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Abstract

This dissertation presents a search for evidence of new particle production in the one- and
two-photon, lepton, and b-jet final state in proton-proton collisions at center-of-mass energy
8 TeV. The search is performed in the full 2012 dataset, a total integrated luminosity of 19.7 fb=1,
collected by the Compact Muon Solenoid experiment at the Large Hadron Collider. A substantial
imbalance in the transverse momentum of observed particles (missing transverse energy) in this
final state would result from the theory of Supersymmetry, the fundamental symmetry of spin
which may provide a solution to the hierarchy problem of particle physics. The presence of
third-generation quark decays and photons in the final state are motivated by gauge-mediated
models of Supersymmetry, and in particular by models which solve the hierarchy problem most
naturally. The expected background distribution of missing transverse energy in these events,
dominated by ¢t + v and tt + vy production, is simulated in Monte Carlo and compared to the
observed distribution in data. No significant excess of large missing transverse energy is observed.
Upper limits on the cross sections of scalar top pair production are set at the 95% confidence
level between 5 and 15 fb. The results of this search are among the first within gauge-mediated
models of Supersymmetry with a light scalar top and places extraordinarily tight constraints on

such models by excluding scalar top masses below 650-750 GeV/c?.
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Chapter 1

Introduction

The 2012 discovery of a boson of mass 125 GeV/c? [28, 29] and the substantial evidence of
its consistency with the Higgs boson [30] are striking victories for the Standard Model (SM).
Successfully describing electroweak symmetry breaking, the SM continues as the most well-
tested and robust description of modern particle physics available today. However in passing
this important test, the shortcomings of this model become all the more intriguing. The SM offers
no explanation for the existence of dark matter or the masses of neutrinos, and cannot describe
the observed disparity between matter and anti-matter in our Universe. The SM suffers what is
known as the ‘hierarchy problem’, with its fundamental parameters varying over many orders of
magnitude—in particular the mass of the Higgs boson is very light compared to corrections it
should receive at the gravitational scale. A Higgs boson of mass 125 GeV/c? must either be the
result of extraordinary numerical coincidences with a required precision on the order of one part
in 1026, or naturally protected from Planck-scale corrections by contributions from undiscovered
new physics.

The models proposed to address these problems are generally referred to as Beyond the Stan-
dard Model (BSM) physics, as many of them attempt to extend the existing SM into higher en-
ergies while keeping the lower-energy behaviour in agreement with existing observations. Nearly
all BSM theories predict the existence of heavy, undiscovered particles that are producible in
particle collisions of sufficiently high energies. The oftentimes distinctive decays of these heavy
new particles can be observed as significant deviations from SM predictions of the production
rates or kinematics of such events.

One such BSM theory that provides an elegant solution to many outstanding issues in the
SM, along with providing a candidate particle that could describe dark matter, is Supersymme-
try (SUSY). SUSY extends the SM with the addition of a fundamental symmetry of spacetime,

that of spin—for each known particle, there is a partner that shares all of its characteristics
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2 CHAPTER 1. INTRODUCTION

except differing by a spin of % This symmetry must be a broken symmetry however, as for
example there has been no observation of a spin-0 particle with the mass and charge of the
electron. Many attempts to describe the manner in which this symmetry is broken have been
made, but of interest is Gauge Mediated Supersymmetry Breaking (GMSB). GMSB introduces
‘messenger’ fields that are coupled indirectly to the Minimal Supersymmetric Standard Model
(MSSM) through the ordinary SM gauge interactions, leading gravitational interactions to be
far less important to the breaking than in other SUSY models. This manner of communication
of the breaking is well-motivated because flavor-violating dynamics are suppressed, avoiding
problematic flavor-changing neutral currents (FCNC) some models of SUSY introduce. Since in
this model particle masses are driven by radiative corrections from messenger loop interactions
which couple at SM gauge strength, superpartners of particles with small coupling strengths
are the lightest. Because of this, the superpartners of the electroweak gauge bosons (‘neutrali-
nos’, ) tend to be the next-to-lightest supersymmetric particle (NLSP) and the superpartner of
the graviton (‘gravitino’, @) is the lightest supersymmetric particle (LSP). Neutralino decays to
gauge bosons and gravitinos would result in well-measured particles such as photons and a signif-
icant momentum imbalance from energetic gravitinos escaping undetected by instrumentation,

referred to as missing transverse energy (EF'® or Er).

While many searches for GMSB have been performed in collider experiments already, few as
yet have focused on naturalness—the concept that all free parameters in a viable physical model
should be of the same order, or that parameters need not be ’fine-tuned’ to specific values in
order to successfully describe observations. To address the hierarchy problem, natural GMSB
would be realized in a SUSY particle (‘sparticle’) mass hierarchy where the scalar top partner
(and to a lesser degree the scalar bottom, called the stop and sbottom squarks) is much lighter
than other sparticles. Since the coupling of the Higgs field to the top quark is significantly
larger than to others, the Higgs mass correction from top loops is the most severe; a stop loop
contributes to the Higgs mass with the opposite sign as a top loop, so a stop mass closer to the
top mass (i.e., lighter) would provide a more natural cancellation than if it was far heavier than
the top mass. The assumption of third-generation squarks decaying to neutralinos and third-
generation quarks stands in great contrast to previous GMSB searches which assumed only first-
and second-generation squarks were light enough to be observably produced—the presence of
top or bottom quarks in a collider event is highly distinguishable from simple jets. Requiring
third-generation quarks in the final state dramatically reduces SM backgrounds while providing
discovery reach into GMSB phase-space most favorable to explain the hierarchy problem and

the small mass of the Higgs boson.

Presented by this dissertation is a search for evidence of the production of pairs of stop squarks
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Figure 1.1: Strong pair production of stop squarks decaying to bino-like neutralinos and top
quarks. The bino-like neutralino decays primarily to a photon and a gravitino. Shown above is
the semi-leptonic decay of the # system.

with a ‘bino-like’ NLSP neutralino. The choice of parameters for the signal model leads to mass
eigenstates mixing the spin 1/2 partners of the gauge bosons, the gauginos, forming neutral
‘neutralinos’ and charged ‘charginos’. With the lightest among them being a mostly bino-like
mixture, the production of pairs of light stop squarks decaying to bino-like NLSPs would decay
further to an event signature of a top quark, anti-top quark, two photons, and Ft. The search is
performed in the semi-leptonic decay mode of the top quark pair, resulting in a final state of one
or more photons, one lepton (electron or muon), two bottom quark jets, and several additional
jets. The results are interpreted by comparing the SM prediction of the distribution of Er in
these events against that of the observed data. This search is among the first experimental
results within light third-generation GMSB models.

This search is performed in data collected from proton collisions at the Large Hadron Collider
(LHC) with the Compact Muon Solenoid (CMS) experiment at the European Organization for
Nuclear Research (CERN) in Geneva, Switzerland. The CMS detector is capable of efficiently
identifying and measuring the kinematic properties of photons, leptons, jets, b-jets, and Er.
The detector is so-named due to its high-granularity calorimetry and tracking systems being
contained entirely within its 3.8 T axial superconducting solenoid, providing excellent resolution
of charged particle trajectories and momenta by measuring their curvature through the magnetic
field, and due to its high-resolution muon detector interspersed with the iron return yoke for the
magnetic field. The hermetic design of the detector allows for the reconstruction of all interacting
final state particles produced in the detector, giving good K resolution which is paramount to

this search.
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Chapter 2

The Standard Model of Particle

Physics

Described by Steven Weinberg at the 30th anniversary of the discovery of neutral currents and
the 20th anniversary of the discovery of the W and Z bosons [31], the Standard Model emerged

from three particularly good ideas in the 1950s and 1960s:

e The quark model proposed independently in 1964 by Gell-Mann [32] and Zweig [33],

e The concept of local gauge symmetries, pioneered for SU(2) by Yang and Mills [34] in
1954, and

e The concept of spontaneously broken symmetries, explored by Goldstone, Salam, and

Weinberg in 1961 [35] and 1962 [36].

These ideas provided the necessary foundation for a number of developments that together
form the SM. Glashow, Salam, and Ward postulated that the electromagnetic and weak forces
were two facets of a unified electroweak force, mediated by vector gauge bosons [37,38]. Glashow,
Iliopoulos, and Maiani suggested the existence of a fourth quark to avoid flavor-changing neutral
currents in kaon oscillations [39]. Kobayashi and Maskawa expanded on this to include a third
generation of quarks to provide a mechanism for CP-violation in kaon decays [40, 41]. The
near-simultaneous 1964 works of Englert and Brout [42], Higgs [43], and Guralnik, Hagen, and
Kibble [44] showed that the electroweak gauge bosons could acquire a mass as the result of a
spontaneously broken symmetry—a mechanism later named for Higgs. Lastly, the independent
works of Weinberg and Salam in 1967 demonstrated that such a mechanism could be responsible

for the breaking of the electroweak symmetry [45] [46].

4



The Standard Model stands as a tremendously successful predictor of physical quantities
like particle production and decay rates, interaction cross sections, and the relationship between
electroweak gauge bosons and their couplings. The many precision electroweak and QCD mea-
surements of the Stanford Linear Collider (SLC) at SLAC and the Large Electron Positron col-
lider (LEP) at CERN rigorously support the Standard Model to unprecedented accuracies [47].

Figure shows a small selection of these measurements, where the data agrees very well with

SM predictions.
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Figure 2.1: Selected measurement results from LEP versus center of mass energy. The agreement

with the SM predictions, as well as the precision are strong supporters of the SM at low energies.
Reprinted from reference [IJ.
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6 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

This chapter presents a brief introduction and overview of the mathematical foundations of
the Standard Model in Section [2.1] The breaking of the electroweak symmetry is described in
Section and its implication of the hierarchy problem is explained in Section [2.3] Finally
Section relates several other shortcomings of the SM and the need for an additional theory,

Supersymmetry.

2.1 The Standard Model

The Standard Model is the quantum field theory of the known fields: the fermion field v, the
gluon field G,, the electroweak boson fields Wy, Wy, W3 and B, and the Higgs field ¢. The

dynamics of these fields are invariant under the internal symmetries of the gauge group
SUB)c @ SU2)LU(1)y (2.1)

where SU(3)¢ is the gauge symmetry of color charge acting on G, SU(2), is the gauge symmetry
of weak isospin acting on W and ¢, and U(1)y is the gauge symmetry of weak hyper-charge
acting on B and ¢. The fermion field contents are assigned representations of the gauge group
under which they transform by the actions of the bosonic fields. Fermion fields are separated
into three generations, each sharing quantum numbers but differing in mass. The full content of
the fermion field is shown in Table 2.1 and the boson field contents are shown in Table 2.2l The
W and B fields are mixed by the breaking of the electroweak symmetry producing the observable

bosons related by [48]

A, =sin HWWg + cos Ow B, (2.2)

Z,, = cos HWWi’ —sinfw B,
1

1 112
u_ﬁ(Wu:FZW#)

with

/
tan Oy = L (2.3)

Gw

where Oy, is known as the Weinberg Angle or the weak mixing parameter, ¢’ and g, are the
coupling constants for weak hypercharge and isospin respectively, and A, is the electromagnetic
(photon) field.

The strong interaction, or the theory of Quantum Chromodynamics (QCD), is described
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by the SU(3) gauge symmetry of color charge. QCD is an asymptotically free interaction and
couples weakly at short distances, resulting in confinement of the color charge and requiring that
no observable state carries color charge. The QCD interaction Lagrangian can be written [48]

as

nf

1 .
Locp = —5 tr G, G* + Z @ (1D — mi) g (2.4)
k
where

G = 0,G, — 0,G,, —ig[G,,, G,

D,u‘]k = (8;t - igGu)Qk

8
Gu=> Gir"/2
a=1

where ) = v#D,,, the my’s are the quark masses, and the A\*’s are the Gell-Mann matrices

satisfying the SU(3) commutation relations

>‘<l /\b abe A¢
—,—| =1 — 2.5
3] =iy (25
and normalized as
tr(A2AP) = 209 (2.6)
Type Notation Representation under
SUB)e®SU(2)L @U(1)y
U c t 1
Left-handed quark doublet QL : , , 3,2, 3)
d),"\s), \b/ °
Right-handed up-type quark singlet Ur : ur,Cr,tr (3,1, %)
Right-handed down-type quark singlet Dr :dgr,sr,br 3,1, —%)
Left-handed lepton doublet Ly : (Vi) , <V‘i) , (V:) (1, 2,-1)
€/ \* Jp \T /g
Right-handed charge lepton singlet Lr:eg,pup, g (1,1,-2)

Table 2.1: Fermion field content of the SM. A representation of 1 means a field is not transform
under a symmetry (ie not charged) and is in a 1-dimensional representation of that gauge group.
A bar over the representation signifies an adjoint representation. The right-handed fermion
singlets do not transform under SU(2); as they are not charged in weak isospin, and do not
interact with the weak force. Similarly the leptons do not transform under SU(3)¢ as they are
colorless, and do not interact with the strong force. Right-handed neutrinos are not observed in
Nature.

The weak interaction can be separated into two distinct currents, flavor-changing charged
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8 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

Type Associated Charge Representation under
SUB)ec®@SU2),U((1)y

B Weak hypercharge (1,1,0)

w Weak isospin (1, 3,0)

G Color (8,1,0)

H (1,1, 1)

Table 2.2: Boson field content. The W and B fields mix with the breaking of the electroweak
symmetry to form the observable W=, Z9 and ~ bosons.

currents and neutral currents. The neutral weak interaction has the form [48]

3 g 0
= E AH ZH 2.
‘CNC € f fo')/uf + cos GW Jy, ( 7)

with

e = gsin Oy

(1+1s)
2

Jp = Z[gffw@f + gt f]
7

9{,3 = I3(fr,r) — qs sin® Oy

where I3 is the weak isospin and % projects the left-handed (minus) and right-handed (plus)
components of the spinor fields. The neutral current contains the electromagnetic coupling of

fermions to the photon field A* and the coupling of like-handed fermions to the Z boson field.

The charged weak interaction has the form [4g]

— s S
e; + Ui’yHTMgKMdj + h.c. (28)

_ 9 ot |oonl
Lcoc = %WH vty
coupling the charged W boson to quarks and like-generation leptons, mixing quark generations
by the unitary matrix M %M known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The
CKM matrix acts as a rotation between the mass eigenstate basis of down-type quarks (d, s,b)
and the weak eigenstate basis. The charged weak interaction is also maximally parity violating—

only the left-handed fermion doublets are coupled.

The complete Standard Model Lagrangian, including contributions from the Higgs field de-
scribed in Section is of the form [49]



2.1. THE STANDARD MODEL

1 1 1
Lsy =— ZB“”BW -3 tr W, WH — 3 tr G, G"

vy,
+ (v, er)a"iD,, + egotiDyer + vro"iD,vR + h.c.
er
2 [ _ | VL
_v2 (Vr,er)pMCer +epM*op ]
v | er
2 [ _ —€L
- £ (—€r,vr)¢" MY v + vpM" ¢* ]
v | L
_ ury, _
—|—(ﬂL,dL)5"u’L'DM +ﬂR0#ileuR+dRO'#iDHdR+h.C.
dr,
2 [ - - . |uL
_v2 (ur,dr)pMdr + dpM%¢ ]
V L dL
ol - _ —dr,
_v2 (—dp,up)¢* M “up + ugM“¢" ]
v | ur
_ m2 - V212
Dud)D"6 — 2k 66— -]
+ D)D" — 5 5[ 60— 2
153 with
vy [ ) ) VL
er, L €L
ur, [ ) ) . ur,
D, = |0+ EBM + QWH +i9G
6 2
dr, L dr,

D,uVR = aMI/R

DueR = [8M — ingM]eR

[ 12
Dyup =10, + %Bu + igGu] UR

Dydg = |8, — %Bu + igGM] dp

Do = |0, + %BM + ?WH}/)

(2.9a)

(2.9b)

(2.9¢)

(2.9d)

(2.9¢)

(2.9f)
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10 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

2.2 Electroweak Symmetry Breaking

To maintain local gauge invariance, The Standard Model Lagrangian (Eqn. contains no
explicit mass terms. The left- and right-handed chiral fermions belong to different representations

of SU(2)r and have different U(1)y charges, and so transform as

Vp = o, = YEO@)hi B @)y (2.10)

/ iYRrRO(x
YR = Y, = VR yp
Thus a fermion mass term

—mp = —m(Prpr + YrYL) (2.11)

cannot be gauge invariant. In a non-Abelian gauge theory the gauge bosons must similarly be
massless. For a simple Lie group G, under which 1 has a representation of the set of matrices
T* with

[T, T%] = ie**°T® (2.12)

abc

where €%°¢ is the totally antisymmetric structure constants of GG, any Lagrangian must be invari-

ant under the transformation [4§]

() = P'(x) = U(T - 6(x))¢(x) = U(0)(x) (2.13)

T-Au(z) > T Al (x) =U(0,)T- AU " (6,) — g {aﬂU(em)] U—6,) (2.14)
and infinitesimally

P(a) = Y (z) = Y(a) — 70" ()Y (2) (2.15)
Aﬁ(aj) — Aif (z) = AZ(SC) + eabcﬂb(z)AfL(x) — é@,ﬁ“(l’) (2.16)

then a mass term

—m? AL A" (2.17)

cannot be gauge invariant as well. The observation that the W and Z bosons have non-zero
masses while the photon is massless presents the requirement that the electroweak SU(2) ®

U(1)y symmetry is a broken symmetry. That is, the Lagrangian is invariant under the gauge
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symmetry yet obtains a vacuum expectation value (VEV) such that the dynamics of the theory

are not invariant—the symmetry is spontaneously broken

SU@) @ ULy 28 U(1)em (2.18)
by the acquisition of a vacuum state which is not a singlet of the symmetry group. This is
accomplished by introducing a complex scalar doublet [48] [50]

¢+, Y(®) =1 (2.19)

%o

b =

The Lagrangian for this additional scalar would be

AL = (D,®) (D*®) — V(®) (2.20)
with
Z‘ a a Z /
D,=(0,— §gAua — 59 B, |¢ (2.21)
V(®) = p?®Td + \(®Td)? (2.22)

where Af, and B, are the SU(2) and U(1) gauge boson fields with coupling constants g and ¢/,

respectively. For values of u? < 0, V(®) has a minimum at the vacuum expectation value of

0 — 2
(@)o = (0]®|0) = R v= Y (2.23)
V2

Evaluating at this vacuum expectation value (VEV), the gauge boson mass terms appear

as

a _a 1 / by b 1 I W 0
AL = (0,1/) gAj o + 17 B, || gA™0” + 17 B (2.24)
v
102 20 41\2 2/ 4272 3 ’ 2
=5 |9 (A7 + 97 (A)7 + (—g4, +9'By) (2.25)
1
= My W, W+ + §M§Z#Z“ (2.26)

The form of follows from with the identification of the observed gauge bosons
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12 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

1 .
Wi = E(A‘IL TiAY) (2.27)
2.2
M3, = % (2.28)
and
[ m v? 3 ’ 2
sMz2,2" = g(gAH - 9'B,) (2.29)
V2 g —gg | [ A"
= §(AivBu) (2.30)
—g9' g% )\ B"
1 MZ 0) [z~
= §(ZM7A#) (2.31)
0 o) \a»

The mass matrix in above is diagonalized in by the orthogonal transformation

A, =sin GWWlf + cos 0w By,

Z,, = cos HWWE’ —sinfw B,

with

/

tan ow = i
Gw
2 V2 2 2
M2 = Z(g + %) (2.32)
MW = MZ COS 9W (233)

which is the precise form and origin of The net result of the acquisition of a non-zero
VEV for the field ¢ is the spontaneous breaking of the electroweak symmetry, the generation
of masses for the W and Z bosons while keeping the photon massless, and the introduction of
a massive scalar ‘Higgs’ boson. Fermion masses can be introduced as Yukawa couplings to the

Higgs field, resulting in the Standard Model Lagrangian of Equation [2.9

The Glashow-Weinberg-Salam (GWS) model of the electroweak interaction was a tremendous
success in predicting the relationship between the coupling constants g and ¢’, the Higgs field
VEV v, and the masses of the W and Z bosons. These bosons were discovered in 1983 at

the Super Proton-Antiproton Synchrotron (SppS) [51l 62], and for their contribution Glashow,
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2.3. THE HIERARCHY PROBLEM 13

Weinberg, and Salam shared the Nobel Prize in 1979.

2.3 The Hierarchy Problem

While the Higgs mechanism describes the acquisition of mass by fermions and W/Z bosouns,
the mass of the Higgs boson itself is a free parameter in the Standard Model. The vacuum
expectation value of the Higgs potential is known to be v ~ 246 GeV due to measurements of
the coupling constants and gauge boson masses. For values of the self-coupling constant A small
enough to allow for perturbation theory [53], the Higgs mass should not be too different from v

and one would expect

u? ~ —(100 GeV)? (2.34)

However the (mass)? of a scalar field receives radiative corrections that to one-loop order
are proportional to A%, the square of the ultraviolet cutoff energy above which the SM is

invalid [54]:

)\2 AUVd4p
O et e [ .

A
~mi, + L NLAYy (2.36)

Ideally, without the introduction of new physics at some scale A, the Standard Model should
be valid up to the Planck scale Ayry = Mpjanck ~ 1012 GeV/c?. If this were true however, a Higgs
mass of the order of a few hundred GeV (or for the newly-discovered 125 GeV/c? candidate)
would require an enormous and extremely precise counterterm at all orders of perturbation
theory to avoid extending to Mp. Without new physics to offer such a counterterm, only an

extraordinarily precise cancellation of physical constants would cancel these large corrections:

m +9%A3, fyj%A%]V
Such a confluence of coupling constants and particle masses is referred to as ‘fine-tune’

because the degree to which they must cancel to achieve a 125 GeV/c? Higgs boson is of the

030

order of 1 part in 10°” — a condition described as being highly ‘un-natural’.
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14 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

The hierarchy problem is the discrepancy of many orders of magnitude between the effective
scale of electroweak symmetry breaking and its renormalized parameters, namely the Higgs boson
mass. More generally, it is the question of why the electroweak force is 1032 times stronger than

gravity, a question for which the Standard Model offers no answer.

2.4 Problems of the Standard Model and the Need for
Supersymmetry

The Standard Model is ultimately an effective low-energy theory embedded within more fun-
damental physics, as the broken electroweak symmetry shows plainly as an example that has
been explained. However even accepting fine-tuning as a deeply unsatisfying explanation for the
hierarchy problem, the SM suffers from a number of other problems that favor the existence of
additional symmetries at higher energies. Supersymmetry (SUSY) is a Beyond the Standard
Model (BSM) theory that introduces the larger symmetry of particle spin, proposing that the
SM Lagrangian is the result of such a symmetry being spontaneously broken.

By introducing scalar partners to all fermions in the SM with the same quantum numbers
and couplings (As = |Ar|?), the quadratic divergences in the Higgs mass corrections exactly
cancel as such partners would contribute with an opposite sign. In this way SUSY offers an

elegant solution to the hierarchy problem [2]:

S
f I’\I
---O-- boemMean Amp o N2 (md —m2) In(Ady /md)
H H H H
/
—IAl2
8‘7r2|f Apy + TS Ay +

Without considering the mass of the Higgs boson, the breaking of the electroweak symmetry
depends on the entirely arbitrary choice of u? < 0, without which there is no Higgs boson at
all and the W and Z bosons remain massless. SUSY presents an explanation for this in the
renormalization group equations for the Higgs mass, as u? begins positive at the SUSY breaking
scale and runs negative in the infrared, in fact triggering electroweak symmetry breaking [2].

As a low-energy theory contained within some larger BSM theory, the gauge couplings of the
Standard Model are expected to unify at the ‘Grand Unification’ scale at very high energy scales
(~10%¢ GeV). The running of SM gauge couplings do not unify at any energy scale, however
the additional particles introduced by SUSY modifies the running to unify exactly at such an
energy scale. Figure shows the running of the inverse gauge couplings, and Figure shows

the running of SUSY mass parameters; both figures are reprinted from [2].
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60: T T T T T T T T T T T T T T T T
50 e
40F s ;

a_1 30E el —z

20k E

%46 8 10 12 14 16 18
Log,,(Q/GeV)

Figure 2.2: Two-loop renormalization group evolution of the gauge couplings. The dashed lines

represent the running in the SM, and the red and blue lines represent a range of free parameter

choices in a particular SUSY model. The SM couplings do not unify at any energy scale, and

many SUSY models offer a very close unification. Reprinted from Figure 6.8 of reference [2].

1500

1000

Mass [GeV]
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2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)
Figure 2.3: Renormalization group evolution supersymmetric masses in one particular model

of SUSY. The running of x? 4+ m3; is negative below ~1TeV, triggering the breaking of the
electroweak symmetry. Reprinted from Figure 8.4 of reference [2].
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16 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

A final mystery for which the SM offers no insight into is the overwhelming presence of
dark matter (DM) in the observable Universe, an invisible form of matter affecting the behavior
and formation of cosmological structures and composes about 80% of the total matter in the
Universe [55, 56]. The evidence for dark matter is compelling, one of the most powerful of which
is the rotation curves for many different galaxies, an example of which is shown in Figure [2.4]
The luminous (visible) matter is observed to make only a small contribution to the rotation

curves.

150 — -

—_ halo
- 100 —
[} _
g i
= i
(&} -

=

50 —
disk 7
gas ]

30

Radius (kpc)

Figure 2.4: The circular velocities of stars and gas versus their distances from the galactic center,
or rotation curve, for the galaxy NGC 6503. The different dashed lines represent the individual
contributions from interstellar gas, the luminous disk (stars), and dark matter (halo). Reprinted
from Figure 1 of reference [3].

The extended particle content of many SUSY models includes a stable, weakly-interacting,
massive particle (WIMP) that provides a much sought-for dark matter candidate, which the SM
simply does not provide.

The range of free parameters available to the many different models of SUSY is vast, allowing
for a wide variation of its proposed solutions for these problems. The results of Run I of the LHC
have placed strong constraints on this phase-space, but much remains experimentally viable while
still providing a natural Higgs sector and a dark matter candidate consistent with cosmological
observations. The following chapter formally introduces the mathematical foundations of SUSY
and its phenomenology, with a focus on its consequences on these problems in the SM and the

recent discovery of a 125 GeV/c? Higgs boson candidate [28,29]. The particular model of Gauge
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6 Mediated Supersymmetry Breaking (GMSB) will be introduced, and a model in which the scalar

7 top quark partner is comparatively light will be motivated.
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Chapter 3

The Supersymmetric Extension

to the Standard Model

The following chapter is heavily adapted from references [2], [57], and other sources, using nota-
tions therein. A complete survey of Supersymmetry (SUSY) and the many different models of
its breaking are well outside the scope of this dissertation, and as such only relevant phenomeno-

logical concerns will be discussed.

3.1 Mathematical Foundations

3.1.1 Supermultiplet Representation

The geometric interpretation of Supersymmetry is a spacetime manifold with four additional

fermionic degrees of freedom over the typical bosonic coordinates, called superspace:

a0, 0%

where 8¢ and 92; are Grassman-valued spinors representing these fermionic coordinates. That is,
they are constant, complex, anti-commuting, two-component spinors with dimension [mass]_l/ 2,
Functions of superspaces to themselves are known as superfields, and the individual field com-
ponents of superfields are know as supermultiplets.

Expanding a superfield in a power series of the anti-commuting variables, since there are two

independent components of each fermionic coordinate, terminates with at most two 6 terms and

two 01 terms (up to 00070" terms). Thus the most general form of any superfield is:

S(x,0,0%) = a+ 08¢+ 0"\ +600b+ 0T0Tc 4 05"0Tv,, + 610T0n + 0007¢CT + 006707 d. (3.1)

18
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3.1. MATHEMATICAL FOUNDATIONS 19

The components of the general superfield are 8 bosonic fields a,b,c,d and v, and 4 two-
component fermionic fields &, x, 7, ¢f. Shown over the next several sections, imposing different
constraints on the general superfield reveals the actual supermultiplets of SUSY, the chiral and

vector gauge supermultiplets, where any other superfield is a linear combination of the two types.

3.1.2 Supersymmetry Transformations

Translations in superspace are defined by the set of linear differential operators acting on super-

fields:
5 0 ngt Yo 0 Tar)a
Qa = ZW — (O' 9 )aal“ Q = _ZW + (9 g ) (‘%, (32)
Ata . a _ & A . (9
Qi = g (@00, Ol = —i ogia + (00")ad,. (3.3)

An infinitesimal translation by e, e for a superfield S is then:

R . o d
= tOf Y (AT . SRS Ty, ST P

V26,8 = —i(eQ+ QNS (e 5 +6‘*aeji +ilec”d" + €l e}au)s (3.4)
= S(z" +iea"0' +ie'a0, 6 + ¢, 6T + 1) — S(zH, 0, 67) (3.5)

revealing these operators to be indeed translations in superspace. These generators satisfy the

SUSY algebra of anti-commutation and commutation relations:

{Qa, Q;} = 2io" 0, = —20".B,, (3.6)
A A _ AT Tl
{Qu@s} = 0. {alal}= (3.7)
5 @a) = [P QL] =0 (3.8)
where Pu = —10,, is the four-momentum generator of spacetime translations. Applied to each of

the component fields of the general superfield S (Eq. , these generators are of precisely the
form desired by SUSY:

Q|Boson) = |Fermion), Q|Fermion) = |Boson).

This of course is the fundamental feature of Supersymmetry, that for each particle in the Stan-
dard Model there should be a partner differing only by a spin of 1/2, where all other quantum

numbers are invariant under these transformations.
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20 CHAPTER 3. THE SUPERSYMMETRIC EXTENSION TO THE STANDARD MODEL
3.1.3 Chiral Supermultiplets

Defining the chiral covariant derivatives as:

0 0
= _j(c™pt a_ _ 2 4 gtem)e
D, 500 i(c"07) 00y, D a0, +i(6'*)“0, (3.9)
9 .
ta _ (= & T ; .
D' = 7892 i(c"0)*0,, D} = S0Ta +1(00") a0, (3.10)

a chiral (left-chiral) supermultiplet is any superfield satisfying the condition that:

DIw =o. (3.11)
An anti-chiral (right-chiral) supermultiplet is its complex conjugate satisfying:

Do U* = 0. (3.12)

The general solution for a chiral supermultiplet, after a careful change of variables and a factor

of v/2 for convenience, is:

U = ¢(y) + V204 (y) + 00F (y) (3.13)
U* = ¢ (y) + V20 (y*) + 070 F*(y*) (3.14)

with
y" = at +i0T510. (3.15)

So the chiral superfield degrees of freedom consist of a complex scalar ¢, a two-component
fermion 1, and an auxiliary field F. Applying the superspace translation operators Egs. [3.3

the chiral fields transform between one another as:

5€¢ = 61#, (316)
Sctha = —i(0"e") 00,0 + €o F, (3.17)
6 F = —ie'a19,9p. (3.18)

As will be seen in future sections, a simple way to construct a chiral superfield is in a
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3.1. MATHEMATICAL FOUNDATIONS 21

superpotential W (¥;) that is a holomorphic function of other chiral superfields ¥;; that is, a

function of only chiral superfields and not of any antichiral fields.

3.1.4 Vector Supermultiplets

A real vector superfield V' is any superfield satisfying the condition V' = V*. Constraining the
general superfield S of Eq. in this way, along with several conventional definitions, yields the

component expansion of a vector supermultiplet:

V(z,0,0") = a+0¢&+0EN+00b+ 01070 + 00 0TA, + 07070\ — %o—uaﬂgf)

+000T(AT — %6"8,@) + 669*9*(%D + iauaﬂa). (3.19)

Infinitesimal translations in superspace transform the vector supermultiplet fields as:

V26.a = €€+t (3.20)
V2388, = 2eab— (0te)u(A, +id,a), (3.21)
V26 = et —ictara,e, (3.22)
V28, AR = ied"E —ict et + eot N — fah, (3.23)
V260, = eaD+%(J“5”e)a(8uAl,—ayA,L), (3.24)
V26D = —ied"d A\ —iela" 9, (3.25)

The degrees of freedom for a vector superfield are the gauge boson A*, gaugino A, and
gauge auxiliary fields D. The remaining components are additional auxiliary fields that can be
‘supergauged’ away by an appropriate choice of coordinates, and such a field is said to be in the

Wess-Zumino gauge:
1
Vwz gauge = 016" 0A,, + 0T0TON + 000TAT + 5999*9*1). (3.26)

3.1.5 Lagrangians in Superspace

The Lagrangian density £(x) for any superfield S is obtained by integrating over the fermionic

coordinates. For the chiral and vector superfields of Equations [3.15] and this is written as:

1 1
= 2 2 T T = T = - —_— “
Vlp = /d 0426 V(x,60,6") = V(2,0,0 )‘WW 5D+ (0u0"a (3.27)

[@]Fz@‘ - d29<1>‘ — [ d®04%6T 5@ 91y = F (3.28)
66 0tT=0
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22 CHAPTER 3. THE SUPERSYMMETRIC EXTENSION TO THE STANDARD MODEL

named the D- and F-term contributions respectively. The 9,,0"a vanishes when integrating over

spacetime, and to ensure the action is real, F-terms can be taken as [®]F + c.c. combinations.

The Unbroken Chiral Lagrangian

For chiral supermultiplets, the unbroken SUSY Lagrangian is:

Leniral(7) = [@*'®;]p + (W (®:)]» + c.c.) (3.29)
=— "™ 0ugi — w*ia“am

52w ) oW oW
(&zﬂ&zﬂ vivi + 6@6#’ W) 59 oo (8:30)

for any superpotential W holomorphic in chiral supermultiplets. For the superpotential of the

Minimal Supersymmetric Standard Model (MSSM) of
L i L ijk

with 4% the Yukawa couplings between scalar and spinor fields and M% the fermion mass

matrix, this expands to

£chiral = - aﬂ¢*7f u¢z - Chll‘al(¢ ¢ ) + 11/1“0”3#% - 7MZJ7/)11/)J - 7M* l/fhil)h

7y2]k¢z¢j"/)k y”m“%/}”dﬁk (3.32)

with the scalar potential defined as

oW W™
Veniral (9, 0") =—=—— 3.33
hiral (¢, ") 50 5o (3.33)
i*kMkjd)*iQSj Mzny]knqSZQS*jd)*k
1 * n L *1 jn * *
MGG 00+ Ty 01056 (3.34)
The Unbroken Gauge Lagrangian
For a gauge symmetry with generators Tiaj , the chiral superfields ®; transform as:
(bi N (eQigaQaTa)ijq)j’ q)*z N (b*] (e—QigaQaTa) ‘Z' (335)

J
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2 where g, are the gauge couplings and Q% are the transformation parameters which are chiral

37 superfields themselves. For each generator, there is a vector superfield V¢ that is free to be

I8}

s gauged into the Wess-Zumino gauge of Eq. A field-strength chiral superfield can be defined:

329

1 aya ayra
Wa = = DIDT (7207 DotV ). (3.36)
s In the Wess-Zumino gauge, this is:
W)Wz gauge = AL + 0, D" — %(0“6”9)QF3V +i00(c" VAT, (3.37)
with
Fi, = 0,45 — 0,A% + gf*" A} A (3.38)
VA = 0\ + gf e AL N (3.39)

s as the field strength and gauge covariant derivative.

33 Collecting all of this, the general renormalizable Lagrangian for an unbroken gauge super-

333 multiplet is:

(1 20, aayra ¥i( 2ga TV ja ,
L = (4132772)[1/\? W +cc. + |2 (e )i ¢J}D+([W(‘I’z)]F+C~C~) (3.40)

s with ©, introduced as a CP-violating parameter.

» 3.1.6 The Unbroken Supersymmetry Lagrangian

s The full, final unbroken SUSY Lagrangian, for chiral supermultiplets interacting with a single

7 gauge supermultiplet, expanded completely is:
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L=—0"¢""0,¢; — i1 0,1h;

1 a a rva v a - a — a
= 7 (0uAy = 0, A7) (9" A" — 7 AR — At 9\

B 1 Lo it
= M MM ¢ 5 — o M — o Migptiaph

+igd" " AL (T°), — ig0udi A" (¢*T)" — gypTiGH A% (T),

_ ig)\Taa'#fabCAZAc

1
_ ngabc[(aMAg _ 3VAZ) AubAyc + AZAlc/ (auAua _ BVAMQ):|

= S Myt b — S My di6 o
—3Y K apiay, — iyijkqs Ptk

— V20 (" T%;) A — V2gATe (1T ;)

o g2Ap,a (d)*Ta)Z AZ (Ta¢)7 . ig2fabcAzAlcjfabcAubAuc

1 gn, * * * 1 ik a 2
- Zyj YiinGid; ¢ o™ — 592 (67 T¢;)" .

Piecewise, the terms in the SUSY Lagrangian are:
Lines a—b: kinetic terms for the fields ¢,, A, A.

Line c: (s)fermion mass terms for ¢ and :

Lines d-e: cubic couplings of ¢, ¢, and A to A:

A, g A,

\\
-9 ¢

Line f: triple gauge boson coupling:

__>._X_>._
[ J
A,
AA

(3.41a)

(3.41b)
(3.41c)
(3.41d)
(3.41¢)
(3.41f)
(3.41g)
(3.41h)
(3.41i)
(3.41j)

(3.41k)
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us Line g: triple sfermion couplings:

347

us  Line h: cubic coupling of ¥ to ¢:

- - -
-

349

w0 Line it ¢y coupling:

351

\

> Line j: AA¢¢ and quadrupole gauge boson couplings:

3

G

AN
353 /
’ \\
’
s Line k: ¢? vertices:
N d
\ ’ N ,
kN7 1 N
A
. VRN .
355 7 J Z,/ N )
d N , N
’ \

= 3.2 The Minimal Supersymmetric Standard Model

ss7. The Minimal Supersymmetric Standard Model (MSSM) is the minimal extension of the SM
s adding only the necessary new particles to complete the symmetry. The superpotential for the
0 MSSM is:

Wassm = tyoQHy — dyaQHg — 8y LHqg + pH Hgy. (3.42)
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Each of the fields introduced here, listed in Table are chiral superfields. @ contains the
left-handed up- and down-type quarks and scalar quarks (squarks) , and L contains the left-
handed leptons and scalar leptons (sleptons). @, d, and & contain the right-handed (s)quarks
and (s)leptons. The MSSM contans two complex Higgs doublets, H,, = (HJ7H3) and Hy =
(Hg, HC;), each of which having corresponding spin 1/2 higgsino doublets. The ‘u term’ p is a

supersymmetric version of the Standard Model Higgs mass.

The family indices of Eqn. [3.:42] have been suppressed for clarity, but the Yukawa coupling
parameters yyu, Yd, and ye are 3 X 3 matrices in family space. Since the third generation

quarks and tau leptons are much heavier than other generations, the Yukawa couplings are often

00 0
approximated with only these contributions as non-negligible, y 4.6 ~ (8 0 y 0 ), reducing the
t,b,T

superpotential to:

Whissm =y ((LHY — t0H,[) — yp(btH; — bbHY) — y, (v Hy — 77HY)

+u(HFH; — HYHY). (3.43)

Names Spin 0 Component  Spin 1/2 Component Representation under
SUB)c®@SUR2)LeU)y

(s)quarks Q (ar dr) (ur dr) (3,2, %)
(x3 families) U Up ufR (3,1, —%)
d 8 uly (3,1, 3)
(s)leptons L (v er) (v er) (1,2, -3)
(x3 families) e €R e}; (1,1,1)
Higgs, higgsinos  H., (Hf HY) (Hf HY) (1,2, +3)
Ha (Hy Hg) (H Hy) (1,2, —3)

Table 3.1: Chiral supermultiplets of the MSSM. As in the SM the right-handed fermions and their
scalar partners are not charged in weak isospin, denoted by their 1-dimensional representation.
Leptons and higgs(inos) are colorless (1) and the bar over 3 denotes belong to the adjoint
representation of 3. Adapted from Table 1.1 of reference [2].

Names Spin 1/2 Component  Spin 1 Component Representation under
SUB)c®@SUR2)LU(1)y
Gluino, gluons g g (8,1,0)
Winos, W bosons wE wo wE wo (1,3,0)
Binos, B boson B° B (1,1,0)

Table 3.2: Gauge supermultiplets of the MSSM. Adapted from Table 1.2 of reference [2].
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3.2.1 R-parity

The MSSM is defined to be invariant under R-parity, a multiplicative quantum number defined

for each particle as:

Pr = (—1)3B-L)+2s (3.44)

having a value of 41 for the Standard Model particles and —1 for ‘supersymmetric’ particles.
Phenomenologically this conservation is of vital importance, because if the lightest sparticle
with P = —1 (the LSP) is absolutely stable, all sparticle decays must eventually proceed to
this LSP, and any sparticle production in a collider experiment must occur in even numbers
(pair production).

Without requiring R-parity conservation, the superpotential of Eq. more generally can

contain terms violating the total baryon (B) or lepton (L) numbers which R-parity forbids B

1 .. . _ )
War—1 = ix\kaiLjék + NRL,Q;dy + p'" L H, (3.45)

1 .. -
WaB—1 = 5A“”’%—Lidjdk. (3.46)

Without any form of suppression for the A’ or A" couplings, such terms would disastrously allow

for unobserved processes such a proton decay pt — et7° with minuscule decay lifetimes shown

in Figure
+
d 5% ¢
+ lES S ! *
p U 112 112 u
0
u u }ﬂ-

Figure 3.1: An example of the strange-squark mediated proton decay process pt — eTn" with
unsuppressed A and A’ couplings. Reprinted from Figure 6.5 of reference [2].

3.2.2 Soft SUSY Breaking

If SUSY exists as a symmetry, it must necessarily exist as an exact symmetry of the Lagrangian
that is spontaneously broken in some way. In unbroken SUSY, the quadratic divergences in
scalar masses vanish identically to all loop orders due to the degeneracy of scalar and fermion

masses (see Section [2.4). If that were the case, a massless spin 1/2 photon or a scalar electron

IThe chiral supermultiplets carry baryon number B = +1/3 for Q;, B = -1/3 for a;, d;, and B = 0 for all
others. The lepton number L = +1 for L;, L = -1 for &;, and L. = 0 for all else. A simple counting of these
numbers in equations and@reveal how Pr = (—1)3(B=L)+2s i5 yiolated.
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with mass of the electron would have been easily discovered long ago in experiment.

In order to maintain this solution to the hierarchy problem while breaking SUSY, additional
breaking terms are simply added to the unbroken Lagrangian of Eqn. as L = Lsusy + Lsoft -
These terms must be ‘soft’, or of positive mass dimension, to avoid re-introducing quadratic
divergences in scalar masses. For the MSSM, these terms are:

1 . -
Lo = =3 (Mggg + MyWW + M, BB + c.c.)

- (ﬁauQHu - ciadQHd —éa.LHy + c.c.

N———

—my HiH, —m3 HyHy — (bH,Hq + c.c.) . (3.47)

This soft breaking Lagrangian adds several new parameters. My, Ms, and Mj are the bino (B),
wino (f/)7 and gluino (§) mass terms respectively. The 3 x 3 complex family-space matrices a,,
ay, and a, are analogous to the Yukawa couplings in the superpotential. The 3 x 3 family-space
matrices m%, m2, mi—, m%, and m? are squark and slepton mass terms. Lastly m%{u, m?{d, and
b are squared-mass terms for SUSY breaking contributions to the Higgs potential.

The soft breaking terms are added explicitly in the MSSM as they are simply the only terms
of positive mass dimension that are not invariant under the SUSY transformations. In no way is
the source of this breaking addressed. Many attempts at describing the larger SUSY-invariant
theory the breaking occurs in have been made, but the search outlined in this dissertation is far

more sensitive to gauge-mediated models than any other model. For brevity, the next section

will detail only this type of breaking.

3.3 Gauge Mediated Supersymmetry Breaking

Gauge Mediated Supersymmetry Breaking (GMSB) models [58] 59] [60, 6T}, [62, 63] are those that
introduce the soft breaking terms using the ordinary SU(3) x SU(2) x U(1) gauge interactions
rather than gravity, as many other models do. In the minimal approach to GMSB, a set of chiral

supermultiplets called messengers are introduced, transforming under SU(3) x SU(2) x U(1)

asEL

1 1 1 _ 1
qN(371777)7 q~(3’1’7)7 EN(17237)7 gw(lazaff

5 5 > 5). (3.48)

The scalar messenger squarks and sleptons ¢, ¢, ¢, and £, as well as their fermionic messenger

quark and lepton partners v, g, ¢, and 17 each receive very large masses by coupling to a

2Recall that 1 indicates no transformation under that gauge symmetry, and thus no charge. A bar (3) indicates
the adjoint representation.
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a3 gauge singlet chiral supermultiplet S. This coupling is by an R-parity conserving superpotential:

414

Wmessenger = y25M+ ZJSSQQ (349)
as  where yo and y3 are coupling strength parameters.

416 The precise breaking mechanism of GMSB is delegated to a ‘hidden breaking sector’, a regime
a7 of physics that communicates with the MSSM only via flavor-blind interactions. In GMSB this
as  communication is the ordinary gauge interactions. Simply introducing some hidden breaking
a0 terms as Whreaking, the scalar potential of the scalar messengers acquires a vacuum expectation

20 value (VEV) at its minimum:

(5) £ 0, (3.50)
((Whreaking/0S) = —(Fg) #0, (3.51)
(6Wnessenger/0S) = 0. (3.52)

2 At this VEV, the messengers obtain squared-mass matrices with eigenvalues:

GTF Mo = [02(D, g2 () £ ya(F)] (3.59)
4, (j : m%ermions = ‘y3<S>|2 ’ mzcalars = |y3<S>|2 + |y3<FS>| . (354)
a2 The principle feature of this type of SUSY breaking is that this splitting of messenger masses

w3 by non-zero (Fg) is communicated to the MSSM through radiative corrections. The gaugino
20 fields receive gauge coupling strength mass contributions through one-loop interactions with the

w5 messenger fields, and the scalar fields receive masses through two-loop diagrams:
(Fs)

B,W.§ i \ oo (Fs) _ai (3.55)
YT Ar (S)  ar '

226 The scalar squared mass terms from two-loop interactions shown in Figure (3.2 are:

il

5 , (3.56)

(82) cr+ (32) o+ (82) csto

27 where the C, (i) are quadratic Casimir invariants. In a similar way, the (scalar)?® couplings a,,

w28 a4, and a. (the supersymmetrized Yukawa couplings) are suppressed compared to the gaugino
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Figure 3.2: Squared mass contributions to scalars in GMSB at two-loop order, the leading
contribution. Messenger scalars are shown as heavy dashed lines, and messenger fermions are
shown as solid lines. SM gauge bosons are shown as wavy lines, and gauginos are shown as solid
lines with wavy lines over them. Reprinted from Figure 7.5 of reference [2].

masses and to a good approximation at the messenger scale:
a, =ag=a,=0. (3.57)

This is a very strict realization of universality conditions E| that many other models simply

assume:

sz Nmél, m%wm%l, m?l Nm(zl—l, mi NmQLL mg ngl (3.58)
where 1 is the unit 3 x 3 matrix. This condition, achieved by GMSB quite naturally, prevents
significant mixing and CP- or flavor-violating processes that are not experimentally observed.
Without universality, processes like © — ey (see Figure|3.3]) arise from non-diagonal a, elements

in the soft SUSY breaking term éacLHy of Eqn.

~
KR _x-€R
7/
— / s \ _
7! L B | e

Figure 3.3: Contribution to the g — ey process introduced by flavor-violating soft breaking
terms in off-diagonal elements of m2. In GMSB the slepton masses are generated at two-loop
order at gauge coupling strength and are heavily suppressed. Reprinted from Figure 6.6(a) of
reference [2].

3 Universal meaning precisely the universality of interactions between the 3 quark flavors; with no off-diagonal
mixings and all diagonal elements the same, universality is the mathematical expression of flavor-blindness.
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3.4 Light Stops and the Higgs Sector

Of critical importance to naturalness and solving the hierarchy problem of the Standard Model

is the masses of particles with the largest couplings to the Higgs boson. Seen in Section
Amp o< Nj(m& —m7) In(Afy /m3) (3.59)

the Higgs mass is sensitive to the heaviest particles it couples to, and those particles also having
large Yukawa couplings exacerbates the hierarchy problem SUSY is intended to solve.

After the electroweak symmetry is broken, the scalar potential V' of the Higgs scalar fields
in the MSSM E| satisfy the minimum 0V/0H? = dV/OHS = 0 with the conditions:

mi + |p|*—beot B — (m3/2) cos(28) = 0, (3.60)
miy, + |u?—btan B + (m%/2) cos(28) = 0 (3.61)
with

ve  (HY)
tanf = — = —=& 3.62
/8 Ud <Hg> ( )

2m?2

2., ,2_ 2 z . 2

vy vy =0 = g (246 GeV)=. (3.63)

These are necessary conditions for electroweak symmetry breaking and the acquisition of the
VEV v ~ 246 GeV, however there must be fine-tuning here as Eqn. [3.60] contains H,,, Hy, and
their mass term u. These terms appear in the soft breaking superpotential (Eqn. and are
of the breaking scale. This is referred to as the ‘little hierarchy problem’.

To avoid this, the renormalization group (RG) equations for the squared-mass terms of the
Higgs and third generation squarks are considered. Due to the large Yukawa couplings of the
third generation, their contributions are the most significant. To one-loop order, only three

different combinations of terms appear, so for simplicity we can introduce:

X =2y)* (myy, + md, + m2,) +2a’ (3.64)
Xy = 2|yl (my, +md, +m3, ) +2 o (3.65)
X; =2|y,|* (m3, +mi, + mZ) +2|a,|? (3.66)

4Consider the neutral components of H, = (H{f, HS) and Hy = (Hg, Hd_) in the last line of Eqn.
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In terms of X;, X3, and X, the one-loop RG running (evolution with scale) Higgs masses

are:

d 6 3

167r2£m%,u = 3X, — 6g5|Ms|* — 59%|M1|2 + EQ%S (3.67)
d 6

167 2 miy, = 3X4 + X, — 693 Mol* — Zgf M| - 7915 (3.68)

where S = Tr {iji]} This RG running has several important consequences. The X;, Xp,
and X, are positive in GMSB. The X; term only appears for H, and not for Hy, and due to y,
being much larger than any of the other Yukawa couplings this is much bigger than the other
terms. Thus m%{u tends to run negative towards the lower electroweak scale, destabilizing the
point H,, = H, and triggering electroweak symmetry breaking. The large top Yukawa coupling,
in the MSSM, is principally responsible in this way for radiative electroweak symmetry breaking

and naturally pushes the higgs mass to small values m%,u < m%d at the electroweak scale.

The third-generation squark squared-masses have RG equations:

d 32 2

167 @méa =X+ Xp — §9§|M3|2 — 692 M|? — —g%|M1|2 + 915 (3.69)
d 32 32

16m* 7, = 2X, — Zg5|Msl* — *91|M1|2 5913 (3.70)
d 2 32 2 2 2

167‘(‘ %mgs :2Xb—§g3|M3‘ gl|M1| + 915 (371)

in contrast to the first and second generation squarks:

167 2 = 37 8C(0)g2IM, 2 + Ygs (3.72)

dt i a .

a=1,2,3

Compared to first and second generation squarks, stop and sbottom masses run much lower
at the electroweak scale due to the X; and X, terms. The |M3|2 terms also contribute large
mass contributions to stops and sbottoms that the Higgs scalars do not receive, encouraging the

MSSM to deliver a VEV to the Higgs and not the squarks or sleptons.

Looking specifically at the stop masses, the large Yukawa coupling is responsible for several
non-negligible contributions compared to first and second generation squarks. In the gauge-

eigenstate basis:

S tr
Estop masses — (tz t*R> m% 5 (373)
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with
o [mh,mi+ (5 - fsin®Ow)cos28mE v(afsing — py;sin ) )
t .
v (aysin 8 — p*y, cos B) m2, +mi + % sin? Oy cos 28 m%

The stop mass matrix can further be diagonalized to give mass eigenstates:
— (3.75)

where |cz|? + |s;|> = 1. The convention is to take m?l < mti as the eigenvalues of Eqn. W
The large positive X; term in the running of stop masses pushes m%g < més and even moreso
to lower masses than the first and second generation squarks and sleptons. The stop masses
are generally larger than the top mass due to m; in m% which prevents un-observed super-light
stops in collider experiments. Lastly, many models introduce significant stop mixing in the off-
diagonal elements of m%. The effect of this mixing is to further separate the mass eigenvalues

m%1 , mi and push t; even lower in mass.

The net result is that the stop squark, in many models including GMSB, is naturally the
lightest squark. This is a very attractive scenario, as the principle motivation for SUSY is to

solve the hierarchy problem. The supersymmetric Higgs mass receives a correction:

3Y2 A
Am3 ~ —Témtglog% (3.76)

which is mitigated by a lighter stop. This has important phenomenological consequences, as is

covered in the next section.

3.5 Collider Phenomenology of GMSB

The most important feature of GMSB as collider phenomenology is concerned is that the lightest
supersymmetric particle (LSP) is the gravitino (G), the spin-3/2 superpartner to the spin-2
graviton, having odd R-parity (Pr = —1).

The gravitino is more or less a gauge field associated to local SUSY transformations, when
gravity is considered and such transformations are no longer global. A so-called ‘super-Higgs’

mechanism gives the gravitino a mass from the spontaneous breaking of SUSY labeled ms3s:
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where Mp is the Planck mass. In GMSB the breaking scale is quite low ((F) ~ 10% GeV)
compared to mSUGRA [64, 65, 66} 67, [68, 69, [70] with (F) ~ 10?° GeV for example. From this
the gravitino in GMSB models is very light (eV — keV).

As an R-parity conserving theory, GMSB signatures in collider experiments must follow

several rules:
e All sparticles must be produced in even numbers, typically pairs.
e All sparticle decays must proceed to the NLSP and then to the gravitino LSP.

e The gravitino LSP is absolutely stable, and interacting only weakly it escapes instrumen-

tation un-detected. In 47 hermetic detectors, this contributes to large missing transverse

energy (Hr).

Furthermore in pp collisions at the LHC, strong production dominates over electroweak pro-
duction and the typical production mechanism is pairs of squarks or gluinos. Assuming that
the stop squark is much lighter than all other squarks and gluinos, pairs of stop squarks are
produced leading to third-generation final states.

A final consideration is the choice of NLSP. In principle any sparticle can be the NLSP in a
model, but most GMSB models use the stau slepton or neutralinos (mass eigenstate mixtures
of the neutral gauginos). This dissertation concerns itself only with the neutralino NLSP case,
and specifically the bino (B) case.

In the limit where the soft breaking terms are much larger than the electroweak breaking
scale, the neutralino and chargino masses, in the gauge eigenstate basis of 1) = <B WO, ﬁg, ﬁg)

and 1+ = (W*, Hf W, I:Id_>, can be diagonalized to reveal mass eigenstates:

B m% sin? Oy (M, + psin 23)

méy, (My + psin 2
mgy = Mj — W<u22— ]’\22 p) (3.79)
3
oo = ] + m% (sgn(u) — sin 28) (u + My cos? Oy + My sin? Oyy) (3.80)
X8 2(p+ M) (p+ Ma) '
2 : 2 -2
mi (sgn)p) + sin 28)(u — My cos® Oy — My sin® Oy)
0 = .81
myg = Il + 2 — M) (n— 1) (351
2 .
2 _ miyy (M + psin23)
m2y = M, oy (3.82)
2 .
2 misgn(u)(u + Mysin2)
mis = ] + 12— 2 + (3.83)

where again tan 8 = (H?2)/(HY).

In this limit the neutralino gauge eigenstates are very ‘bino-like’ (Y ~ B), ‘wino-like’ (¥
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W0), and a ‘higgsino-like’ mixture X3, X§ ~ (H? 4+ HY)/v/2; the charginos are a wino-like i
and higgsino-like SQi

The above mass eigenvalues are an approximation that is not held for all SUSY models,
however applying GMSB boundary conditions to the MSSM gives such values naturally. Of note
is the near-degeneracy of >~<1i and Y3, described in some literature as a ‘wino-like co-NLSP” if all

other terms are heavier. Due to the GMSB masses being given by the relation:

a;
M; = EA (3.84)

then the mass spectrum of GMSB very naturally results in ¥ being the lightest neutralino, and

the very-light gravitino (G) being the LSP gives the bino-like NLSP.

In overall summary, the phenomenology of interest to this dissertation is:

Strong pair production of stop squarks: — strong production dominates in pp collisions,
and assuming the stop squark is the lightest squark or gluino this production would be

observable at the LHC.

Stop squarks decaying to top quarks and bino-like NLSPs: — in the simple limit where
all other sparticles are very heavy, the only R-parity respecting decay allowed for stops is
to the NLSP. As GMSB couples sparticles via the ordinary gauge interactions, this decay
cannot violate charge nor flavor, and if the NLSP is the neutral bino this must be to a top

quark.

Bino-like NLSPs decaying to photons and the gravitino LSP: — the bino is an admix-
ture of the Z and + superpartners, and so both decays are allowed. This decay is pre-
dominantly to photons, although decays to Z are allowed at heavier bino masses. The

branching ratios of these decays are shown in Figure (3.4

Bino Decays Neutral Wino Decays
1.0f ‘ ‘ ‘ g 1.0f
08 vre 08._...\ Costu_
Cos’t
oy 06 1 g o8
0 04 3 1 ®o4f
Sin*w Z+G
0.2p™ ™ 1 0.2/ | Sinoy
0.0, ‘ ‘ ‘ ‘ J 0.0L ]
0 200 400 600 800 1000 0 200 400 600 800 1000
Mg My

Figure 3.4: Bino and neutral wino NLSP branching ratios to vé and ZG. Reprinted from
Figure 2 of reference [4].

The gravitino LSP escapes undetected: — the principle observable in this dissertation (and

many other GMSB searches) is missing transverse energy () from the weakly interacting
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gravitino not being seen by detector instrumentation.

These motivate the interest in pp — & + vy + K shown in Figure for which the analysis is

optimized.

t
v(Z)
p t - > ~<_
///’ Xl &\\ B
- TG
~~__ y A"/é
-~ X1 _ -
p t \\
v(Z)
t

Figure 3.5: Production of stop pairs decaying to bino-like neutralinos.

3.6 Experimental Status of SUSY

Numerous searches for evidence of Supersymmetry have been performed, providing strict con-
straints on the viable parameters of any such model. To date no significant observation has been
seen, although the discovery of a 125 GeV/c? scalar Higgs candidate makes very real the moti-
vations for SUSY. The most stringent limits on a wide variety of SUSY breaking models have
been set by LHC and Tevatron experiments, and recent Higgs results as well as cosmological

(dark matter) measurements restrict SUSY further.

3.6.1 Direct Collider Searches

Early direct collider searches yielded important results beginning in the 1980s [71l [72] [73, [74]
75l [76, [77, [78], [79], establishing that any viable SUSY model must be a broken one.

Currently the strongest limits on SUSY are from the CMS [80] and ATLAS [81] Collaborations
at the LHC. Both CMS and ATLAS present results evaluated against so-called ‘Simplified Model
Spectra’ models which greatly simplify the available parameter space to focus on particular final
states. Figure [3.6] shows the most recent limits set by CMS, and Figure [3.7] shows the current
ATLAS results. In general, current limits exclude masses of ~1-1.5 TeV for strongly-produced
sparticles and ~500 GeV for electroweak-ly produced gauginos.

Figure shows the current limits set by ATLAS on the mSUGRA model (tan 8 = 30) in

the simplified sfermion-gaugino mass plane (mo-—my/3). These limits are extremely restrictive,
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model &MY Jets EN [Lanm™) Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 02 1.7TeV m(@=m() 1405.7875
4, —qk) 0 26jets Yes 203 |d 850 GeV m(E7)=0 GeV, m(1* gen. q)=m(2™ gen. §) 1405.7875
@ Giy, 4—q¥) (compressed) 1y 0-1jet  Yes 203 |3 250 GeV m(@-mer?) = m() 1411.1559
S & wl%ﬁ 0 26jets  Yes 203 3 1.33 TeV m(¥?)=0 GeV 1405.7875
w 3%, 3oqgX T —gqWiY) 1epu 3-6jets  Yes 20 |& 1.2 TeV m(E7)<300 GeV, m(¥*)=0.5(m(¥7)+m(z)) 1501.03555
@B zE goqqll/tv/yT) 2e.pu 0-3 jets - 20 z 1.32 TeV m(¥))=0GeV 1501.03555
Q GMSB (7 NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 z 1.6 TeV tang >20 1407.0603
m GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(EY)>50 GeV ATLAS-CONF-2014-001
S GGM (wino NLSP) Teu+y - Yes 4.8 m(i))>50 GeV ATLAS-CONF-2012-144
£ GGM (higgsino-bino NLSP) y 15 Yes 48 m(&?)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 107 eV, m(z)=m(g)=1.5 TeV 1502.01518
g g—bb¥) 0 3b Yes 201 |& 1.25 TeV m(¥%)<400 GeV 1407.0600
wv D wl%ﬁv 0 7-10jets  Yes 20.3 4 1.1TeV m(¥?) <350 GeV 1308.1841
s £ o 0-1 e 36 Yes 201 |z 1.34 TeV m(t?)<400 GeV 1407.0600
%0 gobit] 0-1e,pu 3b Yes 20.1 4 1.3 TeV m(¥))<300 GeV 1407.0600
ae bibibiobt) 0 2b Yes 201 | B 100-620 GeV m(r?)<90 GeV 1308.2631
<8 by, bk 26,1 (SS)  03b Yes 203 |k 275-440 GeV m¥i)=2 m(e) 1404.2500
SS & 12e.pn 1-2b Yes 47 | & iH067.Gev | 230-460 GeV m(¥7) = 2m(¥}), m(¥7)=55 GeV 1209.2102, 1407.0583
W.M 2e,pu 0-2 jets Yes 20.3 i 90-191 GeV 215-530 GeV m(t))=1 GeV 1403.4853, 1412.4742
S8 0-1e.u 1-2b Yes 20 2 210-640 GeV m(¥)=1 GeV 1407.0583,1406.1122
Wd 1 0  mono-jet/c-tag Yes 20.3 iy 90-240 GeV m(7)-m(¥])<85 GeV 1407.0608
wa m f71 (natural GMSB) 2e,u(2) 1b Yes 20.3 2 150-580 GeV m(¥})>150 GeV 1403.5222
hiy, h—oh +Z 3e,u(2) 1b Yes 20.3 I3 290-600 GeV m(¥})<200 GeV 1403.5222
Tirlg, I~ 2e.p 0 Yes 203 | 90-325 GeV m(¥%)=0 GeV 14035294
XY, X = Dv(ew) 2e,pu 0 Yes 203 |i; 140-465 GeV m(E))=0 GeV, m(Z, )=0.5(m(¥})+m(¥})) 1403.5294
> 5 XX ) 27 - Yes 203 | 100-350 GeV m(¥?)=0 GeV, m(#. 7)=0.5(m(¥;)+m(¥})) 1407.0350
o Y TS ELVELLGY), CELLGY) 3e,u 0 Yes 203 | &K% 700 GeV m(E})=m(¥3), m(E?)=0, m(Z, 7)=0.5(m(¥})+m(El)) 1402.7029
S p-wiize) 23eu  02jets Yes 203 |¥ERD 420 GeV m(ET)=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294,1402.7029
WA, hsbb/WW/tt)yy MY 02h  Yes 203 [¥5% 250 GeV m(ET)=m(3), m(¥})=0, sleptons decoupled 1501.07110
X3, 035 >t dep 0 Yes 203 |W; 620 GeV M(E9)=m(E2), m(¥?)=0, m(Z, 7)=0.5(m(¥3)+m(¥})) 1405.5086
Direct ¥1X7 prod., long-lived ¥7  Disapp. trk 1 jet Yes 203 | X 270 GeV m(¥T)-m(¥})=160 MeV, 7(¥1)=0.2 ns 1310.3675
M % Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 4 832 GeV m(¥})=100 GeV, 10 us<7()<1000 s 1310.6584
=G Stable 2 R-hadron trk - - 191 | & 1.27 TeV 1411.6795
25 GMSB, stable T, 1)@, +r(e, ) 124 - - 194 | & 537 GeV 10<tanp<50 14116795
S 2 GMSB, #)—yG, long-lived ¥} 2y - Yes 203 | & 435 GeV 2<7())<3 ns, SPS8 model 1409.5542
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*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.

Figure 3.7: Summary of exclusion limits of ATLAS SUSY searches. Reprinted from [6].



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

3.6. EXPERIMENTAL STATUS OF SUSY 39

pushing mg up to ~6 TeV (and higher for some searches) and m4/, up to 500-800 GeV. Some
phase space still exists that is favorable to solving the hierarchy problem, but natural solutions

are becoming very rare as the LHC continues to provide more data.

MSUGRA/CMSSM: tan(B) = 30, A0 =-2my, L >0 Status: ICHEP 2014
;‘ 1000 N T T T T IL_\I_\I_ T T | T T T T | T T T T | T T T T I T T T T _]
$ 3 T — 95% CL limits. oposy not included. -
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Ly \ 0-1 lepton, 3 b-jets
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= == Bxpected 4 5 taus + 0-1 lept. + jets + MET
700 — —gbse""e: arXiv: 1407.0603 —]
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Figure 3.8: Exclusion limits in the simplified sfermion-gaugino (mg-m,/2) plane of
mSUGRA /cMSSM models for 1/s = 8 TeV analyses at ATLAS. Masses compatible with a Higgs
mass of 125 GeV are still allowed but increasingly restricted. Reprinted from [7].

Considering natural SUSY models, searches for direct stop pair production have excluded
stop masses up to roughly 500-700 GeV, shown for CMS in Figure It is important to
consider that these results are not compatible with the results of the search presented in this
dissertation, as the decay of stops to binos in a GMSB framework has significantly different final

states and much smaller SM backgrounds.

Lastly, direct searches for GMSB in photon events have excluded gluino and squark masses
up to ~1 TeV in the light first /second generation scenario with a bino-like NLSP by CMS [9] [10].
Results at 7 and 8 TeV are shown in Figure[3:10] The results of this dissertation are not precluded
by these, as they assumed third generation squarks were very heavy. While not natural models,
these searches were optimized for earlier results by requiring only first/second generation jets

rather than top quark decays.

Very few direct searches for natural GMSB have been published, and none for the bino-like
NLSP scenario. Constraints on natural models with a Higgsino-like NLSP have resulted in stop
mass lower bounds of 310 GeV/c? [82] and 500-600 GeV/c? [83] from ATLAS and 360-410 GeV/c?
from CMS [84].
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Figure 3.9: Summary of exclusion limits for direct stop searches by CMS at /s = 8TeV.
Reprinted from [§].
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Figure 3.10: The currently best available limits on squark and gluino masses in the bino-like
NLSP case for 7 TeV (left) and 8 TeV (right). Gluinos and first and second generation squarks
are excluded up to ~1 TeV, however stop squarks are not considered in these results. Reprinted
from Figure 5 of reference [9] (left) and Figure 2 of reference [10] (right).
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3.6.2 Higgs Boson Discovery

Assuming the newly-discovered Higgs candidate at 125 GeV/c? [28] 29] 30] is precisely the Stan-
dard Model Higgs boson and the h° of the MSSM has tremendous consequences on GMSB and
Supersymmetry as a whole.

In the simplest (N = 1) models of GMSB, the higgs mass is maximally only ~118 GeV while
still requiring sparticle masses of less than roughly 2 TeV [85]. In the MSSM in general, larger
higgs masses are achieved by large stop/top contributions by way of either large stop masses
or introducing large stop mixing with large A; = a;/y: couplings [86]. Large stop masses are
antithetical to the motivation for this dissertation and solving the hierarchy problem, and on the
other hand GMSB naturally has vanishing A-terms at the breaking scale (Eqn. , so neither
prospect is attractive. Plainly spoken, a higgs mass of 125 GeV is in a challenging range as it
is low enough to require a solution to the hierarchy problem but slightly too large for minimal
models of SUSY to produce.

The key implication in this is that the most minimal models are unsuitable, but many fairly
straightforward extensions provide successful explanations. Recent proposals include introducing
heavy superpartners (including stops) [87), B8]. More germane to the search of this dissertation
for light stops, several recent papers suggest the existence of maximal stop mixing (large A-terms
giving one light and one very heavy stop) by allowing for direct messenger-matter interactions
and in some cases extending the hidden sector. For a thorough discussion of these scenarios, see
references [89], 90}, 86}, [85], 911, [92].

In short, a 125 GeV is challengingly heavy for the most minimal models of SUSY, however

the theory is profoundly robust and flexible.

3.6.3 Dark Matter Constraints

While GMSB is an attractive theory because it provides the gravitino as a dark matter candi-
date, astronomical observations place several constraints on the precise type of candidate this
can be. From Section and reference [2], the scale of SUSY breaking in GMSB models is
much lower than in others, giving a gravitino mass in the eV—keV range. This typically classifies
gravitino dark matter as hot dark matter (HDM) [93], a heavily disfavored scenario where the
bulk of the Universe is highly relativistic lightweight particles that cannot account for cosmo-
logical structures. Higher SUSY breaking scales can push gravitinos towards warm dark matter
(WDM) [94] in the keV range.

Many models however take careful consideration of the gravitino’s goldstino component, the
helicity-1/2 component absorbed in the ‘super-Higgs’ mechanism where the gravitino became

massive. Several mixed dark matter (MDM) scenarios are proposed [95, 96] in which the be-
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haviors of the helicity-3/2 component with only gravitational interactions and helicity-1/2 with
non-gravitational interactions are combined. Recent lower bounds on warm or mixed warm+-cold
states limit mwpym > 8keV and some mwpmicpm > 1.1-1.5 keV [97], [98].

As relevant for collider phenomenology, the current WMAP relic density measurement of
Qpmh? = 0.118 [99] (where h is Hubble’s constant) places a (rather weak) bound on the lifetime

of the NLSP neutralino [100]:

5 4
100 GeV (F)
(CT);(?_VYC;M2 ~ 130 ( — ) (100 TeV) . (3.85)

X9

For values of vVF ~ 3000 TeV and mgo = 100 GeV this is ¢ ~ 100 m, which is detectable on
collider distance scales. Smaller breaking scales for GMSB result in much smaller decay lifetimes,

approaching the prompt case assumed in the analysis.
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Chapter 4

The Large Hadron Collider

N.B.: Unless explicitly cited otherwise, the following is heavily adapted from the excellent sum-

mary of reference [12].

The Large Hadron Collider (LHC) is currently the highest energy and highest intensity
particle accelerator and collider in the world. Composed of eight straight sections and eight
arcs, the 26.7 km tunnel was initially constructed for the CERN Large Electron-Positron collider
(LEP) between 1984 and 1989 and is located 45-170 meters beneath the French and Swiss border
outside of Geneva, Switzerland, seen in Figure (4.1

The two counter-rotating superconducting rings of the LHC were designed to deliver protons
at an energy of 7 TeV per beam with a maximum instantaneous luminosity of 103*cm =25~ for
a center-of-mass energy of 14 TeV. The LHC is also designed to collide lead ions (2°Pb®*") at
beam energies up to 2.76 TeV /nucleon, giving a total lead-lead center-of-mass energy of up to
1.15 PeV at a peak luminosity of 10?7cm~2s~ 1.

The LHC provides four interaction regions to several experiments shown in Figure The
Compact Muon Solenoid (CMS) and ‘A Toroidal LHC Apparatus’ (ATLAS) experiments are
high-luminosity general-purpose detectors. The LHC-beauty (LHCb) and ‘Total Cross Section,
Elastic Scattering and Diffraction Dissociation’” (TOTEM) experiments are designed for lower
luminosity (peak 2 x 10?cm~2s~! with 156 bunches). ‘A Large Ion Collider Experiment’ (AL-
ICE) is dedicated to lead ion collisions. Lastly the LHC-forward (LHCf) and ‘Monopole and
Exotics Detector At the LHC’ (MoEDAL) experiments share interaction points with ATLAS
and LHCD respectively.

At the time of this writing, the LHC has begun providing proton collisions for physics exper-
iments at /s = 13 TeV in Run II [I01]. During Run I the LHC provided 6.1 fb™* of high-quality
pp data at /s = 7TeV and 23.3 b~ ! at /s = 8 TeV [13], shown in Figure

43
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Figure 4.1: Aerial view of CERN and the LHC area. The Franco-Swiss border and the subterranean LHC tunnel with the positions of each of the experiments
are marked. Photo credit Maximilien Brice for CERN PhotoLab 2008, reference [11].
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Figure 4.2: Schematic layout of the LHC. Reprinted from Figure 2.1 of reference [12].
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Figure 4.3: Cumulative luminosity versus day delivered to CMS during stable beams for pp
collisions. Reprinted from reference [13].
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46 CHAPTER 4. THE LARGE HADRON COLLIDER

The following sections provide an overview of the LHC machine. Section details the
overall design of the machine and limitations on performance, Section describes the LHC
injection scheme. A brief description of the superconducting magnets and cryogenic systems is

given in Section [4.3] and finally the radiofrequency cavities are described in Section [4.4

4.1 Performance Goals and Limitations

The principle goal of the LHC machine is to provide high energy proton-proton collisions at
a high instantaneous luminosity. For a process of cross section oeyent the number of events

generated per second in the interaction points (IP) is

Nevent = Loevent (41)

where the machine luminosity L is given by

NEng frevy
[ = b Jrev T 4.9
dme, B* (42)

where N, is the number of particles per bunch, n; is the number of bunches per beam, fioy is
the revolution frequency, -, is the relativistic gamma factor for the particles, ¢,, the normalized
beam emittance, 8* the beta function at the IP, and F is the geometric luminosity reduction
factor due to the crossing angle at the IP.

Achieving high luminosities is in part a matter of the bunch intensities and number of bunches.
A smaller emittance &, results in the beam being squeezed into a tighter phase space. A smaller
value of 8*, the minimum ratio of the square of the transverse beam size to the emittance (the 3
function), is achieved by the focusing strength of triplet magnets near the IPs. The § function
varies along the beamline as in accelerating sections it is kept large so that the proton momenta
are more uniform.

The machine luminosity is limited in several ways. Nonlinear beam-beam interactions in the
collision points scale the luminosity oc N}, rather than oc N? after a certain saturated bunch

intensity, measured by keeping the linear tune shift small:

_ Npr
TEN

I3 < 0.005 (4.3)

where 7, is the classical radius of the proton. The physical aperture of the LHC beam screen and
the maximum £ function value of 180 m limit the emittance €, to 3.75 um. These considerations

limit the maximum bunch intensity to N, = 1.15 x 10!,
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Physical limitations on the focusing triplet magnets limit the minimum value for 5* to 0.55
with a maximum crossing angle of 285 urad [102] at the IPS. The magnet safety systems and
beam dump must be able to adequately handle the stored energy in the LHC rings at all times.

Collisions in 2012 at /s = 8 TeV were taken with n, = 1374 of the 2808 proton bunches
filled, for a bunch spacing of 50 ns, giving a peak luminosity of 7.7 x 1033cm=2s~!. The average
number of proton-proton collisions per bunch crossing was ~40, a challenging environment of

simultaneous interactions known as pileup. For a more complete summary and discussion of the

performance of the LHC during Run I, see reference [103].

4.2 Beam Injection

The ramping of proton energies to the design 7 TeV is a multi-stage process, applied by a series

of increasingly powerful accelerators, shown in Figure

The LHC injection complex

LHC 7TeV p-p

LEP 100 GeV et-e

SPS (450 GeV)

* Protons
HC
~> Heavy lons

Positrons Booster (1.4 GeV)

EP

Electrons
LIL e*e LINACS

Ton Accumulator

Protons lons (RERR)

50 MeV LINACS CERN AC - HF 208

Figure 4.4: The LHC injection complex. Reprinted from reference [14].

Protons initially are ionized from hydrogen gas and accelerated to 50 MeV by the Linac2 linear
accelerator [104] [105]. The Proton Synchrotron Booster (PSB) accelerates protons further to
1.4 GeV, injecting them next into the Proton Synchrotron (PS) which brings them up to 25 GeV.
The Super Proton Synchrotron (SPS) accelerates these protons to an energy of 450 GeV, and
finally injects them into the LHC where they are accelerated up to the chosen operation energy.
In 2010 and 2011 the LHC operated at a beam energy of 3.5 TeV, in 2012 4 TeV, and Run II

begins in 2015 at 6.5 TeV and soon to the design energy of 7 TeV per beam.
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Proton bunches are injected into the LHC by the SPS in ‘trains’ of 72 bunches three or for
at a time, with a bunch spacing of 25 ns. An 8-bunch gap (220 ns) is left after each train due to
the rise time of the SPS kicker magnets. After each three- or four-train group, the LHC inject
kicker gap of 38-39 bunches (0.94 us) is left. The total bunch structure, shown in Figure is
3564 total bunches, 2808 for protons and a 119 bunch (88.924 us) abort gap at the end to allow

for the LHC beam dump kicker rise time.

Bunch Disposition in the LHC. SPS and PS
LHC (1-Ring) = 88.924 s

3-batch 4—£bntcl1

[T CTUTTITHTT T TR TP

L \
L Ty Filling Scheme T
SPS =7/27 LHC

S

3564 = {[(72b + 8€) x 3 + 30e] x 2+[(T2b + 8e) x 4 + 31e]} x 3
+{[(72b + 8e) x 3 + 30e¢] x 3+ 8le}

Beam Gaps
T, = 12 missing bunches (72 bunches on h=84)

T, = 8 missing bunches (SPS Injection Kicker rise time = 220 ns.)

T, = 38 missing bunches (LHC Injection Kicker rise time = 0.94 ns.)

T, =39 missing bunches ( " )

;=119 missing bunches (LHC Dump Kicker rise time = 3 ps.)

Figure 4.5: The LHC bunch injection structure. Reprinted from Figure 12.2 of reference [12].

4.3 Magnets and Cryogenic Systems

The LHC consists mainly of 1232 twin-bore superconducting dipole magnets that steer the
proton beams into circular orbits. Each bore sits within an 8.33 T magnetic field provided
by superconducting Niobium-Titanium (NbTi) coils kept at a temperature of 1.9 K by the
surrounding iron yoke cold mass. Figure shows a diagram of the dipole magnets. Each
dipole+cryostat assembly is about 16.5 m long and 27.5 t in weight.

Several types of multipole magnets provide fine control over beam parameters and focusing
to beam interaction points. There are 392 quadrupole magnets, shown in Figure[4.7] on the LHC
ring to finely control the magnetic field and the emittance and S function. Low-g3 inner triplets
perform the final squeezing of beams before each IP by providing a field gradient of 215 T/m. A
large number of orbit and multipole corrector magnets are utilized in the arc sections of the ring,
from dipole to sextuple to combinations of higher moments. A full 110 m long cell of magnets

composing an LHC octant is shown in Figure
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Figure 4.6: Cross section view of an LHC dipole magnet and cryostat. Reprinted from Figure 3.3

of reference [12].
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Figure 4.7: Cross section view

reference [15].

of an LHC quadrupole magnet and cryostat.
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Figure 4.8: Typical structure of a 110 m long cell of magnets in an LHC octant. Reprinted from

reference [16].
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4.4 Radiofrequency Cavities

The LHC captures and accelerates proton bunches from 450 GeV to 3.5-7 TeV using 400 MHz
superconducting radiofrequency cavities. Each beam requires an independent RF system of 8
cavities at design beam energy to provide the needed 8 MV (megavolts) of RF voltage at injection
and 16 MV at full beam energy of 7 TeV. A total power of 275 kW is delivered to each beam
at 7 TeV operation.

Each cavity is tuned such that its oscillating electric field is at its maximum as proton bunches
arrive, passing through a potential difference of 2 MV in each of 8 RF cavities. Proton bunches
are accelerated by these cavities each time they pass, and are ramped up to the equilibrium
energy desired. Each passing of the beam through these cavities imparts ~485 KeV to the
protons, and orbiting over 11,000 revolutions per second this results in a roughly 20 minute
ramp-up time from injection to full 7 TeV beam energy. A diagram of the RF cavities is shown
in Figure [£.9]

SUPERCONDUCTING CAVITY WITH ITS CRYOSTAT

n
i
p Vacuum Helium S.C. Cavity
b tank gas
il
Cold ‘ Tank High order
I made coupler
|
— s T =
) L

Sﬂ)eﬂs%

Liquid Tuning
helium Bars

G510

Figure 4.9: Diagram of the RF cavities used to accelerate protons to LHC collision energies.
Each cavity delivers 2 MV to proton bunches. Reprinted from reference [17].
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Chapter 5

The Compact Muon Solenoid

N.B.: Unless otherwise cited, all technical information is taken from reference [20].

The Compact Muon Solenoid (CMS) is a general-purpose detector experiment situated at
the Point 5 (P5) interaction point of the LHC. It is capable of identifying and measuring charged
and neutral hadrons, photons, electrons, muons, and tau leptons. Its hermetic 47 coverage of the
interaction point allows it to measure weakly interacting particles by reconstructing a momentum

imbalance in observed particles, the energy of which is called missing transverse energy (Hr).

Superconducting Solenoid
Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Hadronic
Calorimeter
Electromagnetic

Calorimeter Muon

Compact Muon Solenoid

Figure 5.1: Cutaway perspective view of the CMS detector. Each sub-detector is labeled, and
two people are shown at the bottom for size comparison. Reprinted from reference [I§].

The detector is comprised of five sub-detector systems and is so-named ‘Compact’ due to
its calorimetry residing entirely within its defining feature, a 3.8 T superconducting solenoid

providing momentum and charge resolution from curved particle trajectories in its magnetic

o1
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field. The name ‘Muon’ refers to the Muon detector system interspersed with the iron return
yoke of the magnet, providing excellent muon momentum and timing resolutions. The CMS
detector is a staggering 15 m diameter over a 28.7 m length, with a weight of over 14,000 tons.

Figure [5.1] shows a perspective view of CMS with each sub-detector visible.

CMS uses a right-handed coordinate system with the nominal interaction point as the origin.
The & direction points towards the center of the LHC ring, the ¢ direction points directly upwards
towards the surface at P5 in Cessy, France, and the Z direction points counter-clockwise along
the LHC ring. Polar coordinates are more typically used, with 7 pointing outwards from the IP,
(Z) the azimuthal angle being the angle with the positive & direction, and 0 the polar angle being
the angle the positive Z direction. The pseudorapidity n is a good approximation of the rapidity

y for relativistic particles, and is a Lorentz invariant expression of the polar angle 0:

n=—In <tan g) (5.1)

1 E+p.c
= _In( =% 2
Y 2 H(E_pzc) (5 )

The transverse energy Er = FE cos¢ and transverse momentum pp = pcos ¢ are typically

referred to rather than the energy E or momentum p.

The constituent sub-detectors comprising the detector are arranged as concentric cylinders
with ‘endcaps’ surrounding the interaction point. A cross-sectional view of CMS is shown in

Figure [5.2] highlighting the individual sub-detectors.

om m 2m am am sm 6m im
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon
Silicon
Tracker
Il =
A Electromagnetic £
}\!]l] Calorimeter ;
il
Hadron Superconducting bl
Calorimeter Solenoid &
]
Iran return yoke intersparsed ]
Transverse slice with Muon chambers
through CMs s

Figure 5.2: Transverse slice view of the CMS detector with each sub-detector shown and labeled.
Particles of different types and their interactions with the various sub-detectors are shown as
well. Reprinted from reference [19].
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The inner-most detector is the Tracker with silicon pixel and strip detectors, providing high
precision position and momentum measurements of charged particles. The Tracker allows for

the reconstruction of charged particle tracks and interaction vertices near the interaction point.

Beyond the Tracker is the Electromagnetic Calorimeter (ECAL), a single-layer array of lead-
tungstate (PbWOy) crystals absorbing electromagnetic energy. The geometry of the crystals is
designed to fully capture a single electromagnetic shower, providing excellent energy resolution
for photons and electrons. The next layer outside of the ECAL is the Hadronic Calorimeter
(HCAL), a sampling calorimeter using plastic scintillators and brass absorber layers. The HCAL
provides instrumentation to the forward n regions up to |n| < 5.2 which gives good resolutions
for missing transverse energy and energetic jets. The ECAL and HCAL compose the calorimetry

of CMS.

The iron return yoke of the superconducting solenoid is interspersed within the Muon detector
system, which consists of drift tubes (DTs), resistive plate capacitors (RPCs), and cathode
strip chambers (CSCs). Combined with Tracker measurements, the Muon system is capable of
reconstructing muons up to pr ~1 TeV. The return yoke also provides structural support for

the Muon system.

The Following Section briefly describes the individual sub-detectors, and Section

describes the trigger system. All technical information, unless otherwise cited, is taken from [20].

5.1 Sub-detectors

5.1.1 The Tracker

At the design luminosity of 103*cm™2s™!, the hit rate density a distance of 4 cm from the
interaction point is an astounding 1 MHz/mm?, necessitating a low occupancy, pixellated and
radiation-hard design for the inner-most regions. For further distances of 20 cm < r < 110 cm
the hit rate density lowers to 3 — 60 kHz/mm?, allowing for the use of silicon strip detectors.
Tremendous radiation doses accumulate over time in the Tracker system, which causes increases
leakage current in the electronics and can overheat the sensors. To combat this, the entire tracker
is cooled to —10° C. At this temperature, the silicon sensors have a signal-to-noise ratio of 10:1

and are expected to maintain that performance for 10 years.

The Tracker presents materials of 0.4-1.8 X radiation lengths, giving high spatial resolutions
but degrading the ECAL performance slightly, as approximately 50% of photons will convert

into eTe™ pairs in the large mass in front of ECAL.
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The Silicon Pixel Detector

The pixel detector consists of 66 million 100 x 150 um silicon pixels arranged in three barrel
pixel (BPix) layers between r = 4.4 cm and r = 10.2 cm of the beam line and two forward pixel
(FPix) layers, with pseudorapidity coverage up to |n| < 2.5. Due to the magnetic field of the
solenoid, charge carriers in a single pixel experience a Lorentz drift in the ¢ direction and share
particle hits with multiple neighboring pixels. This is used in the hit reconstruction software to
achieve a 15-20 um spatial resolution, which is comparable to the pixel pitch. Figure shows

the layout of each BPix and FPix module.

n=0 n=1.0 n=1.5
1 // ///
: - -7 _ 1’]=18
7 - -
g | e - - n=2.0
5 | 7 - _ - _ -
@ 2 _ - PR _ - T]=25
——————— -
7 _ P -
| =T -
e T —
e
Beam axis
IP

Figure 5.3: A view of one quarter of the pixel detector, with three barrel layers (FPix) and two
endcap layers (BPix). Reprinted from Figure 3.6 of reference [20].

The Silicon Strip Detector

The silicon strip detector is made up of four components: the tracker inner barrel (TIB), tracker
inner disks (TID), tracker outer barrel (TOB), and tracker endcaps (TEC) covering the radial
region 61-108 cm from the interaction point. A total of 15,148 detector modules are distributed
throughout, with a sensor thickness of 320 ym for the TIB, TID, and inner four layers of the
TECs, and a thickness of 500 pm for the outer 3 TEC layers and TOB. A total of 24,244 sensors
deliver an active area of 198 m? of active silicon detector. Figure shows the layout of each

component.

5.1.2 The Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) is of critical importance to the analysis presented
by this dissertation, as the high-precision measurement of photons and electrons is central to
the rejection of Standard Model backgrounds. The ECAL is a single-layer crystal calorimeter
in two sections, the barrel (EB) covering the region |n| < 1.479 and endcap (EE) covering
1.653 < |n| < 2.6. A total of 75,848 lead-tungstate (PbWOQy) crystals make up the detector,

with 61,200 in the barrel arranged in 20 x 85 grids in ¢ x i supermodules (SM) and 7,324 crystals
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Figure 5.4: Cross-sectional view of the silicon strip detector, with the pixel detector shown.
Reprinted from Figure 3.1 of reference [20].

in each endcap in 5 x 5 superclusters (SC). A two-layer preshower detector stands in front of
the EE disks, each layer made of a lead absorber and a 1.9 mm pitch silicon strip detector as in
the Tracker. The preshower is designed to provide additional spatial resolution for high energy
neutral pions decaying to two closely-spaced photons that otherwise would be reconstructed as

a single photon. Figure [5.5]shows the layout of the ECAL.

Crystals in a Preshower
supermodule

Supercrystals

End-cap crystals

Figure 5.5: Layout of the Electromagnetic Calorimeter (ECAL). Reprinted from Figure 4.5 of
reference [20].

Lead-tungstate was chosen as the crystal material for its excellent qualities and to achieve
the desired energy resolution of 0.5%. PbWO, is a very dense material (8.28 g/cm?) with a
short radiation length (Xo = 0.89 cm) and Molére radius (2.2 cm), so any photon or electron
entering the front face of a crystal will electromagnetically shower within one and only one
23 cm long crystal (25.8 Xg). The crystals scintillate at 440 nm, the blue-green range of the
visible spectrum, and ~80% of the scintillation light is emitted within 25 ns. Figure|5.6[shows a

simulated shower developing and contained with a crystal. The barrel crystals have a front face
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of 22 x 22 mm? 1.29 m from the interaction point, and slightly taper over their length to a rear

face of 26 x 26 mm?. Endcap crystals are slightly larger with a front face of 28.62 x 28.62 mm?

and a rear face of 30 x 30 mm?.

Figure 5.6: Simulated development of an electromagnetic shower initiated by an electron entering
the center of an ECAL crystal. Reprinted from reference [21].

Scintillation light is collected at the rear of each crystal with a pair of avalanche photodiodes
(APDs) in the EB or a single vacuum phototriode (VPTs) in the EE. Kept to a temperature of
18° C the electronics collect ~4.5 photoelectrons per MeV of electromagnetic energy deposited

in each crystal. Figure shows the barrel and endcap sensors installed on a crystal.

Figure 5.7: Left: EB crystal with attached APD. Right: EE crystal with attached VPT.
Reprinted from Figure 4.2 of reference [20].

5.1.3 The Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) consists of four parts: the barrel (HB), endcap (HE), outer
calorimeter (HO), and forward calorimeter (HF'). The HCAL is especially important in measuring
hadronic jets and calculating missing transverse energy (K1) due to weakly interacting particles
un-detected by instrumentation. The HB, HE, and HO provide coverage for || < 3 and the HF
extends this to |n| < 5.2. A diagram of the different sections of the HCAL is shown in Figure

The HB, HE, and HO systems are sampling calorimeters composed of alternating layers of
brass absorber plates and plastic scintillator tiles. Hadrons passing through the absorber initiate
hadronic showers which scintillate in the scintillator tiles, the light from which is read out by

wavelength-shifting (WLS) fibers connected to a hybrid photodiode (HPD).
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Figure 5.8: Longitudinal view of one quarter of the HCAL, with Muon chambers shown in purple.
Reprinted from Figure 5.1 of reference [20].

The HF sits within the most extreme radiation environment near the beam line, and is
designed differently as a 1.2 m thick by 1.7 m long steel absorber ring with radiation-hard
quartz fibers installed within the steel parallel to the beam line. Hadronic showers initiated
in the steel absorber emit Cerenkov light which is sampled by the quartz fibers. This light is
transmitted via total internal reflection to a photomultiplier tube (PMT) and measured. As
only relativistic particles emit Cerenkov radiation in the fibers, the HF is mostly sensitive to the

electromagnetic component of hadronic showers.

5.1.4 Muon Chambers

The muon chambers sit the farthest from the interaction point of any sub-detector system, and
are composed of three different technologies: drift tubes (DT) in the barrel section (MB), cathode
strip chambers (CSCs) in the endcap section (ME), and resistive plate chambers (RPCs) in both
sections providing an independent trigger with excellent timing resolution.

Each DT chamber consists of two 7 - ¢ superlayers and one z SL (except for the outermost
layer), containing four rows of drift tubes each. The drift cell is a hollow 13 x 42 mm tube with
a 1.5 mm thick wall isolating it from neighboring cells. Each cell is filled with an 85% argon
and 15% CO4 gas mixture, and an anode wire running the length of the tube is held at 3600 V.
The walls are held at either 1800 V or -1200 V. A muon passing through a drift tube ionizes gas
atoms whose freed electrons are read out by the anode wire. The maximum drift time is 380 ns.
Figure shows a diagram of a drift tube with the electric field lines from ionizing muons.

Cathode strip chambers (CSCs) in the endcap provide additional spatial resolution for muons.
These are multiwire proportional chambers comprised of 6 anode wire planes interleaved amongst

7 cathode panels. The volume of the chamber is filled with a 40% argon, 50% CO,, and 10%
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Anode wire  Electrode strips

Figure 5.9: Electric field lines within a drift tube and the contours of equal drift time. Reprinted
from Figure 7.5 of reference [20].

&1 CF4 gas mixture. The anode and cathodes are arranged perpendicular to one another, so a
g2 passing muon ionizing the gas provides a 2-dimensional measurement of the muon’s position.

ss3  Figure [p.10| shows a diagram of a CSC chamber.

wire plane (a few wires shown)
cathode plane with strips

7 trapezoidal panels forming 6 gas gaps

Figure 5.10: A CSC station with 7 layers and 6 interleaved gas chambers. Reprinted from
Figure 7.49 of reference [20].

854 The resistive plate chambers (RPCs) supplement the timing resolution of DTs in the barrel
g5 and CSCs in the endcaps. They are made of two plates of highly resistive material with one
sss  held at positive voltage as the anode and the other at negative voltage as the cathode. The
sz volume between the two plates is filled with a gas similar to the DTs. A passing muon ionizes

sss  this gas and freed electrons are accelerated towards the positive plate, creating an avalanche of
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secondary electrons. The drop in voltage observed on the anode provides a timing signal well
within the 25 ns LHC bunch spacing, and is used in the triggering system. Figure shows a
diagram of an RPC.

Figure 5.11: An exploded view of an RPC. Reprinted from reference [22].

5.1.5 Level-1 and High-Level Trigger

With a bunch spacing of 25 ns, the LHC delivers proton-proton collisions at a crossing frequency
of 40 MHz. At the design luminosity, an expected 20 simultaneous collisions occur each beam
crossing. Such a massive rate is impossible to store as data and processed for analysis, so a trigger
system is used to reduce this rate and isolate only the physics processes of interest. This rate
reduction is accomplished in two steps called the Level-1 (L1) Trigger and High-Level Trigger
(HLT). The L1 trigger consists of custom-designed programmable electronics and hardware data
buffers that perform basic physics calculations such as calorimeter energy deposits and muon
hits to determine if an event should be kept for analysis. The design output rate limit from
the L1 trigger is 100 kHz. The HLT is a software system implemented in a farm of ~1000
computer processors and performs sophisticated reconstruction of tracks and energy deposits
and can calculate complex algorithms to determine whether to keep an event. The HLT reduces

the rate to a manageable 100 Hz.
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Chapter 6

Object Reconstruction

The Particle Flow (PF) event reconstruction algorithm [I06] combines the CMS sub-detectors
to determine the energy, direction, and particle type of all stable particles in collision events,
including electrons, muons, photons, charged hadrons, and neutral hadrons. The identified
particles are used to reconstruct jets, calculate the missing transverse energy K, tag b-jets, and
calculate many physics quantities for analysis such as isolation energy sums of particles with
respect to nearby particles.

Photons are reconstructed with excellent energy resolution by the essentially hermetic ECAL.
The high granularity of the ECAL is a key feature to PF as it allows photons to be separated from
charged particle energy deposits even in jets with a pr of hundreds of GeV/c. By combining
calorimeter information with the superior angular and position and energy resolution of the
Tracker, PF is able to separate charged and neutral hadrons within high pr jets, which would
be otherwise impossible with the HCAL alone.

Electrons are reconstructed from a combination of tracks and energy deposits in the ECAL,
including Bremsstrahlung photons radiated within the Tracker. Isolated muons are recon-
structed, along with muons contained within jets, with a very high efficiency by combing muon

chamber information with tracking.

6.1 Particle Flow Event Reconstruction

Most individual stable particles produced in pp collisions have low pr, with constituent particles
of 500 GeV/c jets being on the order of 10 GeV/e [106]. To identify interesting or exotic particles
targeted by analyses, it is necessary for the reconstruction to identify as many of these low pr
particles as possible. The PF algorithm begins by reconstructing its fundamental ‘elements’,

charged particle tracks and calorimeter energy clusters, and then topologically linking them in

60
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‘blocks’. Finally these blocks are interpreted as particles. The following section detail these

steps.

6.1.1 Iterative Tracking

Approximately two-thirds of the energy of a jet is carried by charged hadrons, so the recon-
struction of charged tracks is of key importance to the Particle Flow algorithm [106]. Tracking
efficiency is desired to be as close to 100% as possible with as small a rate of fake tracks as possi-
ble. To achieve this, CMS uses an iterative tracking strategy known as the Combinatorial Track
Finder (CTF) [107]. This strategy seeks to reduce the combinatorial complexity of associating
hits to tracks by finding the easiest (highest pr) tracks first and removing associated hits from

future iterations. Each iteration proceeds as:

1. Tracks are seeded using initial track candidates using only a few (2 or 3) hits.

2. Seed trajectories are extrapolated along the expected flight paths of charged particles,

associating additional hits to the track candidate.

3. A Kalman filter [108] is used to provide the best-fit values of the parameters of each seed

trajectory.

4. Track candidates are ranked by their quality, and poor-quality tracks are rejected.

Six iterations are used, each with different starting seeds or kinematic requirements, and
removing successfully found tracks for the future iterations to reduce complexity. The first
iterations have very strict requirements to achieve a negligible fake rate. After the first and
second iterations, the criteria are loosened to increase tracking efficiency. By the third iteration,
more than 90% of tracks associated with charged hadrons are identified. The remaining iterations
loosen the criteria on the track closest to the primary vertex. This allows for reconstruction of
secondary charged particles from photon conversions and nuclear interactions in the tracker

volume.

6.1.2 Calorimeter Clustering

The clustering algorithm in the calorimeters is designed to measure the energy and direction
of stable neutral particles (such as photons and neutral hadrons), separate neutral particles
from charged particle energy deposits, reconstruct and identify electrons and all associated
Bremsstrahlung photons, and improve the energy resolution of charged hadrons for which the

track quality is low (high pr tracks) [I06]. The algorithm is applied independently for the ECAL
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barrel, ECAL endcaps, HCAL barrel, and HCAL endcaps. No clustering algorithm is used in

the HF, and each cell is used as a cluster in events.

The clustering algorithm proceeds as [106]:

1. ‘Cluster seeds’ are identified as local calorimeter cell maxima above a given threshold

energy.

2. ‘Topological clusters’ are grown from seeds by aggregating cells adjacent to a cell already

in the cluster, requiring a minimum threshold energy.

The energy thresholds represent 20 deviations from the electronics noise, an amount ranging
from 80-300 MeV in the ECAL (increasing towards the endcaps) and 800 MeV in the HCAL.
Topological clusters give rise to ‘Particle Flow clusters’ as seeds in this same manner. A cell iden-
tified by two clusters has its energy shared amongst the clusters according to the distance from
the cell to the center of each cluster. Cluster energies and positions are iteratively determined

as new cells are added to the cluster.

6.1.3 Linking

Once clusters are formed in the calorimeters, they are associated with nearby tracks in the pixel
and silicon tracker in a process known as ‘linking’ [I06]. Single particles are formed out of
‘blocks’ of linked tracks and calorimeter clusters, without allowing for double-counted elements.
Due to the high granularity of the calorimetry, a typical particle block will contain two to four
elements.

The linking between tracks and clusters is performed by extrapolating the last-measured hit
in the tracker to each calorimeter. Firstly to the ECAL preshower (PS), then to the ECAL to a
depth of one interaction length, then finally to the HCAL to a depth of one interaction length.
A track is linked to a cluster if its extrapolation falls within the cluster boundaries.

An HCAL cluster may be associated to many tracks, but each track may only be associated to
one cluster whose center is the closest to the track. In the case of an electromagnetic fluctuation of
a hadron shower, a single track can be associated to many clusters in the ECAL to avoid assigning
those clusters to other tracks and double-counting the energy. For electrons, bremsstrahlung
photon candidates are extrapolated to ECAL clusters as lines tangent to the electron track.
ECAL clusters are linked to HCAL clusters if they fall within the boundary of an HCAL cluster,
since the granularity of the ECAL is finer than the HCAL. Lastly, muon chambers are linked to

the inner tracker via a x? fit to muon trajectories traversing the entire detector.
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6.2 Physics Object Reconstruction

Once tracks are formed and linked to calorimeter clusters, the Particle Flow algorithm can
reconstruct physics objects. Muons are reconstructed first, followed by electrons and photons,
and lastly charged and neutral hadrons. The hadrons are clustered together to build jets which
can be tagged as hadronic 7s or b-jets. After each object is reconstructed, its constituent PF

blocks are removed from consideration so as not to double-count any energy contributions.

6.2.1 Muons

Muons are reconstructed first among Particle Flow particles. This begins by identifying ‘global
muons’ as a muon having tracks in the pixel and strip trackers matched to tracks in the muon
chambers. If the momentum measured in the muon chambers is consistent with the momentum
measured by the tracker, it is labeled a ‘Particle Flow muon’. A small amount of energy deposited
by muons in the ECAL and HCAL must be removed along with the PF candidate blocks, which
is measured to be 0.5 (3) GeV £100% in the ECAL (HCAL) in a study of cosmic rays.

Figures [6.1] and [6.2] showcase the excellent muon resolution and di-muon invariant mass

reconstruction achieved by CMS.
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Figure 6.1: The muon pr resolution as a function of the pr using the muon system only, the
inner tracking only, and both. Left: || < 0.8, right: 1.2 < |n| < 2.4. Reprinted from Figure 1.2
of reference [20].
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Figure 6.2: Invariant mass spectra of opposite-sign muon pairs for a superposition of various
di-muon trigger paths. The data corresponds to an integrated luminosity of 1.1 fb™' collected
by early July 2011. Reprinted from reference [23].

6.2.2 Electrons

Electrons are reconstructed after muons [I06]. Electron tracks tend to be shorter due to
bremsstrahlung in the tracker volume, a highly non-linear process the Kalman filter of the
track identification is not optimized for. Electron tracks are re-fitted with the Gaussian Sum
Filter (GSF) [109] algorithm. The GSF algorithm accounts for the change in trajectory due to
bremsstrahlung, extending the linking of ECAL clusters in the ¢ direction. PF blocks that have
GSF tracks linked to ECAL clusters, including clusters from bremsstrahlung photons, and ad-
ditionally linked to an HCAL cluster with much smaller energy than in the ECAL are identified
as ‘Particle Flow electron’. Figure [6.3] shows a selection of electron commissioning from 7 TeV

data taken in 2010.

6.2.3 Charged Hadrons

Charged hadrons are identified after electrons [I06]. Tighter criteria are applied for the remaining
tracks, requiring the relative uncertainties of track momenta to be smaller than the energy
uncertainty for charged hadrons in the calorimeters; only 0.2% of candidates are removed by
this consideration, however these energies are still included in calorimeter clusters. A ‘Particle
Flow charged hadron’ is identified when tracks are linked to both ECAL and HCAL clusters,
and when the calorimeter energies and track momenta are compatible. A fit is performed on all
of the tracks and HCAL clusters to determine the optimum momentum measurement. In the
case where there is only one track, this fit reduces to a weighted average of the track and HCAL

energies.
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Figure 6.3: Selected electron reconstruction commission plots from 7 TeV data taken in 2010.
Left: reconstructed J¥ mass from di-electron events; reprinted from reference [24]. Right:
reconstructed transverse mass of W bosons in single electron events; reprinted from reference [25].
The asymmetric distributions here are described by the Crystal Ball function, a Gaussian core
with a power law tail to low energies, accounting for energy losses due to final-state photon
radiation.

6.2.4 Photons and Neutral Hadrons

The next step looks for ECAL and HCAL clusters that are not matched to any tracks, or where
matched tracks have a much lower energy than the calorimeter cluster energies (lower than the
calorimeter energy resolutions) [I06]. In both cases, if the total energy excess in HCAL is greater
than in ECAL, a ‘Particle Flow photon’ is reconstructed using the ECAL energy clusters and a
‘Particle Flow neutral hadron’ is reconstructed using the remaining HCAL energy. In the case
where the ECAL energy is greater than the HCAL energy, both calorimeter clusters are used to
reconstruct a PF photon. This is done because in jets nearly 25% of the energy is carried by

photons while only neutral hadrons deposit only ~3% in the ECAL.

6.2.5 Jets

Once photons and hadrons have been formed, jets can be reconstructed by clustering these ob-
jects together using the anti-kr algorithm [26]. This algorithm is based on particles’ momentum-

weighted spatial separation from one another, defined as:

1 1 A2
di; =min | —, - e 6.1
Y ( ?T p?T) R? (6.1)

where A, = (y; — y;)° + (¢i — ¢;)° is the distance in the rapidity-¢ plane and R is the
user-defined distance parameter in that y—¢ plane. In the ideal case of a single isolated jet, the
anti-kp algorithm clusters particles within a circle of radius R.

The anti-k7 algorithm calculates d;; for all PF candidates and combines the two candidates

with the minimum d;; into a single object. This is repeated until the minimum pair-wise d;; >
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—L for all remaining combinations. This parameter is lower for pairs of low-p objects than for
T

equally-separated high-pt objects, and thus the algorithm clusters softer particles around harder

particles before clustering around themselves. If no hard particles are present, the algorithm

simply clusters soft particles within a circle of radius R.

Figure 6.4: An example of the resulting jets from applying the anti-kp algorithm with distance
parameter R = 1. Reprinted from Figure 1 of reference [26].

This algorithm tends to cluster high-pr objects into circular jets, however more irregularly

shaped jets can be formed by soft clusters intersecting harder clusters. An example of this is

shown in Figure at (¢, y) = (5,2).

b-Tagging

Jets originating from b-quarks are uniquely distinguishable from other quarks or gluon jets
due to the relatively long lifetimes of B-hadrons. The observable flight distance within the
inner tracker gives rise to secondary vertices. b-Jets tend to have higher pr and can decay
semi-leptonically, with soft non-prompt muons being a useful tool to identify to tag b-jets.
Combining the kinematics of jets with the impact parameters of secondary vertices allows for
the discrimination of b-jets against light-flavor jets, a process described in detail in Section [7.2.6
Figure highlights the impact parameter dy of secondary vertices created by non-prompt

decays.
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Figure 6.5: A b-meson travels a short distance L,, before weakly decaying, creating a secondary
vertex seen in the Tracker. The impact parameter dy is very important in discriminating b-jets
from lighter flavor jets. Reprinted from reference [27].

we 6.2.6 Missing Transverse Energy

w0 After all Particle Flow candidates are identified, CMS can utilize its hermetic design to measure
wn  any momentum imbalances from weakly-interacting particles such as neutrinos. The near-47
w2 coverage ensures that nearly all visible particles would be reconstructed by the detector. Since
1033 the proton beams collide with zero transverse component, the conservation of momentum allows
1034 the reconstruction of any un-observed particles passing through the detector.

103 The missing transverse momentum (pr) and energy (Hr) are defined as sums over all Particle

w6 Flow particles:

pr=—Y_ pr (6.2)

v = |pr| (6.3)

1037 The K reconstruction was commissioned and calibrated in 2010 with 7 TeV data using
0 minimum-bias and QCD multi-jet events with no true Er [I10]. An extensive measurement of
w9 the Fpwas performed in 8 TeV data [I11], providing precise calibration for the analysis presented

w0 by this thesis in the following section.
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Chapter 7

Data Analysis

The production and decay of stop squark pairs with a bino-like NLSP would be observable as
an excess of tf + 77 events with large B over expected Standard Model processes, the most
significant of which being tf + jets and ¢t + v(y). The strategy of this search is to select events
consistent with the decay of a tf pair and containing additional photons. Essentially 100% of
top quarks decay to a W boson and a b-quark, of which the W boson decays further to either a
charged lepton and a neutrino or a pair of quarks. The decays of a tt pair then span the range

of combinations of two W boson decays:
e hadronic — each W decays to quarks (¢t — bbjjjj),
e di-leptonic — each W decays leptonically (tt — bbllvv),
e semi-leptonic — one W decays leptonically (¢t — bbjjlv).

This analysis is performed in the semi-leptonic channel (e, ) to avoid the large QCD multijet
and 7y + jets backgrounds in the hadronic channel and the low branching ratio of the di-leptonic
channel. The final state of interest for stop squark pair decays in this channel is £bbjjyy + ERiss,
with ¢ being either an electron or a muon and the EX' comprised of a neutrino (and two
gravitinos in the case of GMSB). To allow for losses of jets and photons due to fiducial detector
acceptances, as well as reconstruction and btagging inefficiencies, events are only required to
have at least three jets and one or more btags. Similarly, since only photons in the ECAL
barrel fiducial region are considered, two signal categories are defined for events with one photon
and with two or more photons. This categorization additionally provides information about the
distribution of the photon multiplicity of the observed events, which is fundamentally different
between background and the decay of heavy binos.

The results of this analysis are interpreted by comparing the distribution of EX in data in

the signal regions against the expected SM backgrounds as simulated in Monte Carlo (MC), and

68



1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

69

miss

as such the principle concern is the modeling of the EF"*® in the simulated background events.

The performance of this distribution is affected by two issues: (i) the relative normalization of

different backgrounds having different shapes in EIs5, the adjustment of which would alter the
miss

shape of their sum, and (ii) the underlying EF" resolution in Monte Carlo compared to that in

data.

Mismodeling of simulated backgrounds in MC can lead to an incorrect calculation of cross
section normalizations, disturbing the summed shape of EX*. In MADGRAPH the b-quark
content of radiated jets is observed to be too low, resulting in an underestimation of backgrounds
such as W/Z + jets when requiring btagged jets. The misidentification rate of electrons as
photons and the purity of selected photons are observed to be different in data than in MC
as well. These mismodelings are corrected by deriving scale factors from signal-limited control

regions using template fits in key kinematic distributions.

The purity of photons in the signal regions, or the amount of real prompt photons versus
jets misidentified as photons (non-prompt), is closely examined for any effect on the overall
Emiss distribution shape. Without a precise simulation of t£+ v+ events, the analysis must avoid
dependence on the absolute prediction of the rate of prompt photons or the misidentification rate
of jets as photons; this is especially true when requiring two photons. Should the shape of Emiss
be significantly different between prompt and non-prompt photons, a more detailed measurement
of their relative rates (purity) is required. To investigate this, the simulated photon purity is
adjusted to the purity observed in data. The effect on the EX5 shape of this adjustment is
seen to be negligible, allowing the signal region requiring two photons to not depend on its true
photon content. To further reduce dependence on the jet misidentification rate and the tf + vy
production rate, the tf + jets and ¢t + (y) backgrounds are allowed to float freely in the upper
limit calculation, which causes the evaluation of the results to be purely a shape comparison.
In the final limit determination, the maximum-likelihood value of these float values are in the
range of 0-11% upwards of the central values, and do not correlate strongly with signal.

The underlying ERsS resolution in MC is tested by comparing it to the observed data in
control regions containing ‘fake’ photons, an object defined similarly to a photon except for
the inversion of the cuts on its charged hadron isolation sum or its oip:,. By leaving the H/E
requirement unchanged and requiring fakes to fail the cuts (i.e. pass the anti-cuts) designed to
distinguish photons from jets, the tt + jets background of these fake control regions is greatly
enhanced while retaining the EM energy scale and resolution of photons expected in the signal
regions. In this way the control regions offer a sample of data events similar to those in the control
region but without considerable signal presence, and the performance of the MC simulation of

EX'3 is taken as a comparison to this data.
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The following sections detail the analysis procedure and results. Section lists the sam-
ples of events used and describes the simulation of signal and background events. Section
enumerates the event selection criteria. Section [Z.3] describes the derivation of scale factors for

miss

several background processes, as well as the control region observation of E}'*® performance.

Finally Section discusses systematic uncertainties, and the results are shown in Section [7.5

7.1 Data and Simulated Samples

7.1.1 Data Samples

The data represented by this search corresponds to the full 2012 CMS dataset of ~19.7 fb™* at
/s = 8TeV. The datasets used, listed in Table were collected based on single electron and
muon triggers and reconstructed with the latest detector conditions available (‘22Jan2013’). The

luminosities are calculated from the Forward HCAL (HF) calculation, having a 2.6% uncertainty.

Dataset Run Range Integrated Luminosity (fb—T)

Total SingleMu 22Jan2013-v1 190456—208686 19.7
Run2012A 190456-193621 0.89
Run2012B 193833-196531 4.41
Run2012C 198022-203742 7.15
Run2012D 203777-208686 7.29

Total SingleElectron 22Jan2013-v1 190456—208686 19.7
Run2012A 190456-193621 0.89
Run2012B 193833-196531 4.41
Run2012C 198022203742 7.15
Run2012D 203777-208686 7.29

Table 7.1: List of datasets used in this analysis.

7.1.2 Background Samples

To estimate the expected It from Standard Model backgrounds, this analysis uses Monte Carlo
simulation for all processes. Most samples are generated with the MADGRAPH [I12] tree-level
matrix element generator matched to PYTHIA [IT3] for the parton shower. Single top quark
events are generated with the NLO generator POWHEG [114] combined with PYTHIA, modeling
the decay of tau leptons with TAUOLA [I15]. The precise set of parameters used for the underlying
event in these generators, referred to as a ‘tune’, is the Z2 tune [116].

In the case of tt + v, with possibly large angles of radiation and photon energies, a more
robust simulation than typical MADGRAPH or is required. Simulation of ¢t + v is generated at
leading order with MADGRAPH in a direct 2 — 7 configuration, pp — bbjjlv~y (or any other WW
final state). This allows for large radiation angles and energies while accounting for interference
effects of photon radiation from W bosons and b quarks. Photons from QED showering are also

in the inclusive ¢t + jets samples, albeit with far lower accuracy, so it is necessary to remove
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such events falling into the defined phase space of the tf + ~ sample to prevent double-counting.

The tt + 7 phase space is defined by generator-level cuts on the parton level:
® p1(Vgen) > 13 GeV
o AR(7vgen,other gen) > 0.3

A plot of this phase space for tt + jets and tt + v samples is shown in Figure[7.1] The removal
of overlapping tt + jets events rejects ~0.55% of tt + jets events passing the pre-selection, and

rejects ~16% of tt+ jets events passing the pre-selection and having at least one selected photon.

o

o
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»

Ee

o
CRRNEERR

w

minimum AR(y, all)
wn
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Figure 7.1: Generated photon phase space for ¢+ jets (left) and ¢+ (right) MC. To eliminate
double counting of generated photons in the tf + jets sample falling in the defined ¢ + v sample
phase space, such overlapping events are rejected. The remaining photons in the tf+ jets sample
are low-pr or close to other objects, largely composed of soft final state radiation.

The cross sections are calculated at at least Next-to-Leading Order (NLO) using the CTEQ6M
PDF set using a number of different tools including MCFM 6.6, FEWZ 3.1, HATHOR v2.1 [117,[11]],
and TorP++ v2.0 [I19]. Generated events are reconstructed using the same CMSSW environment

as used for data events. Table [7.2]lists the MC samples used and their cross sections.

7.1.3 Signal Samples

To simulate signal events from the wide range of parameters available to GMSB models, it
is necessary to simplify the available phase space in a scheme referred to as General Gauge
Mediation (GGM). GGM forces the production of final state behaviors most useful to interpreting
the results of analyses by defining mass spectra with a relatively high ‘decoupling mass’ to

kinematically suppress the production of irrelevant particles El For the interpretation of the

n comparison, many CMS SUSY searches interpret search results against Simplified Model Spectra (SMS)
schemes where the final state of interest is created by forcing decay branching ratios to 100% or 0% as desired.
With appropriately high decoupling masses, GGM and SMS interpretations are equivalent. This analysis uses
GGM for historical reasons of previous GMSB searches.
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Sample Dataset o (pb)
tt + jets MADGRAPH
— jets Hadronic 112.33
— v + 4 jets Semi-leptonic 107.66
— lvly + 2 jets Fully leptonic 25.81
tt+ MADGRAPH (2 — 7 LO) 2.87
tt+ W MADGRAPH 0.232
tt+ 7 MADGRAPH 0.206
W + jets — Lv MADGRAPH
W + 3 jets 626.3
W + >4 jets 258.3
Z[v* + jets — 00 | MADGRAPH, My, > 50 GeV/c?
Z/7* 4+ 1 jet 672.1
Z/v* + 2 jets 216.8
Z/y* + 3 jets 66.6
Z/v* + >4 jets 27.6
Single ¢ POWHEG, TAUOLA
s-channel 3.79
t-channel 56.4
tW-channel 11.1
Single ¢ POWHEG, TAUOLA
s-channel 1.76
t-channel 30.7
tW-channel 11.1
ww PYTHIA 57.11
wWZz PYTHIA 32.32
77 PYTHIA 8.26
Vy MADGRAPH, TAUOLA
Zy — Ly 159.1
Wr — by 553.9

Table 7.2: List of background MC datasets and cross sections used for normalization.
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results of this analysis, M3 is decoupled at 5 TeV, and My and all sfermion masses excepting
M;r are decoupled at 4 TeV, making for the production of stop squarks decaying to very bino-
like neutralino NLSPs which decay primarily to a gravitino and a photon. A range of stop
squark and bino masses are generated from 150 GeV to nearly 1 TeV. To retain a bino-like
NLSP and on-shell W bosons from the decay of stop squarks, the stop mass is restricted to

mg > mw+mb+m)2c1).

t
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Figure 7.2: Production of stop pairs decaying to bino-like neutralinos. To simplify the simulation
of such events to the final state of interest, irrelevant particles are suppressed by decoupling SUSY
mass scales to very high values.

To facilitate the computing- and time-intensive simulation of a large number of stop and bino
mass models, Fast Simulation (FastSim) [120] is employed rather than the typical GEANT4-based
or ‘Full Simulation’ simulation. By using a simplified detector geometry, assuming calorimeter
homogeneity, and parameterizing hadron and muon energy responses based on FullSim response,
FastSim achieves a ~100-fold improvement in event generation times while still agreeing with
FullSim on the percent level or below.

GMSB simulation and reconstruction is performed using PYTHIA 6 and FastSim using a
pileup scenario of the expected 2012 running conditions. Cross sections for pair-production of
stops are calculated with NLL-fast [I2I] using NLO results from PROSPINO [122], with PDF

and scale uncertainties following the PDFALHC recommendations [123].

7.1.4 MC Pileup Reweighting

With the large instantaneous luminosities of the LHC, a single recorded event will contain several
overlapping proton collisions, termed ‘pileup’ events. Pileup interactions generally produce a
large number of low-energy particles, resulting in many charged tracks and calorimeter deposits
not associated with the objects of interest to analyses. These tracks and energy deposits degrade

the quality of reconstruction and selection by providing what amounts to physical noise in the
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CMS Preliminary Vs =8 TeV L =19.7 0™, e/p + 2 bjj+yy
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Figure 7.3: NLO cross sections for stop pair-production for the range of stop and bino masses
simulated. The cross section is a function only of the stop mass.

detector, effecting for example particle isolation sums and jet energy resolution. When simulating
Monte Carlo events like background and GMSB signal, it is important to simulate the pileup

environment properly to describe its effect on reconstruction as in the data.

In data, the distribution of the number of pileup interactions depends on the instantaneous lu-
minosity of each bunch pair, a measured quantity, and the total inelastic cross section (o;peiastic)
of the proton. A value of gineiastic = 69.4mb is found to describe the data very well, estimated
with a systematic uncertainty of £5%. In MC simulation, the pileup distribution must be chosen
a-priori. Some of the samples used in this analysis were generated well after 2012 data-taking
had been completed, meaning that this choice could be the observed data distribution. However
other samples were generated while the LHC luminosities were still increasing and the total data
distribution was not yet known; the choice for these samples was taken as an average number
of pileup events being conservatively large to allow for reweighting to a smaller average number.
To match the pileup distribution in data, each MC sample used in this analysis is reweighted by
the ratio of the distribution of the number of pileup interactions in data to that of the sample.
Figure [7.4] shows the number of reconstructed vertices in data and in MC, both before and af-
ter this reweighting is applied. The reweighting procedure gives a greatly improved agreement

between data and MC.
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Figure 7.4: Comparison of the number of reconstructed vertices for data (black) and all back-
ground samples before (red) and after (blue) pileup reweighting. After reweighting for pileup,
the MC describes the data well.

7.1.5 Top PT Reweighting

It has generally been observed in top quark measurements at CMS that the leptons and jets
produced by top decays exhibit a softer pr spectrum than predicted by Monte Carlo simulations.
Investigations by CMS find this to be caused by the differential cross section in top quark pr being
softer than in existing ¢t MC, and find that the data compares more favorably to calculations
done at approximate NNLO accuracy [124], [125].

The measured differential cross sections in Hr, the scalar sum of jet pt in each event, allows
for the determination of a correction procedure [126]. For the ¢¢ inclusive background samples,

events are reweighted as a function of the parton truth values of generated top and anti-top pr::

w = \/SFtop : SFanti—top (71)

where

SF(pr) = e*topr (7.2)

where the values of @ and b are given in Table

| it decay channel | a | b
all combined 0.156 | -0.00137
e/ + jets 0.159 | -0.00141
ee/ep/ i 0.148 | -0.00129

Table 7.3: Top pr reweighting constants determined from the differential ¢ cross section in Hr.
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A systematic uncertainty for this reweighting is provided by reweighting ¢¢ samples twice (i.e.

by the weights squared) and by not reweighting at all.

7.2 Event Selection

This section defines the selection requirements of individual objects and events. Leptons are
defined in two categories, tight and loose, and each event is required to have exactly one tight
lepton (e, ), rejecting additional loose leptons. As photons are not required by the High-Level
Trigger (HLT'), events are ‘pre-selected’ inclusive of the number of photons (N, > 0) and later

separated by the number of photons.

7.2.1 Event Quality

For data and MC events, each event is required to pass several cuts designed to remove non-
physical and non-collision events such as spurious instrumental noise or beam backgrounds.

Firstly all events must have at least one primary vertex (PV) passing the following quality cuts:

In the vertex fit, the number of degrees of freedom nDOF > 4

|z| < 24 cm

lp] < 2 cm

Not identified as ‘fake’:

2
~ Xvertex fit 7& O’

- nDOFvertex fit 7é 0,

— The number of tracks associated to the vertex # 0.

As a search for B it is of critical importance that events from known detector anomalies

creating false ERsS [T127] be rejected. Events must pass each of the following filters:

e CSC tight beam halo filter — secondary particles are produced in showers initiated by
collisions of the beam with residual gas inside the LHC vacuum chamber or by interactions
of the beam halo with limiting aperatures. Charged particles are also deflected by the

magnetic field of the beam optics.

e HBHE noise filter with isolated noise rejection — instrumentation issues associated with
HCAL electronics in the barrel and endcap regions can produce anomalous noise extending

to TeV energies.
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e HCAL laser filter — a small number of events contain the HCAL calibration laser erro-

neously firing during collision bunch-crossings.

e ECAL dead cell trigger primitive filter — roughly 1% of crystals in the ECAL are masked
in the reconstruction due to being noisy. Some of these masked crystals are in regions with
dead readout electronics, leading to the possibility that significant energy may be lost in

these masked, dead cells.

e Tracking failure filter — track reconstruction may fail in some cases, giving events with
large calorimeter deposits but very few tracks. This can be caused by having too-large a
number of calorimeter clusters failing the tracking algorithm, or by collisions not in the

interaction point but in a satellite RF bucket displaced by 75 ¢cm (2.5 ns).

e Bad EE supercrystal filter — two particular 5x5 crystal regions in the ECAL EE give

anomalously high energies from spurious high amplitude electronics pulses.

e ECAL laser correction filter — a small number of ECAL crystals receive unphysically large

transparency corrections in the laser calibration.

e Tracking POG filters — some events are affected by a partly aborted track reconstruction

and coherent noise in the Strip Tracker.

7.2.2 HLT

Events in data and MC are required to pass one of several High Level Triggers (HLT) listed in
Table [7.4. Muon-+jet events must pass the SingleMu trigger, and electron+jet events must pass
the SingleEle trigger. To collect additional poorly isolated muon events to estimate the QCD
background in muon+jet events, events are allowed to pass an OR of two SingleMu triggers,

listed in Table [T.5l

Dataset Trigger name
SingleEle HLT _Ele27_WP80_v*
SingleMu | HLT IsoMu24_eta2pl_v*

Table 7.4: List of triggers used to collect signal candidates.

Dataset Trigger name
SingleMu (QCD) | HLT TsoMu24_eta2pl_v*
HLT _Mu24_eta2pl_v*

Table 7.5: List of triggers used to collect QCD candidates in muon+jet data.

For the electron trigger, the name HLT Ele27 WP80 signifies the requirement of pp >

27 GeV/e and that the candidate electron passes several loose cuts, designed as a ‘working point’
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(WP) of roughly 80% efficiency. WP80 applies loose cuts on tracker-based isolation energy sums,
track impact parameters, the ratio of HCAL energy to ECAL energy (H/E), and track compat-
ibility. Many of these quantities are used in the off-line electron selection, described below in
Section [.2.41

For the muon trigger, the names HLT IsoMu24_eta2pl and HLT _Mu24 _eta2pl signify the
requirement of pr > 24 GeV/e, and |n| < 2.1. The ‘Iso’ refers to the requirement of the Par-
ticle Flow-based isolation sum within a cone of radius AR = 0.5 being less than 15% of the

reconstructed muon pr.

7.2.3 Muon Selection

Muons are selected from the collection of reconstructed Particle Flow muons in both tight and

loose categorizations, defined in Table

Cuts Tight Loose
DT > 30 GeV/c > 10 GeV/c
PFRellso (0.4) < 0.12 < 0.2

In| < 2.1 <25

1D Global Muon | Global Muon or Tracker Muon
ID PFMuon PFMuon
Nigyers (tracker) >5

X?2/Npor of track fit < 10

Npits (pixel) >0

Nhpits (muon chamber) >0

Nsegments(/-j/) > 1

|dO(PV)] < 0.2 cm

|[dZ (PV)] < 0.5 cm

Table 7.6: Tight and loose muon definitions.

The qualities required of candidate muons are:

pr — the transverse momentum of the reconstructed muon.

e PFRellso (0.4) — the relative isolation, or the ratio of the total candidate-removed energy

deposits within a cone of size AR = 0.4 to the candidate muon energy.
e |n| — the absolute value of the pseudorapidity of the reconstructed muon.

e ID — muons can be reconstructed by the Particle Flow algorithm (PFMuon), or with a x?
fit to tracks from the tracker only (Tracker Muon), or with a x? fit to tracks from both

the tracker and muon chambers (Global Muon).

® Nigyers (tracker) — the number of layers in the tracker with hits used in the muon track

reconstruction.
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X?/Npor of track fit — the reduced chi-squared of the track fit.

Niayers (pixel) — the number of layers in the inner pixel detector with hits used in the

muon track reconstruction.

Npits (muon chamber) — the number of hits in the muon chambers used in the muon track

reconstruction.

Niegments(ft) — the number of segments of the muon chambers used in the muon track

reconstruction.

|do(PV)| — the transverse distance of the extrapolated muon track to the primary vertex,

calculated from the beamspot.

|d.(PV)| — the longitudinal distance of the extrapolated muon track to the primary vertex,

calculated from the beamspot.

7.2.4 Electron Selection

Like muons, electrons are selected from the collection of reconstructed Particle Flow electrons

in both tight and loose categorizations, defined in Table

Cuts Tight e Loose e
pT > 30 GeV/c > 10 GeV/c
PFRellso (0.3) < 0.1 < 0.2
I <25 <25

not (1.4442 < |n| < 1.566) not (1.4442 < |n| < 1.566)
ID MVA ID(”mvaTrigV0”) > 0.5 | MVA ID("mvaTrigV0”) > 0.5
1D passConversionVeto passConversionVeto
Converted Photon Rejection | ExpectedInnerTrackHits < 0 ExpectedInnerTrackHits < 0
|dO(PV)| < 0.02 em < 0.04 cm
|[dZ(PV)] <1cm

Table 7.7: Tight and loose electron definitions.

The relative isolation for electrons is computed with a cone size AR = 0.3, and are rejected

if falling in the crack between the ECAL barrel and endcap (1.4442 < |n| < 1.5666). Qualities

required of electrons not already described for muons in Section [7.2.3| are:

e MVA ID — a multivariate analysis (MVA) technique provides a discriminant which separates

real and fake electrons. The MVA is trained on tracking information, shower shapes in
the ECAL, and energy matching information. The MVA is trained for both triggering and
non-triggering electrons, where the triggering version used here (‘mvaTrigV0’) does not

train on impact parameter information.
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e Conversion veto — the electron must not be reconstructed from a photon which converts
to an electron-positron pair within the tracker. A simple conversion reconstruction is
performed using the angle between and the distance of closest approach between conversion

candidate tracks.
e Converted Photon Rejection — similar to the conversion veto, electron candidates are re-
quired to have zero missing expected tracker hits.

7.2.5 Jet Selection

Jets are selected from those reconstructed from the set of Particle Flow particles using the anti-kt
clustering algorithm [26] with a distance parameter of 0.5. The qualities required of jets, defined

in Table [7.8] are:

e CEF/NHF/NEF/CHF - the charged electromagnetic, neutral hadronic, neutral electro-

magnetic, and charged hadronic energy fractions to the total energy of the jet candidate.
e NCH - the number of charged hadrons of the jet candidate.

o Neonstituents — the multiplicity of all Particle Flow particles in the jet candidate.

Cuts Jet

T > 30 GeV/c
7] <24
CEF/NHF /NEF < 0.99
CHF/NCH >0
Nconstituents > 1

Table 7.8: Jet definition.

The jet energies must be corrected for the non-linear response of the calorimeters to particles
in order to reconstruct the energy of the initial parton. This is done in a factorized approach
of Jet Energy Corrections (JEC), with the L1FastL2L3 algorithm. First the L1Fast correction
removes the energy from pileup events. This should remove any dependence on luminosity before
any other corrections are applied. Next the L2 Relative correction makes the jet energy response
uniform in eta by correcting an arbitrary-eta jet relative to a jet in the central (|n| < 1.3) region.
Lastly, the L3 Absolute correction makes the jet energy response uniform in jet pr. The L2 and
L3 corrections are derived from both MC truth information and from dijet (L2) or Z/vy+jet (L3)
balance in data. A fourth step is required in data to correct for small (up to 10%) differences
between MC and data. This ‘Residual’ JEC is applied for data events after the MC truth L2L3
step is applied. A more complete description of the determination of JEC factors is given at

7 TeV in [128], with information on the full 19.8 fb~' 8 TeV dataset given in [129].
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7.2.6 b-tag Selection

The Combined Secondary Vertex (CSV) [130] algorithm is used to identify jets from the produc-
tion of bottom quarks. The weak decay of b-hadrons is characterized by a relatively long lifetime
(~1.5ps or ¢, =~ 450pm) giving an observable flight distance within the inner tracker and the
reconstruction of secondary vertices. b-hadron decays are also marked by large charged particle
multiplicities and mass, with the b-hadron carrying most of the jet energy. b- and c-hadrons
also can decay semi-leptonically, leading towards some b-jets containing electrons or muons. The
CSV algorithm combines information about the kinematics of jets and the characteristics of their
secondary vertices, as well as track impact parameters to derive a discriminant on the likelihood

that a jet is from the decay of a b-quark.

Definition

The following section is a brief summary of [I30] describing how the CSV discriminant is calcu-
lated.

Tracks associated to a b-tag candidate must pass the following selection cuts:

e at least 8 total reconstructed hits in the pixel and silicon strip detectors,
e at least 2 reconstructed hits in the pixel detectors,

e pr > 1GeV/e,

e \?/Ngyor < 10 for the track fit,

e |do(PV)| < 2 mm — this requirement on the transverse impact parameter rejects charged
particle tracks from sources with much larger displacement from the PV than b-quarks, as

to first order the impact parameter is invariant under boosts of a b-hadron.

Charged particle tracks passing these selection cuts and within AR < 0.3 of the jet axis are
associated to the jet. From the vertices reconstructed from these tracks, a secondary vertex

candidate is required to pass the following cuts:

e the transverse distance from the primary and secondary vertex, Ly, must be between 100

pm and 2.5 cm,
L
L4 i > 3,

e the invariant mass of all charged particles associated to the vertex must be less than

6.5 GeV/e?,
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e vertices with two oppositely charged tracks must not have an invariant mass within 50 MeV/c?

of the nominal Kg mass.

Once charged tracks and secondary vertices are selected, the candidate jet is defined as one

of three categories:

1. RecoVertex — at least one secondary vertex candidate passing all criteria is reconstructed.

All tracks from all accepted vertices are used in the discriminant calculation.

2. PseudoVerter — without any secondary vertex candidates selected, a ‘pseudo’ vertex is
created from at least two charged tracks not compatible with the primary vertex having a

signed impact parameter significance of at least 2.

3. NoVertex — if neither of the above two categories are satisfied.

For all categories, the CSV discriminant uses the impact parameter significance of tracks

passing the following:

e the distance of closest approach of the track to the jet axis must be less than 0.07 cm,

e oppositely charged pairs of tracks associated to the jet must not have an invariant mass

within 30 GeV/c? of the nominal K2 mass.

For RecoVertex and Pseudo Vertex categories, the following additional variables are consid-

ered in the discriminant:

the invariant mass of charged particles associated to the secondary vertex,
e the multiplicity of charged particles associated to the secondary vertex,

e the transverse distance between primary and secondary vertices, divided by its error (only

for the RecoVerter category),

e the fraction of energy in charged particles associated to the secondary vertex to charged

particles associated to the entire jet,

e the rapidities of charged tracks associated to the secondary vertex with respect to the jet

axis,

e the track impact parameter of the first track exceeding a charm hadron threshold of 1.5
GeV/c?. This charm discrimination is found by computing the invariant mass of the leading

n tracks and increasing n until the invariant mass surpasses the threshold.
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These input parameters are combined with a likelihood ratio technique to form a single
discriminating variable. Since the inputs are very different for c-jets and light-flavor (udsg) jets,

the likelihood function is defined separately for each as:

et = frea(a) x [T et (7.3)

where (o = 1, 2, 3) is the vertex category, z; are the input variables and f®“9 are the
probabilities for b-, ¢-, and light-flavor jets to fall into category a.
The combined discriminant is then defined as:

£b £b

d= fpa(c) x b1 re + fea(q) x by La (7.4)

where fpa(c) and fpa(q) are the expected a priori probabilities for ¢- and g-content in non-b
jets (fea(c) + fea(q) =1).

This discriminant is calculated for all selected jets, defined previously in [7.2.5] and a jet is
considered b-tagged if it is greater than 0.679. This is the recommended ‘medium’ or CSVM
working point defined by the BTag Physics Object Group (POG) [I31], chosen to have a light-

flavor (udsg) mis-tagging rate of ~1% and a tagging efficiency for b-jets of ~70%.

MC Scale Factor Reweighting

As with all other physics objects, small differences between the b-tagging efficiencies and mis-
tagging rates in MC and in data are observed and must be corrected by weighting MC events
with a scale factor SF = €gqa/emc. However for b-tagging, scale factors are measured on a
per-jet basis, while the total efficiency and mis-tagging rate for the b-tag multiplicity requirement
is what must be corrected. The b-tag requirement in this analysis is inclusive (Npuy > 1), so
the adjustment of per-jet efficiencies represents a more complicated combinatorial problem.

Several methods for deriving this event weight exist. One method ignores the actual b-tag
status of each jet, allowing for each event to appear in each Ny, bin weighted by a probability
determined by the per-jet scale factors and measured tagging efficiencies. Another method uses
only the scale factors for each jet as a pseudo-probability, adjusting the tag status of each
individual jet randomly according to the scale factors. These two methods approach each other
over large numbers of events, however within each event many b-tag related variables become
ill-defined due to this ignoring or randomization of tag statuses.

The method used in this analysis is to adjust the weight of only selected events, without
needing to ‘add back’ un-selected events without any b-tags, and without changing the Nqq, of

selected events. In this way all b-tagging related variables remain well-defined. The goal of this
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method is to construct a weight w such that

pre-tag data pre-tag MC
Z deata(nbj, ne;,nlj) = Z ij]Mc(nbj, ne;, nilj) (7.5)
J J

where Pdata/MC are the probabilities for selected an event in data or MC as a function of its

true b, ¢, and light quark content, which can be written as

nb nc nl

P= ZZZCE nb tb tc(l _ Ec)nc_tcéfl(]. _ El)nl—tls (76)

with

1 ifth+te+t > tymin
S = O(th + te+tl > tyin) =

0 else

where C' is a product of binomial coefficients representing the combinations of tagged and
un-tagged jets, and S is a selection function simply requiring at least ¢,,;, tags. The number
of true bottom, charm, and light (udsg) quarks are labeled nb, nc, and nl respectively, and the
number of these tagged by the b-tagger are labeled tb, tc, and tl. Given the scale factors SFj,
Pdata can be written in terms of the MC efficiencies and scale factors, and from Equations

and [7.6] the b-tagging weight can be written as

nb nc nl b,c,l
ZZZCH Elm(' 1761mcS )nz tlS
tc
w= nb nc nl b,c,l (77)
ZZZCH ’me ei,mc)niitis
tb  tc tl

where ¢ is the number of tagged jets of flavor i = (b, ¢,1). For each MC sample, the efficiencies
are measured as a function of jet pr and |n| and all selected MC events are reweighted in this

way.

7.2.7 Photon Selection

Photons are selected by applying a loose, cut-based approach defined to have an efficiency of
~90% [132], described in Table Only photons in the ECAL barrel (|n| < 1.4442) are

considered. Photons are additionally required to be separated from other selected objects by at
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least AR > 0.7 to suppress initial and final state radiation from high-pr leptons or partons.

Cuts Photon ()

Er > 20 GeV

El < 1.4442
H/E <0.05
Neutral Hadron Isolation | < 3.5+ 0.04- Pr(7)
Photon Isolation < 1.340.005 - Pr(v)
Charged Hadron Isolation <26

Tinin Oinin < 0.012

D passElectronVeto

Table 7.9: Photon definition.

The qualities required of candidate photons are:

FEr — the transverse energy of the reconstructed photon.

|n| — the absolute value of the pseudorapidity of the reconstructed photon.

H / E - the ratio of hadronic energy to electromagnetic energy. The numerator is the
energy of the single HCAL tower located behind the seed crystal of the seed basic cluster

of the photon supercluster. The denominator is the energy of the photon supercluster.

Particle Flow isolation [I33] — the isolation energy around the photon is computed in two

steps:

— Computation of Iso Deposits (direction and pr of all PF particles) within a cone size
of AR < 0.3 for charged hadrons associated to the primary vertex, neutral hadrons,

and photons separately.

— Computation of the sum of the pp of the above Iso Deposits passing an additional
veto. Charged hadrons must be separated by AR > 0.02 and other photons must be
separated by An > 0.015 from the candidate supercluster position. PF photons shar-
ing the same SC as the candidate photon are removed from this sum. An illustration

of the isolation cones and veto areas is shown in Figure

® 0y — the shower shape variable, or the log-energy weighted pseudorapidity width defined
as [134):

Z5><5 0 0175 - ANSCCd 4 nseed crystal __ 77'><5)
O' =
inin — Z?X5 w;

—) (7.9)

w; = max(0,4.2 + In
5x5
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where the sum is over the 5 x 5 crystal matrix centered on the seed crystal. Here
0.0175 - AN°ed is the average crystal n times the number of crystals away from the seed,
preed erystal §g the 1, of the seed, 5«5 is the mean 1 of the 5 x 5 matrix, F; is the energy of

the i*" crystal, and Fsy5 is the energy of the 5 x 5 matrix.

e Conversion-safe electron veto — the same procedure as in the electron selection (passCon-

versionVeto) in Section is applied, only requiring the opposite result.

|:| Included |:| Vetoed

Charged Hadrons Neutral Hadrons Photons

Figure 7.5: Particle Flow based isolation cones. PF photons sharing the same supercluster as
the photon candidate are removed from the photon isolation sum.

The isolation energies for photons are corrected for pileup-dependence by subtracting the
expected pileup energy deposits from the shower area. This is done by computing the average
energy deposited in the detector per unit area (p) for || < 2.5 and knowing the detector effective
areas for each type of Particle Flow particle, determined from y+jet MC [I32] and listed in
Table subtracting the Particle Flow isolation energy sums (PFIso) as

PFIs0corrected = max(0, PFIso — p - Acfy). (7.10)

Acry charged hadrons | A.yy neutral hadrons | A.rs photons
In] < 1.0 0.012 0.030 0.148
1.0 < |n| < 1.479 0.010 0.057 0.130
1.479 < |n] < 2.0 0.014 0.039 0.112
20<|n <22 0.012 0.015 0.216
22 < |n| <23 0.016 0.024 0.262
23<n <24 0.020 0.039 0.260
[n| > 2.4 0.012 0.072 0.266

Table 7.10: Photon effective areas.
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Fake Photons

Fake photons (‘fakes’) are defined in addition to candidate photons to provide control regions
in which to compare the performance of E25 in MC to data. Fakes are defined similarly to
candidate photons in Table but are required to fail either the oy, or the charged hadron

isolation requirements:

vy fake
chHadlIso < 20
Requirement | ¢y, < 0.012 and chHadlso < 2.6 and
(Ginin > 0.012 or chHadlIso > 2.6)

Table 7.11: Fake photons are defined as failing either the ¢y, or charge hadron isolation re-
quirement of the candidate photon selection. An upper window of 20 GeV is required for the
isolation to retain similarity between the two objects.

An upper limit of 20 GeV is placed on the allowed fake charged hadron isolation sum to
ensure that poorly isolated QCD multi-jet events with very dissimilar EIS resolution are not
included in any fake comparison. The value of 20 GeV is chosen for historical reasons of the

inclusive vy ERsS search [135].

7.2.8 Lepton and Photon Efficiencies

Differences between the efficiencies of the lepton selection and trigger requirement in data and
in MC are observed and corrected by applying a scale factor SF = €gqia/€nmc to the event
weight of simulated backgrounds and signal processes. The lepton selection criteria and single
lepton triggers used in this analysis are common to many analyses from CMS, and as such the
efficiencies in data are well-measured and not necessary to re-measure. What follows is a brief
summary of these measurements in the manner outlined by [I36]. The electron scale factors are
derived in [I37], and the muon scale factors are provided by the Muon POG [I38].

The ID, isolation, and trigger efficiencies for leptons are measured using a ‘tag and probe’
technique exploiting the Z boson mass resonance in di-lepton events. Two oppositely charged,
same-flavored (ete™, ptp™) leptons with an invariant mass of 76 < myge < 106 GeV, within
15 GeV of the Z mass. The ‘tag’ lepton is very tightly selected using the full object selection
criteria, as well as having pr > 30 GeV/c and in the case of ID/isolation measurements is required
to fire the relevant trigger. The ‘probe’ lepton is very loosely selected to study its properties, as
the charge and invariant mass requirement strongly constrain its identity as the other lepton of
the Z decay. The efficiency in data of the ID, isolation, and trigger requirements are taken as
a function of pp and 7 from the efficiency of each requirement on the probe leptons. The scale
factors used in this analysis are shown in Figure 7.6 as a function of pr and 7.

The photon scale factor is treated as two distinct pieces, the identification efficiency scale
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Electron ID x Iso x Trigger

Muon ID x Iso x Trigger

IS
T T S B

02 04 06 08 1 12 14 16 18 2 22 24 100 150 200 250 300 350 400 450 500

P; (GeV/c)

nl

Figure 7.6: Electron (left) and muon (right) ID, isolation, and Trigger efficiency scale factors as
a function of pr and |n|.

factor and the conversion-safe electron veto efficiency scale factor [132]. Both scale factors are
shown in Figure[7.7] For events with multiple photons, the event is weighted by the product of
the two scale factors and the uncertainty is taken as the uncertainty of each scale factor added
in quadrature. The identification efficiency is measured in data similarly to leptons, however
using the fact that electrons are also reconstructed as photons failing the electron veto. The
measurement is again a tag and probe using Z — ee events, where the tag is a tight electron
firing the SingleElectron trigger with pr > 30GeV/c. The probe is a photon candidate with
pr > 15GeV/e, and the tag-probe mass is required to be 60 < mrp < 120 GeV/c?. The efficiency
is extracted from a simultaneous fit of passing and failing probes to the mypp distribution of
simulated Z — ee events.

The conversion-safe electron veto efficiency in data is measured differently, using the highly
clean sample of photons found in Z — upu~y events. Events are selected in data with m,,, < 180
and 70 < my,, < 110 GeV/c? with tightly selected muons having pr > 20(10) and firing a di-
muon trigger. A simple counting experiment is performed to extract the efficiency of the electron

veto.

7.2.9 Pre-selection

The cut-based pre-selection of ¢t events used in this analysis requires that each event:
e Passes event cleaning and trigger requirements
e Has exactly one tight, isolated lepton (e, u)

e Has no additional loose leptons
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Photon ID Photon ConvSafeVeto

N
°
g
8

0.5 0.5 0.97

0 0 0.95

X
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

P; (GeVic) P; (GeVic)

Figure 7.7: Photon ID (left) and conversion-safe electron veto (right) scale factors binned in pr
and |n].
1492 e Has at least 3 jets

1493 o At least one selected jet is b-tagged by CSVM.

1404 After this pre-selection is applied, events are separated into two signal regions and two control

ues  regions, depending on the number of selected photons (NNV,) and fakes (Ny) found in them:
us Signal Region 1 (SR1): - N, = 1.

uer  Signal Region 2 (SR2): - N, > 2.

ue Control Region 1 (CR1): - N, =0, Ny =1.

un Control Region 2 (CR2): - N, =0, Ny > 2.

1500 The control regions veto the presence of selected photons to avoid overlap with signal regions.
1s0 Due to selection efficiencies and the barrel-only fiducial acceptance of photons, as well as the
102 ~20% branching ratio of binos to Z bosons, the majority of signal events have only one selected
155 photon as seen in Figure [7.8] The most sensitive region however is with two selected photons

e (for my = 460 GeV and mygo = 175 GeV, SR2 has % = 17.6 compared to 2.2 in SR1).
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CMS Preliminary 2015 15 =8 TeV. fl.:m.m»" CMS Preliminary 2015 s =8 TeV [L:19.7m"
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Figure 7.8: Comparison of the number of selected photons for the electron (left) and muon
(right) channel. Errors shown here are statistical only. The signal model listed as (460.175)
refers to my = 460 GeV, mgo = 175 GeV and similarly for (560-325).

| Channel | Pre-selection | SR1 | SR2 |
QCD 53129 + 469 - -
tt + jets 217189 £ 470 901 + 4 0.47 £ 0.04
W + jets 90652 £ 501 100 £ 2 -
Z + jets 13355 + 94 816 = 10 | 1.80 £ 0.13
Single ¢ 22281 £ 30 63 £ 2 -
Diboson 1736 £ 2 14.9 £ 0.1 | 0.11 = 0.00
Vv 2677 £ 17 239 £ 3 6.2 + 0.1
tt+ W 338 £1 3.8£0.1 | 0.03 £ 0.02
tt+Z 265 £ 1 4.3 + 0.1 | 0.09 & 0.01
tt 4y 3292 + 4 953 £ 2 7.3 £0.2

| Total Background | 404914 + 838 | 3095 + 12 | 16.0 + 0.3 |
GMSB (460_175) 158 £ 3 82 £ 2 44 £ 2
GMSB (560-325) 41+ 1 21 £ 1 74+ 0.3

[ Data | 404337 [ 3266 | 4]

Table 7.12: Observed data and expected event yields in 19.7 fb™' for signal and backgrounds
in the electron channel. The errors represented in this table are statistical only. The dashes
indicate negligibly small contributions.



7.2. EVENT SELECTION 91

’ Channel Pre-selection \ SR1 \ SR2 ‘
QCD 14291 + 298 — —
tt + jets 235482 £ 476 | 944 £4 | 0.95 + 0.12
W + jets 90256 + 515 83+2 |0.11 £0.01
Z + jets 10376 + 61 100 £ 1 | 0.22 + 0.00
Single t 23399 £ 30 67 + 2 —
Diboson 1731 £ 2 7.8 £ 0.1 | 0.08 + 0.00
Vy 3092 + 18 192 + 3 —
tt+W 355 + 1 3.8+ 0.1 | 0.04 &+ 0.00
tt+ 7 262 £ 1 2.8 £ 0.1 —
tt+ 3182 + 4 973 £+ 2 6.7 £ 0.2

| Total Background [ 382426 4+ 765 [ 2374 6 | 8.1 £ 0.3 |
GMSB (460_175) 155 + 3 80 £+ 2 43 + 2
GMSB (560_325) 44 +1 22 £ 1 10.7 + 0.6

| Data \ 381772 | 2475 ] 16 \

Table 7.13: Observed data and expected event yields in 19.7 fb™! for signal and backgrounds in
the muon channel. The errors represented in this table are statistical only. The dashes indicate
negligibly small contributions.
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7.2.10 Data-driven QCD Selection

QCD multi-jet and y+jet backgrounds are negligibly small in the signal regions, but not so in
the control regions and in the preselection. To collect a sample of events from data with which
to describe the EX* distribution of such events, alternate lepton definitions are employed that
are orthogonal to the definitions in Sections and QCD muon candidates must be in
a sideband of isolation and are allowed to fire an additional non-isolated, non-prescaled trigger
(Table [7.5). QCD electron candidates must be in a sideband of both the isolation and MVA
identification criteria. No overlap in QCD leptons and tight/loose leptons are allowed by these
definitions, detailed in Tables |7.14] and The pre-selection is applied as in Section |7.2.9
but requiring exactly one QCD lepton instead of one tight lepton. The loose lepton veto and all

other requirements are left intact.

Cuts eQCD
pr > 30 GeV/c
PFRellso (0.3) 0.25 < rellso < 1
[n] <25

not (1.4442 < |n| < 1.566)
ID -1 < MVA ID("mvaTrigV0”) < -0.1
1D passConversionVeto
Converted Photon Rejection ExpectedInnerTrackHits < 0
|dO(PV)] < 0.02 cm
|[dZ(PV)| <1cm

Table 7.14: QCD electron (eQCD) definition. This is the tight definition as in Table with
the isolation and MVA ID requirements inverted.

Cuts nQCD
T > 30 GeV/c
PFRellso (0.4) 0.25 < rellso < 1
| <21

1D Global Muon
1D PFMuon
Nigyers (tracker) > 5
X?/Npor of track fit < 10
Nhits (pixel) >0
Npits (muon chamber) >0
Nsegments (N) > 1
|[dO(PV)] < 0.2 cm
|[dZ(PV)| < 0.5 cm

Table 7.15: QCD muon (#QCD) definition. This is the tight definition as in Table with the
isolation requirement inverted.
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7.3 Estimation of Missing Transverse Energy

All backgrounds are taken from their simulation in MC. After applying the event selection to
each MC sample, they are normalized to the total integrated luminosity of the data given their
predicted cross sections. The samples are then reweighted to correct for differences between MC
and data in pileup, b-tagging efficiencies, lepton efficiencies, and photon efficiencies.

Additional scale factors must be derived from comparisons between data and MC to correct
for mismodeling dependent on the analysis selection. These are measured as template fits in key
kinematic distributions discriminating the desired process from other backgrounds and isolating
the scale factor required to match the data. The fits are performed in control regions well-
separated from the signal regions to avoid contamination.

Lastly, the performance of the underlying ERsS resolution in MC is compared to data in the

fake photon control regions (CR1, CR2).

7.3.1 Template Fit Procedure

A binned maximum likelihood template fit procedure is used in several ways in this analysis.
With an exact knowledge of the normalized shape of each process dprocess(2), a fit can be used

to extract the number of expected events from each as:

n(x, Nsignal, nbackground) = Nsignal * dsignal(x) + Nbackground * dbackground(x) (711)

where signal and background processes are chosen appropriately by the user El In practice
this is accomplished by fitting for a single variable, the fraction of signal events fs;4 of the whole,

using RooFit [139] and the Minuit numerical minimizer [140]:

d(l‘; fsig) = fsig : dsig(x) + (1 - fsig) : dbkg(x) (712)

The fit is optimized by maximizing the binned log-likelihood:

IOg £(.’L’, fsig) = Z 10g |:fsig : dsig(xi) + (1 - fbkg) : dbkg(xi) 5 0 S fsig S 1 (713)

i € bins

From the resulting fit, one can construct scale factors for each process to correct the relative

composition and overall normalization of their sum:

2¢Signal’ here is not to be confused with the SUSY signal. In the context of the template fit procedure, ‘signal’
simply designates the process of interest in the fit.
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Ndata
SFsig = fsig - Nug (7.14)
N ata
SFprg = (1= forg) - Z\Z): (7.15)
g

=

SFsig : Nsig + SFbkg . kag = Nyata

where Nggta, Nsig, and Ny are the initial yields for the observed data and each process.
The errors on the scale factors are taken as the statistical uncertainty of the sample template

and data combined in quadrature with the fit uncertainty reported by Minuit:

0\ Jsi 1 o(Ng;
7o) = Sl \/( (st:‘qg))2 N Niata N ( (Nsiqg))2

For all systematic uncertainties on fitted scale factors, the quoted values are calculated by

(7.16)

fluctuating the templates for each source of systematic uncertainty and adding the fluctuations in
quadrature. The fit results are not considered to have their own independent source of systematic

uncertainty.

7.3.2 QCD Background

The contribution of QCD multi-jet and y+jet events to the signal region is extremely limited
due to the requirement of two or more electromagnetic objects in the final state. This process
is taken as negligible in the signal regions, but it is expected in the inclusive pre-selection where
the W-+jets cross section is constrained as well as the electron channel in CR1.

Events are selected from data as described in Section [7.2.10; no kinematic reweighting is
applied. To account for non-QCD contamination of the data-driven sampleEl, the QCD selection
is also applied to all MC backgrounds and their luminosity-normalized yields are subtracted
from the nominal QCD estimate, shown in Figure[7.9] After this subtraction, any histogram bin
with a negative yield is taken as having zero QCD rate.

To constrain the overall rate and lepton fake rate for QCD events surviving this selection,
the data-driven sample is normalized in a binned template fit in E35 after the MC subtraction
is applied. The signal template taken from the data-driven sample and the background template
is taken from all simulated non-QCD backgrounds. The resulting scale factor for the non-QCD

backgrounds is not used because any cross section differences it may describe are better described

3While the isolation and MVA ID variables are steeply falling and efficient requirements, a small number of
real leptons with poor isolation will fall into the data-driven QCD sample. This represents the possibility to
overestimate the QCD background, so this effect is estimated by selecting QCD leptons from non-QCD MC and
subtracted.
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Figure 7.9: Subtraction of non-QCD contributions to the expected QCD shape in EX for the
electron (left) and muon (right) channels in the pre-selection (N, > 0). For each event variable,
the MC events passing the QCD selection are subtracted from the data-driven sample. The
difference between data and MC in the above plots is taken as the shape of Emiss for QCD.

by the W/Z+Jets scale factors derived later. An alternative to the template fit constraint is

to simply normalize the QCD background to the data (SF = W) in the low Emiss

region (< 20 GeV) which yields similar results. The results of both methods are summarized in

Table [7.16] and the template fit results shown in Figure

Template Fit B <20 GeV
Channel SFocp SFue SFoc
e 2.15 £+ 0.03 | 1.10 & 0.003 2.04 + 0.04
0.04 + 0.002 | 1.12 4 0.003 0.03 £ 0.002

Table 7.16: QCD scales applied to the data-driven sample. The non-QCD SF);¢ is not applied
due to being more appropriately derived for only W/Z+Jets. An alternative to the template fit
is to simply normalize the QCD background to the low EXisS region in data.

7.3.3 W-Jets Cross Section

The cross section for W+Jets production is observed to be poorly simulated when requiring
b-tagged jets, as well as from the usage of only W + 3 and W + 4 Jets samples. Without a
full kinematic reconstruction of the top quarks in ¢t events, the most discriminating variable for
W+Jets from the dominant ¢t background is the ‘M3’ variable. The M3 variable is defined as
the invariant mass of the three-jet system in an event having the highest transverse momentum
of all three-jet combinations. Hadronic decays of boosted top quarks will produce a three-jet
system with large pr and having a mass near the top quark mass, ~175 GeV/c?; other processes
without a heavy decay to three jets show a much smoother invariant mass distribution. M3

additionally is largely insensitive to the jet energy scale uncertainty. By using a template fit in
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Figure 7.10: Template fit results of the QCD normalization in EXsS for the electron (left) and
muon (right) channels. Both SFocp and SFy ¢ (see Table [7.16) are applied for comparison.
Errors shown are statistical only.

M3, the W+Jets cross section can be corrected for the selection used in this analysis.

This method is also very similar to the measurement of the ¢t cross section using the M3
method, as used in [T41]. As a scale factor for W+Jets is derived, so too is a scale factor for
tt. This method additionally serves as a check of the simulation of ¢, and is applied to the tt
background in the signal regions.

The template fit is performed in the M3 variable in the pre-selection, inclusive of photon
multiplicity. The signal template is taken from ¢t +Jets MC, and the background template
is taken from W+Jets MC. All other backgrounds are subtracted from the data before the fit
procedure. The results of the fit are shown in Table and Figure Considering the tt
sample is initially normalized by the NLO calculation of 245.8 pb, the scale factors are in good

agreement with the current measurement by CMS [142] and with each other:

ooms = 239+ 2 (stat.) £ 11 (syst.) =6 (lumi.) pb
SF, -onpo = 233 £2 (fit+stat.) £ 6 (syst.) pb

SE, -onpo = 242 £ 2 (fit+stat.) £9 (syst.) pb

Channel SFw SFi
e 1.96 £ 0.03 (fit+stat.) £+ 0.39 (syst.) | 0.95 £ 0.01 (fit+stat.) £+ 0.02 (syst.)
L 1.87 £ 0.03 (fit+stat.) + 0.44 (syst.) | 0.99 £ 0.01 (fit+stat.) £ 0.04 (syst.)

Table 7.17: Scale factors (k-factors) for the normalization of W-+Jets and t¢. The systematic er-
rors included here are all systematics except for theoretical cross section uncertainties, combined
in quadrature.
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CMS Preliminary 2015 s =8 TeV fL =19.7 fb* CMS Preliminary 2015 Vs =8 TeV. rL =19.7fb"
L o e L s T L e e L e e A

10*

200 300 400

3 (& cr2) M3 (G&Vlcn2)

Figure 7.11: Template fit results for the W+Jets and tf normalization in M3 for the electron
(left) and muon (right) channels. Errors shown are statistical only.

7.3.4 Electron Misidentification Rate

The electron channel shows a significant difference to the muon channel in the non-negligible rate
of electrons misidentified as photons. The MC simulation of this rate is shown to be insufficient,
and is correctable by deriving a scale factor from the plentiful Z — ee events in data. Z — ee
events with an electron misidentified as a photon (and Z+v to a smaller degree) can be observed as
a peak in the invariant mass of reconstructed ey pairs in SR1 near 90 GeV/c?. Other backgrounds
in SR1 do not exhibit a peak in this distribution, so a template fit in m., is well suited for this
purpose. This process relies on the assumption that the cross section for simulated Z and Z-~
(denoted Z(vy) for brevity here on in) production is correct, and a second scale factor must be

constructed to account for any differences to the data in the number of estimated Z bosons.

Z(v)+Jets Normalization

The k-factor dependence on the selection criteria for Z(y) MC and the prediction of the number
of Z boson events is important both for the prediction of the EX* shape in the signal regions
and for the the measurement of the number of electrons from those Z bosons faking photons in
the reconstruction. To measure this k-factor, a di-leptonic selection is constructed to directly
observe Z — ee(up). The pre-selection outline in Section is modified to require two tight

leptons of the same flavor. No charge identification is applied. The di-leptonic selection is:
e Passes event cleaning and trigger requirements
e Has exactly two tight, isolated leptons of the same flavor (ee, pup)

e Has no additional loose leptons
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e Has at least 3 jets.

Both b-tagged (> 1) and non-b-tagged (> 0) samples are collected, as the electron to photon
fake rate relaxes the tagging requirement. No photons are required. While triggering on the
presence of one lepton, attention must be paid to the MC trigger efficiency scale factors as there
are two sources for the triggers to fire. The trigger scale factor for this di-leptonic selection is:

SFtrigger =1- (1 - SFt[r%gger

)1 = SF 3 ) (7.17)

trigger

The isolation and identification scale factors are taken as the product of the scale factors for
each individual lepton. QCD is a negligible contribution to this sample in and is not included.

The k-factor is constructed from a binned template fit in mg, with the Z+Jets and Zy+Jets
MC samples taken as the signal template, and all other MC backgrounds taken as the background
template. The results of this fit are shown in Figure and Table [7.1I8] Here also is an
interesting opportunity to observe the performance of the EXsS simulation in events that are
dominated by processes with no true EX5. Seen in Figure is the EXss for the di-leptonic

sample, restricted to within 10 GeV of the Z boson mass.

Channel SF Z(v)

e 1.38 £ 0.02 £ 0.15
e (no b-tag) | 1.24 +£ 0.01 + 0.13
W 1.60 £ 0.02 + 0.17
p (no b-tag) | 1.36 &£ 0.01 + 0.15

Table 7.18: Scale factors (k-factors) for the normalization of Z(v)+Jets backgrounds. Errors
are quoted as (fit @ stat.) + systematic.

Electron Misidentification Rate

The misidentification of electrons as photons is most visible in the peak near 90 GeV/c? in the
invariant mass of ey pairs when requiring one photon in SR1. The simulation of this rate is seen
in Figure to be smaller than in data. In fact without looking at the the broader kinematic
behavior of MC backgrounds, an analyzer may be misled into believing that QCD multi-jet and
~v+jet events are a non-negligible component of the electron channel background when requiring
one photon because the EM shape of QCD events is very similar to that of Z(y) events.
A normalization of QCD to data in the low-EXiss (< 20GeV) region would allow the QCD
constraint to absorb the discrepancy where it is most pronounced. However this is not the case,
as closer inspection of both the m., and Emiss distributions in SR1, and comparing electron and
muon channels, reveals that including QCD may approximate the EX* background shape but

distort the me, distribution further. A kinematic reweighting of the data-driven QCD sample
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Figure 7.12: Template fit results for the electron (left) and muon (right) channels, both requiring
(top) and not requiring (bottom) a b-tag. Errors shown are statistical only.
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Figure 7.13: Comparison of the Eﬁ_ﬁ‘iss for the di-leptonic selection, restricted to the invariant
mass of the lepton pair being within 10 GeV/c? of the Z boson mass.



100 CHAPTER 7. DATA ANALYSIS

160 may allow QCD to explain this, but unnecessarily complicates the background estimation. In
6 addition this would reintroduce the risk of signal contamination and the constriction of the EMiss

16 range usable in the upper limit evaluation by normalizing QCD to data at low EXss,
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Figure 7.14: Comparison of the m., (left) and EX (right) in data and MC for the electron
channel, requiring one photon but relaxing the b-tagging requirement. It is clear from the Emiss
discrepancy that the simulation is deficient, and the m., discrepancy reveals this to be caused
by the Z+Jets background. The above are adjusted for the Z(v) k-factor derived earlier.

CMS Preliminary 2015 {5=8Tev [L=19.71b" CMS Preliminary 2015 {5=8Tev [L=19.71b"

> R B T LA S e o B > T T T T e T
D 10% v 3
o E —— Data o Data —
; = 72 Stat. O Syst. Errors > [ stat. 0 Syst. Errors q
2. 40 T+ Jets = T+ Jets -
©10° = W + Jets 2y + Jdets ] O w +Jets [ Ziy* + Jets 3
I E [ Single top W vy & B single top W, vy E
5k v [ s iy Edi+y J
o L —— GGM (460_175)  —— GGM (560_325)| o —— GGM (460_175) —— GGM (560_325)|

o E @ =
s E a E
E T 5 SR1 ele (no b-tag) 7
Z 10 z 7

AN

E g [ §
2 2
S s
< e
5 5
k] o I S R
] ] s
2 2 o8t
] < .
= % 0.6F
a S 04E-
e |
o | | | | |
350 . 400 100 200 300 400 500 600 700 800
Wias ¥; (GeV)

Figure 7.15: The same comparison as in Figure but including data-driven QCD. The ERiss
shape of QCD and Z+Jets is similar, allowing the QCD normalization to cover any difference
between MC and data fairly well, however the m., of QCD events overestimates the high-mass
backgrounds and does not address the Z boson peak. The above are adjusted for the Z(y)
k-factor derived earlier.

1633 Considering all of this, a truth-matching procedure in MC backgrounds is applied to find
163« events with an electron misidentified as a photon. For all reconstructed photons in all MC
1635 backgrounds, the generator-level truth is determined by finding the matching generator particle

1636 requiring:
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AR(Yreco, Ygen) < 0.01 in the case of matching to a photon, or

¢ AR(Yrecos €gen) < 0.04 in the case of matching to an electron

AR(e(Y)gen, otherge,) > 0.2 — considering all other generated final-state particles with

pr > 2GeV

‘An(ﬂ)/reco; G(V)gen” < 0.005

peee —pT" /pf" <01

Reconstructed photons are categorized by whether they are matched to a photon or an
electron in this way, or if matched to neither the photon is considered as matched to a jet.

The electron misidentification rate scale factor is measured as a template fit of m., in SR1,
with the signal template taken from Z+Jets and Z/W + v MC where the photon is matched
to a generated electron. The background template is taken from all other MC backgrounds, as
well as Z+Jets and Z/W + v MC where the photon is matched to a generated photon or jet.
To increase the statistics available for each template, the b-tagging requirement is lifted. The
k-factor for Z(v) MC described earlier is applied before the fit is performed. The results of this

fit are shown in Figure[7.16] and give a scale factor of:

SF, .y = 1.58 4 0.03 + 0.02 (7.18)

This scale factor is applied to the Z+Jets and Z/W 4+~ backgrounds for the electron channel
both with and without b-tagging required, in addition to the Z(vy)+Jets k-factor derived from

di-lepton events previously.

7.3.5 Photon Purity

The choice of a loose cut-based photon identification is due to the high efficiency (~90%) of
its selection, despite its low overall purity of real, prompt photons. The high Et backgrounds
in each of the signal regions is then a rather impure mixture of ¢f + v(v) and ¢t + jets with
many selected ‘photons’ being misidentified jets. As a search optimized for discovery and mass
exclusion reach, the precise composition of the signal region samples is of no concern — only the
accurate estimation of the K distribution is necessary ﬁ

The pertinent question of photon purity is if there is any dependence of the Er shape on
the composition of these backgrounds. The highly electromagnetic jets contributing to the

signal regions are known to have a poorer energy resolution than prompt photons, and create

4If a significant excess is observed, the photon purity would be sensitive to the characterization of the excess,
and would be analyzed more closely.
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Figure 7.16: Template fit result for the electron to photon misidentification rate. Exactly one
photon is required (SR1) and the b-tagging requirement is removed. Errors shown are statistical
only.



1665

1666

1667

1668

1669

1670

1671

1672

1673

1674

1675

1676

1677

1678

1679

1680

1681

1682

1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

1694

1695

1696

1697

1698

7.3. ESTIMATION OF MISSING TRANSVERSE ENERGY 103

instrumental BT due to their mismeasurement. However compared to other photon Er searches,
the requirement of a tf final state is expected to far more strongly affect the resolution of the
B calculation with its significant hadronic activity.

Of further importance to the photon purity is the lack of a dedicated t+~ sample of simulated
events. Two assertions are made supporting that such a sample is not necessary: (i) the cross
section of SM tf + v production is extremely small, such that any observed events would not
have both photon momenta large enough where PYTHIA QED showering could not describe them
properly, and (ii) the B distribution is observed to be very similar between events with prompt
photons and misidentified jets. These facts do not constrain the jet misidentification rate, nor
the £ + v~ rate, so the analysis is solely focused on a shape-based comparison rather than an
absolute background yield. The overall normalization of the ¢t + jets and tf +~(y) backgrounds
are allowed to float freely in the upper limit calculation.

This section describes a measurement of the simulated photon purity and an adjustment to
the purity of the observed data. The effect of this purity adjustment on the Er distribution
shape is scrutinized to test the aforementioned assumptions. The scale factors derived for this
adjustment are not applied to the central value of the background estimates, as the nominal

yields are allowed to float.

Purity Measurement

The photon purity is measurable as a template fit in variables discriminating between prompt
photons and jets. The most discriminating variables are the charged hadron isolation (chHadIso)
and 0y, of candidate photons; these same variables are inverted for the control region definition
of ‘fake’ photons. Rather than inverting these requirements to enhance the non-prompt sample,
the requirements are lifted to extend the fit range of a template fit in each.

The signal and background templates are formed for both chHadlso and oy, in SR1 by
removing the requirement on each variable (not both like in the fake photon definition) and
matching the reconstructed photon to its generator-level MC truth as outlined in Section [7.3.4]
The signal template is taken from ¢t + jets and ¢t +~ MC where the photon is matched to either
an electron or a photon, and the background template is taken from ¢t + jets and ¢t + v where
the photon is not matched. All other backgrounds are subtracted from the observed data. The
B is also required to be less than 50 GeV to limit signal presence. The results of each fit are
shown in Figure and listed in Tables [7.19] and [7.20]

The x?/Nyos is quite poor for the ;,:, template fit; this is assumed by other analyses [143]
to be caused by a mismodeling of shower evolution in GEANT4. This result is taken as an

informative backup to the more successful charged hadron isolation result, and as neither result
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Figure 7.17: Template fit results for the electron (left) and muon (right) channels, in the photon
variables charged hadron isolation (top) and ¢y, (bottom). The low side of the oy, peak is
known to be in poor agreement with data due to a mismodeling of shower evolution in GEANT4.
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is used in the central estimate of the backgrounds this is not seen as problematic.

~ Purity
Channel NIC it
e
chHadlIso | 0.597 + 0.002 + 0.009 | 0.623 + 0.010 £ 0.004
Cinin 0.589 + 0.001 £ 0.009 | 0.526 £ 0.011 £+ 0.007
I
chHadlIso | 0.579 + 0.001 + 0.011 | 0.619 4+ 0.01 4+ 0.004
Cinin 0.572 4+ 0.001 + 0.011 | 0.485 4+ 0.012 + 0.013

Table 7.19: Photon purity from simulation and fit to data. The o0y, fit method suffers from a
mismodeling of the shower evolution in GEANT4, but otherwise the MC agrees well with data.

Channel SE SE
Prompt Non-prompt tt + jets tt +
e
chHadIso | 1.18 + 0.06 & 0.04 | 1.06 & 0.03 = 0.06 | 1.17 £ 0.01 £ 0.04 | 1.09 &+ 0.01 &+ 0.05
Cinin 1.01 £ 0.08 £ 0.04 | 1.30 + 0.09 + 0.08 | 1.04 4+ 0.01 4+ 0.04 | 1.23 + 0.01 £ 0.06
o
chHadIso | 1.16 & 0.06 & 0.04 | 0.98 4+ 0.03 = 0.06 | 1.14 £ 0.01 £ 0.04 | 1.02 4+ 0.01 &+ 0.05
Cinin 0.91 + 0.08 + 0.03 1.3 + 0.08 + 0.1 0.96 + 0.01 + 0.03 | 1.21 4+ 0.01 £+ 0.08

Table 7.20: Photon purity scale factors. As the templates are from prompt and non-prompt
truth-matching to reconstructed photons, there is a small difference between scale factors on the
matched templates and inclusive MC samples. The scale factors for tf + jets and tf + v samples
are listed as well, being a weighted average of the matched scale factors. Despite a known issue
with the 0y, modeling, the scale factors agree with one another within uncertainties.

The effect of applying the scale factors in Table on the tt + jets and tf + v samples
is shown in Figure [7.18 In SR2 with two photon purities to adjust, these scale factors are
applied twice (ie their square). Besides affecting an overall scale adjustment, the variation of Bt
shape is extremely limited — on the order of a few percent, well below statistical fluctuations.
As mentioned earlier in this section, it is seen here that the Hr distribution is not appreciably
different due to the true source of reconstructed photons. This is taken as a demonstration that
a dedicated tt + vy sample is not necessary, as the shape of F is well modeled even with low
energy radiated photons and misidentified jets. To eliminate dependence on the tf + vy cross
section, the ¢t + jets and tt + v normalizations are allowed to float freely in the final upper
limit determination. For the background-only hypothesis, the post-fit values for these floating

normalizations are found to be upwards fluctuations of 11-24% for SR1 and 45-52% for SR2; the

correlation with signal-strength for the signal+background hypothesis is found to be negligible.

7.3.6 Control Region Comparison

The performance of the simulation in describing the Bl distribution of background processes
is observed by comparing data to MC in the control regions. The control regions are defined

by selecting ‘fake’ photons (described in Section [7.2.7) and separated by fake multiplicity in
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Figure 7.18: Comparison of the total background Fr shape before and after reweighting with
the charged hadron isolation scale factors tf + jets and tf + v samples. The electron (left) and
muon (right) channels are shown both for SR1 (top) and SR2 (bottom). Besides an overall
normalization adjustment, the effect on the shape of the distribution is extremely small and well

below statistical variations.
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the same way as the signal regions (see Section . By selecting events failing the nominal
isolation or ¢y, requirements yet passing the H/E requirement for photons, the control regions
maintain the electromagnetic energy scale and resolutions of the signal region photons but with
a greatly enhanced population of the photon-like jets contributing the most to poorly measured
and simulated EX' events comprising the background estimate. Furthermore by only altering
the photons in the control regions, the dominant effect on ERsS resolution by the tf system
can be compared against the smaller effect of the photons. By comparing data to MC in these
samples, an estimate of any failings of the MC can be extracted as a bin-by-bin rate of any
differences; this is taken as an additional systematic uncertainty on the background estimate in
the signal regions.

The data and MC for the control regions are shown in Figure [7.19] with total event yields
listed in Tables [7.21] and [7.22] The agreement is very good for one photon events in CR1
(within ~10%), however the extremely small sample size in CR2 makes separating systematic
and statistical fluctuations impossible in a bin-by-bin approach — thus the shape systematic
uncertainty for SR2 is taken from the difference in CR1 as well. The precise implementation of

this uncertainty is described in Section [7.4]

’ Channel \ CR1 \ CR2 ‘
QCD 157 + 38 -
tt + jets 2766 £9 | 12.0 £ 0.3
W 4 jets 279 £3 [ 1.36 £ 0.02
Z + jets 132+ 2 ]0.01 £0.00
Single ¢ 141 +£2 | 0.77 £0.02
Diboson 79 £0.1 -
Vy 9.9 £0.3 -
tt+ W 8.1+ 0.1 | 0.04 £ 0.00
tt+ 2 5.9 £ 0.1 | 0.08 £ 0.01
tt+ 95 +1 [1.26 +0.07

| Total Background | 3444 £ 10 | 15.5 £ 0.3 |

[ Data | 3794 | 12 \

Table 7.21: Observed data and expected event yields in 19.7 fb~! for the control regions in the
electron channel. The errors represented in this table are statistical only.
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Figure 7.19: Comparison of data and MC in ERS for the control regions. Electron (left) and
muon (right) channels are shown for both CR1 (top) with one fake photon and CR2 (bottom)
with two or more fake photons. The small disagreement of less than ~10% between data and
MC in CR1 is taken as an additional shape-based systematic uncertainty in the signal regions.
The comparatively poor agreement in CR2 is attributable to the very small number of events in
data and is not taken as an additional uncertainty.

| Channel | CR1 | CR2 |
QCD - -
tt + jets 3034 + 9 13.9 £ 0.3
W + jets 296 £+ 3 -
Z + jets 53 + 0 —
Single ¢ 143 + 2 -
Diboson 6.4 + 0.1 | 0.06 & 0.00
Vv 18.7 £ 1.8 -
tt+ W 7.4 +£0.1 | 0.06 £ 0.02
tt+ 27 6.7 £ 0.1 | 0.03 & 0.00
tt+ -y 96 + 1 1.41 4+ 0.08

Total Background | 3661 &= 10 | 15.5 + 0.4 |

Data

3813

s |

Table 7.22: Observed data and expected event yields in 19.7 fb~! for the control regions in the
muon channel. The errors represented in this table are statistical only.
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7.4 Systematic Uncertainties

Considered in this analysis are several types of systematic uncertainties: those that affect only
the overall rate of a background or signal process, those that affect only the overall shape of the
Emiss distribution of a background or signal process, or those that affect both. For systematic
effects affecting both rate and shape, both contributions are treated simultaneously so that they
are completely correlated. Unless otherwise noted, each effect is treated as 100% correlated
between all background and signal processes. The following is a list and description of the
systematic sources of uncertainty considered. The effect of each systematic on the relative event
yield is detailed in Table and for systematics that affect the shape of the Ess distribution

in signal regions the magnitude of the effect is shown in Appendix

Luminosity: The uncertainty on the total integrated luminosity is 2.6%; this affects all back-

grounds and signal rates.

Background cross sections: The cross section normalizations for expected background yields
are calculated from the theoretical predictions with at least NLO accuracy. Uncertainties
affecting these overall rates are listed in Table Each process is given an uncertainty
due to its Parton Distribution Function (PDF) and QCD scaling, and each of these de-
pends on the production mechanism of each particular process. For factors contributing
to these uncertainties that are common to multiple processes, they are treated as 100%
correlated. For example Z+Jets is produced in quark-antiquark annihilation (¢g) and its
PDF uncertainty is correlated with that of other ¢g initiated processes. The V-~ cross

section uncertainty is taken conservatively as £50%.

Signal cross sections: As described in Section [7.I.3] the uncertainties on strong stop-pair
production are calculated using NLL-fast and PROSPINO and the PDF4LHC recommen-
dations. In a range of stop masses of 125-1000 GeV, the overall rate uncertainty in signal

events ranges approximately from 16 to 28% [144].

Jet energy scale (JES): The JES systematic is evaluated by shifting the jet energy scale up
and down by one standard deviation using the standard JetMET POG [145] procedure.
All events in data and MC are re-analyzed with the shifted JES, and the ERS spectrum

of signal region events is again collected.

b-tag scale factors: The systematic uncertainty on b-tagging events in MC is evaluated by in-
dependently scaling light and heavy flavor scale factors up and down by their uncertainties

prescribed by the BTV POG [146].
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Process PDF QCD Scale
99 qaq a9 tt v Vv
tt + jets 2.6% 0%
Wjets 3.4% %
Z+jets 3.3% %
single ¢
s-channel 3.4% | 1.8%
t-channel 2.0% | T3 1.%
tW-channel 6.3% | 2.6%
single ¢
s-channel 4.5% | 0.57%
t-channel 2% | 2.3%
tW-channel 6.3% | 2.7%
Diboson
WwW 3.5% 4.0%
WZ 4.0% 4.0%
77 3.6% 3.6%
W/Z + ~ 50% 50%
tt +W 13% 29%
tt +27 %
tt +y 0% 50%

Table 7.23: Cross section uncertainties used for the background processes. Each column is an
independent source of uncertainty, with all uncertainties within the same column taken as 100%
correlated with one another.

Lepton ID and trigger scale factors: The systematic uncertainty arising from lepton scale
factors are evaluated by varying the scale factors up and down by their uncertainties. These
are expressed as two completely correlated sources added in quadrature: uncertainty in
the lepton identification and isolation scale factors, and the lepton trigger scale factors.
Electrons and muons are treated as separate nuisance parameters, each accounting for an

approximate ~1% uncertainty.

Photon ID scale factors: The systematic associated to the uncertainty in photon scale factors
is evaluated by varying the scale factors up and down by their measured uncertainties. In
Signal Region 2 (SR2) where two photons are required, the second photon’s scale factor
uncertainty is taken as completely uncorrelated to the first’s, and the two are combined
in quadrature. This effect accounts for an approximate 1.2% uncertainty in the final

background yield.

Pileup reweighting: The uncertainty in reweighting MC events for pileup is evaluated by
shifting the minimum bias cross section up and down by 5% of its nominal 69.4 mb value.

The weights are recalculated with these shifted cross sections and applied to all events.

Top quark pr reweighting: The systematic uncertainty from the reweighting of top quark pr
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in tt simulated events is evaluated as follows: in the downwards fluctuation, no reweighting
is applied at all, and in the upwards fluctuation the reweighting is applied twice, i.e. the
square of the weights is used. This scheme is chosen as appropriate because the difference
between the nominal and uncorrected scales was the variation initially observed to warrant

this correction, and the upwards fluctuation is chosen to be symmetric by reweighting twice.

Monte Carlo statistics: The effect of limited MC statistics in background and signal samples

miss

is evaluated in the manner described in [147,[148]. For each bin of E'*® in each background
and both channels, a nuisance parameter is included to allow that bin to float within its

statistical uncertainty. This results in 42 additional nuisance parameters.

User-derived scale factors: The W+Jets, Z(vy)+Jets, and electron to photon fake rate ad-

justment derived in Sections[7.3.4] and [7.3.3] are not included as nuisance parameters, how-
ever are re-measured with the fluctuations of all other systematic uncertainties. The fit
and statistical uncertainties in these scale factors are included in the statistical uncertainty

of the background estimate.

QCD definition: The QCD multijet and v + jet background is determined to be negligible

for all signal regions due to the requirement of multiple electromagnetic objects and b-
jets. However the data-driven QCD affects the measurement of the W+Jets scale factor
used in the signal regions, and the choice of definition for the QCD lepton selection has a
small effect on the final results from this. This systematic is evaluated by fluctuating the
isolation requirement for QCD anti-isolated leptons up and down by 10% of the nominal
definition (rellso > 0.25). The data-driven QCD estimate is collected with these altered
definitions and treated in the same way as the central value, and this effect is taken as
the £10 uncertainty for this definition. This effect is a small fluctuation in the W-+Jets
normalization, which is already very small in the signal regions, and ultimately the QCD

definition systematic is negligibly small.

Additional tf and tt + v rate uncertainty: This analysis is sensitive to Standard Model tf+

v+ production, a process which has not yet been measured closely. Due to the lack of
directly simulated £+~ events, the PYTHIA electromagnetic showering of second photons
and MADGRAPH hadronization of jets faking photons must be relied on as the source for

such events.

The tt + v Monte Carlo has been shown to be in excellent agreement with the observed
rate in data [149} [150]. The shape of the EXs* resolution is also observed to be insensitive
to fluctuations in the rate or kinematics of additional photon vertices in ¢£ production and

decay — see Section Lastly, the SM production rate of t£++ is extremely small, such
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that any events produced in the dataset used are highly unlikely to be with both photons

having high-pr or large radiation angles where the PYTHIA showering becomes inaccurate.

To parametrize the ignorance of the overall rates of tt+ jets, tt++, and t£+~~ production,
these backgrounds are allowed to float freely in the upper limit determination. This is
implemented with two +£100% log-uniform distributed nuisance parameter, each correlated
between tt + jets and tf + v in both electron and muon channels to. One of these is for
SR1 only and the other for SR2 only, uncorrelated with one another to allow the global
fit to float one-photon versus two-photon events and determine the appropriate rate of

additional photons in SR2. The intercorrelations here are clarified in Table [7.24]

tt + jets tt+
SR1 SR2 SR1 SR2
e|lpule|lp|le|puleln
float_ttg_ttjets SR1 | v/ | vV v |V
float_ttg_ttjets_SR2 v IV v |V

Table 7.24: Correlations of nuisance parameters for the floating of ¢t + jets and tt + . Both
backgrounds for both electrons and muons are allowed to float together within SR1 and inde-
pendently within SR2. This allows their total contributions to float while keeping the lepton
content the same, yet allowing the photon content to float as well.

Control Region EX5 comparison: The difference between observed data and MC back-

ground estimates in the control regions is taken as an additional bin-by-bin shape system-
atic uncertainty. In translating the control regions to a description of the signal region, an
additional piece is necessary. The procedure amounts to the fact that a conversion between

the background estimates in each sample can be defined as:

X(Br) = m (7.19)

such that

Bsr = x-Bcr

where Bgr and Bo g are the background estimates in the signal and control regions, binned
in Br. In these terms the fractional uncertainty of the signal region background estimate

is:

) (3)
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When no systematic is considered for the control region background (i.e. o(Bcg) = 0) the
above expression reduces simply to the uncertainty of the signal region background. The
additional systematic uncertainty of the difference between observed data and background

in the control region modifies this as:

o(Bsr) Obscr — Bor\” o0(Bsr/Bcr) 2
Bsr _\/( Ber ) +< Bsr/Bcr ) (7.21)

For the systematic in SR2 where there is not enough statistics available in CR2 to provide
a reasonable data-to-MC comparison, the data-to-MC difference in CR1 is simply used —

this results in a third term due to the difference in background shapes in SR1 and SR2:

Bsre = x§ Bem (7.22)
_ [Bsri(#1) | [ Bsr2(#1) |
- [penm | By o (7:23)
=
0(Bsra) Obscri — Bori \” o(Bsri/Bori)\’ o(Bsra/Bsr) )"
Bsga _\/< Bori ) +< Bsr1/Bcri ) +< Bsgra/Bsr1 ) (7.24)

In summary the fractional, bin-by-bin difference between observed data and MC in CR1
is taken as a systematic uncertainty on the total background, as well as the error on the
ratio of the background estimates in each sample being compared. The first two terms
in [[.22] are taken as correlated between SR1 and SR2 and uncorrelated between electron
and muon channels, while the third term is used only for SR2 and uncorrelated between

channels and the first two terms.
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Source Shape Rate Notes
Luminosity 2.6% Signal and all backgrounds
Lepton ID/Trigger v 01-11% K
Photon ID v 06-1.5% ”
Pileup v 0.1-1.8% ”
JES v 1.8-48% 7
b-tagging v 0.6 -2.6% 7
Top Quark Pr v tt+jets only
QCD Scale (tt) 25-25% Scale uncertainty for NLO ¢f and single top backgrounds
QCD Scale (V) 03-0.7% Scale uncertainty for NNLO W and Z backgrounds
QCD Scale (VV) 1-20% Scale uncertainty for NLO diboson backgrounds
PDF (g9) 2.6 -10 %  PDF uncertainty for gg-initiated backgrounds (¢, tt +Z, tt + )
PDF (qq) 3.3-34% PDF uncertainty for gg-initiated backgrounds (¢t +W, W, Z)
PDF (qg) 3.6 % PDF for gg-initiated backgrounds (single top)
Control Region A v 10 - 20 % Observed data discrepancy in CR1
SR1/CR1 Ratio v 1-8% Shape difference between SR1 and CR1
SR2/SR1 Ratio v 10 - 50 % Shape difference between SR2 and SR1 — only for SR2
tt Floating Normalization 100 % Log-uniform distributed nuisance paramater
floating tt+jets and tt + v backgrounds
SUSY Cross Sections 16 — 28 % Signal only

Table 7.25: Summary of systematic uncertainties considered. Each source is treated as a single, independent nuisance parameter in the upper limit calculation.
Where range are given for the overall effect on rate, the range covers both the electron/muon channels and up/down fluctuations. The SUSY cross section rate
uncertainty ranges from stop masses of 125-1000 GeV/c?.
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7.5 Results

The observed data in SR1 and SR2 are summarized in Tables and and shown in
Figures - below.

Considering the overall floating of t£ + jets and £+~ backgrounds described in Section [7.3.5]
no clear excess or deficit can be found in the overall background yield and observed data counts.
While the total event yields do differ from the predicted background levels, these figures are
inclusive of Er and could represent a fluctuation of either background or the presence of signal;
the shape-based comparison of Er is far more sensitive to such a hypothesis. No clear shape

discrepancy is observable in all four signal regions as would be expected of the observation of

GMSB SUSY.

’ Channel ‘ SR1 ‘ SR2 ‘
tt + jets 901 £4 | 0.47 £0.04
W + jets 100 + 2 -

Z + jets 816 &+ 10 | 1.80 £ 0.13
Single ¢ 63 + 2 —
Diboson 14.9 +£ 0.1 | 0.11 £+ 0.00
Vv 239 + 3 6.2 +0.1
tt+ W 3.8+ 0.1 | 0.03 £0.02
tt+ 72 4.3 +0.1 | 0.09 £+ 0.01
tt+ 953 + 2 7.3+ 0.2

’ Total Background \ 3095 £ 12 \ 16.0 £ 0.3 ‘
GMSB (460-175) 82 £+ 2 44 + 2
GMSB (560_325) 21 +£1 74+ 0.3

[ Data | 3206 | 14 \

Table 7.26: Observed data and expected event yields in 19.7 b~ for signal and backgrounds in
the electron channel. The errors represented in this table are statistical only.

] Channel \ SR1 \ SR2 ‘
tt + jets 944 + 4 | 0.95 £ 0.12
W + jets 83+ 2 | 0.11 % 0.01
Z + jets 100 £ 1 | 0.22 &+ 0.00
Single ¢ 67 £ 2 -
Diboson 7.8 £ 0.1 | 0.08 £ 0.00
Vo 192 £ 3 -
tt+ W 3.8+ 0.1 | 0.04 £ 0.00
tt+ 2 2.8 £0.1 -
tt+ 973 £ 2 6.7 £ 0.2

’ Total Background \ 2374 + 6 \ 8.1+£0.3 ‘
GMSB (460_175) 80 + 2 43 + 2
GMSB (560.325) 22+1 10.7 £ 0.6

’ Data \ 2475 \ 16 ‘

Table 7.27: Observed data and expected event yields in 19.7 fb™! for signal and backgrounds in
the muon channel. The errors represented in this table are statistical only.



116

CMS Preliminary 2015  {s =8 TeV

.
)

L=

CHAPTER 7. DATA ANALYSIS

19.7 fb™

Number of Events / GeV
5

[

LIS L N L L L L L L LB L

—— Data

A Stat. O Syst. Errors
[ + Jets

[ ziy* + Jets

. v, vy

+y

—— GGM (460_175)

O w +Jets
[ single top
a+v

—— GGM (560_325)

SR1

ele

1 IIIIILL|

% IIIIII|

1n3
2 18
3 16
g 14 .
L |
S 08 |
T 06
[a)

0.4

02

% T00 200 300 400 500 600 EZéO(G \}3)00

e
.

Figure 7.20: Comparison of the Er of observed data and predicted backgrounds in SR1 for the

electron channel.

N
R

Number of Events / GeV

Data / Background

CMS Preliminary 2015 {s =8 TeV rL =19.7fb"
IIIIIIIIIIIIIIIIIIIIIIIIII-’IIIIIIIIIIIII?
—e— Data 3
Stat. 0 Syst. Errors n
[ + Jets 3w + Jets 7
[ Zly* + Jets [ Single top —
[ NAAYY O+v E
EOtt+y -
— GGM (460_175)  —— GGM (560_325)] ]
Dl SR1 muon E
iE|

.sm
100 200 300 400 500 600 700 800

; (GeV)

Figure 7.21: Comparison of the Ht of observed data and predicted backgrounds in SR1 for the

muon channel.



7.5. RESULTS 117

CMS Preliminary 2015 V5=8Tev [L=19.7 10"

LIS L N L L L L L L L L

N

ST

>

[

9 1 —— Data _E
1) ] 777 stat. O Syst. Errors =
3 H 4 + Jets O w +Jets ]
Li i [ zZiy* + Jets I single top |
‘s [ A Ot+v

[} 7 Oti+y

_g H — GGM (460_175) — GGM (560_325)

E

P

SR2 ele

=
S}
S

N\

g

5 . st

=

E o

3

o

=

T

[a)

% 100 200 300 400 500 600 700 800
E; (GeV)

Figure 7.22: Comparison of the Bt of observed data and predicted backgrounds in SR2 for the
electron channel.

CMS Preliminary 2015 Vs =8 TeV rL =19.7fb"

> T T I T T I T T I T T I L I T T T I T T 1T I T T
Q

O] —s— Data =
-~ W Stat. O Syst. Errors =
2] - -
< C i+ Jets W + Jets E
c|>.> [ Ziy* + Jets I single top |
1 [ vV, vy COi+v

s ii+y =
N —— GGM (460_175)  —— GGM (560_325)]
[} -
Qo -
- SR2m -
E | uon

I | IIIIIII|

'g =
E 5 ;_ .Sm
3 4 :_ Stat. [ Syst.
% =
o 3F
s L R
g 4
1
% T00 200 300 400 500 600 700 800

; (GeV)

Figure 7.23: Comparison of the Ht of observed data and predicted backgrounds in SR2 for the
muon channel.



1854

1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

Chapter 8

Interpretation of Results

As no significant shape-based excess is observed across all four signal regions in Section the
results are interpreted by calculating upper limits on the production rate of GMSB SUSY models
in a range of stop and bino masses. The generation of signal models is described in detail in
Section and the event selection criteria is applied to each generated event; the acceptance
times efficiency is shown in Figure [8:I] and the NLO cross sections are shown in Figures[8:2]

The acceptance times efficiency exhibits several features affecting experimental reach. The
compressed mass region (Mgtop — Mbino < Miop) Where the mass difference between stop and
bino is not large enough to produce on-shell top quarks is severely limited by the requirement
of 30 GeV b-jets and leptons. The selection efficiency also decreases as this mass difference
becomes very large as the jets from boosted top quark decays tend to merge spatially and the
jet multiplicity requirement limits sensitivity. High-pr jets in boosted top decays suffer as well
from reduced efficiency of the b-tagging algorithm, due to three effects [I51]: the track impact
parameter resolution being higher at low pr, the decay lengths of heavy hadrons which scale
with jet pr, and the track selection criteria used in the tagging algorithm. Lastly as bino masses
increase, there is increased phase space available for Y9 — Z G and W —H G decays without
photons, limiting the efficiency of requiring two photons.

While models in the compressed mass region (Mgiop — Mbino < Miop) are generated, upper
limits for these models are not considered due to concerns about the simulation of the decays
of off-shell top quarks and the PYTHIA factorization of three-body stop decays (f — W¥byx?)
for such mass splittings. Flavor-violating stop decays and heavily mixed squark states are not
considered, but the requirement of isolated leptons would strongly limit sensitivity to decays

such as § — cx{ that could dominate in this region.
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Figure 8.1: Acceptance times efficiency, relative to the branching ratio of tf decaying to a single
lepton and inclusive of Et. Shown here is the electron (left) and muon (right) channels for the
pre-selection (top), SR1 (middle), and SR2 (bottom). The pre-selection is shown for reference

to compare the effect of requiring the first photon.
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Figure 8.2: NLO cross sections for the GMSB SUSY models considered in the interpretation of
the results (top). The production rate depends only on the stop mass, shown one-dimensionally
(bottom left) with its relative uncertainty (bottom right) used as a systematic uncertainty.
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8.1 Statistical Method

Upper limits are calculated using the ‘modified frequentist’ method, or CLy [152], using a pro-
filed likelihood ratio as the test statistic [I53]. What follows is a brief summary of the precise
implementation detailed in the 2011 ATLAS + CMS Higgs limit combination procedure [154].
The likelihood of ‘data’, either the experimental observation or pseudo-data used to construct
sampling distributions, given the signal strength modifier 1 and the set of nuisance parameters

0 is defined as:

L(data |, 8) = Poisson(data | - s(8) + b(0)) -p(0]6) (8.1)
-11 (Msz;!bi)"i e~ (mstb) L 7| 6) (8.2)

i
where s;, b;, and n; are respectively the expected signal, background, and observed data in

bin ¢. The product is over the 10 bins of Er shown in Figures - [0, 10), [10, 20), [20,
30), [30, 40), [40, 50), 50, 75), [75, 100), [100, 150), [150, 300), and [300, cc) GeV.

Systematic Uncertainties As Nuisance Parameters

The systematic error probability distribution function (pdf) p(é | 5), where 6 is the default value
of the nuisance parameters, reflects the degree of confidence in what the true value of # might
be. This is re-interpreted as a ‘posterior’ arising from real or imaginary measurements é, as

given by Bayes’ theorem:

p(010) ~ p(0]6) - m(6), (8.3)

where my(6) are expressions of the confidence in a hypothesis before these ‘measurements’
are made, called ‘hyper-priors’. The re-interpretation of the systematic error pdf in terms of the
pdf of an auxiliary ‘measurement’ , p(é | 9), allows the likelihood of the observed measurement
to be constrained in a frequentist calculation; it also allows for the construction of sampling
distributions of the test statistic in the frequentist prescription. For rate systematic uncertainties,

this auxiliary pdf is taken as a log-normal distribution:

o(6) = Wn(0/9))* ); (5.4

1
——ex
V2rin(k) p( 2(lnk)? )6

where the k parameter determines the width of this distribution and 6 is the nominal value
of the observable. The tt + jets and tf + v backgrounds are additionally allowed to float in

normalization by applying a log-uniform distributed pdf.
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For shape systematic uncertainties, a ‘vertical morphing’ technique [I55] is applied. The
B is recalculated for the +10 fluctuations of each shape-based systematic and supplied to this
method; a single, Gaussian-distributed nuisance parameter is constructed to interpolate a Taylor
expansion of the deviations from the nominal value. This interpolation is taken as quadratic for

fluctuations within +1o, and linearly beyond that from the nominal value.

Limit-Setting Procedure

To compare the compatibility of the data with the background-only and signal+background (of
some signal strength u) hypotheses, the test statistic is defined as the profile likelihood ratio and
constructed as:

L(data|u,6,)

:*21H7A7 OS 1 S 8.5
L(data| f1, 0) p=h (®.5)

where GAH is the maximum likelihood estimation of 6 given u, and ji and 6 correspond to the
global maximum of the likelihood.

The constraint 0 < i is the physical requirement that the signal rate be non-negative, and
the upper constraint £ < p is imposed to ensure a one-sided confidence interval — physically this
ensures that upward fluctuations of the data such that i > p are not considered evidence the
signal hypothesis of signal strength p.

The best-fit, maximum likelihood values for the nuisance parameters describing the observed
data are found for the background-only hypothesis (égbs) and for the signal+background hy-
pothesis (ézbs). These are used to generate pseudo-data datasets with which to construct pdfs
(G | 1, égbs) and f(q, | 0,05%) for each hypothesis.

With these pdfs the p-values for each hypothesis can be formed:

pu = PG, > (jzbs | signal+background) (8.6)
= | @] n.0;)da, (87)

q;°°

o ~ ~obs

1—py, = P(Gu > q° | background-only) (8.8)
= | 1(d10,05")dd, (8.9)

457"

Then

CL (1) = 72— (8.10)

T1-p
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From this definition the 95% Confidence Level upper limit on the signal strength  is quoted
by adjusting p until CLs = 0.05. Any model for which CLg < 0.05 is excluded.

The +£10 and +20 bands around the median expected upper limit are calculated by generating
a large number of pseudo-data samples or ‘toy’ datasets and calculating CLg and %€ for

each. A cumulative probability distribution of the results then reveals the +1c bands by the
crossing-points of the 16 (84)% quantiles, and the +2¢ bands by the 2.5 (97.5) % quantiles.

Technical Implementation

In the upper limit calculation, the backgrounds are separated into the categories: tt+ jets, single
top (all channels combined), W+jets, Z+jets, tt +W, tt +Z, dibosons (WW, WZ, ZZ), Vv
(Ww, Z7v), and tt + 7.

As described in Section [7.4] all systematic uncertainties are taken as uncorrelated nuisance
parameters, completely uncorrelated with all other nuisances. All rate uncertainties are imple-
mented as log-normal distributed nuisances, excepting the additional floating allowed for the
tt + jets and tt + v which is implemented as a log-uniform distribution. Shape systematics are

implemented by the ‘vertical morphing’ technique.

8.2 Upper Limits and Mass Exclusion Contour

The 95% Confidence Level upper limits on the stop production cross section are shown in Fig-
ure and the mass exclusion contour is shown in Figure Stop masses of 650-750 GeV/c?
are excluded depending on bino mass. The observed upper limits are slightly below the expected,
indicating a small (non-significant) deficit in the observed data from the predicted background

predictions.
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CMS Preliminary \s =8 TeV L. =19.7fb" e/pu+ = bjjtyy

int

mBino [Ge\/]
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Figure 8.3: The observed 95% Confidence Level upper limits on the theoretical cross section for
GMSB stop pair production as a function of stop and bino masses.
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Figure 8.4: The observed and expected 95% Confidence Level exclusion contours for stop and
bino masses. Stop masses up to 650-750 GeV/c? are excluded depending on the bino mass.
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Figure 8.5: The observed (left) and expected (right) exclusion contours overlaid n the 95% C.L.
upper limits on the cross sections, in the style of presentation more commonly used for Simplified
Model Spectra (SMS) results. Here the +10 bands are replaced with bands determined by simply
scaling the theoretical cross section prediction up and down by a factor of 3.
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Figure 8.6: Comparison of the exclusion contours when considering only SR1 (blue on blue), only
SR2 (red on hashed red), and both channels combined (black on orange). The signal sensitivity
is dominated by SR2 due to greatly reduced backgrounds, and the inclusion of SR1 constrains
the Bt in the global fit (the profiling of nuisance parameters).
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Chapter 9

Conclusions

The results of this search for evidence of new particle production in pp collisions at /s = 8 TeV
in the lepton, jets, and photons final state have been presented. No significant deviation of
the distribution of missing transverse energy (Hr) from expected Standard Model processes is
observed, and the results have been interpreted as upper limits on the production rate of light
stop squarks in General Gauge Mediated (GGM) models of Gauge Mediated Supersymmetry
Breaking (GMSB). Stop squark masses below 650-750 GeV/c? are excluded, depending on the
mass of bino-like NLSPs.

While these results do not exclude supersymmetry, they place extraordinarily tight con-
straints on natural models of GMSB. Similar constraints for a Higgsino-like NLSP are stop mass
lower bounds of 310 GeV/c? [82] and 500-600 GeV/c? [83] from ATLAS and 360-410 GeV/c?
from CMS [84]. A stop mass lower bound of 330 GeV/c? can be determined from the observed
h — ~v branching ratio [I56]. Within the scenario presented by this dissertation, stop masses
of above 750 GeV/c? would infer a fine-tuning of greater than ~10% [157].

SUSY is under great tension and many models promising naturalness are now constrained
to be fine-tuned, but many models remain that can accommodate heavier sparticle spectra. As
Run IT is just beginning in 2015 at /s = 13 TeV, early benchmark searches will be performed
just as in 7 and 8 TeV operation. Future photonic searches for SUSY will include the di-photon
inclusive (yy + X) and could easily improve third generation squark sensitivity by requiring a
b-jet (vy + b+ X). Natural Higgsino searches will be very important in stop mass sensitivity.

A very interesting scenario similar to the search presented here is light stop production with
a wino-like co-NLSP: £ — by +tx) — bbW W™ +~ + Er. This final state is similar to tf + v
with only one photon, except a careful reconstruction of the top quarks will reveal one on-shell
and one off-shell top quark candidate.

The future of SUSY searches at the LHC is bright and exciting, with many still expecting to
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1o observe it in the future. Run I of the LHC has bolstered both the predictions and problems of

wn  the Standard Model, and there must be more physics to discover.
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Appendix A

Data to Monte Carlo

Comparisons

This section compares observed data to Monte Carlo simulations for a number of different kine-
matical distributions. For brevity of the captions, each figure in this appendix compares a
single channel (electron or muon) with CR1 on the top-left, CR2 on the top-right, SR1 on the

bottom-left, and SR2 on the bottom-right. The regions are printed on each figure for clarity.
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Figure A.1: Comparison of the jet multiplicity for the electron channel.
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Figure A.3: Comparison of the b-tag multiplicity for the electron channel.
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Figure A.5: Comparison of the lead b-jet pr for the electron channel.
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A

Data / Background

oo ¥
POORNDO®

CR1

CMs Preliminary 2015 5=8Tev [L=19.71b"
> — I e B L A e e e e =
3 [ ]
O —— Data
2 E Stat. 0 Syst. Errors
s F Qcp [+ Jets
@ O w + Jets. [ ziy* + Jets.
5 100 I Single top W vy
5 F Ei+v i+
£ F — GGM (460_175)  —— GGM (560_325)
B

ele

o
oN

0

CMS Preliminary 2015 Vs =8 TeV rL =1971"

700

500 800

Sl

=
v

i
<

Number of Events / GeV
.
o

—— Data

73 stat. 0 Syst. Errors
i+ Jets

3 2y + Jets

. vV, vy

Eti+y
— GGM (460_175)

—— GGM (560_325)

SR1 ele

Data / Background

Figure A.7:

400

500 800

1000 1200
HT_jets

Data / Background

Number of Events / GeV/

Data / Background

Number of Events / GeV

CMS Preliminary 2015 {s =8 Te'

-

4

v [L=1971*
4

—— Data -
U7 stat. O Syst. Errors =
i+ Jets IR W +Jets |
2y + Jets I Single top -
. V. vy Ei+v

ER+y

— GGM (460_175)  —— GGM (560_325)

CR2 ele

700

600

500

1000

CMS Preliminary 2015 Vs =8 TeV rL =1971b"

R

N
S
T \HHH‘ T \HHH‘

i

—— Data

i+ Jets
) 2y* + Jets
. WV, vy

Eai+y
— GGM (460_175)

Stat. 0 Syst. Errors

W+ Jets
single top
E+v

— GGM (560_325)

ele

700

0 200

600

800

000

200

200, s

135

Comparison of the scalar sum of jet pr known as HT for the electron channel.



136

CMs Preliminary 2015 5=8Tev [L=19.71b"
—

APPENDIX A. DATA TO MONTE CARLO COMPARISONS

N
Q,

=
o

Number of Events / GeV
=
3

—— Data
7 stat. O Syst. Errors
i+ dets ERw +Jets 3
[ ziy* + Jets. [ single top I
. vy v

i

GGM (460_175)  —— GGM (560_325)

CR1 muon

°
2
S
3 —|—
2 -
8 SRR — —
[ S T 1
©
g
a
200 700 500 800 1000 1200
HT jJéfs
CMS Preliminary 2015 Vs =8 TeV rL =1971"
> ——T 7
> [ 3
O] —— Data
- Stat. [ Syst. Errors
12]
e i+ Jets
[93 [ Ziy* + Jets
i Wy
5 Eti+y
2 —— GGM (460_175)  —— GGM (560_325)] |
£
3 SR1 muon ]

Data / Background

Figure A.8:

500 800 1000 1200
HT_jets

Number of Events / GeV

Data / Background

10°

Number of Events / GeV

iy
<,
o

10°

Data / Background

10°

-

n

®

B

CMS Preliminary 2015 5=8Tev [L=19.71b"
4

—— Data
T4 Stat. 0 Syst. Errors

i+ Jets IR W +Jets
2y + Jets I Single top
. V. vy Ei+v
ER+y

— GGM (460_175)  —— GGM (560_325)

CR2 muon

N

700 600 800 1000

s

CMS Preliminary 2015 Vs =8 TeV rL =1971b"

S s s e e s A e e e
E —— Data =
E 7 stat. 0 Syst. Errors =
- i+ Jets W +Jets =l
L [ 2ly* + Jets Single top i

. WV, vy vy

ERd+y

—— GGM (460_175)  —— GGM (560_325)

SR2 muon

200

700 600 800 1000 1200 , 1400,
HT_jets

Comparison of the scalar sum of jet pr known as HT for the muon channel.



CMs Preliminary 2015 5=8Tev [L=19.7b"

> L L0 e e e ML B
® E

© C —— Data

2 I [ stat. U syst. Errors

gl oco it gets

i) T w + Jets. [ ziy* + Jets.

5 I Single top W, vy

3 Eii+v =+

2 — GGM (460_175)  —— GGM (560_325)|
5

z

CR1 ele

PRI R

Data / Background

_l_

% 100 200 300 400 500

CMS Preliminary 2015 Vs =8 TeV rL =1971"

600

Eletifon F@TUo

Eti+y
— GGM (460_175)

—— GGM (560_325)

N

> e L o B o LA B A o
]

© —— Daa

2 77 stat. O Syst. Errors
I -

15 i+ Jets

@ [ Ziy* + Jets.

kel . vV, vy

3

k-

E

5

4

SR1 ele

N

Data / Background
&
TTTT ‘ TTTT ‘
it
&
-

o
o
TTTT T

=3

100 200 300 400 500

Figure A.9:

500

Eictlion F°

CMS Preliminary 2015 s =8 TeV

-

Number of Events / GeV

10?

[L=1071"
4

—— Data

i+ Jets
2y + Jets
W vy
ER+y

— GGM (460_175)

Stat. 0 Syst. Errors

W +Jets
I Single top
Ei+v

— GGM (560_325)

CR2 ele

_i_

160 200 300

CMS Preliminary 2015 Vs =8 TeV rL =1971b"

200

Eféctron By’

)

2

S ‘B

3 E

S 15

g

o E

© E

[:4] E

~ 17

o =

8 g

O o5
%

> T

]

g L

s E

< =

o

s

w | -

5 L

©

3

£

5

z

Data / Background

0

4

—— Data

i+ Jets
) 2y* + Jets
. WV, vy

Eai+y
— GGM (460_175)

Stat. 0 Syst. Errors

W+ Jets
single top
E+v

— GGM (560_325)

SR2 ele

200 300

400

EfSctron F°

Comparison of the lepton pr for the electron channel.

137



138

Number of Events / GeV

Data/ Background

Number of Events / GeV

Data / Background

o
o
TTTT 7T

10?

10

APPENDIX A. DATA TO MONTE CARLO COMPARISONS

T

CMs Preliminary 2015 5=8Tev [L=19.71b"
; T T3

E —baa B
Stat. O Syst. Errors
[t + Jets [ w +Jets
[ 2y + Jets I Single top
. . vy i+v -
Elti+y
— GGM (460_175)  —— GGM (560_325)|

CR1 muon

=)

200 700

CMS Preliminary 2015 Vs =8 TeV rL =1971"

500 800

1000 12
Muon EPT

N
T

i

N

—— Data

73 stat. O Syst. Errors
i+ Jets

3 2y + Jets

W, vy

Eti+y
— GGM (460_175)

I W+ Jets
I Single top
Ei+v

—— GGM (560_325)

SR1 muon ]

=3

400

Figure A.10: Comparison of the lepton pr for

500 800

1000 12
Muon P

T

Number of Events / GeV

Data / Background

Number of Events / GeV

Data / Background

CMS Preliminary 2015 5=8Tev [L=19.71b"
T A

—— Data
Stat. [J Syst. Errors =
[t + Jets W+ Jets 7
[ 2iy* + dets Single top i
W, vy Ei+v
ER+y
—— GGM (460_175)  —— GGM (560_325)|

CR2 muon 1

200

CMS Preliminary 2015 Vs =8 TeV rL =1971b"

300 700

Fhaon F°°

L e o o s e e e LA S s s ey e
—— Data
Stat. [ Syst. Errors
- i+ Jets W +Jets =l
[ 2ly* + Jets Single top i
. Ei+v
107 Edi+y
—— GGM (460_175)  —— GGM (560_325)
w, E

100 200

the muon channel.



CMs Preliminary 2015 5=8Tev [L=19.71b"
-k

=
U

Number of Events / GeV

[

—— Data
Stat. O Syst. Errors
[ Qco

0w + Jets.

[l single top
Ei+v

[+ vets
[zt + Jets.

Data / Background

10 ETzoocf leading %/

CMS Preliminary 2015 Vs =8 TeV rL =1971"

Number of Events / GeV

Data / Background

—— Data

73 stat. 0 Syst. Errors
i+ Jets

3 2y + Jets

. vV, vy

Eti+y
—— GGM (460_175)  —— GGM (560_325)

SR1 ele

=3

300 400 500 700800
sggr of leading y

Number of Events / GeV

CMS Preliminary 2015 5=8Tev [L=19.71b"

10

=

—— Data

77 stat. O syst. Errors
[ i +dets

[ ziy* + dets
W vy

Hti+y

CR2 ele

| \HHH‘

2 18

3 16

S 14

g 12

[:4]

s

o

[=}

0% 2040 60 80 100 120 140 1é? 1%) 200
E;of leadingy
CMS Preliminary 2015 Vs =8 TeV rL =1971b"

> T T T T T T T T T T T T T TR T T T T

? 3

o —— Data

210° Stat. [ Syst. Errors —

1] i+ Jets 3w + Jets 3

o [ 2iy* + Jets Single top =

b= W vy CO+v B

5 1 E>ii+y =

-g —— GGM (460_175) — GGM (560_325)] =

: SR2 el ]

o

2

5

3

2

8

o

g

o

% ~"100 200 300 400 500 600 1000

7% g °8t leddfing'V

Figure A.11: Comparison of the lead photon Et for the electron channel.

139



140 APPENDIX A. DATA TO MONTE CARLO COMPARISONS

CMs Preliminary 2015 5=8Tev [L=19.71b" CMS Preliminary 2015 5=8Tev [L=19.71b"
T B B B S T T T T T T T
D 1 v ]
o —— Data o —— Data
n Stat. 0 Syst. Errors 0 Stat. 0 Syst. Errors
10 T T+ gets W+ dets s i+ dets W+ dets
Lﬁ [ ziy + Jets. [l single top u>J [ ziy* + Jets [l single top =
51 v vy Ei+v B - [ . vy Eii+v N
° M ti+y ° Mi+y
£ £ et
e CR1 muon E CR2 muon
100 ]
10
10"
10°
o )
2 2
5 S
2 e
2 2
S ]
3 ©
o [:4]
s s
g 3
a o
50 160 50 20 %50 2040 B0 80 100 120  T40_ 160, 180 200
E; oqpleadmgy E; oefoleaélngy
CMS Preliminary 2015 Vs =8 TeV [-L=19.7'b'1 CMS Preliminary 2015 Vs =8 TeV [-L=19.7fb'j
S e A TR o WA s o B > T T T T T
[ 1 [} . 1
O] —— Data 7 o ’ —— Data 7
; Stat. [ Syst. Errors ; Stat. [ Syst. Errors.
2 i+ dets EI W+ Jets 2 i+ dets W+ Jets
5 [ Ziy* + Jets. B Single top - I [ Ziy* + Jets I Single top -
@ [ NA Ci+v N @ WV VY sy N
= Eii+y e sy
S —— GGM (460_175) —— GGM (560_325)| S —— GGM (460_175) — GGM (560_325)|
5 SR1 muon E SR2 muon
10?
10°
° <
2 2
5 S
3 3
5 a
2 g
8 8
o [1]
; il
© <
2R bt P L a e S
E I
0 100 200 300 200 500 0 700,. 800 100 200 300 400 500 600 700 8 900 1000
EDTof leading y EToqueagmgy

Figure A.12: Comparison of the lead photon Et for the muon channel.



1979

1980

1981

1982

1983

1984

1985

1986

1987

Appendix B

Systematic Shape Comparisons

For brevity of the captions, each figure in this appendix compares shape-based fluctuations of
systematic uncertainties of the K background estimate. Except where otherwise noted, the
electron channels are shown on the left and the muon channels shown on the right, with SR1
shown on the top and SR2 shown on the bottom. In black is the central value, in red is the

upwards fluctuation by +10, and in blue is the downwards fluctuation by —1o. All shapes are

normalized to unit area.

B.1 Background Cross Sections
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Figure B.1: Comparison of the PDF cross section systematic uncertainty for

gg-initiated processes (¢, tt +Z, tt + 7).
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Figure B.2: Comparison of the PDF systematic uncertainty for gg-initiated
processes (tt +W, W, Z).
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Figure B.3: Comparison of the QCD scale systematic uncertainty for ¢ pro-
cesses (tt +X, single top).
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Figure B.4: Comparison of the QCD scale systematic uncertainty for V' pro-
cesses (W and Z).
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Figure B.5: Comparison of the QCD scale systematic uncertainty for V' pro-
cesses (diboson).
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w B.2 Jet Energy Scale

ele_SR1 [ muon_SR1
—Up —Up
107 — Central 101 — Central
— Down — Down
102
107 =
I I P ST P T 0% b e L
100 200 300 400 500 600 700 800 106508305 406505~ 606706400
E; (GeV) E, (GeV)
ele_SR2 [ muon_SR2
—Up [ —Up
— Central — Central
— Down 107 —Down
107
P S T R PR P ST T T A T
100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
£ (GeV) £, (GeV)

Figure B.6: Comparison of the JES systematic uncertainty.

w B.3 b-tag Scale Factors
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Figure B.7: Comparison of the b-tag scale factor reweighting systematic un-
certainty.
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« B.4 Lepton ID/Trigger Scale Factors
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Figure B.8: Comparison of the lepton ID and trigger scale factors systematic

uncertainty.

107

ele_SR1
—up

— Central
— Down

muon_SR1
—Uup

— Central
— Down

| | | | | | | 10°E, .1 | | | | | |
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
£ (GeV) £, (GeV)
ele_SR2 muon_SR2
—Up r —Up
— Central — Central
— Down 107 — Down

0

| | | | | | |
100 200 300 400 500 600 700 800
r (GeV)

I | I I I | I
0 100 200 300 400 500 600 700 800

£ (GeV)

B.5 Photon ID Scale Factors

Figure B.9:

ele_SR1 [ muon_SR1
—Up [ —Up
107 — Central 109 — Central
— Down — Down
102
107 E
| | | | | | | 105, .1 | | | | | |
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
&, (GeV) ¥, (GeV)
ele_SR2 muon_SR2
—Up r —Up
— Central — Central
— Down 107 — Down
10
10°F
0%
| | | | | | |

0

Comparison of the photon ID scale factor systematic uncertainty.

100 200 300 400 500 600 700 800
Fr (Gev)

| | | | | | |
0 100 200 300 400 500 600 700 800
Fr (GeV)

145



146 APPENDIX B. SYSTEMATIC SHAPE COMPARISONS

» B.6 Top Quark pT Reweighting
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Figure B.10: Comparison of the top quark pr reweighting systematic uncer-
tainty.

» B.7 Control Region MET Comparison
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Figure B.11: Comparison of the systematic uncertainty derived from the
data-to-MC difference found in CR1, shown in Figure
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Figure B.13: Comparison of the systematic uncertainty derived from the difference in
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