bacl?gcroDund baclftg)ltrglund Observed
143 300-350 600-1200 >10 0 57722103 9 9H3H06 g7 164732138 17
144 300-350 >1200 >10 0  57%23402  p5flai0d qpgt63isd 90 gi70+54 20
145 350-600 600-1200 >10 0 6.0134401 40116106 33tISLe 136134117 12
146 350-600 >1200 >10 0 107733797  65MF0S 6.0%31136 232737738 21
147 600-850 600-1200 >10 0  0.1970H+000 367084005 0.0770.97+09%  0.637052 7008 2
148 600-850 >1200 >10 O 20116400 15702102 01510131006 36129102

149 >850 8501700 210 0 00723700 0.00°980% 0057RNE 0073500 0
150 2850 21700 210 0 00079%70% 0427938 0027000 04zl 2
151 300-350 600-1200 >10 1 152733102 1247026050 4021415 20473021 22
152 300-350 >1200 >10 1 112732704 1.057093107¢ 69733730 1927483 18
153 350-600 600-1200 >10 1 138733703  18M07H3  1.53708+07 17173513 9
154 350-600 >1200 >10 1 16273470 27009120 26815t 215735733 32
155 600-850 600-1200 >10 1 0.073600 015703504 0,0470031002 g2 3e+0] 0
156 600-850 >1200 >10 1 13413400 061704504 0.061003+003 o pFlat02

157 2850  850-1700 210 1 00733700 000°9%°0% 0057950 0073200

158 >850  >1700 >10 1 07756700 01870357035 0.03705" 000 0.9%56 0

159 300-350 600-1200 >10 2  13.1%32%03  0387018t042 o 1t13el0  q55F35HlL 15
160 300-350 >1200 >10 2 10.8%39+04 0337019036 33tl7el 144435410 11
161 350-600 600-1200 >10 2 182735703 05510214060 0770324057 195735108 11
162 350-600  >1200 >10 2 137132703 0.8570277092 11570864030 1573310 12
163 600-850 600-1200 >10 2 1.6132700 00550000 0.041004H002 g pr22H0L 0
164 600-850 >1200 >10 2 09732100 01970154021 0,06 005008 pH1240.2 0
165 >850 850-1700 >10 2 0.0%F5T00  0.007008TO00 0.0570it00r  0.0735%0S 0
166 >850  >1700 >10 2 0.0%5p'50  0.05%Ga*ees  0.0255G 0% 01555 0 0
167 300-350 600-1200 >10 >3 6413401 036T017H041 04610324022 7 pF24402 13
168 300-350 >1200 >10 >3  3.8%21H01  31F019H030 15040874065 56723107 5
169 350-600 600-1200 >10 >3  16f33t00 0520204038 0111012100 221608 3
170 350-600  >1200 >10 >3 427370 081GRTLE 071ETEY 5779503 9
171 600-850 600-1200 >10 >3  0.0%39700 00570091005 0.0470044002 01730401 0
172 600-850 >1200 >10 >3  0.0%1400  1870MH020 g +004+002 g pF1a+02 1
173 >850 850-1700 >10 >3 0.0%35700  0.007008000 0.0570:t00r  0.0730%0S 0
174 >80  >1700 =10 >3 00750 005TGETGRE  0.02505 0% 0155510 0

FIGURE E.5: Numerical results for Nje; bin >10
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Appendix F

Background composition against
search variables

The following tables give aggregate predicted pre-fit background predictions of Lost-
lepton, Z — vv and QCD in data obtained as a function of one or two dimensional
search variables. These aggregate background predictions are obtained by combin-
ing the predictions in appropriate search bins as given by tables E.1, E2, E.3, E4,
E.5.

TABLE F.1: Variation against H¥%, Nie;, Np—jet

variable range  Lost-lepton Z — vv QCD

Hmiss 300-350 74623 131156 6005
350-600 21055 29919 1225
600-850 2377 10027 32.82
> 850 223 1838 1.98

Njet 2-3 86647 219176 3897
4-5 37151 51669 2873
6-7 9332 6237 1148
>8 1547 534 339

Ny_jet 0 101835 241468 6021

1 23854 32000 1836
>2 8988 4187 500
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TABLE F.2: Variation against Nje;, Np—jetwhile Hr> 300 GeV and
H»is5> 300 GeV

[Niet,Np—jet] Lost-lepton Z — 1w QCD

[2-3,0] 75031 195288 3127
[2-3,1] 10258 21766 663
2-3,>2] 1357 2120 107
[4-5,0] 22718 41500 1852
[4-5,1] 9796 8609 781
[4-5,>2] 4636 1558 239
[6-7,0] 3683 4367 839
[6-7,1] 3257 1440 303
6-7,>2] 2391 429 105
[>8,0] 402 311 203
[>8,1] 542 183 87
[>8,>2) 603 78 488

TABLE F.3: Variation against Nje;, Np—jetwhile Hr> 600 GeV and
H»s> 600 GeV

[Niet,Np—jet] Lost-lepton Z — v QCD

[2-3,0] 1390 7662 12.19
[2-3,1] 173 871 26
2-3,>2] 17.5 88 0.3
[4-5,0] 548 2206 7.8
[4-5,1] 140 461 27
[4-5,>2] 484 84 1.12
[6-7,0] 128 302 415
[6-7,1] 70 100 1.37
6-7,>2] 35.8 29.9 0.5
[>8,0] 175 354 153
[>8,1] 14.7 2117  0.66
[

>8,>2] 20.8 8.78 0.72
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Lost-lepton background

composition against search

variables
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The following table shows the variation in composition of Lost-lepton background
obtained from MC as a function of one search variable at a time, and scaled to 137

fb~'luminosity.

TABLE G.1: Composition of various contributing processes to Lost-
lepton background as a function of search variables Hr, HI"®, Njet,

Nb—jet

variable range tt W+jets  single top

Hr 300-500 44052 149264 5131
500-900 33485 56370 2684
900-1500 5911 8979 512
>1500 779 1367 93

H s 300-350 20276 57427 2030
350-500 12631 44085 1411
500-750 1317 7849 200
> 750 68 893 14.2

Njet 2-3 18849 156860 3870
4-5 43293 51747 3474
6-7 18545 6825 956
> 8 3544 523 120

Ny_jet 0 15695 196322 2300
1 40420 17911 4279
2 25071 1657 1675
>3 2990 80 164
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