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Abstract

A measurement of the differential Z boson production cross section in proton-proton
collisions is presented. It furnishes a precision test of the Standard Model, and con-
strains the parton distribution functions of the proton. Moreover, it is a building
block for future measurements of the mass of the W* boson. A study of the effi-
ciency of lepton identification algorithms is performed which drives the precision of
the measurement at lower values of transverse momentum.

In tandem, a search for new physics in events with a Z boson produced in associa-
tion with large missing transverse momentum is presented. The results of this search
are interpreted in the context of several dark matter models: generic spin-0 or spin-1
mediators, invisible decays of a Higgs-like boson, unparticles, and large extra spatial
dimensions. A multivariate analysis was developed to enhance the sensitivity of the
invisible Higgs interpretation. The theoretical uncertainty on the irreducible back-
ground from electroweak diboson processes is constrained by emulating the missing
energy using pure control samples in the fully leptonic final states.

The data were collected with the Compact Muon Solenoid detector at the Large
Hadron Collider and correspond to an integrated luminosity of 35.9 fb~*. No signifi-
cant deviations from the Standard Model are found.
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Chapter 1

Introduction

At the energy scales of everyday life in the 215 century, the preponderance of the
human experience is described by the electromagnetic and gravitational forces. As it
fights gravitational attraction walking on the ground of the Earth, the human body
is held together by chemical bonds having energy of several electron volts (eV), and
it observes its environment by absorbing photons of comparable energies. The saga
of the evolution of the Universe far surpasses these energy scales. According to the
theory of the Big Bang, it began approximately 13.8 billion years ago. The energy
of the fundamental interactions occurring in the first few seconds after the Big Bang
was much higher.

The Standard Model of particle physics is a unified theory of three of the four
fundamental forces of nature. It describes the strong and weak nuclear forces alongside
the electromagnetic force. These interactions occur among elementary particles, and
the forces amongst them are carried by gauge bosons. The Standard Model is not
yet a Grand Unified Theory, which would describe a single, unified force at the time
of the Big Bang. Besides unification, there are several unanswered questions. What
is the internal structure of the proton, one of the building blocks of all chemical
elements? Is there additional undetected dark matter in our Universe? Are there more
undiscovered fundamental particles? Are there more than four spacetime dimensions?

Compared to the electromagnetic force, the weak nuclear force is stronger, but
only at very short ranges (< 107! m). It is mediated by the extremely massive W=
and Z bosons. By the mass-energy equivalence principle, they weigh around 80 and
91 GeV (giga-electron volts), respectively. Compared to the weak force, the strong
nuclear force is even more powerful and short-ranged. It is mediated by the massless
gluon. It overcomes the electrostatic repulsion of nucleons to hold together nuclei at
distances measured in femtometers.

To study the strong and weak nuclear forces, it is necessary to observe the products
of interactions on the energy scales of hundreds of GeV or even TeV (tera-electron
volts). In order to produce a large multitude of these interactions, machines such as
the Large Hadron Collider (LHC) are built. The purpose of the LHC is to collide
protons having energies of several TeV. These supercolliders are financial undertakings
amounting to billions of US dollars. Today, their construction and operation are
directed by international organizations such as CERN (European Center for Nuclear
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Research). Meanwhile, to observe those interactions, detector systems such as the
CMS Detector are built to capture and measure most of the interaction products.
These function as very fast cameras which provide a detailed picture of what particles
came out of a particular proton-proton collision event.

To date, this work contains the most precise measurement of the production of
Z bosons via proton collisions at center-of-mass energy 13 TeV. Also presented is a
search for the production of invisible particles at the LHC, which could point to dark
matter, extra spacetime dimensions, or some other new phenomenon. Both results
make use of the experimentally clean signature where a Z boson decays leptonically
into an electron-positron or muon-antimuon pairE].

1.1 Differential measurements of gauge bosons

The production of charged lepton pairs via the Drell-Yan (DY) process is essential for
the physics program of the CERN LHC. The large cross section and clean experimen-
tal signature provide important precision tests of the standard model (SM), as well
as constraints on the parton distribution functions (PDFs) of the proton. In addition,
the study of the DY process allows for stringent constraints on physics beyond the
standard model (BSM). Furthermore, dilepton events are valuable for calibrating the
detector and monitoring the stability of the luminosity.

Figure 1-1: The Drell-Yan process.

The intermediate vector bosons W* and Z/~* (referred to as Z boson) can have
non-zero momentum transverse to the beam direction (pr). This is due to the intrinsic
pr of the initial-state partons inside the proton as well as the initial-state radiation
of gluons and quarks. Measurements of the pr distributions of the W* and Z bosons
probe various aspects of the strong interaction. In addition, accurate theoretical
prediction of the pr distribution is a key ingredient for a precise measurement of the
W= boson mass at the LHC.

The measurement of the W* boson mass relies on a fit to the experimental data,
with the target distribution being either the pr of the visible charged lepton daughter
or the transverse mass of the system of this lepton and the missing energy. Both

1Strictly speaking, the term “lepton” refers to electrons, muons, taus, and neutrinos. In exper-
imental high-energy physics, it is frequently used to refer to the first two generations of charged
leptons: electrons and muons.
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of these methods depend on the modeling of the W* boson pr distribution, which
suffers from uncertainties in the QCD renormalization and factorization scale and the
proton parton distribution functions. To mitigate this, it is possible to extrapolate
from a measured Z boson pr distribution, using the ratio of theoretical predictions
for W* and Z boson pr distributions:

do(W) _ [dO(W)/de]theor y [dU(Z) (1.1)

de dU(Z)/de de :| measured

This strategy was previously employed for the W* boson mass measurements using
the Tevatron [I, 2] and LHC Run-I data at 7 TeV [3]. One benefit is that some
uncertainties in the “theory” term partially cancel. The price is that the Z differential
pr spectrum must be measured experimentally. Therefore, it is essential to do this
using the LHC Run-II data at center-of-mass energy 13 TeV, on the path toward a
future W* boson mass measurement using those data.

Theoretical predictions of both the DY production total cross section and differen-
tial distributions are available up to next-to-next-to-leading order (NNLO) accuracy
in perturbative quantum chromodynamics (QCD) [4, [5]. The complete NNLO calcu-
lations of vector boson production in association with a jet in hadronic collisions have
recently become available at O(a?) accuracy in the strong coupling constant |6, 7, 8.
These calculations significantly reduce the factorization and renormalization scale un-
certainties which in turn reduce theoretical uncertainties in the prediction of the pr
distribution in the high-p region to the order of one percent. Electroweak (EW)
corrections are non-negligible at high-pr [9, [10].

The fixed order calculations are unreliable at low-pr region due to soft and collinear
gluon radiation, resulting in the appearance of large logarithmic corrections. Resum-
mation of the logarithmically divergent terms up to next-to-next-to-leading loga-
rithmic (NNLL) accuracy has been matched with the fixed order predictions. This
matching is done by subtracting resummed terms of the same order as the fixed order
calculations to avoid double-counting. It allows accurate predictions for the entire
range of pr [11], 12]. Fixed order perturbative calculations can also be combined with
parton shower models to obtain fully-exclusive predictions [13| 14] 15, 16] with no
fiducial requirements.

The Z boson pr and rapidity distributions have been previously measured, using
ete” and ptpu~ pairs, by the ATLAS, CMS, and LHCb Collaborations for proton-
proton (pp) collisions at 7, 8, and 13 TeV at the LHC [17, 18| 19, 20}, 21, 22| 23, 24,
25, 26l 27, 28] 29, 30], and by the CDF and D0 Collaborations at the Tevatron for
proton-antiproton (pp) collisions at /s = 1.96 TeV [31), [32], 33|, 34} [35].

1.2 Dark matter searches
One of the most significant puzzles in modern physics is the nature of dark matter.
In the culmination of over a century of observations, the “Acpy” standard model

of cosmology has established that, in the total cosmic energy budget, known matter
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only accounts for about 5%, dark matter corresponds to 27%, and the rest is dark
energy [36]. Although several astrophysical observations indicate that dark matter
exists and interacts gravitationally with known matter, there is no evidence yet for
nongravitational interactions between dark matter and Standard Model particles.
While the nature of dark matter remains a mystery, there are a number of models
that predict a particle physics origin.

A promising possibility is that dark matter may take the form of weakly interacting
massive particles. If these particles exist, they can possibly be produced directly from,
annihilate into, or scatter off Standard Model particles. Recent dark matter searches
have exploited various methods including direct [37] and indirect [38] detection. If
dark matter can be observed in direct detection experiments, it must have substantial
couplings to quarks and/or gluons, and could also be produced at the LHC [39] 40,
411, 142), [43], 44].

In this work we search for such a mechanism producing a Z boson recoiling against
a pair of dark matter particles. This final state is well-suited to probe such beyond-
the-Standard Model scenarios, as it has relatively small and precisely known Standard
Model backgrounds. Previous searches of this nature have been performed using the
LHC Run-I datasets at center-of-mass energies 7 and 8 TeV. Some make use of the
same Z boson signature [45], 46, 47|, while other rely on final states with hadrons,
photons, or a single energetic lepton [48|, [49], 50], 51], 52), 53], 54], 53], 56], 57, 58, 59], 60].
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Chapter 2

Fundamental physics

First, I will give a brief history of how the elementary particles were discovered. Then
I will describe their subsummation in the Standard Model.

2.1 History

The year in which particle physics was conceived is a fungible number, but a strong
case could be made for 1897, when Sir Joseph John Thomson discovered the electron
[61]. The following decades brought Ernest Rutherford’s atomic nuclei in 1911 [62],
Niels Bohr’s atomic model in 1913 [63], and then James Chadwick’s neutron in 1932
[64].

After the electron, the next elementary particle discovered was the photon. The
evidence was provided by: Max Planck’s study of quantized blackbody radiation in
1900 [65]; Albert Einstein’s controversial explanation of the photoelectric effect in
1905 [66]; and Arthur Holly Compton’s scattering experiment in 1923 [67].

In 1935, Yukawa Hideki proposed a light, yet massive meson to mediate the nu-
cleon interaction [68]. By 1937, multiple efforts searching for Yukawa’s meson in the
cosmic rays, instead found an impostor. This was the next elementary particle, the
muon (4~ ): a second-generation charged lepton [69] [70].

The so-called Yukawa meson really did exist, although it was not discovered until
1947 at the University of Bristol [71]. Today we call it the charged pion (7%), and
it is a composite subatomic particle, not an elementary one. But in hindsight, this
was our initial foray into the strong nuclear force, since we continue to describe the
force between proximate nucleons via the exchange of one or more such light, virtual
mesons.

After the discovery of the neutron, Enrico Fermi and Wolfgang Pauli’s work in
the early 1930s led to the prediction of the neutrino, another elementary particle [72].
It was not discovered until 1956 by Clyde Cowan and Frederick Reines using inverse
beta decay [73]. This was our first conception of the weak nuclear force. The second
and third generation neutrinos came later. Lederman, Schwartz, and Steinberger
observed the second-generation muon neutrino (v,) in 1962 [74].

The third-generation charged lepton, the tau (7), was discovered at the Stanford
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Linear Accelerator Center in 1975 [75]. The DONUT experiment observed its partner,
the tau neutrino (v;), in 2000 [76].

The constituents of mesons and atomic matter were found to be the quarks. Most
of the quarks can be bound together for a time by gluons. Quarks, or aces, were
originally conceived of by Murray Gell-Mann [77] and George Zweig [78]. Briefly, the
order of their observation is as follows: the up, down, and strange quarks in 1968
[79] [80]; the charm quark 1974 [81] [82]; the bottom quark in 1977 [83]; the gluon in
1978; [84] and the top quark in 1995 [85] [86].

The unified electroweak theory was validated when the W* and Z bosons were
discovered in 1983 by the UA1 and UA2 experiments [87] [88] [89] [90]. Finally, the
last missing component of the Standard Model, the Higgs boson, was discovered in
2012 by the CMS and ATLAS collaborations [91] [92].

The Standard Model of particle physics was built up over a century of arduous
and incremental observations. Thus, the remainder of this work is written standing
on the shoulders of giants.

2.2 Standard Model

Here, I will present the individual interactions and their unification in the theory.
Beyond the scope of this work are discussions of gravitation, general relativity, and
previous outdated theories. The internal symmetries of the Standard Model are
represented by the unitary product group SU(3) x SU(2) x U(1).

The Lagrangian density of the Standard Model is

Lsym = Lrw + Lqcp (2.1)

The components are described below.

2.2.1 Electromagnetic force

The quantum field theory for electromagnetism is quantum electrodynamics or QED
for short, with internal symmetry represented by the group U(1). QED was the first
quantum field theory to incorporate special relativity. It describes the interactions
between charged particles, the force being carried by the photon. The Lagrangian
density for a fermion field interacting with the electromagnetic field is

] 1
Loep = ¢ (iv"D,, —m) 1 — ZF“”FW (2.2)

The indices p, v represent spacetime.

e is the coupling constant, also known as the elementary charge of the electron.

~# are the Dirac matrices which act on Dirac spinors to produce four-vectors.

¥ is a Dirac bi-spinor representing the field for a charged spin-1/2 particle and
antiparticle e.g. an electron and positron at spacetime point z.
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m is the mass of that particle.

1 is the Dirac adjoint of 1, defined as ¥4°.

D, is the gauge covariant derivative 0, +ieA, +ieB,,.

A, is the electromagnetic four-potential from the particle itself.

B,, is the external EM four-potential.

F,, is the electromagnetic field tensor d,A4, — 0, A,,.

In QED there is only the fermion-fermion-photon vertex. This quantum field
theory offered uncanny accuracy for observables such as the energy levels of the
hydrogen atom and the anomalous magnetic moment of the electron. It has been
subsumed into the electroweak theory, which will be described next.

2.2.2 Electroweak unification

The weak interaction describes the interactions between fermions. The conserved
quantum number is the weak isospin (7). The classic example is beta decay, where
a down quark (7% = —1/2) changes into an up quark (7% = +1/2), producing an
additional electron and electron antineutrino (both 7% = —1/2). In such a process, the
weak isospin, electron number, and charge are all conserved. A historical discussion
of the weak interaction alone is omitted.

The electromagnetic and weak nuclear forces are unified in the theory of elec-
troweak (EW) interactions, wrought by Sheldon Glashow, Steven Weinberg, and Ab-
dus Salam (GWS). Above unification energy circa 250 GeV, or temperature 10
Kelvins, these forces are merged into a combined force. EW is a Yang-Mills theory
based on the gauge group SU(2) x U(1). The SU(2) group represents the three gauge
bosons of weak isospin, Aj, A, and Az. The U(1) group represents the gauge boson B
of weak hypercharge. All of these gauge bosons are massless. The coupling constants
are g for SU(2) and ¢’ for U(1).

The left-handed fermion fields transform as doublets under SU(2). The lepton dou-

I

2

blets are L; = (Vl) where v; are the three neutrinos and ¢; are the three charged lep-

tons. The quark doublets are (Q; = (Vuii ) , where u; are the three up-type quarks, d;
(]

are the three down-type quarks, and Vj; is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix describing the weak mixing among the quark generations.
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The Lagrangian density for the pure, unadulterated electroweak interaction is

LEW = £Gauge + ﬁFermion + Eqb + ﬁYukawa where

1 v qa 1 v
/CGauge = _ZAZ AMV - ZBM Bl“’
‘CFermion = Z flzﬁ)/,uDufz
fe{Q7u7d7L7,L} (2.3)

1 2
Co= D0 =2 (102 - 5

Lykawa = Z ~Gi(fundfrm + frud fun)
f

Breaking it down piece by piece,

® LGauge is the interaction among the gauge fields, described by the field strength
tensors A}’ 3 and B* for the weak isospin and weak hypercharge gauge fields.

® Lrermion 18 the interaction of the gauge bosons and the fermions. The symbol f
represents the left-handed doublet quark fields, the right-handed singlet up-type
quark fields, the right-handed singlet down-type quark fields, the left-handed
doublet lepton fields, and the right-handed singlet lepton fields.

e D, is the electroweak gauge covariant derivative, defined as 0, — i%Tj Al —
i%/YBM where T9=1:23 are the weak isospin operators and Y is the weak hyper-
charge operator.

o L, is the scalar field’s interaction with itself and the gauge bosons.

o Lvukawa 18 the Yukawa interaction of the scalar field with the fermions f, where
fru., fra are the left-handed and right-handed fermion fields.

2.2.3 Spontaneous symmetry breaking

Motivated by the necessity to generate the masses, a complex scalar doublet field is
added for this purpose:

+
o= ((ZO) , where ¢T, ¢" are complex numbers (2.4)
This ¢ field lives in a potential given by
V(g) = P96 + A(o'9) (2.5)

The constant A must be positive in order for the potential V' to have a minimum.
For negative values of 2, V could be visualized as a sombrero or similar hat with
a rounded brim; see Figure 2-1} Since the lowest point is somewhere in the brim,
the ¢ doublet develops a vacuum expectation value v/v/2. This breaks the SU(2)
symmetry, but a new U(1) symmetry is maintained. The value of v is experimentally
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Figure 2-1: Visualization of V' (¢) as the so-called “Mexican hat” potential.

found to be around 246 GeV, providing a basis for the earlier statement about the
unification energy.

Undertaking a unitary gauge transformation in SU(2), ¢ vanishes and ¢° remains
as a physical scalar field. Expanding this scalar field around the minimum of the
potential in Equation , ¢° — iﬂ(g&), where H(x) is a scalar at spacetime position

x with expected value 0.

Symmetry breaking alters the terms L4 and Lyykawa in Equation leaving the
others unchanged. In a Lagrangian density, the kinetic and potential terms for such
a scalar field ¢ are

Ly = (Do) (D"¢) = V(9) (2.6)

Let us expand Equation for the ¢-field using the previously defined D,,:

Ly= E(GMH)(OMH) — M| vVPH? +oH? + L
2 v (2.7)

1 o ~ o
+ 3 )ngAL + gI? A%+ gT° A + ¢V B,| (v+ H)?

Noting that (Tl + iTQ)/Q = T* are the raising and lowering operators for the third
component of weak isospin in the SU(2) symmetry, and the charge operator @) =
T3 — Y, the last term in £, simplifies:

1 /
L=t g [P + 24D + (945 +9'B,)°| (v + H)? (2.8)

If we define a weak angle 0y, = arctanZ, we view gAi + ¢'B,, as the A* and B bosons
being rotated into two other bosons. These will be the massive Z boson and the
massless v boson, also known as the photon [93]. Meanwhile, we can view the A! and
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A? bosons combining to give the charged W= bosons:

A FA?
V2
For completeness, let us rewrite the electroweak gauge covariant derivative in terms

of the physical bosons. The Z boson is represented by the gauge field Z, and the
photon is represented by the gauge field A, without a superscript.

W= (2.9)

tg

2

We can now rewrite £, from before, in terms of the physical W* and Z bosons:

Y7 (1% —sin 0y Q) —ieA,Q (2.10)

EW __ -
D" = 7L
cos Oy

(W, T+ W, T7) -

Ly = %(8“}[)(8“[{) - {mﬂ +vH? + iH“}

, (2.11)

9

2
9
“WIWH 4 —————

+ 4 K +800529W

WA “} (v+ H)?
From this expression, we can extract expressions for the W* and Z bosons’ masses
at leading-order:

vg vg

my = —, Mmy=—>—
27 2 cos Oy

(2.12)

Lastly, let us we reframe Equation [2.3] in terms of the physical gauge bosons. The
antisymmetric photon, Z, and W¥* field strength tensors A, Z,,, Wuil, are provided
as
A =0,A,—0,A,
Zyw = 0,2, — 0,2, (2.13)
(W:u)a = 8M(Wj)a - aV(W:)a - Z.ggabc(‘7‘/—;-1_)17(‘7\7—~_)c ‘
W,uu - (W;w)
where the vector notation indicates components in three-dimensional weak isospin

space. Einstein summation convention is used and ¢ is the antisymmetric Levi-Civita
symbol.

Finally, we can write down the full EW Lagrangian density after symmetry break-
ing. As before, Lew = LGauge + Lrermion + L4 + Lyukawa- The Lgauge term contains the
gauge field tensor dynamic terms, the triple-gauge couplings, and the quartic-gauge
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couplings:
1
['Gaugo = _Z |:AIWA;W + 2WLW7W’ + Z#VZ#V]
—ig [(W:VW_“ — WHHW L) (A”sin Oy — Z¥cos Oy )
+ W, W (A" sin Oy, — ZWCOSQW)]
2
+ZL [— (QWJW_“ + (Aysin Oy — Z,,cos HW)2)2

4
+ (WEW, + W)W, + (Ausin O — Z,cos Oy ) (Aysin by — Z,cos GW))Z]
(2.14)

The allowed gauge self-coupling vertices are pictured in Figures and 2-3
The Lgermion term contains the interaction between the gauge bosons and the
fermions, in the neutral current and the charged current:

Lrermion = [ I (J3 —sin? Gy JPV) 20 + eJEMA“]

. (2.15)

-7

1—7° 1
— —= [(uﬂ“T’yV;Jd] + ﬂi’}/u GZ)W: + hC]

The electromagnetic current is defined as JP™M = 37 gy fy,.f , with the bilinear
covariant vy, representing the vector spin-1 coupling. The weak neutral current is

defined as J} = 3 T} f %# f, with the bilinear covariant representing the infamous
“vector minus axial” spin-1 coupling. The matrix V;; is the CKM matrix.

v/ ¥
W w

W W

Figure 2-2: Triple gauge boson vertices in the electroweak theory.

2.2.4 The Higgs boson

Let us look at the second term of Equation m The portion —Mv2H? suggests
to us we can identify the quantum of the H-field as a physical boson with mass
my = V202X, We will call this quantum the Higgs boson, and the field, the Higgs
field.
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Figure 2-3: Non-Abelian quartic gauge couplings in the electroweak theory.

The L, term from the electroweak Lagrangian density can be expanded to find
the Higgs couplings to itself and the other gauge bosons, in particular to the Z boson
which is relevant to this work:

1 1 gm? g*m?
L,=|=(0"H)(0,H) — —m%4H?*| — | —H2 g3+ 21yt
o= [0 @)~ G| - | o 1 £

) ) (2.16)
_ 9”10
WiwHy ——— 7,7+ H+>=H
+ [( " +200520W H ) (ng + 4 )]
Meanwhile, the Lyiyiawa term from the Lagrangian density becomes
agmy =
Lyvukawa = — —ffH 2.17
Yuk Xf: o Ir (2.17)

It provides for the Higgs boson to interact with and decay into fermions, more likely
for massive fermions. The fermion mass my truly arises from the coupling to the
Higgs field, and not vice versa.

Figure 2-4: Higgs boson couplings. V is a W+ or Z boson. f are fermions.

2.2.5 Strong nuclear force

The strong nuclear force arises from the theory of the interactions of the quarks and
the gluon, called quantum chromodynamics (QCD). It is a non-Abelian gauge theory
whose internal symmetry is represented by the group SU(3).

Quarks and gluons carry color charge, of which there are three kinds: red, green,
and blue. Negative color charge, carried by the antiquarks and the gluons, is usually
represented by the prefix anti-, e.g. anti-red. In transmitting the strong force as
its carrier, the gluon carries a positive color charge and a negative color charge. A
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gluon could carry red and anti-blue color charge, for example. There are eight such
possible combinations, each of which is a different kind of gluon. These eight gluons
correspond to the eight generators of the SU(3) group.

Quarks are fermions, having intrinsic spin of 1/2. There are six quarks. Each
quark has a bare mass and an electric charge. In bound states such as the proton,
the quarks appear to weigh more. This constituent quark mass is heavier because of
the field of virtual quarks and gluons around the bare quarks.

Quark Symbol | Charge | Isospin | Bare mass [MeV c~ 2] | Constituent mass [MeV ¢~ 2]
Up u T2/3 12 23£07+05 336

Down d -1/3 -1/2 48+05+0.3 340

Charm c +2/3 0 1275 £ 25 1550

Strange s -2/3 0 95+5 486

Top t +2/3 0 173,210 £ 510 £ 710 4730

Bottom b -1/3 0 4180 £ 30 177,000

Table 2.1: The quarks. When significant, bare masses quote statistical followed by systematic
uncertainty.

The Dirac Lagrangian density which defines the interactions between quarks and
gluons is

1
~Ge G (2.18)

Lqocp = Z Ui (I"(0u6i5 — igsGLTY) — mydij) ¥; — A
P

e The index a represents the eight gluons.
e The index 7 represents the three colors.
e The indices u, v represent spacetime.

e ¢, is the strong coupling constant, sometimes expressed as \/4ma, which varies
as a function of energy scale (see Figure

e t; is a Dirac bi-spinor representing the field for a quark and its antiquark at
spacetime point x. 1); is the adjoint as in section [2.2.1]

e G} is the SU(3) gauge field.

e T3 are the eight generators of the SU(3) group, also known as Gell-Mann ma-

trices.

e Lastly, the symbol G7,, is the gluon field strength tensor...
The gluon field strength tensor comes from the gluon fields, Af.(z), as such:
G, = O AL — 9, A% + g [ A AL (2.19)

This quantum field theory permits the quark-quark-gluon vertex, the three-gluon
vertex, and the four-gluon vertex.

For experimental physics at the LHC, QCD is important even for studying elec-
troweak processes. Since we collide protons, the internal dynamics of the proton are
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Figure 2-5: The so-called “running” of ag as the energy scale [94].

an essential ingredient of Monte Carlo simulations. The momentum fractions carried
by the quarks and gluons are determined empirically as what are called the proton
parton distribution functions. Internal gluon loop corrections and the possibility of
emitting extra gluons before or after the hard process can enhance the total cross
section significantly for physics processes. QCD activity resulting in charged hadrons
may interfere with the ability to identify charged leptons in physics events of interest.
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2.3 Proton parton distribution functions

The quarks and gluons inside a proton are collectively called partons. The parton
distribution functions (PDFs) f;(x, Q?) give the probability of finding inside the pro-
ton a quark or gluon with momentum fraction x, in a hard process with momentum
transfer (. According to the central feature of QCD, known as asymptotic freedom,
the partonic interactions become asymptotically weak at short distances. QCD can
quantitatively predict the dependence of the PDFs on the energy scale, Q?, by way
of the QCD evolution equations developed by Dokshitzer, Gribov, Lipatov, Altarelli,
and Parisi (DGLAP). These equations are valid in the regime where the strong cou-
pling constant is small (ag(Q?) < 1) so perturbative calculations are effective. The
DGLAP equations can make a statement about the Q? dependence, but the x de-
pendence is still unknown. By the QCD factorization theorems, the PDFs can be
related to the observable cross section of a hard process by writing the cross section
as a parton interaction convoluted with the PDFs [95]. The parton interaction can be
calculated using perturbative quantum field theory techniques. The PDF shapes as a
function of x are not calculated theoretically and are instead determined empirically
by experimental data.

Figure 2-6: Probing the PDFs with deep inelastic scattering. From [96].

The HERA experiment provided important data for the PDF determination by
performing deep inelastic scattering of electrons or positrons with protons, at center
of mass energies of a few hundred GeV. Two different scattering processes can occur,
called the neutral current and charged current; see Figure[2-6] In the charged current
interaction, the cross sections of electron and positron on proton are sensitive to
different quark PDFs.

In pp and pp collisions at the Tevatron and LHC, we can learn more about the
proton PDFs through Standard Model precision measurements. In particular, the Z
boson differential cross section studied in this work contributes to the global fit of
the quark distributions. Meanwhile, ultraperipheral lead-lead heavy ion collisions are
also an unconventional source of high energy photon probes which help us study the
gluon distribution down to very small values of z (see [97]). Overall, the PDFs are
an important quantity for simulating the Standard Model background in a search for
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new physics. An example of the PDF set provided by the NNPDEF collaboration at
Q = 50GeV is shown in Figure 2-7

NNPDF 3.0, Q=50 GeV

Generated with APFEL 2.7.1 Web
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Figure 2-7: NNPDF 3.0 set at momentum transfer 50 GeV. Presented in [98].

2.4 New physics

The study presented here considers one possible mechanism for producing weakly
interacting massive particles at the LHC [99]. In this scenario, a Z boson, produced
in pp collisions, recoils against a pair of DM particles, x. The Z boson subsequently
decays into two charged leptons (electrons or muons), recoiling against E2 due to
the undetected DM particles. We assume the final state dark matter particle x is a
Dirac fermion.

2.4.1 Simplified models

Four simplified models of DM production via an s-channel mediator exchange are
considered. In these models, the mediator has a spin of 1 (0) and vector or axial-vector
(scalar or pseudoscalar) couplings to quarks and DM particles. The free parameters
of each model are the masses my.q and mpy of the mediator and DM particle,
respectively, as well as the coupling constant g, (gpm) between the mediator and the
quarks (DM particles). The vector coupling model is described with the following
Lagrangian:
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Figure 2-8: Some diagrams beyond the Standard Model in which are produced two charged leptons
and missing energy. Clockwise from upper left: associated production of an invisible Higgs boson;
gluon-induced production of a Z boson and a massive spin-0 dark matter mediator via top-quark
loop; production of a Z boson and a massive spin-1 dark matter mediator; production of a Z boson
in association with gravitons (ADD model) or unparticles.

'Cvector = gDMZ/uY/YMX + 9q Z Z/uq’wq
q

where the spin-1 mediator is denoted as Z' and the SM quark fields are referred to
as q and . The Lagrangian for an axial-vector coupling is obtained by making the
replacement y* — 75y, In the case of a spin-0 mediator ¢, the couplings between
mediator and quarks are assumed to be Yukawa-like, with g, acting as a multiplicative
modifier for the SM Yukawa coupling y, = v/2m/v (where v = 246 GeV is the SM
Higgs field vacuum expectation value), leading to the Lagrangian:

_ ¢ _
‘Cscalar = gDM¢XX + gqﬁ Z Yq49-
q

The Lagrangian with pseudoscalar couplings is obtained by inserting a factor of iv®
into each of the two terms (i.e., Yx — ix7°x and qq — iqy°q). Example diagrams
of DM production via spin-0 and spin-1 mediators are shown in Fig. (upper right
and lower right, respectively).
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2.4.2 Invisible Higgs bosons

A primary focus of the LHC physics program after the discovery of the Higgs boson
[100, T0T] by the ATLAS and CMS Collaborations is the study of the properties
of this new particle. The observation of a sizable branching fraction of the Higgs
boson to invisible states [102), [103] 104] would be a strong sign of BSM physics.
Supersymmetric (SUSY) models embodying R-parity conservation contain a stable
neutral lightest SUSY particle (LSP), e.g., the lightest neutralino [105], leading to the
possibility of decays of the Higgs boson into pairs of LSPs. Certain models with extra
spatial dimensions predict graviscalars that could mix with the Higgs boson [106]. As
a consequence, the Higgs boson could oscillate to a graviscalar and disappear from the
SM brane. The signature would be equivalent to an invisible decay of the Higgs boson.
There could also be contributions from Higgs boson decays into graviscalars [107].
Other “Higgs portal” models [I08], 109, T10] construct a generic connection between
SM and DM particles via a Higgs boson mediator. This work considers decays into
invisible particles of an SM-like Higgs boson produced in association with a Z boson,

as shown in Fig. (upper left).

2.4.3 Extra dimensions

A popular BSM paradigm considered here is the Arkani-Hamed—Dimopoulos—Dvali
(ADD) model with large extra spatial dimensions [I11], 112, [113], which is motivated
by the hierarchy problem, i.e., the disparity between the electroweak unification scale
(Mgw ~ 1TeV) and the Planck scale (Mp; ~ 10" TeV). The Planck scale is the
energy scale at which quantum effects of gravity become dominant and the Standard
Model becomes unified with gravitation. In the ADD model, the apparent Planck
scale in four space-time dimensions is given by M2 ~ M3 R", where Mp is the true
Planck scale of the full n+4 dimensional space-time and R is the compactification
radius of the extra dimensions. The meaning of compactification is that the extra
dimensions are finite or periodic in length. In the limit of sufficiently high length
scales or low energy scales, no fields depend on this extra dimension, so it reduces to
a standard 4-dimensional space-time. Assuming Mp is of the same order as Mgw,
the observed large value of Mp, points to an R of order 1 mm to 1 fm for 2 to 7 extra
dimensions. The consequence of the large compactification scale is that the mass
spectrum of the Kaluza—Klein graviton states becomes nearly continuous, resulting
in a broad Z boson transverse momentum (pr) spectrum. Therefore, this model
predicts graviton (G) production via the process qq — Z + G. The graviton escapes
detection, leading to the signature of a Z boson and missing energy (Fig. , lower
right).

2.4.4 Unparticles

The final BSM model considered in this work is the phenomenologically interest-
ing concept of unparticles, which appear in the low-energy limit of conformal field
theories. In the Standard Model, only massless particles exhibit scale invariance.
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Undertaking a scale transformation, all dimensional quantities are multipled by a
rescaling factor raised to the mass dimension. Thus, the massless particle’s mass is
unaffected. Unparticles arise from massive BSM fields which scale with fractional
dimensions [114], IT5], IT6]. In other words, the field’s quantities are multiplied by
fractional powers of the rescaling parameter, allowing for scale invariance.

In the high-energy regime, a scale invariant Banks—Zaks field with a nontriv-
ial infrared fixed point is introduced [1I7]. The interaction between the SM and
Banks—Zaks sectors is mediated by particles of large mass scale My, below which
the interaction is suppressed and can be treated via an effective field theory (EFT).
The low-energy regime will include unparticles. In this work, the emission of spin-0
unparticles from SM quarks is considered. Because of the weakness of the unparticle
interactions with the SM fields, the unparticle evades detection. The EFT Lagrangian
used to interpret the results is defined as follows:

where A represents the coupling between the SM and unparticle fields, Ay is the
cutoff scale of the EFT, and dy is the characteristic scaling dimension of the theory.
The unparticle operator is denoted as Oy. A representative Feynman diagram of the
interaction is shown in Fig. (lower right).
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Chapter 3

Experimental apparatus

The data studied in this work were collected at the Compact Muon Solenoid (CMS)
Experiment. The CMS Detector is a multi-purpose apparatus which records the
particle collisions of the Large Hadron Collider. It is installed about 100 meters
underground close to the French village of Cessy, between Lake Geneva and the Jura
mountains.

3.1 The Large Hadron Collider

The LHC is a two-ring superconducting hadron accelerator [118]. It is designed to
collide counter-rotating proton beams with a center-of-mass energy of 14 TeV and
instantaneous luminosity of 103 cm™2s™!. In 2016, protons were collided at at center-
of-mass energy of 13 TeV. The LHC has also collided lead ions with an energy of 2.8
TeV per nucleon and xenon ions with 2.72 TeV per nucleon.

First, hydrogen atoms are stripped of their protons with a large electric field.
They are accelerated to 450 GeV in the CERN LHC injector chain [I19]. The chain
is as follows: Linac2 (50 MeV), Proton Synchotron Booster (1.4 GeV), Proton Syn-
chotron (25 GeV), Super Proton Synchotron (450 GeV). After the SPS, the protons
are injected into the LHC’s two separate rings in discrete proton bunches. At the
designed spacing of 25 nanoseconds between bunches, there are about 2800 proton
bunches per beam.

The LHC achieves the final beam energy with 1232 dipole magnets, each 15 m
in length with peak dipole field of 8.3 T. The beam is focused using 492 quadrupole
magnets of length 5-7 m. These magnets are twin bore niobium-titanium supercon-
ducting electromagnets which operate at 1.9° K. The pipes for the counter-rotating
beams are magnetically coupled and the magnets share the same cryostat. Due to
the necessity of very efficient heat transfer for prolonged periods, superfluid helium
is used as a coolant.

The physics processes studied at the LHC are rare compared to the total proton-
proton collision cross section. A high beam intensity is needed to deliver them at a
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sufficient rate. For a Gaussian beam distribution, the machine luminosity is

o Nl?nbfrev’YTF

L=—tpe (3.1)

where

N, is the number of protons per bunch ~ 10!,

np is the number of bunches per beam = 2800.

frev 18 the revolution frequency .

v, is the Lorentz factor.

F' is the reduction factor due to the geometric crossing angle.

€n, 1s the transverse beam emittance normalized to the beam energy, describing
the spread in position and momentum space.

[£* is the beta function at the interaction point, which alongside ¢,, determines
the beam envelope.

The LHC has 4 interaction points. The two general purpose, high luminosity
experiments are ATLAS and CMS. The LHCb experiment has only forward coverage
and specializes in heavy flavor physics and spectroscopy. The ALICE experiment
studies heavy ion collisions.

In 2016, the LHC delivered around 36 inverse femtobarns worth of data which was
recorded by CMS.

3.2

The CMS Detector

CMS was designed with the following requirements in mind (in no particular order):

Good muon identification and momentum resolution over a wide range of mo-
menta and angles, good dimuon mass resolution (1% at 100 GeV), and the
ability to determine unambiguously the charge of muons with p < 1 TeV

Good charged-particle momentum resolution and reconstruction efficiency in the
inner tracker. Efficient triggering and offline tagging of 7’s and b-jets, requiring
pixel detectors close to the interaction region

Good electromagnetic energy resolution, good diphoton and dielectron mass
resolution (1% at 100 GeV), wide geometric coverage, ° meson rejection, and
efficient photon and lepton isolation at high luminosities

Good missing transverse energy and dijet mass resolution, requiring hadron
calorimeters with a large hermetic geometric coverage and with fine lateral
segmentation
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Figure 3-1: Schematic of the CERN accelerator complex.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m
internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are
a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of
a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity
coverage provided by the barrel and endcap detectors. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [120]. The first
level, composed of custom hardware processors, uses information from the calorime-
ters and muon detectors to select events at a rate of around 100 kHz within a time
interval of less than 4 us. The second level, known as the high-level trigger, consists
of a farm of processors running a version of the full event reconstruction software
optimized for fast processing, and reduces the event rate to around 1 kHz before data
storage.

Coordinate system

To describe location, CMS uses a standard right-handed Cartesian coordinate system
where the x direction points to the center of the LHC ring, the y direction points
to the sky, and the z direction points in the counterclockwise beam direction at the
interaction point. This is used for locating interaction vertices and tracks’ impact
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parameters with respect to those vertices. However, this work will also frequently
use a set of modified spherical coordinates (r, ¢, ) which are conventional in particle
physics. Here, r is the radial coordinate, ¢ is the azimuthal angle, and 7 is the
pseudorapidity, given by

0
n = —In tan 5 = 0 = 2 arctan (") (3.2)

where 6 is the polar angle. In these coordinates, the transverse momentum pz of a
particle is related to its total momentum [p] and the hyperbolic secant of pseudora-
pidity as

pr = |p] sech n (3.3)

A variable used to denote the angular separation between two objects in the
detector is AR, which is defined as

AR = \/(¢1 — $2)2 + (m — m2)? (3.4)

3.2.1 Trackers

The inner tracking system of CMS is designed to provide a precise and efficient
measurement of the trajectories of charged particles emerging from the LHC collisions,

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m?* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 3-2: Schematic of the CMS Detector.
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as well as a precise reconstruction of secondary vertices. It surrounds the interaction
point and has a length of 5.8 m and a diameter of 2.5 m. The CMS solenoid provides
a homogeneous magnetic field of 4 T over the full volume of the tracker.

At the LHC design luminosity of 1034 cm™ s’!, there are on average about 1000
particles from more than 20 overlapping proton-proton interactions traversing the
tracker for each bunch crossing, i.e. every 25 ns. Therefore, a detector technology
featuring high granularity and fast response is required, such that the trajectories can
be identified reliably and attributed to the correct bunch crossing. However, these fea-
tures imply a high power density of the on-detector electronics which in turn requires
efficient cooling. This is in direct conflict with the aim of keeping to the minimum
the amount of material in order to limit multiple scattering, bremsstrahlung, photon
conversion, and nuclear interactions. Thus, the design was optimized to balance these
competing needs.

The intense particle flux will also cause severe radiation damage to the tracking
system. The main challenge in the design of the tracking system was to develop
detector components able to operate in this harsh environment for an expected lifetime
of 10 years. These requirements on granularity, speed and radiation hardness lead
to a tracker design entirely based on silicon detector technology. The CMS tracker
is composed of a pixel detector with three barrel layers at radii between 4.4 cm and
10.2 cm and a silicon strip tracker with 10 barrel detection layers extending outwards
to a radius of 1.1 m. Each system is completed by endcaps which consist of 2 disks
in the pixel detector and 3 plus 9 disks in the strip tracker on each side of the barrel,
extending the acceptance of the tracker up to a pseudorapidity of |n| < 2.5. With
about 200 m? of active silicon area the CMS tracker is the largest silicon tracker ever
built.
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Figure 3-3: Layout of the CMS tracker. From [I21].
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Figure 3-4: Layout of the CMS electromagnetic calorimeter showing the arrangement of crystal
modules, supermodules and endcaps, with the preshower in front. From [121].

3.2.2 Electromagnetic calorimeter

The electromagnetic calorimeter of CMS (ECAL) is a hermetic homogeneous calorime-
ter made of 61,200 lead tungstate (PbWQy) crystals mounted in the central barrel
part, and 7,324 crystals in each of the two endcaps. A preshower detector is placed
in front of the endcap crystals. Avalanche photodiodes (APDs) are used as photode-
tectors in the barrel and vacuum phototriodes (VPTs) in the endcaps. The use of
high density crystals has allowed the design of a calorimeter which is fast, has fine
granularity and is radiation resistant, all important characteristics in the LHC envi-
ronment. One of the driving criteria in the design was the capability to detect the
decay to two photons of the postulated Higgs boson. This capability is enhanced by
the good energy resolution provided by a homogeneous crystal calorimeter.

The number of scintillation photons and the electronic amplification thereof both
are decreasing with temperature. So the ECAL must be kept at a stable temperature
of 18 £0.05° C. Water cooling and aluminum tubing are used to meet this need.

ECAL barrel

The ECAL barrel (EB) covers the pseudorapidity range |n| < 1.479. The granularity
is 360 in ¢ and 170 in n, giving 61,200 crystals in all. The crystals have a tapered
shape. They are mounted in a quasi-projective geometry to avoid cracks aligned with
particle trajectories. In other words, their central axes are not exactly parallel to a
path from the interaction point, in either the ¢ or n projections. The crystal cross-
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Figure 3-5: Layout of the ECAL barrel. From [121].

section corresponds to approximately 0.0174 x 0.0174 in n X ¢ or 22 x 22 mm? at the
front face of the crystal-and 26 x 26 mm? at the rear face. The crystals’ radial length
is 230 mm, corresponding to 25.8 radiation lengths.

In the barrel, the scintillation photons are collected by Hamamatsu type S8148
reverse structure avalanche photodiodes. Their active area is 5 x 5 mm?. Two are
mounted on each crystal.

ECAL endcaps

The ECAL endcaps (EE) cover the rapidity range 1.479 < n < 2.5. The distance
from the interaction point and the endcaps is 315.4 cm with the 4 T magnetic field
on. Most of each endcap consists of identically shaped crystals grouped in mechanical
units of 5 x 5 crystals, called supercrystals. As with the EB crystals, the central axes
of the EE supercrystals are not exactly parallel to a path from the interaction point.
The front face of these crystals has an area of 28.62 x 28.62 mm?. The rear face has
an area of 30 x 30 mm?. The crystals’ length is 220 mm or 24.7 radiation lengths.

In the endcaps, the scintillation photons are collected by type PMT188 vacuum
phototriodes from National Research Institute Electron in St. Petersburg. Their
active area is 280 mm?. One is mounted on each crystal.

It is relevant to make a note here that the physical cracks between the EB and EEs
exist at 1.4442 < |n| < 1.566. This has a negative effect on the electron identification
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efficiency, to be described in great detail later. This motivates the non-intuitive
kinematic binnings in 7 which are used later in Chapter [6] and Appendix [A]

3.2.3 Hadron calorimeters

The hadron calorimeters (HCALS) exist to measure the energy of hadrons and hadronic
jets. Most hadrons pass through the ECAL due to its limited stopping power and then
deposit the rest of their energy in the HCAL. Muons, and the few energetic hadrons
which punch through the HCAL, traverse past it and reach the muon system. From
the visible particle energies recorded in the ECAL, HCAL, and muon systems, it is
possible to construct the quantity of missing transverse energy in order to infer the
production of neutrinos or exotic particles. Figure [3-6] shows the longitudinal view
of the CMS Detector. The dashed lines are at fixed n values. The hadron calorime-
ter barrel and endcaps sit behind the tracker and the electromagnetic calorimeter as
seen from the interaction point. The hadron calorimeter barrel is radially restricted
between the outer extent of the electromagnetic calorimeter (R = 1.77 m) and the
inner extent of the magnet coil (R = 2.95 m). This constrains the total amount of
material which can be put in to absorb the hadronic shower. Therefore, an outer
hadron calorimeter or tail catcher is placed outside the solenoid complementing the
barrel calorimeter. Beyond |n| = 3, the forward hadron calorimeters placed at 11.2
m from the interaction point extend the pseudorapidity coverage down to |n| = 5.2
using a Cherenkov-based, radiation-hard technology. The HCAL subsystems are de-
scribed briefly below, with more detailed information on the geometry and readout
being available in [122].

HCAL barrel

The HCAL barrel (HB) is a sampling calorimeter and covers the pseudorapidity range
In| < 1.3. It consists of 36 identical azimuthal wedges which form two half-barrels.
The wedges are constructed out of flat brass absorber plates which are parallel to
the beam axis. Each wedge is segmented into four azimuthal angle (¢) sectors. The
innermost and outermost plates are made of stainless steel for structural strength.

The absorber consists of a front steel plate 40 mm thick, followed by eight 50.5
mm thick brass plates, six 56.5 mm thick brass plates, and a 75 mm thick steel back
plate. The last layer is thicker to correct for late developing showers which could leak
out the back. The total absorber thickness at 90° is 5.82 interaction lengths (A;).
The HB effective thickness increases with polar angle (#) as 1/sin 6, resulting in 10.6
Ar at |n| = 1.3.

The HB baseline active material is 3.7 mm thick Kuraray SCSN81 plastic scintil-
lator, chosen for its long-term stability and moderate radiation hardness. The first
layer of scintillator is located in front of the steel support plate, and is made of 9 mm
thick Bicron BC408. Its purpose is to sample hadronic showers developing in the inert
material between the ECAL barrel and the HCAL barrel. The plastic scintillator is
divided into 16 n sectors, resulting in a segmentation of (An, A¢) = (0.087,0.087).
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Figure 3-6: Longitudinal slice of the CMS Detector showing the locations of the hadron barrel (HB),
endcap (HE), outer (HO) and forward (HF) calorimeters.

HCAL endcaps

The hadron calorimeter endcaps (HE) cover the rapidity range 1.3 < |n| < 3. It is
designed for high radiation tolerance, in order to survive 10 MRad after 10 years of
operation. The total length of the endcap calorimeter, after the ECAL and HCAL
endcaps, is about 10 interaction lengths.

The absorber is made of C26000 cartridge brass. The material was chosen because
it is non-magnetic, has a short interaction length and was available at a relatively low
cost. The absorber is assembled in a staggered geometry which minimizes the cracks
between HB and HE and contains no projective dead material.

The scintillators are of trapezoidal shape and there are 18 layers of them in total.
The first layer are made of 9 mm thick Bicron BC408. All the rest are made of 3.7
mm thick SCSN81. The scintillation light is read out via wavelength shifting fibers.
The granularity of the calorimeters is (An, A¢) = (0.087,0.087) for |n| < 1.6 and
(An, A¢) = (0.170,0.170) for |n| > 1.6.

HCAL outer

The combined stopping power of the ECAL and HCAL barrels does not provide
adequate stopping power in the central region |n| < 1.3. This is problematic for the
missing energy resolution. To further measure and contain these showers, the hadron
calorimeter is extended outside the solenoid with a tail catcher called the HO. Only 40
mm of space in the radial direction is available, 24 mm of which is used for aluminum
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honeycomb support structures.

The scintillator plates of the HO are made of 10 mm thick Bicron BC408. There
are 5 rings in 7, each of those rings having 12 identical ¢ sectors, and each of those
sectors having 6 azimuthal slices. The sizes and positions of the tiles in HO are
supposed to roughly map the layers of HB to make towers of granularity (An, A¢) =
(0.087,0.087).

The magnetic solenoid coil is used as an additional absorber equal to 1.4/sin 6
interaction lengths. Outside the vacuum tank, the magnetic field is returned through
an iron yoke roughly 20 mm thick, with 5 rings corresponding to the scintillator plates.
The central ring has scintillators both inside and outside of the iron yoke ring. The
others have scintillators only outside their yoke rings. All told, the total depth of the
calorimeter system is extended to a minimum of 11.8 A\; except at the barrel-endcap
boundary region at around || = 1.4.

HCAL forward

The forward calorimeter, or HF, exists in an extremely hostile environment. At
In| = 5 we expect to have delivered 10 MGy after 10 years of operation. The active
material is fused-silica core, polymer hard-cladded quartz fibers, which have sufficient
radiation hardness. These fibers measure 600 + 10 pm in diameter for the fused-silica
core, 6305, pm with the polymer hard-cladding, and 800 4+ 30 pm with the protective
acrylate buffer.

The geometry consists of a steel absorber structure composed of 5 mm thick
grooved plates. Fibers are inserted in these grooves. The detector is functionally
subdivided into two longitudinal segments. Half of the fibers run over the full depth
of the absorber (165 cm = 10 \;) while the other half starts at a depth of 22 cm
from the front of the detector. These two sets of fibers are read out separately.
This arrangement makes it possible to distinguish showers generated by electrons
and photons, which deposit the majority of their energy in the first 22 cm, from
those generated by hadrons, which produce nearly equal signals in both calorimeter
segments on average. The absorber has grooves which make a square grid separated by
5.0 + 0.1 mm center-to-center, with long and short fibers alternating in the grooves.

This calorimeter is mostly sensitive to the electromagnetic component of hadronic
showers. Only light that hits the core-cladding interface at an angle larger than the
critical angle (71°) contributes to the calorimeter signal in the form of Cherenkov
light. After the quoted 10 MGy dose has accumulated over the HF lifetime, the
optical transmission of the fibers is reduced just by a factor of 2.

3.2.4 Muon system

The CMS muon system is capable of reconstructing the momentum and charge of
muons over the entire kinematic range of the LHC. Due to the shape of the CMS
solenoid magnet, the muon system has a barrel section and 2 endcap sections. Three
types of gaseous particle detectors are used. Since the total area of the muon detection
planes is around 25,000 m?, the detectors were chosen to be inexpensive but reliable.
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In the barrel region, rectangular drift tubes (DT) are used, since there is little
neutron-induced muon background, the magnetic field is uniform, and the real muon
rate is relatively low. In the endcap regions, there is a high muon rate, high muon
background, and a very nonuniform magnetic field, so cathode strip chambers (CSC)
are used there. The third subsystem is the resistive plate chambers (RPC). Their
spatial resolution is relatively poor. But their fast response and good time resolution
are useful for the trigger. They also help resolve ambiguity in the standalone muon
reconstruction, which only uses information from the muon system.

The DTs and CSCs are each capable of triggering on muon pr independently of
the other detector subsystems. The pr resolution of this triggering muon object is
15% in the barrel and 25% in the endcap. For muon pr up to 200 GeV, the DTs and
CSCs together can give a standalone momentum resolution of 9%. Approaching muon
momenta of 1 TeV, the standalone momentum resolution is 5%. The muon resolution
is improved when combined with the tracker information.

Lastly, an alignment system measures the relative positions of the muon detectors
amidst the inner tracker to optimize the momentum resolution of muons.

R (cm)
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Figure 3-7: Quarter-view of the CMS Detector showing the muon system components. From [121].

Drift tubes

The DTs cover the pseudorapidity region |n| < 1.2. There are 4 stations forming con-
centric cylinders around the beam line. The 3 inner cylinders have 60 drift chambers
each and the outer cylinder has 70. There are about 172,000 sensitive wires of about
2.4m in length. The maximum drift path length is 21 mm. In a gaseous admixture of
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85% Ar and 15% CO, the maximum drift time is 380 ns. For the LHC design luminos-
ity, this produces a negligible occupancy and permits the use of single-hit electronics.
Meanwhile, the cell size is sufficiently large to keep the number of electronic channels
low and affordable.

Each DT chamber is made of 2 or 3 superlayers (SL). Each SL is made of layers
of rectangular drift cells staggered by half a cell. The wires in the 2 outer SLs are
parallel to the beam line and provide a track measurement in the magnetic bending
plane. The wires in the inner SL are orthogonal to the beam line and measure the z
position. This innermost SL is not present in the fourth DT station Thus, a muon
first encounters a ¢-measuring SL, passes through a honeycomb spacer plate, then
crosses the z-measuring SL and the second ¢-measuring SL. Due to discontinuities in
the design, a muon could end up crossing only two stations instead of the maximum
four.

One superlayer has time resolution on the order of nanoseconds. The time mea-
surement is delayed by the drift-time, determined by the design parameters of the
drift tubes. Using the SL information, pattern recognition circuits deliver the position
and angle of the track segment’s center of gravity with precision of 1.5 mm and 20
mrad, respectively.
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Figure 3-8: Chambers of the CMS DT system including the honeycomb support. From [121].

Cathode strip chambers

The CSCs cover the pseudorapidity region 0.9 < || < 2.4. There are 4 stations of
CSCs in each endcap. The chambers are perpendicular to the beamline and inter-
spersed between the magnetic flux return plates. The cathode strips point radially
outward from the beamline and provide a precision measurement in the r — ¢ bending
plane.

The CSCs are multiwire proportional chambers comprised of 6 anode wire planes
interleaved among 7 cathode panels. Wires run azimuthally and define a track’s radial
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Figure 3-9: Layout of the CMS barrel muon DT chambers in one of the 5 wheels. From [121].

coordinate. Strips are milled on cathode panels and run lengthwise at constant A¢
width. The muon coordinate along the wires is obtained by interpolating between
charges induced on strips. The largest chambers, ME2/2 and ME3/2, are about
3.4 x 1.5 m? in size. The overall area covered by the sensitive planes of all chambers
is about 5,000 m?, the gas volume is over 50 m?, and there are about 2 million wires.
There are about 9000 high-voltage channels in the system, about 220,000 cathode
strip read-out channels with 12-bit signal digitization, and about 180 000 anode wire
read-out channels.

An avalanche on a wire induces charge on a cathode plane. The charge shape can
be approximately parameterized by the Gatti function; see Equation 15 in Ref. [123].
Given the CSC geometry, most of the induced charge is shared among three or four
strips. A strip signal waveform is sampled and digitized every 50 ns. The overal pulse
duration is about 300 ns. The charge cluster is fit to obtain the spatial coordinate,
time, and cluster charge. Using this method, the spatial resolution for a 6-plane
chamber is 80 pum.
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Figure 3-10: Quarter-view of the CMS Detector. Cathode strip chambers of the Endcap Muon
system are highlighted. From [121].

Figure 3-11: The ME2 station of CSCs. The outer ring consists of 36 ME2/2 chambers, each
spanning 10 n ¢, and the inner ring of eighteen 20 E2/1 chambers. The chambers overlap to provide
contiguous coverage in ¢. From [121].
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Resistive plate chambers

The RPCs are gaseous parallel-plate detectors with adequate spatial resolution and
scintillator-level time resolution. They are much faster than the 25 ns proton bunch
crossing period at the LHC. Using the RPC information, there is no ambiguity in the
association of muon tracks and bunch crossings.

The CMS RPC basic double-gap module consists of two gaps operated in avalanche
mode with common pickup readout strips between them. The total induced signal is
the sum of the two single-gap signals. Thus, the single-gaps can operate at a lower
voltage gap, with better effective efficiency than a single gap.

In the barrel iron return yoke, the RPC chambers form 6 coaxial sensitive cylinders
that are approximated with concentric dodecagon arrays arranged into 4 stations. See
Figure [3-12

RB3 - | RB4 +

Sector 2

Chamber DT

RB2 out RB1 out

Figure 3-12: Schematic layout of one of the 5 RPC barrel wheels. Each wheel is divided into 12
sectors. From [121].
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3.2.5 'Trigger system

Triggering algorithms decide which data are recorded in the experiment. They are
implemented in two stages via a combination of hardware and software.

Level-1 trigger

The trigger decision process begins with the Level-1 Trigger (L1T) [120] [124]. The
hardware implementation of the Level-1 Trigger is in the form of application-specific
integrated circuits (ASICs), field-programmable gate arrays (FPGAs), programmable
logic devices (PLDs), and random access memory used for memory look-up tables
(LUTs). The FPGAs and LUTs may be reprogrammed, allowing for the algorithms
to be revised. The Level-1 Trigger is subject to a large data flow carried on optical
fibers, copper cables, and backplanes within hardware crates. The data is transmitted
in parallel at frequencies which are integer multiples of 40 MHz.

Data from calorimeters and the muon system are used by the L1T to perform
the first level of online event selection using custom electronic systems. The algo-
rithms process data in pipeline fashion, using pattern recognition and fast summing
techniques, without introducing dead-time. Pipeline memories of depth equal to the
trigger latency store the data on the detector until the L1T decision arrives. The
algorithms use input data of reduced granularity and resolution. The calorimeters
transmit energy sums along with data that carry information to characterize the en-
ergy deposition (electron/photon, tau, narrow jet, muon). The muon system hits
are summarized in terms of track stubs. The L1T output quantities are muon, elec-
tron, photon, tau and jet candidates, along with jet counts and global transverse and
missing transverse energy sums.

Data events passing the Level-1 Trigger are then transmitted to the so-called
“high-level trigger,” described next.

High-Level Trigger

Data events accepted by the Level-1 Trigger are next processed by the High-Level
Trigger (HLT). Unlike the L1T’s readout boards, the HLT is implemented on a com-
mercial Linux computing cluster called the File-based Filter Farm (F?). There are
three types of computing units in the F3:

e The Readout Units take the information from the readout boards and assemble
event fragments from a given detector partition.

e The Builder Units take the event fragments and assemble full events. The full
events are buffered here during the next step.

e The Filter Units apply the final event selection of the HLT algorithms.

The HLT algorithms running on the FUs operate on full-granularity event data from
all subdetector systems. They accept between 1-10% of events accepted by the L1T.
The algorithms make use of the CMS offline reconstruction framework called CMSSW.
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3.2.6 Offline world

Events accepted by the HLT are merged into larger agglomerate files which are stored
locally in a Lustre parallel distributed file system. Then, they are transferred from
the “online” CMS experimental site to the “offline” CERN Tier-0 computing center
at the main CERN campus in Meyrin for prompt processing and archival storage.
This transfer system is a multithreaded software, optimized to handle rates of several
gigabytes per second during data taking. Finally, data are distributed worldwide from
Tier-0 to the global CMS computing grid for physics studies.
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Chapter 4

Physics objects

4.1 Electrons

4.1.1 Electron reconstruction

Electrons in the CMS Detector are reconstructed through association of a track from
the silicon detector with a cluster of energy in the ECAL. Electron tracks are formed
from initial seeds likely to correspond to initial electron trajectories, which are then
used to build tracks by collecting hits in the silicon tracker using the combinato-
rial Kalman filter procedure. Next, a track fitting procedure is undertaken using a
Gaussian Sum Filter (GSF), in which the energy loss in each tracker layer is ap-
proximated by a mixture of Gaussian distributions. Meanwhile, the electron energy
has been collected in several crystals of the ECAL. These depositions undergo two
steps of clustering. The first step finds clusters from crystal arrays of 5 x 1 in n X ¢
for the ECAL barrel, and 5 x 5 crystals for the ECAL endcaps. The second step
forms a supercluster (SC) comprising the energy of constituent clusters. The super-
cluster position and energy, along with the GSF track, reconstruct the electron in
the detector.[I125] The reconstruction procedure is also informed by the Particle-Flow
algorithm, described later in Section

The final reconstructed electron momentum is found using a multivariate regres-
sion tuned on simulation to give better energy resolution. A residual energy scale
correction is applied to the reconstructed electrons based on time, electron 7, and
shower shape variables such that the Z mass peak resolution is enhanced. In addi-
tion, a smearing is applied to simulation such that the energy resolution in data and
simulation match.

4.1.2 Electron identification variables

The shower shape of the hits in the ECAL provides discriminating variables for iden-
tifying electrons. One such variable is ¢;y;,. To understand o;,;,, we first discuss
its predecessor, o,,, which is a weighted second moment of the energies deposited in
the 5 x 5 crystals centered on the ECAL supercluster seed crystal. Here, n; is the
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pseudorapidity coordinate of the i*" ECAL crystal. The formula for o, is:

5%5 (s — fie e )2 E:
a— \/ZZ ;(m Mool ith w; = 4.2 4 2 (4.1)

?X‘r’ w; Esxs

This variable does not perform well near cracks in the ECAL, where there is a
gap in eta. A 5 x 5 supercluster containing this gap will arbitrarily have a higher
value of o,,. For this reason, a simple correction is made where we consider instead
the crystal index instead of absolute 7, and multiply it by the average crystal n size
of 0.0175. Counting the i'" crystal ordering in the n direction, N (i), we derive the
variable 0;,;, (using the same weights w;:

oo — Z?X5wi(o.0175z\§£z'5>+nseed—ﬁ5x5>2 (42)
> wi

Other ECAL-related variables are: H/FEsc, the ratio of HCAL to ECAL energy
deposition associated with a supercluster seed; and |1/FEgc —1/p|, which is technically
computed as [(1 — Fsc/Prrack)/Frcar|- Compared to charged hadron fakes, the true
electron will deposit all or most of its energy in the ECAL.

Another class of useful variables are related to matching attributes of the ECAL
supercluster and the tracker track. An(SC,trk) is the difference in 7 between the
supercluster and the track at the track’s point-of-closest-approach to the supercluster,
extrapolated from the innermost track state. A¢p(SC,trk) is the analagous quantity
in ¢-coordinate.

The reconstructed electron candidate’s impact parameter is important for sup-
pressing pileup. Thus, we apply cuts on the transverse impact parameter dy(vtx) and
the longitudinal impact parameter d,(vtx) with respect to the best primary vertex.

The term “missing hits” refers to how many hits we would expect to see in the inner
tracker due to this particle which were missed. A conversion veto is applied which
also accounts for missing hits, along with the minimum distance between conversion
tracks and the difference in cotf) between the partner tracks.

Lastly, we apply a combined isolation requirement, I, relative to the electron
transverse momentum and corrected for effective area. This bounds the amount of
hadronic activity and other EM activity arriving near the electron. The computation
of the isolation relies on information from the Particle Flow algorithm, described
further below in Section 4.5 The isolation of the lepton candidates is computed
from the flux of particle candidates found within a cone of AR = 0.4 built around
the lepton direction [126]. The flux of particles is computed independently for the
charged hadrons, neutral hadrons and photon candidates. The contribution from
neutral hadron candidates is corrected for the influence of pileup by using the effective
area approach. The average energy density per area due to pileup (p) is multiplied
with an effective area (Aeg) and subtracted from the isolation sum. A is chosen
in such a way that the isolation is independent of the number of pileup interactions.
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The relative electron isolation sum is defined as:

1
r6e1 - p_ []Ch + rna‘X(Inh + ]g - Aeff * P, 0)] (43)
T

4.1.3 Electron identification working points

After the electron reconstruction procedure, there are still fake electrons from other
objects such as charged pions which can be mistaken for electrons. The purpose of
electron identification is to improve the purity of electrons used in a physics analysis
while maintaining a high efficiency. Different use cases require differing amounts of
stringency. An extreme example would be a resonant final state with four electrons.
Due to the combinatorics, and the rarity of three-electron final state processes, it will
be very difficult to have a false positive. In such a case it is best to maximize the
identification efficiency. On the other extreme end, consider the final state with only
a single electron, as seen in W* boson production. There, due to the huge fake rate,
it is best to maximize the purity at the cost of efficiency by using tighter identification
criteria. The different working points for electron identification are standardized in
the CMS experiment. Those relevant to this work are described below.

For the purpose of vetoing events with more than two leptons, the electrons are
required to fulfill the so-called “Veto” working point. It consists of a series of require-
ments on the supercluster shape, impact parameter, and geometric distance between
the electron track and the supercluster. The ratio of energy deposits in HCAL and
ECAL is also used in the definition of the “Veto” ID. In this case, no veto for recon-
structed photon conversions in the vicinity of the electron is applied.

Only electrons passing the “Medium” ID are considered for the Z candidate. The
“Medium” ID imposes tighter cuts than the “Veto” ID and suppresses potential elec-
trons from photon conversions. Electrons used to build the Z candidate must have a
pr >20 GeV and be reconstructed in the tracker acceptance, i.e. |n| < 2.5. In addi-
tion to the ID requirements, there must be no tracker or global muon with at least
10 tracker hits reconstructed inside a cone of AR = 0.1 built around the momentum
of the electron candidate.

Lastly, the “Tight” ID is used to identify Tags for the tag-and-probe method used
to determine the electron identification efficiencies, seen in Chapter [6]

Table summarizes the identification criteria used for electrons.

4.2 Muons

4.2.1 Muon reconstruction

Muon tracks are reconstructed in the CMS Detector in both the silicon tracker and
the muon spectrometer, resulting respectively in tracker tracks and standalone-muon
tracks. Subsequently, these tracks inform two reconstruction approaches:
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Requirement Barrel Endcap
In] < 1.479 1.479 < |n| < 2.5

“Veto” “Medium”  “Tight” “Veto” “Medium”  “Tight”
Cinin < 0.0115 < 0.00998 < 0.00998 | < 0.037 < 0.0298 < 0.0292
An(SC, trk) < 0.00749 < 0.00311 < 0.00308 | < 0.00895 < 0.00609 < 0.00605
Ap(SC, trk) < 0.228 < 0.103 < 0.0816 < 0.213 < 0.045 < 0.0394
H/Esc < 0.356 < 0.253 < 0.0414 < 0.211 < 0.0878 < 0.0641
Ic, < 0.175 < 0.0695 < 0.0588 < 0.159 < 0.0821 < 0.0571
|1/Esc — 1/p| < 0.299 < 0.134 < 0.129 < 0.15 < 0.14 < 0.13
do(vtz) (cm) < 0.05 < 0.05 < 0.05 <0.1 <0.1 <0.1
d(vtz) (cm) <0.1 <0.1 <0.1 <0.2 <0.2 <0.2
Missing hits <3 <1 <1 <3 <1 <1
pass conversion veto v’ v’ v’ v’ v’ v’

Table 4.1: Electron ID requirements.

1. Global Muon reconstruction (outside-in): starting from a standalone muon in
the muon system, a matching tracker track is found and a global-muon track
is fitted combining hits from the tracker track and standalone-muon track. At
large transverse momenta (pr 2 200 GeV/c), the global-muon fit can improve
the momentum resolution compared to the tracker-only fit.

2. Tracker Muon reconstruction (inside-out): in this approach, all tracker tracks
with pr > 0.5 GeV/c and p > 2.5 GeV/c are considered as possible muon
candidates and are extrapolated to the muon system, taking into account the
expected energy loss and the uncertainty due to multiple scattering. If at least
one muon segment (i.e. a short track stub made of DT or CSC hits) matches the
extrapolated track, the corresponding tracker track qualifies as a tracker-muon
track. The extrapolated track and the segment are considered to be matched
if the distance between them in local x is less than 3 cm or if the value of
the pull for local z is less than 4. At low momentum (roughly p < 5 GeV/c)
this approach is more efficient than the global muon reconstruction, since it
requires only a single muon segment in the muon system, whereas global muon
reconstruction is designed to have high efficiency for muons penetrating through
more than one muon station.

The majority of muons from collisions (with sufficient momentum) are recon-
structed either as a Global Muon or a Tracker Muon, or very often as both. A
third, rare case is where both approaches fail and only a standalone-muon track is
found [127]. Standalone muons suffer from low purity and poor momentum resolution,
so they are not used in this work.

4.2.2 Muon identification variables

There are several sources of real or fake reconstructed muons in CMS:
1. Primary Interaction

2. Decay-in-Flight (Kaon, Pion)
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3. Cosmic Muon
4. Hadronic Punch-Through

For the purposes of this work, we are interested in identifying real muons from a
hard primary interaction, and rejecting the nonprompt or fake reconstructed muons.
The chance that a kaon or pion is reconstructed as a muon increases along with its
transverse momentum. It goes from from less than one percent at low momentum,
to ten percent at high momentum. Cosmic muons come from the atmosphere, not
the interaction point, and are in general easy to deal with using vertexing. Hadronic
punch-through results from imperfect absorption of hadronic cascades in the hadron
calorimeter, which reach the muon stations.

Track-related quality cuts are effective against these backgrounds. We place re-
quirements on the fraction of valid tracker hits, the number of valid pixel hits, and
the number of tracker layers with measurement. For Global-reconstructed muons, we
also compute the normalized global track x? and compare the position match of the
tracker and the standalone muon reconstruction algorithms.

Decays in flight introduce a kink in the muon candidate track. We use a kink-
finding algorithm to reject such candidates, operating as follows. At each tracker
layer, the extrapolated states from the two halves of the tracker tracks are compared
to get a x2. The maximum y? across all layers is used as the per-track discriminator.
This is effective even at low pr, allowing rejection of 10-20% of such background while
maintaining greater than 98% efficiency for real muons.

The segment compatibility is another useful discrimination quantity for the muons.
It is computed by evaluating which crossed stations have matching muon statements,
and the expected uncertainty of the extrapolated position due to multiple scattering.

Analagous to the electrons, for muons we also compute the transverse and longi-
tudinal impact parameters, and a corrected relative isolation quantity, I",. For the
muon isolation, in the same manner as for electrons, a cone of AR = 0.4 is built to
compute the flux of particle flow candidates, the “delta-beta” correction is applied to
correct for pileup contamination. This correction is achieved by subtracting half the
sum of the pr of the charged particles in the cone of interest but with particles not
originating from the primary vertex. The muon isolation is therefore defined as:

T

1
Iy = or [Ieh + max(Loy + Iy — 0.5 - Iewpy, 0)] (4.4)

The factor 0.5 corresponds to a approximate average of neutral to charged particles
and has been measured in jets in [126].

4.2.3 Muon identification working points

Similar to the electron identification working points described above, a variety of
muon identification working points are designed for different use cases. The Medium
muon algorithm allows for both global and tracker muons, with different requirements
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for each. It is used in this work for the reconstruction of Z boson candidates decaying
to muons. The Tight muon algorithm only allows for global muons. It is used
to identify Tags for measuring muon identification efficiency in the tag-and-probe
method of Chapter [6l The specific cut values for the Medium and Tight algorithms
are quoted in Table [4.2]

. Medium Medium .
Requirement (global) (tracker) Tight
Reconstruction | Global muon | Tracker muon | Global muon
Fraction of valid tracker hits | > 0.49 > 0.49
Segment compatibility | > 0.303 > 0.451
Track kink | <20 - -
Normalized global track x? | < 3 - <10
Tracker-standalone position match | < 12 - -
do(vtx) (cm) | - - < 0.2
d(vtx) (cm) - <0.5
Number of valid pixel hits - >1
Tracker layers with measurement | - - >5
Ifel < 0.15 < 0.15 < 0.15

Table 4.2: Muon ID requirements.

4.3 Jets

Due to the nature of QCD, it is impossible to observe a free quark or gluon in the final
state. Suppose two color charged objects are created in a collision and begin to move
apart. The QCD interaction between them is transmitted via gluons. Since gluons
themselves carry color charge, the force between the particles does not fall off as their
separation increases. The gluon field maintaining this force over the ever-increasing
distance is contained in a narrow flux tube. As the distance continues to increase,
it becomes energetically favorable to produce a new quark-antiquark pair instead of
further lenghtening the flux tube. Through this so-called “color confinement” process,
many quarks and antiquarks are formed. In turn, it is energetically preferred for
them to assemble into color-neutral configurations of multiple quarks. This is known
as hadronization. The result of this is that, in a hard process producing a high
momentum quark, the observable experimental signature of that quark is a collimated
spray of hadrons. That spray is called a (hadronic) jet.

Much work has been done on the reconstruction and classification of jets. This is
briefly described below. However, the focus of this work is not in the predominantly
hadronic final states.

4.3.1 Jet reconstruction

Jets are reconstructed from all the particle candidates using the anti-k; clustering al-
gorithm [128] with a distance parameter of 0.4, as implemented in the FASTJET pack-
age [129, [130]. The reconstruction may be seeded using all reconstructed particle can-
didates after having removed the charged hadron candidates which are not associated
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to the primary vertex of the event (charge hadron subtracted AK4PFchs). The energy
of the reconstructed jets is corrected in 3 steps: Ll1FastJet (for pileup/underlying
event subtraction), L2 (for relative corrections), and L3 (for absolute scale correc-
tions). For data, an extra residual correction is included in the absolute scale correc-
tion, derived by the JetMET working group within the CMS collaboration.

An extra correction is applied for the simulated jets in order to reproduce the
measured jet energy resolution. For each jet the transverse momentum is smeared
using using the transverse momentum of the generator level matched jet and the
measured Data/MC resolution ratio. The correction transformation is given by:

pr — max [0, p5" + ¢ (pr — p§ )] (4.5)

in which ¢ = 0qata/0oMmc are the data-to-MC resolution scale factors.

4.3.2 Jet identification

We consider for analysis all jets with pr >20 GeV and |n| < 5 passing a set of loose
identification requirements given in Table[4.3] Jets that are within AR < 0.4 of one of
the identified leptons are disregarded, this is referred to as jet cleaning. The number
of jets is used as a selection variable. Here, we define it as how many of these nominal
jets have pr >30 GeV and |n| < 2.4.

Quantity Requirement
Neutral Hadron Fraction < 0.99
Neutral EM Fraction < 0.99

Number of Constituents >1
Charged Hadron Fraction > 0
Charged Multiplicity >0
Charged EM Fraction < 0.99

Table 4.3: Loose jet identification criteria for jets having |n| < 2.4.

4.3.3 b-tagging

Jets originating from b-quark fragmentation (b-jets) are identified by “b-tagging.” B-
tagging is useful for enhancing physics signatures with one or more boosted b-quarks
in the final state. Such signatures include flavor changing decays of the top quark,
and resonant Higgs or Z boson decays into bb. In this work, the b-tagging technique
employed is based on the “combined secondary vertex” CSVv2 algorithm [131]. The
algorithm provides high efficiency for b-jets, with a low probability of light-flavor jet
misidentification. The B-Tagging and Vertexing Group within the CMS Experiment
is responsible for calibrating the algorithm working points. Loose, medium, and tight
working points of the CSVv2 algorithm were calibrated to provide misidentification
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probabilities of 10%, 1%, and 0.1%, respectively. For the studies presented here,
b-tagging serves the purpose of rejecting combinatorial background processes involv-
ing top quark production. The medium and tight CSVv2 working points are used,
corresponding to values of 0.8484 and 0.9535.

4.4 Photons

Photon candidates are reconstructed from energy deposits in the ECAL using algo-
rithms that constrain the clusters to the size and shape expected from a photon [132] .
The identification of the candidates is based on shower-shape and isolation variables,
and depends on whether the energy deposit was in the ECAL barrel or endcaps. For
isolated photons, scalar sums of the pt of PF candidates within a cone of AR < 0.3
around the photon candidate are required to be below the bounds defined. Only
the PF candidates that do not overlap with the EM shower of the candidate photon
are included in the isolation sums. The photon candidates used in this analysis are
required to have a minimum pr of 15 GeV and to be within |n| < 2.5 passing the
loose identification criteria given in Table [4.4]

Quantity ECAL barrel req. ECAL endcap req.
Full 5x5 0ipin < 0.0103 < 0.0301
H/E < 0.0597 < 0.0481
charged hadron isolation < 1.295 < 1.011

L < 10.92 + (0.0148 GeV )pr < 5.931 + (0.0163 GeV ™ pr
neutral hadron isolation 1T x 105 GeV=2)py? (14 x 105 GeV™2)py?
photon isolation < 3.630 + (0.0047 GeV ")pr < 6.641 + (0.0034 GeV ™ ')pr
Conversion safe electron veto  Yes Yes

Table 4.4: Loose photon identification criteria.

4.5 Particle-flow reconstruction

The particle-flow (PF) event reconstruction algorithm [133] is used. It is designed
to leverage information from all CMS Detector components to reconstruct and iden-
tify individual particles, namely: electrons, muons, photons, and charged and neutral
hadrons. This collection of individual particles is used for reconstructing jets, de-
termining the missing transverse energy, reconstructing tau leptons from their decay
products, identifying b-jets, and more.

The CMS Detector is well suited for this reconstruction algorithm. The strong
magnetic field and large silicon tracker allow us to reconstruct charged particle tracks
with high efficiency and low fake rate at transverse momenta as low as 150 MeV, at
pseudorapidities as large as |n| = 2.6. The reconstructed vertex of origin with the
largest value of summed track p? is taken to be the primary proton-proton interaction
vertex.
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Electrons are reconstructed by a combination of a track and of several energy de-
posits in the ECAL, from the electron itself and from possible bremsstrahlung photons
radiated by the elec- tron in the tracker material on its way to the ECAL. Muons are
reconstructed and identified inside and outside of jets with very large efficiency and
purity from a combination of the tracker and muon chamber information. Photons
are reconstructed with an excellent energy resolution by the hermetic electromagnetic
calorimeter at pseudorapidities as large as |n| = 3.0. Together with the magnetic field,
the ECAL granularity allows photons to be separated from charged-particle energy
deposits by way of shower shape discrimination. It is functional even in jets with
transverse momenta of several hundred GeV.

Charged and neutral hadrons deposit their energy in the HCAL. The granularity of
the HCAL is 25 times coarser than that of the ECAL. This does not allow charged and
neutral hadrons to be spatially separated in jets with transverse momentum above 100
GeV. But the combined ECAL-HCAL system has hadron energy resolution of around
10% at 100 GeV. This allows neutral hadrons to be detected as an energy excess on top
of the energy deposited by the charged hadrons pointing to the same calorimeter cells.
Charged hadrons are reconstructed with the superior angular and energy resolution
of the tracker. Particles with pseudorapidities in the range 3 < || < 5 are more
coarsely measured with the HF forward calorimeter.

The presence of neutrinos and other weakly-interacting particles can be detected
by formulating the missing transverse energy, described below.

4.6 Missing transverse energy

The missing transverse momentum vector, p. is defined as the projection of the
negative vector sum of the momenta of all reconstructed PF candidates in an event
onto the plane perpendicular to the beams. Its magnitude is referred to as ERss.
Since all visible objects contribute to this quantity, the mismeasurement or failed re-
construction of any object adversely affects its accuracy. Several event-level filters are
applied to discard events with anomalous ET* arising from specific well-understood
issues with the detector components or event reconstruction [I34]. Jet energy correc-
tions are propagated to the missing transverse momentum by adjusting the momen-
tum vector of the PF candidate constituents of each reconstructed jet. Any particle
which is produced outside the acceptance of the relevant detector subsystems will also
be counted towards missing energy, limiting the resolution.
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Chapter 5

Data samples

5.1 Experimental data

This analysis uses a sample of pp collisions collected in 2016 with the CMS experi-
ment at the LHC at /s = 13 TeV. Five primary datasets are used to ensure a very
high trigger efficiency: MuEG, DoubleMuon, DoubleElectron, SingleMuon, and Sin-
gleElectron. Only the luminosity sections are used in which all detector subsystems
reported accurately. The so-called “good run list” is furnished by the data certification
working group.

The total integrated luminosity with the associated uncertainty is 35.9 £ 0.9 fb=.

5.1.1 Silicon strip hit efficiency loss

During 2015, a reduced silicon strip hit efficiency and a reduced tracking efficiency
were observed. It was found to be correlated with the increase of the LHC instanta-
neous luminosity. This is due to the effect of highly ionizing particles (HIPs) which
were studied in test beams before the tracker construction. A HIP saturates the
readout chips, or APVs, of several of the strips from the hit cluster. The baseline
is shifted toward negative values. The chips are fully blinded in the next few bunch
crossings, and remain partially blind for some time after, until they fully recover.

In total, as the instantaneous luminosity continued to increase, we observed a
lower cluster charge, lower signal-to-noise ratio, lower hit efficiency, shorter tracks,
and lower track efficiency. The tracker modules most affected were wider and of
higher occupancy. Any particles identified using tracks were affected by the so-called
“HIP effect.” In particular, the electrons and muons are reconstructed from tracks
and they are a crucial part of this work.

The data taken in 2016 suffered from the HIP effect until a task force was con-
vened to mitigate the decline in tracking performance. The solution was found in the
electronics parameters of the silicon strip readout chips. In particular, the preampli-
fier feedback voltage bias (VFP) affects the duration of the signal at the output of
the preamplifier. Reducing the VFP from 0.3 Volts to 0 Volts was found to mitigate
the HIP effect.
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These 2016 data were subdivided into Run Eras labeled alphabetically. The Run
Eras used in this work are B through H.

The HIP mitigation fix was deployed close to the demarcation of Run Eras F and
G, in the data run numbered 278803. Run Era F comprised runs numbered (277772,
278808) and Run Era G comprised runs numbered (278820, 280385). Due to the
era-dependent nature of the HIP effect, which had a significant effect on the lepton
identification, separate empirical corrections for leptons were derived. They are dis-
cussed later in Chapter [6] For brevity, the corrections intended to represent the data
before the fix are denoted as “B-F” or “BCDEF”, despite the fact that the mitiga-
tion did not occur precisely at the Run Era changeover. Similarly, the corrections
representing the data after the fix are denoted as “G-H” or “GH”".

5.2 Simulated samples

Several Monte Carlo (MC) event generators are used to simulate the signal and back-
ground processes. For all processes, the detector response is simulated using a detailed
description of the CMS Detector, based on the GEANT4 package [135], and event
reconstruction is performed with the same algorithms as used for data. The simulated
samples include additional interactions per bunch crossing (pileup). The simulated
events are weighted so that the pileup distribution matches the data, with an average
pileup of about 25 interactions per bunch crossing.

5.2.1 Standard Model processes

Resonant Z boson background processes (WZ, ZZ, tribosons, etc.) are estimated
using Monte Carlo (MC) samples. Nonresonant background processes (tt, tW, WW,
Z/y* — 7777 etc.) are estimated using ey data events.

The WZ and ZZ processes, via q annihilation, are generated at next-to-leading-
order (NLO) with POWHEG2.0 [136, 14, 137, 138]. The gg — ZZ process is sim-
ulated with MCFM [139]. The Zv, ttZ, WWZ, WZZ, and ZZZ processes are gen-
erated with MADGRAPHS5 AMC@NLO [I40]. The signal samples are simulated
using MADGRAPHS  AMC@NLO at next-to-leading-order (NLO), MADGRAPH5 at
leading-order (LO), and POWHEG at NLO. The default MC generator is MAD-
GRrRAPH5 AMC@NLO. The PYTHIAS [141], [142] package is used for parton shower-
ing, hadronization, and the underlying event simulation, with tune CUETP8M1. The
NNPDF 3.0 [98] set is used as the default set of parton distribution functions (PDFs).
Simulated datasets from the RunlISummer16MiniAODv2 campaign are used.

The processed dataset names and cross sections for the Standard Model processes
considered in the analysis are shown in Table [5.1] The table is categorized in the
following way: Resonant Diboson, Triboson, Nonresonant, and Drell-Yan. In general,
the cross sections are calculated using a small sample of generated events. A notable
exception is the tt — 20212b process, where the state-of-the-art NNLO calculation is
used [143]. The factors coming after the first cross section number represent either
higher order corrections or branching ratios and combinatorics. For example, the
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factor of 1.109 applied to the WZ process is the aforementioned electroweak NLO
correction factor. The factor of 2.3 applied to the gluon-induced ZZ processes is a
QCD NLO correction factor. The extra factors on the tt — 20220 process represent
the leptonic decay ratio of the W* boson (0.1086) and the 3 x 3 = 9 possible lepton
flavor combinations.
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5.2.2 Dark matter hypotheses

Samples of simulated DM particle events in the simplified model are generated us-
ing MADGRAPHS AMC@NLO 2.2.2 [I40] at leading order (LO) and matched to
PYTHIA 8.205 [144] using tune CUETP8MI for parton showering and hadroniza-
tion [145] [146]. The factorization and renormalization scales are set to the geometric
mean of /p3 + m? for all final-state particles [140, [99], where pr and m are the
transverse momentum and mass of each particle.

For the simplified model of DM production, couplings are chosen according to the
recommendations in Ref. [I47]. The coupling g, is set to one. For g,, values of 1.0
and 0.25 are considered. The width of the mediator is assumed to be determined
exclusively by the contributions from the couplings to quarks and the DM particle
X- Under this assumption, the width ranges 1-5% (30-50%) of the mediator mass
for g, = 0.25 (g4 = 1.00). The signal simulation samples with g, = 1.0 are processed
using the detector simulation described below. Signal predictions for g, = 0.25 are
obtained by applying event weights based on the EX* distribution at the generator
level to the fully simulated samples with g, = 1.0. This procedure takes into account
the nontrivial dependence of the mediator width on the coupling choice [147|. The
exact dependence of the width on the model parameters is reported in [147].

Events for the ADD extra-dimension scenario are generated at LO using an effec-
tive field theory (EFT) implementation in PYTHIA 8 [148, 149]. Event samples are
produced for Mp = 1, 2 and 3 TeV, each with n = 2, 3, 4, 5, 6, 7. The signal is
truncated for § > M2 in order to ensure the validity of the EFT.

The events for the unparticle model are generated at leading-order with PYTHIA
8 [148, [149] assuming a cutoff scale Ay = 15TeV, using tune CUETP8M1 for parton
showering and hadronization. We evaluate other values of Ay by rescaling the cross
sections as needed. The parameter Ay acts solely as a scaling factor for the cross sec-
tion and does not influence the kinematic distributions of unparticle production [149].

The ZH production modes via qq annihilation and gluon-gluon fusion are modeled
the same way as for the WZ and ZZ processes.

A comparison of kinematic spectra for various signal models is shown in Figs.

and B-21

5.3 Triggers

The triggers used in this work are the so-called “single and double lepton triggers.”
In general, they are designed to pick out events with one or two electrons or muons,
with momentum of 20 GeV or more. The overall trigger efficiency is larger than 99%
and consistent with 1 after all other selection requirements are applied.

Electron triggers start from Level-1 ECAL primitive objects, also known as the
Level-1 e/~ seeds [120]. In the ECAL barrel, five strips of five crystals (along the
azimuthal direction) are combined into trigger towers forming a 5 x 5 array of crystals.
The transverse energies detected by the crystals in a single trigger tower are summed
into a trigger primitive by the front-end electronics and sent to off-detector trigger
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Figure 5-2: Comparison of reconstructed dilepton transverse momentum (p) distributions for ADD
(left) and unparticle (right) models. For the ADD models, cross sections are normalized to 1pb.

concentrator cards via optical fibers. In the ECAL endcaps, each front-end board
computes 5 partial sums of 5 crystals called pseudo-strips, then sends them to the
trigger concentrator card which completes the primitive calculation. Then, events
selected with the Level-1 seed are subject to additional requirements in the High-
Level Trigger including calorimetric isolation requirements.

The Level-1 muon trigger system is informed by all three muon detector subsys-
tems (DTs, CSCs, and RPCs) described in Section [3.2.4] Local track segments are
formed within the DTs and CSCs. Detector hits on the RPCs are used directly for
recognition of muon trigger primitive candidates. The global muon trigger synchro-
nizes and reconciles these pieces of information from the regional muon primitives to
assign momenta, track quality, et cetera to the muon candidates. Similar to electron
primitives, muon primitives passing the L1T also must pass additional requirements
such as isolation in the HLT.

5.4 Corrections to the simulated samples

5.4.1 Pileup reweighting

Besides the main hard process in a proton collision, secondary interactions from the
other protons in the bunches are also relevant. These are called pileup interactions.
The particles produced from pileup interactions are observed in the detector. Accurate
tracking allows us to associate their final products with distinct interaction vertices.
This is particularly important for jets and missing energy, since additional jets can
be observed in a physics event originating from a pileup interaction.

Pileup concerns the simulated samples in the following way. The pileup distribu-
tion is the distribution of the number of pileup interactions in physics events. The
simulated samples are generated with a pileup distribution close to what is expected
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in the experimental data. Meanwhile, the actual pileup distribution in the collected
data sample is measured [150]. To match the expected number of pileup interactions
in simulation with data, the number of reconstructed vertices is reweighted to match
the distribution in data. This carries an inherent uncertainty due to the estimation of
the minimum bias cross section. A cross section of 69 millibarns with an uncertainty
of 5% is used.

The lepton efficiency studies shown in Chapter [] split the data sample in two,
at the point where the HIP effect discussed in Section was mitigated. For
these studies, the pileup profile of the relevant simulated samples was reweighted to
the pileup profiles of the two subsets of the data samples, which were substantially
different.

5.4.2 Trigger efficiencies

The efficiency of each of the single and double lepton triggers is determined by mea-
suring the fraction of events which pass the trigger in an unbiased control sample.
Such an unbiased sample is obtained by using missing transverse energy triggers, as
has been previously done in Ref. [I51]. Provided sufficient statistics, the trigger effi-
ciency is parameterized as a function of the transverse momentum and pseudorapidity
of the lepton or leptons.

The so-called “trigger soup” of all of these triggers put together has an efficiency
consistent with 1. The ratio of trigger efficiency in data versus simulation is also
consistent with 1. For sake of brevity, the exact numbers are omitted. Any systematic
uncertainty from the determination of the trigger efficiency is negligible in all of the
studies presented in this work.

5.4.3 Lepton selection efficiencies

One of the crucial elements in the analysis is the determination of the lepton efficiency
scale factors. Algorithms for selecting good leptons can have different efficiencies in
data and simulation. The ratio of the selection efficiencies in data and simulation
constitutes the scale factor. The scale factors are computed in many bins of electron
and muon kinematics to account for relevant dependent effects. Then, the simulated
event weights are multiplied once by the appropriate scale factor for every lepton
identified in that event. A detailed discussion of the methodology to determine these
efficiencies is given in Chapter [6]

5.4.4 Lepton momentum scale and resolution

The lepton momentum scale and resolution are affected by detector misalignment and
miscalibration. The calibration procedure includes corrections to both data and sim-
ulation. In data momentum corrections are applied differentially in pr, , and charge
in order to match the value of known resonances. These corrections are derived using
a multivariate regression technique. For more details see Ref. [I52]. In simulation,
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additional stochastic smearing is applied to match the observed resolution of the Z
boson resonance peak.

For muons, these corrections are known as the Rochester corrections. The addi-
tional effect of uncertainty in the magnetic field is considered. The methodology and
validation is provided in Ref. [I53].

5.4.5 Higher order corrections

The diboson MC samples, including the invisible Higgs signal, are initially generated
at electroweak leading-order.

The Z7Z and WZ processes are corrected to next-to-leading order in electroweak,
and next-to-next-to-leading order in QCD. For further details, see Chapter [§]

For the invisible Higgs boson signal, we apply a differential NLO electroweak
correction as a function of the transverse momentum of the Z boson. This correction
only concerns the Drell-Yan-like ZH production via qq annihilation as pictured in the
upper left of Figure[2-8) The small contributions to the overall ZH cross section from
the gluon-induced, photon-induced, and top-loop production are not corrected in this
way.
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Chapter 6

Efficiency of lepton trigger,
reconstruction, and identification

After reconstructing leptons in CMS using the information from the detector subsys-
tems, further offline requirements are applied for the purpose of high quality and low
background lepton identification. The choice of these requirements depends on the
analysis, and several well-defined working points are optimized and released by the
relevant Physics Object Groups. The figure of merit for lepton identification is the
efficiency, and the various working points are usually described qualitatively in terms
of “tightness,” with a tighter selection corresponding to lower efficiency and higher
purity. In this note we refer to the whole slew of offline requirements applied to
reconstructed leptons under the umbrella term of identification, including quantities
such as relative isolation.

Previously, at lower center-of-mass energies, resonant leptonic decays of the J/1)
meson were used to measure lepton identification efficiency. In Run II at the LHC,
we make use of the large cross section of the Z boson resonance and observe its
leptonic decays to extract the lepton efficiencies for a wide range of lepton energies
and rapidity; while the J/1¢ meson is also still used for efficiency studies at lower
transverse momentum. This chapter describes how the efficiency is measured in data
and simulation by studying dilepton events where the dilepton mass is close to the
Z boson resonance peak at 91.1876 GeV. The ensuing discussion presents results for
the “Medium 2016”7 cut-based identification algorithm.

6.1 Event selections for the tag-and-probe method

The so-called “tag-and-probe” selection consists of a high purity Z/~* — (¢~ selec-
tion with a well-identified tag lepton and an opposite sign probe. The tag electron
(muon) must pass the tight identification, have transverse momentum greater than
30 (25) GeV, have |n| < 2.5 (2.4), and be matched to a lepton trigger object. The
probe electron must have transverse momentum greater than 10 GeV and |n| < 2.5.
For the probe muons, we consider a collection of general tracks. These tracks must
have transverse momentum greater than 10 GeV, |n| < 2.4, and a vertex whose lon-
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gitudinal position is within 4 cm of that of the tag. This affords us a loose collection
of probe candidate electrons or muons without biasing the measurement.

The selection also includes a truth-matching procedure when applied to simulated
Drell-Yan samples, so that all simulated reconstructed dileptons come from leptonic
7 decays. This is necessary because fake electrons and muons can be produced and
reconstructed in the simulation. The reconstructed leptons must each have a small
angular separation AR = /A¢? + An? less than 0.3 with a final-state lepton of
the same flavor at generator level. For muons, the generator-level and reconstructed
transverse momenta must also be compatible within 10%.

6.1.1 Probe multiplicity calculation

In order to increase the signal purity of the muon selection, we perform a probe
multiplicity calculation to remove combinatorial background. The track collection as
described above is considered, albeit with a lowered transverse momentum cut of 3
GeV. Then, the number of opposite sign tag-track pairs having system mass above
60 GeV is counted for each tag; this gives the probe multiplicity. Any muon tags
having probe multiplicity greater than 1 are not considered in the ensuing tag and
probe analysis.

6.2 Control samples for the lepton efficiencies

Two independent data samples are chosen to faithfully represent the background
distributions for the tag-and-probe fitting methods. They are defined below.

6.2.1 Lepton pion selection

The mass spectrum of the combinatorial background in the Z selection can be modeled
well by selecting essentially random pairs of tag leptons and charged hadrons whose
system mass falls within the relevant window. We select a tag electron (muon) exactly
the same as before, along with a PF charged hadron having pr > 10 GeV and || < 2.5
which must originate from the primary event vertex.

The charged hadrons selected in such a way are predominantly but not exclusively
pions. The CMS Detector does not have charged hadron particle ID capabilities
beyond %, which is ineffective for such boosted particles. Thus, we have little way
of knowing if they are really pions instead of kaons, protons, or something even more
charming. We refer to them using 7+ as shorthand.

To obtain a data sample orthogonal to the Z selection, and to suppress contam-
ination by Z events, we remove events from the /*7* selection with the following
cuts:

e Reject events containing a tag electron (muon) and another reconstructed elec-
tron (muon)
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e Reject 7% probes with separation AR less than 0.3 with any reconstructed
electron or muon

e Require the same charge assignment for the tag lepton and the pion probe

Furthermore, due to low event yields in this selection at higher probe energies for
the electron case, we use an n-inclusive form of this selection to build the shapes that
are used in each bin of probe 7 for probes with pr > 50 GeV.

The (7% selection is effective at modeling the background combinatorics, largely
arising from QCD and the W+jets process. However, it fails to accurately model
the lower energy contribution from the non-resonant background processes e.g. tt —
202v2b and Z/v* — 171",

6.2.2 Electron muon selection

The Z(ee) background can also be modeled by selecting a muon tag along with an
electron probe. In this case, we choose tags from the muons passing tight identifica-
tion, with kinematic cuts the same as the electron tags, but the probes are chosen as
in the Z(ee) selection. The opposite sign charge requirement is dropped. As with the
(*7* selection, we also use an 7-inclusive selection for the epu-derived shape at probe
pr > 50 GeV. The shape obtained this way is effective for lower energy electrons,
but does not accurately model the electron tag kinematics nor the lepton fake rate
at higher energies.

Thus, the most effective data-driven background shape for the Z(ee) selection was
determined to be a linear combination of the /*7* and e selections, with the relative
contribution a floating parameter. This allows the efficiency extraction procedure
to empirically determine what would otherwise be a complicated expression of the
lepton fake rates, the lepton efficiencies, the cross-sections of contributing background
processes, and other factors.

Figure [6-1|shows how the true background shape is approximated using this linear
combination of the two data-driven shapes.

6.3 Fitting techniques

The data efficiency is determined by performing a combined signal plus background
fit to each of the passing and failing categories, in each of the bins of kinematic phase
space. The efficiency extraction fit provides the number of signal Z events in the
passing and failing categories by measuring the relative contribution of signal and
background. The nominal values for the signal and background yields in data are
fit using a signal hypothesis of truth-matched Drell-Yan Monte Carlo templates (as
described in Section, convoluted with a Gaussian resolution function which allows
for widening and shifting of the simulated peak position. The background hypothesis
is a fixed shape derived from data, as described in Section [6.2] In the dielectron fits,
the relative contribution of e*7* versus ey data is a free parameter in the fit.
The binning choice for the probe leptons is the following:
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Figure 6-1: Simulation of the true background shape, compared with the shapes of the /7% selec-
tion, the ey selection, and a linear combination of the two. The background is normalized to the
integrated luminosity of the 2016 dataset.

e Probe electron pr: {10, 15, 20, 25, 30, 35, 40, 42, 44, 46, 48, 50, 55, 60, 70,
100} GeV:

o Probe electron n: {-2.5, -2.4, -2.3, -2.2, -2.1, -2.0, -1.8, -1.566, -1.4442, -1.2, -1,
0.8, -0.6, -0.4, -0.2, 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4442, 1.566, 1.8, 2.0, 2.1, 2.2,
2.3, 2.4, 2.5};

e Probe muon pr: {10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 120} GeV;

e Probe muon i: {-2.4, -2.1, -1.6, -1.2, -0.9, -0.3, -0.2, 0.2, 0.3, 0.9, 1.2, 1.6, 2.1,
2.4},

Representing the phase space bin and the pass/fail category with the index i,
the number of signal events Nsiig (and associated statistical uncertainty) in this bin
is calculated as the total number of data events N/, . (Poisson distributed), minus
the estimated background yield N,fkg (with statistical uncertainty from the negative
likelihood minimization procedure). Then, in each phase space bin, the efficiency is

determined as

Ngass
o ignal
€= Npass | i Nfail (61)

Signa

Signal

and the statistical uncertainties are propagated conservatively assuming no correlation
between the passing and failing signal yields.

Examples of the nominal efficiency extraction fits for dimuons are shown in Fig-
ures [6-2] and Similar examples for dielectrons are shown in Figures [6-4] and [6-5]
In order to assess the goodness-of-fit, we compute a modified x? test which accounts
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Figure 6-2: Efficiency extraction fits for the Medium muon working point using the data-driven
background shape, at low muon transverse momentum.

for statistical uncertainties in the data as well as the MC signal template, as shown
in the plots.

The MC efficiency is determined by counting the normalized yields of the passing
and failing templates described above.

6.4 Assessment of systematic uncertainty

In this section, we quantify the systematic uncertainty arising from five distinct
sources related to our ignorance of the true signal and background shapes, the generator-
related uncertainty, and possible selection bias. In each case, the absolute difference
between two alternative methods, 9, is taken as the systematic uncertainty +6 on the
nominal value.

6.4.1 Background shape modeling

To quantify the uncertainty in deriving the background shape from the data-driven
method, we use an analytic function as an alternative background shape. The function
chosen is a linear combination of: a decaying exponential to model low-energy fakes,
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Figure 6-3: Efficiency extraction fits for the Medium muon working point using the data-driven
background shape, at higher values of muon transverse momentum.

and a wide Gaussian with exponential tails to represent the peaking structure sculpted
by applying energy cuts to a falling combinatorial background mass distribution.
Previously, an error function multiplied with a decaying exponential was used, but
this function has problems related to fit convergence due to poor parameterization.

Examples of fits for 2016 run eras B to F with the analytic background are shown
for dimuons in Figures and [6-7] and for dielectrons in Figures[6-§ and [6-9 These
may be compared with the fits using the data-driven background shape in section [6.3]
The difference in the Data/MC scale factors derived using the two methods is taken
as a systematic; see Figures |A-11] and [A-12]
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Figure 6-4: Efficiency extraction fits for the Medium electron working point using the data-driven
background shape, at low electron transverse momentum.
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Figure 6-5: Efficiency extraction fits for the Medium electron working point using the data-driven
background shape, at higher values of electron transverse momentum.
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analytic background shape, at low muon transverse momentum.

7



Z - py, passing probes pT[45,50] n[-2.4000,-2.1000]

> E
& 18000 | 52511 data events —e—Data
Q16000 | Nyg=49712 %8, N, =2799 313 — i'g; "S"‘ztmuiz‘“s
2 E h o ) . Unc.
'E 14000~ Fit prob. 0.0%, EDM 2.6e-04 Bkg.: Das + exp
[ E
T 12000 .
10000 — Iy
8000 +
6000 «
4000 9 A
pa be
o:.f,-r-:-"‘:"‘ o PN b=~ = SN PUUURPYIN FUDUTUIN
& 15F
%: l%v L A0 Lo IR B ..'~A
i3
S 0.5
70 80 90 100 110 120 130
Tag-probe system mass [GeV]
Z - py, passing probes pT[60,120] n[-0.2000,0.2000]
>
8 35000 70679 data events —e— Data
2 N =66782 Do, Ny, =3897 3 }f'g; Z'tCIDUGa“S
30000 Fit prob. 16.6%, EDM 1.1e+04 2 at. une.
z Bkg.: Das + exp
£ 25000 n
20000
15000
- X
10000
5000 Vi p's
o:uuﬂ-.- oeed” beu ‘s[:“‘:‘:ﬁ,‘ s saesi oo s
& 15F
o N YN KPP ST SO S A I
S o5k
70 80 90 100 110 120 130

Tag-probe system mass [GeV]

Figure 6-7: Efficiency extraction fits for the Medium muon working point using the alternative
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Figure 6-8: Efficiency extraction fits for the Medium electron working point using the alternative
analytic background shape, at low electron transverse momentum.
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Figure 6-9: Efficiency extraction fits for the Medium electron working point using the alternative
analytic background shape, at higher values of electron transverse momentum.
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Figure 6-10: Efficiency extraction fits for the Medium muon working point using the analytic detector
resolution function, at low muon transverse momentum.

6.4.2 Signal resolution modeling

We consider the uncertainty from using the simulation of the reconstructed Z reso-
nance signal shape by convolution with an analytic function more complex than a
Gaussian to try to capture more detector resolution effects. The difference in scale
factors derived from the data efficiency extraction fits using the two methods is taken
as the systematic uncertainty due to signal resolution modeling. The alternative
function is a single Gaussian with asymmetric, exponential tails.

Examples of fits for 2016 run eras B to F with the alternative resolution function
are shown for dimuons in Figures [6-10] and and for dielectrons in Figures [6-12
and [6-13] These may be compared with the fits using the nominal resolution function
in section [6.3] The difference in the Data/MC scale factors derived using the two
methods is taken as a systematic; see Figures |A-13| and [A-14]
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Figure 6-11: Efficiency extraction fits for the Medium muon working point using the analytic detector
resolution function, at higher values of muon transverse momentum.
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Figure 6-12: Efficiency extraction fits for the Medium electron working point using the analytic
detector resolution function, at low electron transverse momentum.
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Figure 6-13: Efficiency extraction fits for the Medium electron working point using the analytic
detector resolution function, at higher values of electron transverse momentum.
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6.4.3 Signal final state radiation modeling

The reconstructed dilepton mass shape has a fat tail on the left side because of the
effect of final state radiation (FSR). In these tail events, at least one of the final state
leptons radiates a photon, reducing the energy of the dilepton system and changing
the momentum of the emitting lepton. It is more prevalent for electrons than for
muons because bremsstrahlung is suppressed as the fourth power of lepton mass.

Simulation addresses the phenomenon of FSR well in Z boson reconstruction, but
we must assess the uncertainty on how FSR is modeled in the MC generator, which
is only an approximation. To do this, we consider an alternative showering program
called PHOTOS. See Ref. [I54]. The goal is to compare the efficiencies obtained from
fitting templates with different showering algorithm provenances. Due to technical
reasons, our NLO QCD generator of choice for the nominal fit model (aMCQ@NLO)
could not be made to work with the PHOTOS showering algorithm. Instead, we
decided to use POWHEG and then pursue a reweighting procedure to capture the
effect.

First, we generated Monte Carlo events using POWHEG+PYTHIAS (the nom-
inal showering algorithm) and POWHEG+PHOTOS (the alternative showering al-
gorithm). In carrying out a private production only up to the GEN-SIM data tier,
we were able to generate order of 10 million events for each showering choice. Next,
the events constituting the templates from the nominal generator were reweighted
as a function of their generator-level mass to the corresponding distribution in the
POWHEG+X samples, where X represents PYTHIAS8 or PHOTOS. The generator-
level mass is an appropriate variable for this procedure because radiated photons
carrying off substantial energy, as modeled by the generator, will reduce the gener-
ator mass. The altered weights were propagated to the histograms used as fitting
templates, and fits were performed using the alternative POWHEG-+X shapes.

Examples of these fits for 2016 run eras B to F are shown for dimuons in Figures
[6-14], [6-15], [6-16] and [6-17} and for dielectrons in Figures [6-18] [6-19} [6-20} and [6-21]
These may be compared with the fits using the nominally simulated FSR tail.

To get alternative scale factors, the efficiencies extracted from data are divided
by the respective cut-and-count Monte Carlo efficiency derived from the reweighted
templates. In other words, the data efficiency obtained by fitting with reweighted
POWHEG+PYTHIAS is divided by the cut-and-count MC efficiency from reweighted
POWHEG+PYTHIAS, to get a scale factor. Then, the systematic uncertainty in a
kinematic bin is defined as the absolute difference between the POWHEG+X scale
factors, in that bin:

EPYTHIAS EPHOTOS
Data Data (6 2)

OFsR = ZPYTHIAS ~ _PHOTOS
MC MC

For 2D maps of the systematic uncertainty that results from this method, see

Figures [A-15] and [A-16]
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Figure 6-14: Efficiency extraction fits for the Medium muon working point using POWHEG and
PYTHIAS, at low muon transverse momentum.
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Figure 6-15: Efficiency extraction fits for the Medium muon working point using POWHEG and

PYTHIAS, at higher values of muon transverse momentum.
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Figure 6-16: Efficiency extraction fits for the Medium muon working point using POWHEG and
PHOTOS, at low muon transverse momentum.
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Figure 6-17: Efficiency extraction fits for the Medium muon working point using POWHEG and
PHOTOS, at higher values of muon transverse momentum.
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Figure 6-18: Efficiency extraction fits for the Medium electron working point using POWHEG and
PYTHIAS, at low electron transverse momentum.
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Z - ee, passing probes pT[25,30] n[1.5660,1.8000] Z - ee, failing probes pT[25,30] n[1.5660,1.8000]
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Figure 6-19: Efficiency extraction fits for the Medium electron working point using POWHEG and
PYTHIAS, at higher values of electron transverse momentum.
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Figure 6-20: Efficiency extraction fits for the Medium
PHOTOS, at low electron transverse momentum.

electron working point using POWHEG and

92



Z - ee, passing probes pT[25,30] n[1.5660,1.8000] Z - ee, failing probes pT[25,30] n[1.5660,1.8000]
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Figure 6-21: Efficiency extraction fits for the Medium electron working point using POWHEG and
PHOTOS, at higher values of electron transverse momentum.
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6.4.4 Choice of generator

The choice of generator used to determine the MC before the showering can affect
the scale factor determination. The differences in generator implementations, in-
cluding leading-order versus next-to-leading order simulation, can affect the fraction
of passing and failing probes, and the truth-matching efficiency. Therefore, we use
a different implementation (MADGRAPHS at leading-order) instead of the nominal
(MADGRAPHS  AMC@NLO) to extract the efficiency from data. This data efficiency
is divided by the nominal NLO MC efficiency to give an alternative scale factor. We
do not substitute the leading-order MC efficiency here because, for the purposes of a
precision measurement, the difference in the data efficiency is the real effect. We take

the size of the difference in the scale factors as the symmetric systematic uncertainty
from the choice of generator. See Figures [A-17] and [A-1§]
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Figure 6-22: Efficiency extraction fits for the Medium muon working point using the alternative tag
selection, at low muon transverse momentum.

6.4.5 Bias from choice of tag selection

The choice of tag selection cuts is motivated by the realities of the experiment, such
as detector acceptance and trigger pr thresholds. The tag selection can bias the data
efficiency, so we account for this by observing the change in the Data/MC scale factors
when the tag selection is changed. The alternative tag selection has a pr threshold 5
GeV higher, and uses the Medium working point for identification and isolation.

Examples of fits for 2016 run eras B to F with the alternative tag selection applied
to Data and MC are shown for dimuons in Figures and [6-23], and for dielectrons
in Figures and [6-25] These may be compared with the fits using the nominal tag
selection in section [6.3] The difference in the Data/MC scale factors derived using
the two methods is taken as a systematic; see Figures |[A-19| and [A-20]
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Figure 6-23: Efficiency extraction fits for the Medium muon working point using the alternative tag
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Figure 6-24: Efficiency extraction fits for the Medium
tag selection, at low electron transverse momentum.
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Z - ee, passing probes pT[25,30] n[1.5660,1.8000] Z - ee, failing probes pT[25,30] n[1.5660,1.8000]
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Figure 6-25: Efficiency extraction fits for the Medium electron working point using the alternative
tag selection, at higher values of electron transverse momentum.
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6.4.6 Total impact of systematic uncertainties

The percent impacts of each source of uncertainty on the inclusive Z(¢¢) cross section
are shown in Table [6.1] Pre-HIP mitigation scenario in 2016 is assumed.

Z(ee) Yield Z(pp) Yield

Source of Uncertainty % Impact % Impact
0 0

Background shape 0.48 0.57
Signal resolution 0.04 0.26
Signal FSR model 0.09 0.07
Generator choice 0.34 0.19
Tag selection 0.44 0.26
Total scale factor impact 0.74 0.71

Table 6.1: Impact of the scale factor uncertainties on the inclusive cross section.
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Chapter 7

Measurements of differential Z boson
production cross sections

In this chapter I present the measurements of the differential Z boson production cross
section in three observables: Z boson transverse momentum, Z boson rapidity, and
the ¢* observable. The rapidity of the Z boson in pp collisions is strongly correlated
with the Bjorken-x of the initial partons and provides constraints on the PDFs of the
proton. The precision of the Z boson pr measurements is limited by the uncertainties
in the measurements of the transverse momenta of charged leptons from Z boson
decays. The observable ¢* [155], 156, [157], defined by the expression

T — A

¢* = tan ( > sin(6;) (7.1)
5,

cos(f,) = tanh 5

where A¢ is the opening angle between the leptons in the plane transverse to the
beam, and n* refers to the pseudorapidity of the two leptons, is proportional to the
ratio of Z boson pr to dilepton mass. The variable 0 indicates the scattering angle
of the dileptons with respect to the beam in the boosted frame where the leptons are
aligned. The observable ¢* follows the approximate relationship ¢* ~ pZ/my, that
the range ¢* < 1 corresponds to p% up to about 100 GeV for a lepton-pair mass close
to the nominal Z boson mass.

The measurement resolution of ¢* is better than that of pr since it depends only on
the angular variables of the leptons and benefits from the excellent spatial resolution
of the CMS inner tracking system. The Z boson ¢* distribution has been previously
measured by the DO, ATLAS, CMS, and LHCb collaborations [35] 19, 158 [30].

In all, I will show inclusive fiducial and differential production cross sections of
the Z boson as functions of pr, ¢*, and rapidity.
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7.1 Event selection

The leptonic final state in the Z/v* — ¢*¢~ channel consists of two opposite charged
same-flavor high pr isolated leptons, muons or electrons, compatible with a Z boson
decay. Therefore, the selection of the Z boson candidates are required to have either
two muons or two electrons with a reconstructed mass (my) within 15 GeV the
nominal Z boson mass. In addition, both leptons are required to have pp > 25 GeV
to ensure ~100% trigger efficiency, and |n| < 2.4 for muons and electrons. After
applying this selection the background level from non single-Z boson processes is
below 1%. A few distributions at the reconstruction level for dimuons and dielectrons

after applying the full selection are shown in Figures [7-I] and [7-2] Figures[7-3]
, and show the generator-level correlations between p%, ¢*, y%, and the opening

angles between the lepton pairs A¢, Ay, and AR = /A¢? + An?.

7.2 Background estimation

After the full selection, the amount of background processes in the data sample is
rather small thanks to the clean signature and the relatively tight selection. The
background processes is split into two components: the resonant background and
the nonresonant background. The resonant background comes from events with a
real Z boson in the final state, e.g. WZ diboson production; while the nonresonant
background comes from events which do not have a Z boson in the final state. The
first set of backgrounds is estimated using a simulated events, as described in Section
6.2

Nonresonant backgrounds (NRB) consist mainly of leptonic W decays in tt, tW
decays and WW events. Small contributions from single top-quark events produced
from s-channel and t-channel processes, and Z — 77 events are also considered in
this NRB estimation. This contribution of the nonresonant backgrounds is estimated
from a control sample of dilepton events of different flavor (e*xT) that pass all other
selection criteria. The method has been previously used in many analyses and assumes
the lepton flavor symmetry in the final states of these processes. Since the leptonic
decay branching ratios for the ee, pup and ey final states from NRB are 1:1:2, the eu
events selected inside the Z-mass window is extrapolated to the ee and ppu channels.
To account for differences in efficiency for electrons and muons, a correction factor
K, is derived by comparing the NRB yields in the ee and pu channels:

P N
ky = 2~y | DNRB 2
M e N¥rB (7.2)

This again assumes that each lepton leg acts independently. The factor k,,, is found
to be about 1.3 for the final selection, consistent between data and simulation. With
this correction factor, the relation between the NRB yields in the signal and control
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Figure 7-1: Distributions at the reconstruction level of my, (top), |y?| (center), and p% (bottom) for
dimuons (left) and dielectrons (right) after applying the full selection.
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104



100 2
(]
10° © 2
10* 15
14 10° ]
] 1 i
5 = 10° ]
1 10 0.5 .
1 e I | 0 J
10* 10° 102 10* 1 10 107 10* 10° 102 10 1 10 107
Gen @* Gen@*

>
5
0] 10°
10*
1.5
10°
10?
0.5 1110
1

102 10°
Gen P,

Figure 7-3: Distributions at the generator level of ¢* vs pZ (top left), ¢* vs y% (top right), and p%
vs y% (bottom) for dilepton pairs.

105



Gen Ag
Gen Ag

0 covnd el el sl 1
10* 10° 102 10 1 10 107
Genp, Gen ¢*

0 0.5 1 15 2
Geny

Figure 7-4: Distributions at the generator level of A¢ with p% (top left), ¢* (top right), and y%
(bottom) for dilepton pairs.

106



> 5 > 5
< <
3 10 & 10
o 4 O 4 ]
10
3
3 10 3 10*
1 | 1n3
2 14 102 2 10
| | 110
- = ]_0 1 |
17 1410
0 11 0 Jq
1 10 10? 10° 10* 10° 102 10 1 10 107
Genp, Gen ¢*

>
<
c
[}
o

Geny

Figure 7-5: Distributions at the generator level of Ay with p% (top left), ¢* (top right), and y%
(bottom) for dilepton pairs.

107



x o 10° O Y
< p 10
) ) 10°
o 4 10* o 4
10°
3 3 3
i 10 i 10*
2 14 102 2f 19 10°
i 11 i 12 10?
1F 4 <10 1 7]
i 11 i 10
0’ Ll . ol . | ] ; 1 0’ vl el el el 1
1 10 10? 10° 10* 10° 102 10 1 10 107
Genp, Gen ¢*

10°

Gen AR

10°
10*
10°
10

10

Geny

Figure 7-6: Distributions at the generator level of AR with p% (top left), ¢* (top right), and y%
(bottom) for dilepton pairs.

108



region is:

pE = ep
NNrp = QkuMNNRB

11 .,
NRB = ék_uu NRB (7.3)
20 1 1 ep
— Nygp = B Ky + T Nyrp
[

A summary of the data, signal, and background yields after the full selection for
the dimuon and dielectron final states is shown in Table [7.1]

Final state Data 7 — 0 Resonant bkg. Nonresonant bkg.
o ~20.4 x 10° ~20.7 x 10° ~ 30 x 10° ~ 41 x 10°
ee ~12.1x10% ~ 12.0 x 108 ~ 19 x 10® ~ 26 x 103

Table 7.1: Summary of data, signal, and background yields after the full selection. The signal yields
are quoted using MADGRAPHS AMC@NLO.

7.3 Systematic uncertainties

In this section the systematic uncertainties taken into account in the 7 differential
measurement are summarized. Uncertainties do not only influence the overall normal-
ization (e.g. the uncertainty in the luminosity measurement), but also the distribution
of relevant kinematic observables (e.g. the uncertainty in the lepton momentum scale),
are treated as shape uncertainties. Their impact is evaluated by performing the full
analysis with its value shifted up and down by one standard deviation. For each
source of uncertainty, the impact in different bins of the final distribution is thus
considered fully correlated, while independent sources of uncertainty are treated as
uncorrelated.

7.3.1 Sources of systematic uncertainties

The different sources of the systematic uncertainties are summarized in this section

Luminosity

The assigned uncertainty to the integrated luminosity measurement for the data set
used in this analysis is 2.5%.

Trigger, lepton reconstruction and identification efficiencies

Discrepancies in the lepton reconstruction and identification efficiencies between data
and simulation are corrected by applying to all MC samples data-to-simulation scale
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factors measured using Z/v* — (1T~ events in the Z peak region [I59] that are
recorded with unbiased triggers. These factors depend on the lepton pr and n and
are within 2% for electrons and muons. The uncertainty in the determination of
the trigger efficiency leads to an uncertainty smaller than 1% in the expected signal
yield. Residual difference between the analysis lepton requirements with respect to
the trigger selections is well covered by the uncertainty in the trigger efficiency. The
uncertainty due to the muon (electron) reconstruction efficiency varies between 0.1%
(0.2%) in the central part of the detector up to (0.4%) (1.0%) at large |n| values.
The uncertainty due to the lepton identification selection is about 0.4% per muon
leg, and about 1.1% per electron leg, although with a sizable dependence on 7 and
pr. The precise methodology of determining these identification scale factors has
been expounded above, in Chapter [6] The trigger and reconstruction efficiencies are
measured in similar ways, but the fitting procedure is comparatively trivial due to
high purity.

Lepton momentum scale and resolution

The lepton momentum scale uncertainty is computed by varying the momentum of
the leptons by their uncertainties. The effect on the analysis is rather small, except
for very low or very high dilepton pr.

L1 pre-firing trigger inefficiency

The L1 pre-firing trigger inefficiency is an experimental issue in the data recorded in
2016 which reduces the number of selected events. In addition, it introduces a sizable
uncertainty since it is not easy to precisely measure this effect.

The root of the problem is the ECAL trigger primitive (TP) timing. When an
ECAL TP pre-fires, its entire energy is assigned to the bunch crossing numbered -1
(BX-1). The trigger rules dictate that after a L1 trigger firing, the next 2 bunch
crossings are not available for firing. Thus, if the energy of the TP is large enough to
pre-fire a L1 trigger in BX-1, any physics event in BX0 or BX1 is lost. In contrast, if
the BX-1 is not accepted, a residual effect on BXO0 is present because a null energy is
associated with the early TP. Finally, the TP inputs are used by the ECAL selective
readout units (SRPs) to decide whether a certain region of the detector needs to be
fully readout or zero-suppressed. Crystals associated with the early TP will be readout
in zero-suppression mode, injecting a bias in the HLT /offline energy measurement.

The effect can be measured in data by selecting un-prefirable events at BX0, where
the L1 trigger fired in BX-3. In that case, by the trigger rules BX-2 and BX-1 cannot
possibly have fired the L1 trigger, so BXO0 is a clean slate. Unfortunately, the rate of
un-prefirable events is rather small compared to the total data sample, about 0.1%,
and therefore the statistical precision of that effect is a concern.

Overall, the recommended uncertainty is about 20% of the correction. This trans-
lates to a rather small impact on the inclusive analysis, but it leads to a sizable impact
on the Z boson rapidity measurement.
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Because this effect directly affects the lepton and event reconstruction, the corre-
sponding uncertainty has been merged together with the standard lepton reconstruc-
tion efficiency uncertainties.

Background subtraction

The resonant background processes are estimated from simulation, so the uncertain-
ties on the normalization are derived from variations of the QCD scale, o and parton
distribution functions (PDFs) variations [160], 161, [162], 163], [164] 139]. The PDF and
as uncertainties for signal and background processes are estimated from the standard
deviation of weights from the replicas provided in the NNPDF3.0 parton distribution
set [98].

The procedure for estimating uncertainties arising from Parton Distribution Func-
tions (PDF uncertainties) follows the recommendations issued by the PDF4ALHC
group [165]. For the second run of the LHC, the PDF4ALHC group has provides a
set of combined PDF sets — the PDFALHC pdf sets — which are used in the following
for the estimation of PDF uncertainty.

The uncertainty in the nonresonant background is estimated to the be about 5%,
which is rather conservative, but it makes barely any difference in this analysis.

Model dependence in unfolding

The model dependence of unfolding is due to the convolution of the detector resolution
effects with the with the expected spectra. Unfolding is expected to work properly if
these differences are small. The predicted amount by which events migrate between
bins in the observed distribution must be close to the actual amount of migration. In
order to quantify the uncertainty from this effect, a different matrix can be constructed
starting from a different MC generator, using fully reconstructed events in order to
correctly account for the bin migrations. Alternatively, one could try to reweight the
MC to match other predicted spectra. Model dependence is evaluated unfolding the
data with the different models and symmetrizing the uncertainties.

Statistical uncertainty estimation

The computation of the statistical uncertainty estimation after unfolding is compli-
cated by the bias introduced by the unfolding itself. A “proper” way of doing this
step is not fully established from the statistical point of view, making this an active
field of research [166] 167]. Different toys and resampling techniques are available in
order to perform such operation, that usually provide a better coverage with respect
to the analytical error propagation. The toy generation is performed by ROOUN-
FOLD, smearing the data distribution using Gaussian uncertainties corresponding to
the histogram errors.
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7.3.2 Correlations

The correlations among the different bins and the two final states used in the analysis
are described in this section.

All the systematic uncertainties are considered to be correlated among the different
bins for a single variable, with the exception of the uncertainties with statistical
nature. The statistical uncertainties of the MC samples are treated as uncorrelated
quantities among the different bins. In addition, the statistical uncertainties in the
lepton efficiency scale factors for each lepton 1 and pr bin used for such measurements
are treated as uncorrelated quantities.

When combining the muon and electron channels, the luminosity, background es-
timation, and modelling uncertainties are treated as correlated parameters, all others
are considered as uncorrelated between them.

7.3.3 Total systematic uncertainty

A graphical representation of the different contributions to the systematic uncertainty
is shown in Figures [7-7] [/-8] and [7-9] A summary of the systematic uncertainties
related to the lepton efficiency measurements of muons and electrons is shown in
Figure [7-10

The differential cross section measurements can also performed with respect to the
inclusive cross section. Therefore, in that case the uncertainties are largely reduced,
in particular the lepton reconstruction selection efficiency mostly cancel out, and the
effect due to the integrated luminosity completely cancel out. Those uncertainties are
summarized in Figure |7-11}

7.4 Results

7.4.1 Inclusive fiducial cross section measurements

The inclusive fiducial cross section is measured in the muon-pair and electron-pair
final states. The combined cross section is obtained by treating the systematic un-
certainties, except the uncertainties due to the integrated luminosity and background
estimation, as uncorrelated between the two final states. The luminosity and back-
ground estimation uncertainties are treated as fully correlated in the combined mea-
surement. The uncertainties are dominated by the uncertainty in the integrated
luminosity and the lepton efficiency. A summary of the systematic uncertainties is
shown in Table [[.2] The measured cross sections are shown in Table [7.3]

The measured cross section values agree with the theoretical predictions. The
predicted values are oy, = 682455 pb with MADGRAPHS AMCQNLO using the
NNPDF 3.0 [98] NLO PDF set, and o7, = 719 = 8 pb with fixed order FEWZ [168,
169, 170}, 171] at NNLO accuracy in QCD using the NNPDF 3.1 [I72] NNLO PDF
set. The theoretical uncertainties for MADGRAPHS AMCQ@NLO and FEWZ include
statistical, PDF, and scale uncertainties. The scale uncertainties are estimated by
varying the renormalization and factorization scales independently up and down by a
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Figure 7-10: Summary of the systematic uncertainties related to the lepton efficiency measurements
of muons (left) and electrons (right) for the p% analysis (top), the |y?| analysis (center), and the ¢*
analysis (bottom).
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Figure 7-11: Summary of the systematic uncertainties of muons (left) and electrons (right) for the
p% analysis (top), the |y%| analysis (center), and the ¢* analysis (bottom) for the differential cross
section measurements with respect to the inclusive cross section.

117



Source Z— up (%) 7 —ee (%)

Luminosity 2.5 2.5
Muon reconstruction efficiency 0.4 -
Muon selection efficiency 0.7 -
Muon momentum scale 0.1 -
Electron reconstruction efficiency - 0.9
Electron selection efficiency - 0.9
Electron momentum scale - 0.2
Background estimation < 0.1 < 0.1
Total (excluding luminosity) 0.8 1.3

Table 7.2: Summary of the systematic uncertainties for the inclusive fiducial cross section measure-
ments.

Cross section o B [pb]
07— 694 £ 6 (syst) £ 17 (lumi)
07 —ee 711 £ 9 (syst) £ 18 (lumi)
070t 699 &+ 5 (syst) £ 17 (lumi)

Table 7.3: The measured inclusive fiducial cross sections in the muon-pair and electron-pair final
states. The combined measurement is also shown.

factor of two from their nominal values (removing combinations where both variations
differ by a factor of four) and taking the largest variations as the uncertainty.
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7.4.2 Differential cross section measurements

The measured differential cross sections corrected for detector effects are compared
to various theoretical predictions. The measured absolute cross sections in bins of
|y%| are shown in Figure . The measurement is compared to predictions using
parton shower modeling with both MADGRAPHS AMCQNLO and POWHEG at
NLO accuracy in QCD using the NNPDF 3.0 PDF set. A comparison with fixed
order prediction at NNLO accuracy with FEWZ using the NNPDF 3.1 NNLO PDF
set is also shown. The MADGRAPHS AMCQNLO and POWHEG predictions are
consistent with the data within the theoretical uncertainties. The FEWZ prediction
with the NNPDF 3.1 PDF set is within 5% of the measurement over the entire |y%|
range.

Figure shows the measured absolute cross sections in bins of p%. The
measurement is compared to predictions using parton shower modeling with MAD-
GrAPHS5 AMCQNLO and POWHEG. A comparison with POWHEG using the
MINLO procedure and using the NNPDF 3.1 NLO PDF set is also shown. The
predictions are consistent with the data within the theoretical uncertainties. The
POWHEG predictions at high-pr (above 100 GeV) disagree with the data. The
higher order accuracy of the MADGRAPHS AMCQ@QNLO and POWHEG-MINLO
predictions at high-pt lead to an improved agreement with the data.

Figure (left) shows comparisons to resummed calculations with RES-
BOS [173, 174, [175] and GENEVA [176]. A comparison to the MAD-
GrAPHS5 AMCQNLO prediction is also included as a reference. The RESBOS
predictions are obtained using the C'P version at NNLL accuracy with CT14 NNLO
PDF set and are consistent with the data within the theoretical uncertainties at low-
pr but disagree with the measurements at high-pr. The GENEVA predictions include
resummation to NNLL accuracy where the resulting parton-level events are further
combined with parton showering and hadronization provided by PYTHIAS. The
GENEVA predictions are generally consistent with the data within the theoretical
uncertainties but disagree with the data at low pr (below 30 GeV). The CUETP8M1
tune is used for the underlying-event modeling for the shown GENEVA predictions.
A dedicated tune for the underlying-event modeling will lead to improved agreement
with the data.

The p% distribution for pr > 30 GeV is compared to fixed order predictions
as shown in Figure (right). A comparison to the MADGRAPH5 AMCQNLO
prediction is included as a reference. The data is compared to the FEWZ predictions
at NNLO in QCD and to the complete NNLO predictions of vector boson production
in association with a jet [7, 8]. The central renormalization and factorization scale
values were chosen to be pip/p = V/ (P}, + M2) for the FEWZ and Z+1 jet at NNLO
predictions. The scale uncertainties are estimated by varying the renormalization and
factorization scales up and down together within a factor of two. The CT14 [I77]
NNLO PDF set is used for the Z+1 jet at NNLO predictions. The predictions are
consistent with the data within the theoretical uncertainties. As can be seen the Z+1
jet at NNLO calculations significantly reduce the factorization and renormalization
scale uncertainties. EW corrections are important at high-pt with correction factors
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Figure 7-12: The measured absolute cross sections (left) in bins of |y%| for the muon-pair (top)
and electron-pair (middle) final states, and for the combination (bottom). The ratios of the pre-
dictions to the data are also shown (right). The shaded band around the data points (black)
correspond to the total experimental uncertainty. The measurement is compared to predictions
with MADGRAPHS AMC@NLO (square red markers), POWHEG (green triangles), and FEWZ
(blue circles). The error bands around the predictions correspond to the statistical, PDF, and scale
uncertainties.
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Figure 7-13: The measured absolute cross sections (left) in bins of p% for the muon-pair (top) and
electron-pair (bottom) final states, and for the combination (bottom). The ratios of the predic-
tions to the data are also shown (right). The shaded band around the data points (black) corre-
spond to the total experimental uncertainty. The measurement is compared to predictions with
MADGRAPH5 AMC@NLO (square red markers), POWHEG (green triangles), and POWHEG-
MINLO (blue circles). The error bands around the predictions correspond to the statistical, PDF,
and scale uncertainties.
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Figure 7-14: The ratios of the predictions to the data in bins of p% for the combination of the
muon-pair and electron-pair final states. The shaded band around the data points (black) corre-
spond to the total experimental uncertainty. The left plot shows comparisons to predictions with
MADGRAPH5  AMC@NLO (square red markers), Resbos (green triangles), and GENEVA (blue
circles). The right plot shows the p% distribution for pt > 30 GeV compared to predictions with
MADGRAPH5 AMC@NLO (square red markers), Z + 1 jet at NNLO (green triangles), and FEWZ
(blue circles). The error bands around the predictions correspond to the statistical, PDF, and scale
uncertainties.

of up to 0.9 at pr = 500 GeV and 0.8 at pr = 1000 GeV [9,10]. The EW corrections
are not included in the predictions shown in Figure [7-14]

Figure shows the measured absolute cross sections in bins of ¢*. The mea-
surements is compared to predictions from MADGRAPHS AMCQ@QNLO, POWHEG,
and POWHEG-MINLO. The predictions are consistent with the data within the the-
oretical uncertainties and describe data well at low pr.

Summaries of the absolute double-differential cross section measurements in p2
and |yZ| are shown in Figures The normalized cross section measure-
ments in bins of p%4 and ¢* are shown in Figure . The measured normalized
cross section uncertainties are smaller than 0.5% for ¢* < 0.5 and for p4 < 50 GeV.
Summaries of the normalized double-differential cross section measurements in p4
and |y?| are shown in Figures[7-23{7-27] The measurements are compared to predic-
tions using parton shower modeling with MADGRAPHS AMCQ@QNLO, POWHEG,
and POWHEG-MINLO. The predictions are consistent with the data within the
theoretical uncertainties.
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Figure 7-15: The measured absolute cross sections (left) in bins of ¢* for the muon-pair (top) and
electron-pair (bottom) final states, and for the combination (bottom). The ratios of the predic-
tions to the data are also shown (right). The shaded band around the data points (black) corre-
spond to the total experimental uncertainty. The measurement is compared to predictions with
MADGRAPHS AMC@NLO (square red markers), POWHEG (green triangles), and POWHEG-
MINLO (blue circles). The error bands around the predictions correspond to the statistical, PDF,
and scale uncertainties.
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Figure 7-16: The measured absolute cross sections (left) in bins of p% for the 0.0 < |y%| < 0.4 region.
The ratios of the predictions to the data are also shown (right). The shaded bands around the data
points (black) correspond to the total experimental uncertainty. The measurement is compared to
the predictions with MADGRAPHS5 AMC@NLO (square red markers), POWHEG (green triangles),
and POWHEG-MINLO (blue circles). The error bands around the predictions correspond to the
combined statistical, PDF, and scale uncertainties.
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Figure 7-17: The measured absolute cross sections (left) in bins of p% for the 0.4 < |y%| < 0.8 region.
The ratios of the predictions to the data are also shown (right). The shaded bands around the data
points (black) correspond to the total experimental uncertainty. The measurement is compared to
the predictions with MADGRAPHS5 AMC@NLO (square red markers), POWHEG (green triangles),
and POWHEG-MINLO (blue circles). The error bands around the predictions correspond to the
combined statistical, PDF, and scale uncertainties.
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Figure 7-18: The measured absolute cross sections (left) in bins of p% for the 0.8 < |y%| < 1.2 region.
The ratios of the predictions to the data are also shown (right). The shaded bands around the data
points (black) correspond to the total experimental uncertainty. The measurement is compared to
the predictions with MADGRAPHS5 AMC@NLO (square red markers), POWHEG (green triangles),
and POWHEG-MINLO (blue circles). The error bands around the predictions correspond to the
combined statistical, PDF, and scale uncertainties.
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Figure 7-19: The measured absolute cross sections (left) in bins of p% for the 1.2 < |y%| < 1.6 region.
The ratios of the predictions to the data are also shown (right). The shaded bands around the data
points (black) correspond to the total experimental uncertainty. The measurement is compared to
the predictions with MADGRAPHS5 AMC@NLO (square red markers), POWHEG (green triangles),
and POWHEG-MINLO (blue circles). The error bands around the predictions correspond to the
combined statistical, PDF, and scale uncertainties.
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Figure 7-20: The measured absolute cross sections (left) in bins of p% for the 1.6 < |y%| < 2.4 region.
The ratios of the predictions to the data are also shown (right). The shaded bands around the data
points (black) correspond to the total experimental uncertainty. The measurement is compared to
the predictions with MADGRAPHS5 AMC@NLO (square red markers), POWHEG (green triangles),
and POWHEG-MINLO (blue circles). The error bands around the predictions correspond to the
combined statistical, PDF, and scale uncertainties.
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Figure 7-23: The measured normalized cross sections (left) in bins of p% for the 0.0 < |y%| < 0.4
region. The ratios of the predictions to the data are also shown (right). The shaded bands around
the data points (black) correspond to the total experimental uncertainty. The measurement is
compared to the predictions with MADGRAPHS  AMC@NLO (square red markers), POWHEG (green
triangles), and POWHEG-MINLO (blue circles). The error bands around the predictions correspond
to the combined statistical, PDF, and scale uncertainties.
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Figure 7-24: The measured normalized cross sections (left) in bins of p% for the 0.4 < |y%| < 0.8
region. The ratios of the predictions to the data are also shown (right). The shaded bands around
the data points (black) correspond to the total experimental uncertainty. The measurement is
compared to the predictions with MADGRAPHS AMC@NLO (square red markers), POWHEG (green
triangles), and POWHEG-MINLO (blue circles). The error bands around the predictions correspond
to the combined statistical, PDF, and scale uncertainties.
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Figure 7-25: The measured normalized cross sections (left) in bins of p% for the 0.8 < |y?| < 1.2
region. The ratios of the predictions to the data are also shown (right). The shaded bands around
the data points (black) correspond to the total experimental uncertainty. The measurement is
compared to the predictions with MADGRAPHS  AMC@NLO (square red markers), POWHEG (green
triangles), and POWHEG-MINLO (blue circles). The error bands around the predictions correspond
to the combined statistical, PDF, and scale uncertainties.
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Figure 7-26: The measured normalized cross sections (left) in bins of p% for the 1.2 < |y%| < 1.6
region. The ratios of the predictions to the data are also shown (right). The shaded bands around
the data points (black) correspond to the total experimental uncertainty. The measurement is
compared to the predictions with MADGRAPHS AMC@NLO (square red markers), POWHEG (green
triangles), and POWHEG-MINLO (blue circles). The error bands around the predictions correspond
to the combined statistical, PDF, and scale uncertainties.
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Figure 7-27: The measured normalized cross sections (left) in bins of p% for the 1.6 < |y%| < 2.4
region. The ratios of the predictions to the data are also shown (right). The shaded bands around
the data points (black) correspond to the total experimental uncertainty. The measurement is
compared to the predictions with MADGRAPHS  AMC@NLO (square red markers), POWHEG (green
triangles), and POWHEG-MINLO (blue circles). The error bands around the predictions correspond
to the combined statistical, PDF, and scale uncertainties.
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Chapter 8

Diboson studies

In dark matter searches involving a Z boson in the final state, the resonant diboson
processes ZZ and WZ are an irreducible background. In the case of hadronic Z boson
decays, they are not a major worry, since other hadronic background processes such
as pure QCD totally beat out the diboson processes based on the cross-sections [17§].
On the other hand, in final states with little hadronic activity, the other background
processes which contribute substantially are easy to reject. These diboson processes
are the main problem due to the limitations of theoretical calculations.

In this chapter, I survey the current status of the diboson theoretical calculations.
The picture is bleak, but there is a silver lining: it is possible to control the cumber-
some theoretical uncertainties by exploring the experimental data. I will discuss two
separate analysis selections to obtain pure samples of experimental data with fully
visible ZZ and WZ processes. These data are interesting on their own to compare to
the simulation as a precision electroweak measurement. In the context of this work,
they are also a crucial ingredient for the dark matter search of Chapter [9

£
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Figure 8-1: Leading order WZ production mechanisms in the s-channel and the ¢-channel.
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Figure 8-2: Clockwise from upper left: ZZ production at leading order; ZZ production at NLO in
QCD; ZZ production at NLO in both QCD and EW; ZZ production at NLO only in EW.

8.1 Theoretical uncertainties in diboson calculations

All simulated physics processes in this work are susceptible to uncertainties due to: the
proton parton distribution functions; the QCD scale, ay; and the renormalization and
factorization scales in the quantum field theory. Consistent with the other processes,
these effects are propagated to both the overall cross sections and the transverse
momentum spectra of the ZZ and WZ processes. For the purposes of this chapter, it
suffices to say that the effect of these is roughly 10%.

8.1.1 Electroweak corrections

Electroweak corrections for the ZZ process are implemented on the basis of a table
given by the authors of Refs. [I79] [I80]. They are a function of the flavour of the
quarks which initiated the hard process (u, d or b, treating s as d and ¢ as ), and of
the Mandelstam variables § and ¢ computed in the center-of-mass frame.

The computation of these electroweak corrections has been realized in the ap-
proximation where the transverse momentum of complementary jets is small with
respect to that of the Z bosons. In this case, the kinematics of the process are com-
pletely described by the § and ¢ variables. The variables § and £ are computed at
generator-level. Since § is the center-of-mass energy squared, it is computed as the
generator-level diboson mass myy.

In an interaction of the type 1 +2 — 344, one has t = (p; — p3)2. Let us denote
the 4-momentum of the first initial state quark as pj;, and that of the first Z boson
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produced as p%,. Neglecting the quarks’ bare masses, this gives:

N * x )2 * * * *
t= (p<h _pZ1) :pQ12+pZ21 _2pQ1 Pz,

s S 5 2 4
:mZ—§+COSQ AL

The angle 6 is determined as the angle between the Z boson considered and the
direction of the incident quarks in the center-of-mass frame of the two Z bosons.
However, to take into account the radiation of gluons emitted at small angles, the
direction of the incident quarks is computed as the direction of the difference of the
momenta of the two quarks, normalized to unity. This follows the method originally
proposed by Ref. [180]:

Db — Db =
:}ql QQQ *Pzib, (82)

where ﬁqi /z:» Tepresents the unitary vector of the ith quark/Z boson after the Lorentz
boost. Notice that in the lab frame, the momenta of the incident quarks are computed
as the fraction of momentum of the incident protons.
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Figure 8-3: Electroweak corrections to the ZZ process, provided by the authors of Ref. [I79]. The
cross-shaped markers are the corrections applied as a function of §, £, and the quark flavours. The
colored lines are the corrections applied as a function of trailing boson pr. Since they agree, it is
sufficient for our purposes to apply the corrections based on trailing boson pr.

In this work, an event-by-event reweighting is performed with correction weights
binned in the generator-level pr of the trailing boson. See Figure[8-3] This correction
results in a net reduction of the overall ZZ yield of about 10%, although with a strong
dependence on the trailing boson py. For the ZZ — 2(2v decay channel, the EMiss
spectrum becomes softer, with a correction of down to —40% for a trailing-Z boson
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pr of 700 GeV.

Electroweak corrections to the WZ process are also considered. These come in two
different contributions: virtual and photon-induced. See Figure[8-4] The virtual part,
leading to a negative correction, is computed in the same way as for ZZ. The photon-
induced part, leading to a positive correction, is estimated by generating events with
MadGraph5 aMC@NLO using the LUXqged photon PDF [181]. This correction is
applied as a function of the diboson mass mwy computed at generator-level. The
focus of this work is on the high-momentum signature of the dibosons, so a cut of 100
GeV on the transverse momentum of the W and the Z is applied when computing the
photon induced contribution. The correction factors for the virtual and the photon
induced part are combined to give the total electroweak correction factor:

KEN\I}JVO = (1 + 57—induced) X (1 + 5virtual) (83)

The distribution of Kg\%vo as well as (14 dyirtual) are shown in Figure as a function
of mwy and p%v. The virtual part dyirtua 1S taken from a table as a function of the
Mandelstam variables § and ¢, computed in the rest frame of the two incoming partons
which initiate the interaction.

q
v ;
Z .
,
Uy
W+ .
q 7

Figure 8-4: WZ production at NLO in EW by internal loop processes (upper row) and photon-quark
induced processes (lower row).
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Figure 8-5: Evolution of the NLO electroweak corrections K-factor on pp — WTZ as a function
of mwz (left) and ppw (right), using only virtual corrections (blue) or using both virtual and
photon-induced corrections (brown).

8.1.2 QCD corrections

For quark-induced ZZ production, a QCD NLO to NNLO (next-to-next-to-leading
order) correction factor is applied as a function of the mass of the two Z bosons, myz,
at generator-level. Figure shows the differential cross section. The correction is
obtained using settings similar to the CMS simulation (dilepton mass requirements,
parton distribution function sets) to ensure its accuracy. See Ref. [I82]. In the case
of the WZ process, a flat correction factor from QCD NLO to NNLO is applied. Its
value is 1.109; for details see Reference [183].
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Figure 8-6: Evolution of the NNLO QCD corrections K-factor for pp — ZZ — 202v as a function
of myz at generator-level.

8.1.3 Cross terms

As discussed in Refs. [I79] [I80], terms purely of higher order in agw are expected
to be negligible. A significant uncertainty, instead, stems from missing QCD-EW
combined corrections, e.g. involving two-loop terms of order asagw. So far, this
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contribution from diagrams at NLO in both QCD and electroweak has been ignored.
This is the source of the so-called “QCD-electroweak cross-term.”

The electroweak and QCD corrections are both large in magnitude, for the ZZ
process, so the QCD-electroweak cross-term cannot be neglected. For the majority
of 77 events which have little hadronic activity, the uncertainty from such missing
QCD-EW combined corrections is estimated from the product of the NLO QCD
corrections (14 dqgcep) and NLO EW corrections (1 4+ dgw), as dqepdrw. To compute
this uncertainty, a flat dqcp value of 0.6 is considered , while dgw is computed event-
by-event as a function of the lower-Zpr (cf. Sec. , then we vary the event weight
by a factor (1 + dqcpdrw).

Since the EW k-factors for the ZZ are strictly valid only when the hadronic activity
in the event is moderate, a variable p is built to estimate the level of hadronic activity
in the event, following Ref. [I80]. It is calculated by considering the balance of the
generated leptons’ transverse momenta:

_16(0) + () + pr(ls) + pr ()]
Ipr(41)| + [pr ()| + |pr(€3)] + [pT(€4)]

(8.4)

At high boson momentum, less than 1% of the ZZ events have p > 0.3. For these
events, there is a significant imbalance in the transverse momenta of the four leptons
due to the presence of jets. Here, the QCD contribution to the uncertainty is poorly
understood, so dqcp is taken as 1. The factor used for computing the variations of
the event weights is then (1 4 dgw). The total impact of this uncertainty across the
whole spectrum of p is at the level of 25%.

The overall electroweak NLO correction to the WZ process is relatively small [179,
180, [184]. This is because the virtual corrections and photon-induced corrections
partially cancel. Therefore, the NLO QCD-electroweak cross-term for the WZ process
is also small. The uncertainties on the NLO electroweak calculation can be estimated
as the size of the NLO QCD-electroweak cross terms [I81], 140, 185 [186].

Yet another conservative step is taken regarding the NNLO QCD corrections. For
lack of a better method, the PDF and QCD scale uncertainties from the original
POWHEG calculation at NLO in QCD are carried forward, even though the final
distributions are corrected to NNLO in QCD.
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8.2 Visible ZZ process

Here, I will describe how events are selected to observe the fully visible ZZ process.
Two Z boson candidates are each formed from a pair of opposite-charge electrons or
muons, where the mass of each dilepton system lies within 15 GeV of the Z boson
mass resonance (91.1876 GeV). The Z candidate whose reconstructed mass is closer
to the Z mass is denoted as Zp; the other, as Z,. In total, there are four well-
identified leptons, giving a very high purity selection. Neither hadronic 7 nor b-jet
vetoes are applied. The minimum dilepton mass, considering all pairs, must be greater
than 4 GeV. The purpose of this requirement is to reject the so-called “nonprompt”
backgrounds, which I will explain next.

There is triboson contamination which is the resonant contribution from three
bosons (WWZ, WZZ, Z77), or two top quarks and a Z boson. There is also a small
amount of contamination from the nonprompt backgrounds, including but not limited
to the Drell-Yan process, semileptonic diboson decays, leptonic WW decays, and ditop
production. From these, it is still possible to end up with four charged leptons or
fake lepton signatures after the hard process. These have been mostly suppressed
by the minimum dilepton mass requirement. Last but not least, there are Standard
Model Higgs boson decays to four leptons via H — ZZ* — 4/, but the cross section
is comparatively small.

The selection yields in simulation and data for this ZZ analysis are shown in
Table Bl Distributions of illustrative variables after the selection are shown in

Figures and [8-9
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Figure 8-7: The dilepton masses of the two Z candidates. In the right plot, the distribution of Zs

Z, dilepton mass [GeV]

has a cavity close to the Z mass pole because of how Z; > are defined.
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Process de o 2e2pu Total

77 77.6 £ 0.6 1714 £ 1.0 243.0 £ 1.1 492.0 + 1.6
\A'A% 1.0 £ 0.1 1.9 £ 0.2 2.5 £0.2 5.5+ 0.3
Nonprompt bkg. 0.1 £0.1 0.1 £0.1 0.7+ 0.4 09+ 04
Higgs 0.1 £0.1 0.4+ 0.2 0.3 £ 0.2 0.8 £ 0.3
Total 78.7 £ 0.7 173.4 £ 1.0 246.5 £ 1.2 499.2 + 1.7
Data 81 175 224 480

Table 8.1: Predicted and observed number of events for the ZZ four-lepton selection using 35.9 fb~!.
Only statistical uncertainties are reported.
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Figure 8-8: Kinematics of the Z candidates. Top: transverse momenta. Bottom: pseudorapidities.
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Highest CSVv2 score of event jets
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Figure 8-9: More plots of the ZZ data sample. Clockwise from upper left: diboson mass; azimuthal
separation between bosons; the maximum b-tag score of any jet in the event; angular separation
between bosons. The last bin includes the overflow events.
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CMS Experiment at LHC, CERN
Data recorded: Sun Jun 12 13:42:56 2016 EDT
Run/Event: 274971 / 950715851
Lumi section: 643

CMS Experiment at LHC, CERN

Data recorded: Sat May 28 14:17:26 2016 EDT

Run/Event: 274161 / 498274862

Lumi section: 287 e
,///

Figure 8-10: 3D event displays of ZZ(4¢) events with Z pr > 200GeV. The charged particle
trajectories are in indigo. The EMS is the magenta arrow. The electrons are in gold. Photons
are shown as yellow light rays. The HCAL and ECAL deposits associated with PF candidates are
the darker cobalt blue prisms and the lighter royal blue prisms, respectively; their length represents
energy. The distant wireframe and blue boxes represent the muon systems.
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8.3 Visible WZ process

Below, I describe how events are selected to observe fully visible WZ production. The
events must have three well-reconstructed leptons and a nominal amount of ERis. A
single Z boson candidate is formed from a pair of opposite-charge electrons or muons,
the mass of which must lie within 15 GeV of the Z boson mass. Additionally, a third
well-identified electron or muon is required, representing the W boson. In the case
where there are three electrons or muons, the Z candidate is chosen unambiguously
as the opposite-sign dilepton pair whose mass is closest to the Z boson mass.

True WZ events are expected to have an undetectable neutrino in the final state,
thus EXss of at least 30 GeV is required. To exclude a region where production of
Z bosons with final-state radiation may contribute, the trilepton mass is required
to be more than 100 GeV. Due to theoretical problems with collinear emission of
same-flavor opposite-sign dilepton pairs, the mass of any opposite-sign lepton pair
(mge) is required to be larger than 4 GeV. These requirements follow precedent for
the measurement of the WZ production cross section with CMS [187].

Since there is no danger of contamination, no veto on additional hadronically-
decaying 7 leptons is applied. A relaxed b-jet veto is applied, only rejecting events
where a jet passes the Tight CSVv2 working point (0.9535) previously discussed in
Section [4.3.3] This, along with the Z candidate mass requirement, is useful for reject-
ing ditop background. The Medium CSVv2 working point (0.8484) was not used to
maximize efficiency of selecting real WZ events.

The selection yields in simulation and data for the WZ analysis are shown in
Table 8.2l Kinematic variables of the bosons, and variables used in the selection,
are shown in Figures 8-11] [8-12] and [8-13] In particular, note the presence of the
expected Jacobian peak in the W* boson transverse mass distribution in Figure [8-13]
The transverse mass is calculated in the transverse (7, ¢) plane using the third lepton

(p%) and missing energy (Pii*) vectors:

mp = \/m? +mE + 2AEE, — By - BE) .

N\/2| pL| [PRSS] (1 — cos Ag) for my, m, = 0

where A¢ is the azimuthal separation between those vectors.
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Figure 8-11: The transverse momentum and mass of the reconstructed Z boson candidates. The last
bin includes the overflow events.
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Figure 8-12: Trilepton mass and the maximum b-tag score of any jet in the event at final selection
level. The last bin includes the overflow events. Events with a well b-tagged jet (> 0.9535) are
rejected.

144



35.9 fo™ (13 TeV)

200

% ¢ Data V+y
o mzz A\ Bkg. unc.
Te} mwz
— 200 — vy, v
1] Nonprompt
c
()
>
1]

9 151

o

,E; 1 ”"Mng 0¢¢¢ ¢$$#+ 4*+ ++ + + +

0 05 E 1

50 100 ] 5
Non-Z candidate lepton p_[GeV]
35.9 b (13 TeV)

% + & Data V4y
O 15— mzz N\ Bkg. unc.
o - mwz
o vy, v
?) r Nonprompt
2 L
g 10 — .
L

£

S SO +

a *

L L L | L

R
200

300 200

W* boson p, [GeV]

Events / 5 GeV

Data/Bkg.

Events / 5 GeV

200

100

10

35.9 fb™ (13 TeV)

o Data
mzz
Fomwz
VWY, v
Nonprompt

o

V+y

A\ Bkg. unc.

et L .

0 50 100 150 200
En‘IISS [Ge\/]

35.9 fb™ (13 TeV)

[ e Data V+y

r mzz W\ Bkg. unc.

- mwz

L vy, tiv

— Nonprompt

-

100
W* boson transverse mass [GeV]

‘ \
150 200

Figure 8-13: Kinematics of the reconstructed W* boson at final selection level. Clockwise from
upper left: pr of the lepton associated with the W+ boson; E‘T]rliss in the event; transverse mass of
the W+ boson; and pr of the W* boson. Note the Jacobian peak in the transverse mass distribution.
The last bin includes the overflow events.

Process W () Z () W (uv)Z(ee) W(ev)Z(up) W(ev)Z(ee) Total
Wz 117.1 £ 3.1 89.5 + 2.7 89.5 £ 2.7 67.3 £ 2.3 363.5 £ 5.5
Nonprompt bkg. 11.0 £ 2.5 253+ 7.1 12.3 + 3.1 16.3 + 6.2 64.9 4+ 10.2
77 9.4+ 0.2 7.0 £ 0.2 7.0 £ 0.2 4.6 £ 0.2 28.0 £ 0.4
\VAA% 1.7 £ 0.2 1.1 +0.2 1.2+ 0.2 1.0 £ 0.2 5.0 £0.3
V4~ 04+ 0.4 0.0 £ 0.5 8.3 £ 21 6.9 + 1.8 15.5 £ 2.9
Total 139.6 + 4.1 123.1 £ 7.7 118.3 +£ 4.7 96.0 + 6.9 477.0 £ 12.0
Data 146 112 111 108 477

Table 8.2: Predicted and observed number of events for the WZ three-lepton selection using

35.9 th™

L. Only statistical uncertainties are reported.
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CMS Experiment at LHC, CERN
Data recorded: Sat Jun 11 06:07:40 2016 EDT
Run/Event: 274955 / 46774770
Lumi section: 41

CMS Experiment at LHC, CERN

Data recorded: Sat Jun 11 21:54:51 2016 EDT
Run/Event: 274968 / 870323530

Lumi section: 473

Figure 8-14: 3D event displays of W(¢v)Z(£0) events with Z pr > 200 GeV. The charged particle
trajectories are in indigo. The EMS is the magenta arrow. The electrons are in gold. Photons
are shown as yellow light rays. The HCAL and ECAL deposits associated with PF candidates are
the darker cobalt blue prisms and the lighter royal blue prisms, respectively; their length represents
energy. The distant wireframe and blue boxes represent the muon systems.
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Chapter 9

Search for dark matter produced in
assocliation with a boosted Z boson

In this chapter, I will describe the analysis for the dark matter search from start
to finish. The final state in this search is a Z boson candidate decaying to charged
leptons, recoiling against a lot of missing energy from the undetectable particles.
Suppose that significantly more of these events were to be observed compared to the
Standard Model prediction. Then we could interpret that result under a variety of
theoretical models (described in Section [2.4]

An event selection is constructed to analyze the events collected using the leptonic
triggers. The relevant background processes are estimated using either real data or
simulated events. After assessing the systematic uncertainties in the methodology,
a maximum likelihood fit is performed to test the Standard Model versus the exotic
predictions. I will discuss the pursuit of a multivariate analysis to maximize our
sensititivity to the invisible Higgs model. Finally, the results are quoted for the
search.

9.1 Event selection

In this section, I describe the criteria applied to events in order to select and extract
a possible dark matter signature from the data. A preselection is applied to attest to
the veracity of the Drell-Yan simulation. Then, the full selection is applied, to kill off
the reducible backgrounds and enhance the purity of the dark matter signal as much
as possible.

9.1.1 Preselection

First, Z candidates are selected by choosing events with at least two electrons
or muons. They must be opposite-charged electrons (muons) each with pr >
25 (20) GeV. The mass of the dilepton system (my) is required to be |mgy — myz| <
15 GeV, consistent with the decay of a Z boson of mass 91.1876 GeV. Plots showing
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basic event-level variables such as the number of jets or leptons after the Z candidate
selection stage are shown in Figures [9-1}9-4]

Next, topological criteria are imposed to move closer to the dark matter signature.
The B is required to be larger than 40 GeV and the dilepton pr (pf) is required
to be larger than 60 GeV, in order to reject the bulk of the background from the
Drell-Yan process. A few distributions for each flavor channel after this stage are

shown in Figures to [0-7
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9.1.2 Signal selection

After the preselection, more stringent criteria are applied to enhance the significance
of a dark matter signal. Firstly, events with more than two well-identified charged
leptons are rejected. There are nonresonant background processes which do not have
anything to do with a Z boson, but they can end up looking like a signal event by way
of combinatorics. A great example of this is two independent objects each eventually
producing a charged lepton and missing energy, such as leptonic WW decays. Another
example is top-quark backgrounds such as the ubiquitous ditop production. There,
each top-quark decays to a b-quark and a W7 boson, which decays leptonically.
These nonresonant backgrounds are already partially mitigated by the Z candidate
mass window requirement in the preselection. It can be further reduced by requiring
a small angular separation of the leptons, AR < 1.8.

All of the dark matter models considered are quark-induced processes with no
extra quarks or gluons produced in the final state. Refer to the diagrams in Figure
[8l Hadronic activity in a dark matter signal event is minimal and only arises from
the initial-state radiation of a gluon or secondary pileup interactions. Top-quark
backgrounds are not quark-induced, and produce b-jets from the top-quark decays as
well as extra jets in general. They are easily reduced by requiring that events have
no more than one jet with p% > 30 GeV and |n| < 2.4. Furthermore, a b-jet veto
is imposed. Events are rejected if a central jet is found which passes the “Medium”
working point of the CSVv2 b-tagging algorithm (> 0.8484).

Events are rejected if a third, additional electron or muon is reconstructed with
pr > 10 GeV using a loose selection; or if they contain a reconstructed hadronically
decaying 7 lepton with pr > 18 GeV. These criteria reduce the background contri-
bution from WZ events where the lepton originating from the W boson decay is not

151



b
t Wt W-— _

g 2999999999 q —e—

fiz
|
i

Figure 9-8: Nonresonant backgrounds. Left: ditop production resulting in two b-jets, two charged
leptons, and missing energy. Right: WW production producing two charged leptons and missing
energy.

reconstructed.

Last but not least, the Drell-Yan process must still be dealt with. It is important
to note that the Drell-Yan process cannot generate real missing energy. It can only
look like a signal event due to detector acceptance effects and mismeasurement of
jets. This is handled in the signal selection in several ways. The Z candidate and
the missing transverse energy are required to be back-to-back in the transverse plane:
Aqbg&E{giss > 2.6. Their momenta in the transverse plane must also be balancedﬂ:

|Emiss — pl] /ptt < 0.4. A mismeasurement of an energetic jet will induce missing
energy in the same angular direction of the jet. So if there is a jet in the event,
it must not be in the same azimuthal direction as the jet: Ag;q pmiss > 0.5 Rad.
This also helps deal with the aforementioned lost WZ, in the case that the lepton
is mistakenly reconstructed as a jet or the 7 lepton reconstruction fails. Finally,
since the missing energy distribution of the Drell-Yan background is a sharply falling
spectrum, events must have EM larger than 100 GeV.

A summary of the criteria for the signal region are given in Table [9.1] Following
this selection, a dark matter signature could, in principle, appear prominently in the
spectrum of missing transverse energy. A maximum likelihood fit is performed to test
the compatibility of the observed spectrum with signal+background and background-
only hypotheses. The likelihood is described below in Section [9.4]

IThis is frequently referred to as “the balance.”
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Variable Selection Rejection Target
Ny ==2 WZ, VVV

V) >25/20 GeV (electrons) QCD
Pr >20 GeV (muons) QCD

Z boson requirement ( GeV)
Jet counting
pE (GeV)
B-tagging veto
Tau veto
ER’ss (GeV)
A¢e£7E¥;iss
| = |t
jet, Emiss

ARN

|mee — myz| < 15 GeV
< 1 jet with pl, > 30 GeV
> 60
CSVv2 < 0.8484
0 m, candidates with p7, > 18 GeV
> 100
> 2.6

<04
> 0.5

<18

WW, top-quark
Z/v* — £+4~, top-quark, VVV
Z/y* — ete—
Top-quark, VVV
WZ
Z/v* — £te~, WW, top-quark
VAL
Z/y* — et~
Z/v* —4T4~, WZ
WW, top-quark

Table 9.1: Summary of the kinematic selection requirements for the ERs5-based analysis.
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CMS Experiment at LHC, CERN

Data recorded: Tue Sep 27 11:54:07 2016 EDT
Run/Event: 281707 / 1721423933

Lumi section: 1040

CMS Experiment at LHC, CERN

Data recorded: Wed Oct 12 20:23:28 2016 EDT
Run/Event: 283043 / 473634957

Lumi section: 254

Figure 9-9: 3D event displays of Z(£¢) events with EIss > 300 GeV. The charged particle trajectories
are in indigo. The EXSS is the magenta arrow. The electrons are in gold. Photons are shown as
yellow light rays. The HCAL and ECAL deposits associated with PF candidates are the darker
cobalt blue prisms and the lighter royal blue prisms, respectively; their length represents energy.
The distant wireframe and blue boxes represent the muon systems.

154



9.2 Background estimation

A combination of data-driven methods and detailed simulated studies is used to es-
timate background contributions. The spectra of diboson processes are taken from
simulation with conservative systematic uncertainties, but the ratio of ZZ/WZ is mea-
sured from data. The nonresonant background processes may just as well produce
different-flavor lepton pairs, so we extrapolate from those data events to estimate the
yield of same-flavor lepton pairs. The Drell-Yan process is estimated from a side-
band of low Ei. Its contribution for higher values of EXS is very small, but in
order to verify the accurate simulation of the E spectrum, several cross-checks are
performed.

9.2.1 Diboson processes

Contributions from the ZZ and WZ processes are estimated from control regions
in data. These processes contribute to the signal region via the ZZ — /¢fvv and
WZ — 00y decay modes, respectively. In both cases, the observed EX corresponds
to the pr of one of the bosons. The processes are estimated from the control samples
described in Chapter [§] Sections and The visible decay modes allow us to
probe the boson pr distribution, which is expected to be independent of the decay
mode.

Using the pure control samples with three or four leptons, an extrapolation is
performed to the missing energy spectra for ZZ and WZ events with only two re-
constructed leptons and missing energy in the final state E] Extrapolation to the
20 + EXss final state is accomplished by furnishing a quantity known as the emulated
Exss. For the WZ process, the fake E¥ is the true W boson pr. It is estimated
by calculating the vectorial sum of the E¥* vector and the transverse momentum
vector of the third lepton. For the ZZ process, the fake EM5 comes from taking the
sum of any nominal true EX* and one of the leptonically-decaying Z bosons. The Z
boson which is made to vanish is chosen to be the one whose reconstructed mass is
further from the nominal Z boson mass, previously denoted as Z in Section 8.2 The
choice of which Z candidate to use for the fake F¥ is arbitrary, and has almost no
effect on the resulting distribution.

After the emulated Efprocedure, the kinematic criteria of the selection in Sec-
tion are applied. The resulting emulated EXSspectra are shown in Fig. .

9.2.2 Nonresonant backgrounds

The contribution of the nonresonant flavor symmetric backgrounds is estimated from
a control sample of events with dilepton of different flavors (e*u¥) that pass all
analysis selections. Nonresonant backgrounds (NRB) consists mainly of leptonic W
decays in tt, tW decays and WW events. Small contributions from single top-quark

2The WZ process can appear this way due to a lost lepton, either from inefficiency in the recon-
struction and identification or the non-hermetic tracking acceptance
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Figure 9-10: Emulated EX' distribution for the WZ — 3fv (top left) and ZZ — 4¢ (top right)
control regions, and the ratio between both distributions in data and simulation (bottom). Simu-
lated distributions correspond to the result of the maximum likelihood fit described in Section [9.4]
Uncertainty bands correspond to both statistical and systematic uncertainty.
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events produced from s-channel and t-channel processes, and Z — 77 events in which
7 leptons produce light leptons and EXS are also considered in this NRB estimation.

The method assumes the lepton flavor symmetry in the final states of these pro-
cesses. Since the leptonic decay branching ratios for the ee, pup and ey final states
from NRB are 1:1:2, the eu events selected inside the Z-mass window can be extrap-
olated to the ee and up channels. To account for differences in efficiency for electrons
and muons, a correction factor k.. can be derived by comparing the NRB yields in
the ee and pp channels, exactly as is done in Formulas and from Section [7.2}

€ Nee
hee = — =y [l (9.1)
€ NNEs

once again under the assumption that each lepton leg acts independently. In sim-
ulation, k.. is found to be about 0.88 after all selection criteria are applied. With
this correction factor, the relation between the NRB yields in the signal and control
region is:

€ee 1
NRB — ékeeNJ(ifuRB
%23 = li JSVMRB
2k, (9.2)
1 1 e
— NYpp = 5 <kee + k_> Nyrs
= fNRBNze\fuRB

This transfer factor fygrp is implied by the MC estimates in the likelihood (Sec. ,
and the MC yields are found to be consistent with the derived relation within the
statistical uncertainty. Perturbations in the predicted transfer factor are suppressed
upon summing the ee + pu channels, as shown:

1 1
k2 —1

_ 2
=f+ oTE ok +O(6%)
=f+0(0*) fork=1

(9.3)

such that the extrapolation uncertainty, taken as a conservative 20%, covers any
data-MC discrepancy in the transfer factor.

Note that the ep control sample contains a small contribution from W + jets
because of fake leptons. Since the rate of fake electrons and muons is different,
this method does not account properly for the W + jets contribution, leading to an
underestimation of W + jets — ee+ X, and an overestimation of W + jets — pu+ X.
Given the very small yield expected for such process in the signal region, well below
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the systematic uncertainty, the effect is neglected. Moreover, the small biases resulting
in the ee and pp channels partially cancel out, so the overall effect on the ¢¢ channel
is even smaller.

As shown in Fig. 0-11] the ey system mass, transverse momentum distributions
and the E¥ss distribution in the ey channel, the dominant sources in the eu channel
within the Z mass window and in large E2 (or p%) region are tt, tW, WW, 77,
and W + jets events. Contributions from the ttZ process are deemed negligible. As
shown in Fig. , the shape of the EXS spectrum is identical in the ey control
region and the ¢/ signal region.
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Figure 9-11: Distributions of |me,

the full selection except the variable itself.
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Figure 9-12: Comparison of the ERsS distributions for W W~ +top-quark simulated events for e
versus ee + i events.

9.2.3 Drell-Yan background estimation

The Drell-Yan (DY) process is dominant in the region of low ER. This process does
not produce undetectable particles, therefore any non-zero EM* arises from limited
detector acceptance and mismeasurement. The estimation of this background uses
simulated DY events, which are normalized to data in a control region. A scale factor
is obtained by measuring the number of DY events in a E2 sideband of [50, 100] GeV,
and is included in the maximum likelihood fit, as shown in Sec. [9.4]

A 100% uncertainty is assigned to the DY estimate in order to cover the extrapo-
lation from the low- EXSregion to the higher- EXSsignal region. This uncertainty has
little effect on the results due to the small overall contribution from the DY process.
Extensive checks are performed to ensure that the estimation method is sensible. By
defining control regions where E¥5 mismodeling issues are expected to have a large
impact, and confirming that the estimate from simulation for these regions still holds
within the uncertainties, it is shown in Fig. that EX mismodeling is under
control.

For example, it is possible to calculate missing energy multiple ways and assess
how well they corroborate one another. The nominal ERquantity used in this
work uses all the information from the Particle Flow reconstruction, and is called PF
EXiss. The so-called “Calo EX” is the calculation of missing energy only using the
calorimeter deposits. A large difference between the two indicates fake missing energy
e.g. from mismeasurement of a jet. The focus is how well the simulation describes
the distribution in data of that disagreement, especially at high values.

Additionally, an independent estimation method using a + E¥5 control region is
implemented, and the results are confirmed to be consistent between the two methods,
further increasing confidence in the approach chosen here.

Spurious muons and mismeasured electrons were observed in the re-reconstruction
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of the 2016 data, due to the relaxed tracking and PF requirements of the ‘HIP miti-
gation’ described earlier in Section [5.1.1] A re-analysis of the data was performed to
identify and clean or correct the data for these objects. These issues are not expected
to affect our analysis in a significant manner, mainly due to our third lepton veto.
Nevertheless, the effect is negligible in our signal region. A correlation plot showing
the effect of this cleaning is shown in Fig.
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Figure 9-13: Selection of EXsmismodeling control regions, after a loose selection: myz window,

P > 60GeV, < 2 Jets, EMiss > 100 GeV. Top row: Events failing EMssBalance cut, A¢(j, FRs)
and the PF to Calo EMssratio are plotted. Second row: Events failing A¢(Z, EXS%) cut, A¢(j, Emiss)
and the PF to Calo E%“ssratlo are plotted.

9.3 Systematic uncertainties

Systematic uncertainties in the data-based background estimates are described in
Section [9.2] Here I will list all of the uncertainties which are taken into account in

160



CMS Internal Data |l ch., 35.9fb™ (13TeV)
T o T T e e

o
-af- 105

500

Uncleaned PF MET

" /N N FEEE FERT N S SRR ST
50 100 150 200 250 300 350 400 450 500

MuEGCleaned PF MET

Figure 9-14: Joint disribution of the EMsSand the cleaned ER5| showing the effect of the cleaning.

the fit to the EM5 shapes. Uncertainties which do not only influence the overall
normalization (e.g. the uncertainty in the luminosity measurement), but also the
distribution of relevant kinematic observables (e.g. the uncertainty in the jet energy
scale), are treated as shape uncertainties. Their impact is evaluated by performing
the full analysis not only for the central value of the relevant parameter, but also
with its value shifted up and down by one standard deviation. The final varied
Exiss_distributions are used as input for the limit calculation. For each source of
uncertainty, the impact in different bins of the EM-distribution is thus considered
fully correlated, while independent sources of uncertainty are treated as uncorrelated.

9.3.1 Luminosity

The assigned uncertainty to the integrated luminosity measurement for the data set
used in this analysis is 2.5% [150].

9.3.2 'Trigger, lepton reconstruction and identification efficien-
cies

Discrepancies in the lepton reconstruction and identification efficiencies between data
and simulation are corrected by applying to all MC samples data-to-simulation scale
factors measured using Z/y* — (¢~ events in the Z peak region [I59] that are
recorded with unbiased triggers. These factors depend on the lepton pr and n and are
within a few percent for electrons and muons. The uncertainty in the determination
of the trigger efficiency leads to an uncertainty smaller than 1% in the expected signal
yield. Residual difference between the analysis lepton requirements with respect to
the trigger selections is well covered by the uncertainty in the trigger efficiency.
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9.3.3 Lepton momentum and electron energy scale

The lepton momentum scale uncertainty is computed by varying the momentum of the
leptons by their uncertainties. The uncertainty on the muon and electron transverse
momenta is assumed to be 1%.

9.3.4 Jet energy scale (JES) and resolution (JER)

The uncertainty in the calibration of the jet energy scale and resolution directly affects
the acceptance of the requirement < 2 jets, the EX* computation, and all the cuts
related to jets.

The estimate of the jet energy scale uncertainty is performed varying the jet energy
scale up and down by 1lo. The variation corresponds to a simple re-scaling of the jet
four-momentum as P — P - (1 & 6pf¥S /pr), where dpfE is the absolute uncertainty
on the jet energy scale which is parametrized as function of the pr and 7 of the jet.
For more details on the jet energy scale prescription, see Ref. [I8§].

In order to account for the systematic uncertainty of the jet resolution smearing
procedure, the resolution scale factors are varied up and down within their uncer-

tainty.

9.3.5 B-tagging efficiency

In this analysis, b-tagging is used to reject events with real b-jets in the final state
since the signal events have little b-jet content. For numerous reasons, the b-tagging
efficiency of light flavor, c-quark, and b-quark jets varies between data and simulation.
To account for this, a recommendation provided by the collaboration’s B-Tagging
and Vertexing Group is used to reweight the b-tagging (in)efficiencies of the selected
jets [131].

The b-tagging efficiency determination relies on a data sample of jets enriched in
heavy flavor content. This is obtained by requiring a primary AK4 jet containing
a soft muon, along with a secondary “away-jet” having separation AR > 1.5 with
respect to the first jet. Fit templates for the different jet flavors are built from muon-
enriched simulated samples of QCD processes. Various systematic uncertainties are
considered for this method:

e Relative contribution of gluon splitting

e Modelling of b-quark fragmentation

e Relative contribution of light jets and c-quark jets
e Pileup

e Muon selection

e Away-jet selection

e Jet energy scale

162



The impact of these systematic uncertainties on the sensitivity of this analysis is
only 0.1%.

9.3.6 Pileup

As discussed in Sec. [5.4.1] MC samples are re-weighted to reproduce the pileup con-
ditions observed in data. To compute the uncertainty related to this re-weighting
procedure, the pileup distribution is computed not only for the nominal value of the
minimum bias cross-section, but also for +£5% variations of it. The resulting variations
in weights are propagated through the analysis chain, and the varied EXspectra are
used to as input to the maximum likelihood fit. The variation of the final yields
induced by this procedure is less than 1% in MC-estimated processes.

9.3.7 Theoretical uncertainties

Uncertainties on the normalization for Z7Z, WZ and signal processes are derived from
variations of the QCD scale, a; and parton distribution functions (PDFs) varia-
tions [160} 161l 162] 163] 164, 139].

The PDF and «, uncertainties for signal and background processes are estimated
from the standard deviation of weights from the replicas provided in the NNPDF3.0
parton distribution set [98].

The samples for the signals and leading backgrounds were generated at NLO
in QCD, and the scale uncertainties are estimated using the weights stored in the
respective samples. For the ZZ process, this procedure is rather conservative in the
sense that the prediction is corrected to NNLO in QCD, but the assumed uncertainty
reflects the precision of the NLO generator.

The PDF uncertainties for the PDFALHC PDF sets are assessed in the following
way. The final distribution for the variable of interest is reweighted bin-by-bin using
the PDF4LHC PDF sets. This produces 1 + Nyem distributions, where N, is the
number of alternative PDF sets used. The uncertainty 6*°¥o on the cross section o
is calculated in a bin-by-bin approach via

T — | g Y (0 = (o)), (9.4)

1 Nmem
_ (k)
(o) = N kE_l o, (9.5)

Now, let us return to the discussion of diboson theory introduced in Chapter [§]
Section[8.I] The uncertainties from the higher order theoretical calculations are prop-
agated to the EXs distribution. The NLO electroweak and NNLO QCD corrections
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each carry a “shape uncertainty,” meaning the corresponding nuisance parameters in
each bin of EX are fully correlated for the purposes of the maximum likelihood fit.

9.3.8 MUC statistical uncertainty

All background estimation procedures in this analysis rely on some degree of simu-
lation shape information. For the DY and NRB processes, the final shape is taken
directly from simulation, while the WZ and ZZ estimates only depend on the ratio
of the MC expectations for the processes. In any case, the limited number of simu-
lated events gives rise to a statistical uncertainty. This uncertainty is treated as fully
uncorrelated for each process classification and distribution bin.

9.3.9 Summary

The summary of all systematic uncertainties and their correlations is shown in Ta-
ble[0.2] The following uncertainties are considered for the shape variation:

e lepton efficiencies and momentum resolution
e missing transverse energy

e jet energy scale and resolution

e b-tagging efficiency

e pileup reweighting

e limited number of Monte Carlo events

e missing mixed QCD-EW corrections

e missing QCD higher-order corrections

e PDF

The overall signal efficiency uncertainty is estimated to be about 11% and is
dominated by the theoretical uncertainty due to missing higher-order corrections and
PDF uncertainties. The total uncertainty in the background estimations in the signal
region is about 10%, which is dominated by the theoretical uncertainties in the ZZ
and WZ processes.

The post-fit pulls and the impacts of the top 30 uncertainties, ordered by decreas-
ing importance, are shown in Figure [9-15]
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Figure 9-15: Top uncertainties at 35.9 fb~! for a 125 GeV scalar boson mediator, ranked by
decreasing importance. The codenames are explained as follows: CMS_zllhinv_ZZWZ_EWKCorr
is the diboson electroweak uncertainties.  CMS_hinv_vvnorm_bin is the ZZ/WZ ratio pa-
rameter from Section [0.4  CMS_wz31_FakeESyst_13TeV2016 is the uncertainty on MC sim-
ulation for producing an electron fake to give 3 leptons in the 3-lepton control sample.
CMS_wz3131_MVAFameEStatBounding_13TeV2016_Bin4 is a statistical nuisance on a bin of this
electron fake process. CMS_scale_j is the jet energy scale uncertainty. CMS_eff2016_e is the
uncertainty on the electron identification efficiency. QCDscale_ZZ is the effect of the QCD
scale on the ZZ process. QCDscale_WZ is the effect of the QCD scale on the WZ process.
CMS_zllhinv_ZLLNorm2016_111j_13TeV2016 is the effect of the 100% uncertainty on the Drell-Yan
+ fake EXiSSprocess extrapolating from the low- EXsSsideband to the signal region.
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Effect (%) Impact on
Signal ZZ WZ NRB DY Other exp. limit
* VV Electroweak Corrections - 10 -4 - - - 14 %
* QCD Scale, VV backgrounds - 9 4 - - -
* QCD Scale, Higgs Signal 3.5 - - - - -
* QCD Scale, Dark Matter Signal 5 - - - - -
* PDF, WZ background - - 15 - - -
* PDF, ZZ background - 1.5 - - - -
* PDF, Higgs Signal 15 - - - - .
* PDF, Dark Matter Signal 1-2 - - - - -
* MC Statistics, Nonresonant - - - 5 - -
* MC Statistics, Drell-Yan - - - - 30 -
* MC Statistics, ZZ - 0.1 - - - - 1%
* MC Statistics, WZ -
* MC Statistics, Higgs Signal 1
* MC Statistics, DmSimp Signals 3 - - - - - -
NRB extrapolation to signal region - - - 20 - - <1%
Drell-Yan extrapolation to signal region - - - - 100 - <1%
Non-prompt backgrounds (signal region) - - 3 - - - <1%
Non-prompt backgrounds (WZ control region) - - - - 30 - <1%
Luminosity 2.6 <1%
* Electron Efficiency 1.5
* Muon Efficiency 1
* Electron energy scale 1-2
* Muon energy scale 1-2
* Jet Energy Scale 1-3 (typically anti-correlated with yield) 1%
* Jet Energy Resolution 1 (typ. anti-correlated)
* Unclustered Energy Scale (MET) 1-4 (typ. anti-correlated), strong in DY
* Pileup 1 (typ. anti-correlated)
* B-tagging fake efficiency 0.1

Source of uncertainty

2%

Table 9.2: Summary of systematic uncertainties. Each uncertainty represents the variation of the
relative yields of the processes in the signal region. A particular uncertainty is fully correlated
across processes for which it contributes, including those processes which are also present in control
regions. The symbol “-” indicates that the systematic uncertainty does not contribute or is deemed
negligible. For shape uncertainties (indicated with a *), the numbers correspond to the overall effect
of the shape variation on yield or acceptance. The impact on the expected limit, i.e. the relative
decrease in the median expected upper limit on signal strength upon removing the nuisance, is also
evaluated with respect to the SM Higgs signal.
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9.4 Maximum likelihood fit

The likelihood L is constructed as follows:
L= H P [N oQIfs,i
N 0) 4t (N2,0) + N3t (0) + V2, 0)

X H P -N o?’lfs,i

40
X H P Nobs,i
,L' L

MDYNJ%EYJ (0) + “NRBNJ%IKRBJ (0)

N (0) + VN%Z,M]

N (6) +.UJ}/VN§ZZ,¢(9)] (9.6)

P N s Vi (8) + st:mw)]
xP Nféfsz’ NDYNE%/Sb(O) + p’NRBNJe]ggb(O) + Ng,?;ff’(@)

1l (VE6) + NELHO)) + uNEy(6)| x 00

where P(N|)\) is the Poisson probability, 8 are nuisance parameters for the system-
atics as described in Section p is the signal strength, p)"V is the diboson process
normalization in bin ¢, gy is the Drell-Yan normalization, pypp is the nonresonant
background (NRB) normalization, N2 is the MC prediction for the yield of process
r in the signal region, N2‘ is the MC prediction for the yield of process x in the WZ
control region, N is the MC prediction for the yield of process z in the ZZ control
region, N# is the MC prediction for the yield of process = in the NRB control region,
and NPY# is the MC prediction for the yield of process x in the 2¢ Drell-Yan sideband
([50, 100] GeV) region.

9.4.1 The ZZ/WZ ratio

The Z7Z and WZ control samples are included as separate control regions in the
maximum-likelihood fit. A freely floating normalization parameter is used which
scales both VV processes. It is correlated across the bins of EX and emulated
EXiss. Systematic uncertainties from the corrections at higher order in electroweak
may not fully cancel between the two processes. Thus, a shape uncertainty on the
ratio of ZZ to WZ is considered which takes into account the electroweak uncertainty
of both processes. The nuisance is bin-dependent, but it is correlated between the
EXss hins and between the signal and control regions.
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9.5 Multivariate analysis

As previously described, the analysis contains several theoretical interpretations, some
of which act as representatives for a whole class of models. However, in the case of
the invisible Higgs model with Standard Model mass hypothesis of 125 GeV, the well-
defined nature of the model permits exploration of multivariate analysis techniques
without reducing the discovery potential of the analysis. The main irreducible back-
grounds of this analysis consist of an invisible vector boson of mass 80 or 91 GeV
recoiling against a leptonic Z, resulting in very similar ET shapes of the invisible
Higgs signal hypothesis and the background processes. Thus, it is essential to look
for information in reconstructed objects which is related to the spin state of the in-
visible particle, so as to discriminate the spin-0 Higgs from these spin-1 vector boson
backgrounds. Furthermore, any information that is not mutual to important analysis
variables such as the EX5 and the dilepton mass could be capitalized upon using a
multivariate approach.

9.5.1 Classifier variables and training

The following set of twelve variables is used to train a Boosted Decision Tree (BDT)
classifier:

e |my — my| (dilepton mass)

e p% (leading lepton transverse momentum)

e p%? (subleading lepton transverse momentum)

e p% (dilepton transverse momentum)

e |7"!| (leading lepton pseudorapidity)

e |7*?| (subleading lepton pseudorapidity)

e I (missing transverse energy)

o mp(pF, B2 (leading lepton transverse mass)

o mp(pF, B2 (subleading lepton transverse mass)

o Ady pmiss (azimuthal separation between dilepton and missing energy)
e ARy (separation between leptons)

e | cos 057 (cosine of Collins-Soper angle for leading lepton)

The Collins-Soper angle 057 is defined as the angle between the leading lepton
trajectory and the Z mother trajectory, in the rest frame of the Z mother [I89]. This
allows some access to the spin information of the invisible particle and adds discrim-
ination power between the diboson processes and the invisible Higgs hypothesis.
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The best performance for this analysis was found in a multiclass BDT with the
following parameters: 400 trees, gradient boosting with learning rate 0.5, bagging with
fraction 0.5, and tree depth of 4. For a discussion of gradient boosted decision trees,
see Appendix [Bl The multiple classes are: invisible Higgs (Signal); ZZ; WZ; Drell-
Yan (Z+jets); and flavor-symmetric or non-resonant backgrounds (Non-prompt). The
signal likelihood which is used as the final discriminator is the likelihood assigned
to the quark- and gluon- induced invisible Higgs process, normalized to the sum
of the likelihoods of all processes. The analysis criteria involving jet counting, jet
kinematics, or jet vetoes are not considered as input variables, so that the classifier
remains unbiased toward selecting events with 0 jets. The training preselection is as
follows:

e B-tagging veto
e Tau veto

Jet multiplicity < 1 jet with pl, > 30 GeV

Exactly 2 leptons

Adjet pmiss > 0.5 (in events with a jet)

o EXss > 130 GeV

The training requirement for the E2 was found via a stepwise optimization pro-
cedure. Because events with less EFX can still be classified as highly signal-like, a
looser criterion of EX > 100 GeV is applied for the MVA signal region. The higher
training requirement helps to learn about difficult events which are not handled well
by the standard analysis. It also happens to be compatible with the 125 GeV Higgs
mass.

The pairwise mutual information between the input variables for the different
physics process classes is shown in Figure [B-1] After applying the training preselec-
tion, distributions of these variables are compared between data and simulation in

Figures and [B-3

9.5.2 Analysis selection

The signal region in the multivariate analysis is defined using the training preselection
cuts except BT > 100 GeV and classifier value > 0.2. The Drell-Yan normalization
is taken from a control selection similar to the rectangular analysis, admitting events
which otherwise pass the signal region selection with EXss < 100 GeV or classifier
value < 0.2. The non-resonant background normalization is taken from a control
sample applying the signal region selection described in this section, but requiring
opposite-flavor events. The diboson control region selections are unchanged from the
rectangular analysis. See Figures [0-17] and [0-18] for the classifier spectrum in the
signal region and diboson regions.

The signal hypothesis is considered in a shape analysis of the BDT classifier spec-
trum.
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Figure 9-16: Distribution of the BDT classifier in the multivariate analysis before the likelihood fit.
The first two bins [-2, —1] and [—1, 0] are a technical artifact of the control region implementation
and do not correspond to a BDT score. The first bin contains the nonresonant background sideband
of opposite-flavor events. The second bin contains the Drell-Yan sideband of events failing the BDT
or EMmiss requirement. The rest of the bins are the signal region BDT bins. Uncertainty bands
represent only the statistical uncertainty.
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Figure 9-17: Distribution of the BDT classifier in the multivariate analysis signal region after the
likelihood fit. Uncertainty bands correspond to both statistical and systematic uncertainty.
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Figure 9-18: Distribution of the BDT classifier in the diboson control regions: WZ three-lepton
region at left, ZZ four-lepton region at right. Uncertainty bands correspond to both statistical and

systematic uncertainty. These are the same events as in Figure
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The experimental uncertainties affecting the input values to the BDT are propa-
gated to the corresponding uncertainties on the output distribution of BDT scores in
a robust mapping procedure. For a discussion of it, see Section [B.3]

9.5.3 Improvement in sensitivity

A maximum likelihood fit is performed in the distribution of BDT scores, akin to the
EXiss analysis prescription described in Section The Z7/WZ ratio is handled in
the same way, but the bin-dependent electroweak uncertainty on the ratio of ZZ/WZ
is described in bins of BDT score instead of (emulated) ER. Altogether, the BDT
analysis improves the invisible Higgs sensitivity by 10%, where the metric is the
expected limit on the branching ratio of Higgs boson to invisible particles.

Taking this approach is not nearly as rewarding for the higher mass simplified-
model DM signals, where E is a more powerful discriminant variable. Furthermore,
the multivariate analysis strategy described above is dependent on the mediator mass.
This would necessitate training and evaluating a different classifier for every mass
scenario. These cases require further study before multivariate techniques can be
exploited there.

9.6 Search results

The number of observed and expected events after final selection for the EMis* and
BDT analyses are shown in Tables[9.3|and [9.4] respectively. There is no significant dif-
ference between the dimuon and dielectron channels in terms of signal-to-background
ratio, and hence the two of them are treated together when computing the final
results. Figure m shows the EXss distributions after the final selection.

No deviation from the SM background expectations is found. Upper limits on
the contribution of events from new physics are computed by using the modified
frequentist approach CLg [190, 191] based on asymptotic formulas [192]. The ex-
pected numbers of background events and signal events, scaled by a signal strength
modifier, are combined in a profile-likelihood test statistic, in which the systematic
uncertainties are incorporated as nuisance parameters. The systematic uncertainties
include normalization uncertainties that affect the overall size of contributions and,
when a shape analysis is performed, shape uncertainties that alter the shapes of the
distributions used in extracting the signal limits.
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Process ee i pptee
qqZH(125) 69.3 + 2.3 89.3 + 3.1 158.6 + 5.4
ggZH(125) 18.4 £ 2.0 24.3 £29 427+ 4.9

ZH(800) 113.1 £ 4.5 152.1 £ 6.1 265.1 + 10.6
DM(150)MV(500) 409 £ 1.6 57.9 + 2.3 98.8 + 3.9
DM(150)MA(500) 275+ 1.1 38.0+ 1.5 65.5 + 2.6
Nonresonant bkg. 321+ 64 41.0 £ 8.2 74.8 £ 15.0

YA 162.3 + 4.0 2175+ 5.4 3798 £ 94
WZ — 3lv 704 £ 2.9 92.1 + 3.9 162.5 + 6.8
Other bkg. 1.1 £ 0.1 14 + 0.1 2.6 +0.2

Z+Jets 35.6 £ 14.4 229 £9.3 72.0 £ 29.2

Total bkg. 310.4 £ 19.5 381.3 £ 15.7 691.7 £ 34.8
Data 292 396 688

Table 9.3: Observed number of events, post-fit background estimates, and signal predictions for the
Emss analysis using 35.9 fb 1. Both statistical and systematic uncertainties are reported. High-mass

Higgs model is scaled to 1 pb (all masses in GeV).

Process ee i Lptee
qqZH(125) 89.6 £ 2.5 117.3 + 3.3 207.0 £ 5.8
ggZH(125) 26.8 + 2.8 35.9 £ 3.7 62.7 £ 6.5

Nonresonant bkg. 165 + 20 211 £ 26 375 £ 46

YAVA 309 £ 12 421 £ 17 730 £ 29

WZ — 3lv 142.9 + 5.2 1925 £ 7.0 335 £ 12
Other bkg. 2.31 £ 0.15 3.23 £ 0.21 5.54 £ 0.36

Z+Jets 84 + 25 110 £ 33 194 + 58
Total bkg. 704 + 35 936 + 46 1640 + 81

Data 682 + 26 904 £ 30 1586 + 40

Table 9.4: Observed number of events, post-fit background estimates, and signal predictions for
the BDT analysis using 35.9 fb~!. Both statistical and systematic uncertainties are reported. (all

masses in GeV).
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Figure 9-19: Distribution of the EXsS after the full selection including the region between 50 and
100 GeV. For the ee channel (top left) and pp channel (top right), the uncertainty band corresponds
to the statistical uncertainty only. For the £¢ channel (bottom), the plot includes both statistical
and systematic uncertainty. The signal normalization is arbitrary.
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9.6.1 Invisible Higgs interpretation

No significant excess of events is observed over the SM expectation. Upper limits
are derived for the Higgs boson production cross section. For my = 125 GeV, this
is interpreted as the upper limit on the branching ratio of the Higgs boson to invis-
ible particles, assuming the SM production rate. To compute the upper limits, the
modified frequentist construction CLs is used (see [190, 191} 193]). The number of
events are modeled as a Poisson random variable, where the mean value is the sum of
the contributions from signal and background processes. The 95% observed and me-
dian expected CL upper limits on the production cross section times branching ratio,
04q—zn X B(H — invisible), computed with the asymptotic CLs method are shown in
Figure for the rectangular analysis in E2. Assuming the SM production rate,
the 95% observed (expected) CL upper limit on B(H — invisible) is 0.45 (0.44) using
the rectangular analysis in £ and 0.40 (0.42) using the multivariate analysis. The
g9 — Z(£0)H process has also been considered for the 125 GeV mass point.

The signal strength limits for quark+gluon initiated ZH(— invisible) processes is
shown in Fig. [9-22] The signal strength limits for only quark-initiated processes is

shown in Fig. [9-23]
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Figure 9-21: Expected and observed 95% CL upper limits on the production cross section times
branching ratio, oz (—invisibley X BR(H — invisible) as a function of the Higgs boson mass.
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Figure 9-22: Expected and observed 95% CL upper limits on the signal strength, ozm(—invisible) X
BR(H — invisible)/ogas as a function of the Higgs boson mass. ogps includes both quark- and

gluon-initiated processes.
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Figure 9-23: Expected and observed 95% CL upper limits on the signal strength, oz —invisible) X
BR(H — invisible)/osy as a function of the Higgs boson mass, including only quark-initiated

processes.
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9.6.2 Simplified Model dark matter interpretation

To compute limits on specific DM models, a shape-based analysis is employed, based
on the EMss distributions in Fig. In this case, the test statistics is a binned
likelihood. Figure [9-24] shows the 95% CL expected limits for vector and axial-vector
mediated scenarios with couplings g, = 1, g, = 0.25. The plane of mediator and
dark matter masses is interpolated between the fully simulated points, which are
tabulated in Table [0.5] More details on this interpolation procedure may be found in
Appendix

The limits are compared to the results from direct-detection experiments in Fig.
Figure shows the 95% CL expected limits as a function of my, for fixed m, =
1 GeV with couplings g, = 1, g = 1 for scalar and pseudoscalar-vector mediated
scenarios. The expected and observed cross section limits for the different DM signal

hypotheses are shown in Tables [9.6] 9.7, 0.8
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Figure 9-24: The 95% CL expected and observed limits on signal strength ¢°** /" for the axial
(left) and vector (right) mediated DM scenario with g, = 0.25.
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Short title Pexp O fexp O Heap tobs O - BR[pb]

DM(100)MnloDMV(300)  0.29 0.4 0.21 0.33 0.0885
DM (10)MnloDMV (10) 1.6 2.3 1.2 1.8 0.0524
DM(10)MnloDMV(100)  0.12 0.16  0.087 0.12 0.515
DM(10)MnloDMV(50)  0.12 016  0.085 0.12 0.823
DM(150)MnloDMV (200) 10 15 7.6 12 0.00184
DM(150)MnloDMV(500)  0.72 1 0.53 0.92 0.0278
DM(1)MnloDMV/(10) 1.6 2.2 1.2 1.7 0.0545
DM(1)MnloDMV(100)  0.14 0.19 0.1 0.15 0.516
DM(1)MnloDMV (1000) 2.2 3.3 1.5 28 0.00402
DM(1)MnloDMV(200)  0.17 0.25 0.13 0.21 0.199
DM(1)MnloDMV (2000) 22 34 15 32 0.000252
DM(1)MnloDMV(300)  0.28 0.39 0.2 0.3 0.0949
DM(1)MnloDMV(50)  0.12 017  0.085 0.13 0.841
DM(1)MnloDMV(500)  0.57 0.82 0.41 0.7 0.029
DM (1)MnloDMV(750) 1.2 1.8 0.86 1.5  0.00978
DM(300)MnloDMV (750) 1.4 2 1 1.9  0.00811
DM(40)MnloDMV(100)  0.15 0.21 0.11 0.17 0.445
DM (490)MnloDMV (1000) 5.7 8.5 3.9 8  0.00153
DM(500)MnloDMV(500) 2e+02  3e+02 1.4e+02 2.7e+02  3.63¢-05
DM (50)MnloDMV (200) 0.2 0.28 0.15 0.22 0.194
DM (50)MnloDMV(500)  0.59 0.83 0.42 0.68 0.0291
DM(75)MnloDMV(500)  0.65 0.91 0.47 0.8 0.0286
DM(990)MnloDMV (2000) 88 1.3¢+02 60 1.2e+02  7.12¢-05

Table 9.5: Expected cross-section limits for a Vector mediator with 35.9 fb~! and couplings gy = 1,
9gq = 0.25. pieqp corresponds to the expected cross-section limits divided by the theoretical cross
section. Limits are with respect to the NLO DmSimp model [202] 203]
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Short title Pexp O fexp O eap lobs O - BR[pb]

DM(100)MnloDMA (300) 0.4 0.57 0.28 0.47 0.0594
DM(100)MnloDMA(750) 1.3 1.9 0.96 1.6 0.00925
DM (10)MnloDMA (10) 1.6 2.2 1.1 1.9 0.0418
DM(10)MnloDMA (100) 0.12 0.16  0.084 0.13 0.602
DM(10)MnloDMA(50)  0.054  0.074  0.039  0.051 1.88
DM (140)MnloDMA (300) 2.2 3.2 1.6 2.5 0.0108
DM(150)MnloDMA (1000) 2.6 3.7 1.8 34 0.00376
DM (150)MnloDMA (200) 25 35 18 29 0.000693
DM (150)MnloDMA (500) 0.89 1.3 0.65 1.1 0.0204
DM(1)MnloDMA(10) 1.3 1.9 0.95 1.7 0.0532
DM(1)MnloDMA (100) 0.1 0.14  0.074 0.12 0.618
DM (1)MnloDMA (1000) 2.2 3.2 1.5 28 0.00407
DM (1)MnloDMA (200) 0.18 0.25 0.13 0.2 0.209
DM (1)MnloDMA (2000) 22 33 15 29 0.000252
DM(1)MnloDMA (300) 0.26 0.36 0.18 0.3 0.0964
DM(1)MnloDMA(50)  0.057  0.079  0.042 0.06 1.9
DM(1)MnloDMA (500) 0.52 0.74 0.36 0.62 0.0307
DM (1)MnloDMA (750) 1.1 1.6 0.76 1.4 0.01
DM(200)MnloDMA (750) 1.7 2.4 1.2 22 0.00741
DM(300)MnloDMA (750) 35 5.1 2.5 42 0.00345
DM (40)MnloDMA (100) 0.24 0.33 0.17 0.29 0.256
DM(490)MnloDMA (1000) 68  le+02 47 91 0.000136
DM (500)MnloDMA (2000) 33 49 22 45 0.000179
DM(500)MnloDMA(500)  6.3e4+02 9.4e+02 4.3¢+02 8.6e+02 1.1e-05
DM (50)MnloDMA (200) 0.23 0.33 0.17 0.25 0.164
DM (50)MnloDMA (300) 0.32 0.45 0.23 0.37 0.0896
DM (50)MnloDMA (50) 5.3 7.4 3.8 57 0.00591
DM (50)MnloDMA (500) 0.55 0.78 0.39 0.63 0.0294
DM(75)MnloDMA (1000) 2.2 3.3 1.6 3 0.00398
DM (75)MnloDMA (500) 0.63 0.89 0.45 0.75 0.0279
DM(990)MnloDMA(2000) 1.3¢+03  2e+03 8.9¢+02 1.9e+03  4.64e-06

Table 9.6: Expected cross-section limits for an Axial Vector mediator with 35.9 fb~! and couplings
gy =1, g4 = 0.25. [icqp corresponds to the expected cross-section limits divided by the theoretical
cross section. Limits are with respect to the NLO DmSimp model.
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Short title Hezp 5+Mezp 0™ Leap Lobs O - BR[pb]

DM(100)MnloDMP(300) 6.3 8.9 16 84  0.00255
DM (100)MnloDMP(350) 11 15 7.7 14 0.00138
DM (100)MnloDMP(500) 35 50 25 48 0.000288
DM(100)MnloDMP(750) 1.2e+02 1.7e+02 87 1.7e+02  6.78¢-05
DM(10)MnloDMP(10) 33 46 24 41 0.00056
DM(10)MnloDMP(100) 2.3 3.1 1.7 2.7 0.00871
DM(10)MnloDMP(50) 2 2.8 15 25  0.00972
DM (1)MnloDMP(10) 1.9 2.7 1.4 2.3 0.0102
DM(1)MnloDMP(100) 2.4 3.3 1.7 28  0.00879
DM(1)MnloDMP(1000) 3.4e+02 4.9e+02 2.4e+02 4.9¢+02  2.16e-05
DM (1)MnloDMP(20) 1.9 2.7 1.4 2.3 0.0101
DM(1)MnloDMP(300) 6 8.4 43 7.9  0.00254
DM(1)MnloDMP(350) 9.8 14 7 13 0.00148
DM (1)MnloDMP(400) 18 26 13 25 0.000683
DM (1)MnloDMP(50) 1.9 2.7 1.4 2.3 0.00972
DM(1)MnloDMP(500) 31 44 22 42 0.000323
DM(1)MnloDMP(750) 1.2e+02 1.8¢+02 89 1.7e+02  7.02¢-05
DM (200)MnloDMP(500) 47 66 34 64  0.000213
DM(350)MnloDMP(1000) 4.7e4+02 6.9e+02 3.3e+02 6.8¢+02  1.57e-05
DM(350)MnloDMP(750) 2.9¢+02 4.2¢+02 2.1e+02 4.1e+02  2.99e-05
DM(40)MnloDMP(100) 2.3 3.1 1.6 28  0.00876
DM(50)MnloDMP(10)  1e+02 1.5e+02 75 1.3e+02  0.000151
DM (50)MnloDMP(200) 43 6 3.1 55  0.00418
DM (50)MnloDMP(300) 6 8.4 43 7.9 0.00248
DM (50)MnloDMP(350) 10 14 7.2 13 0.00148
DM(50)MnloDMP(400) 17 24 12 23 0.00069
DM (50)MnloDMP(50) 92 1.3¢+02 67 1.2e+02  0.000178
DM(50)MnloDMP(500) 32 45 23 44 0.000304

Table 9.7: Expected and observed signal strength limits for NLO Simplified Model Pseudoscalar-
mediated Dark Matter samples with 35.9 fb!. Hobs, and fiegp correspond to the observed and
expected cross-section limits divided by the theoretical cross section. The cross section times
branching ratio is also listed for reference. The mapping from short title to dataset is as
follows: DM(m, )MnloDMP (mmyeq) — DarkMatter MonoZToLL NLO_ Pseudo_Mx-$mchi Mv-
$mmed gDM1 gQl TuneCUETP8MI1 13TeV-madgraph
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Short title Pexp O fexp O eap tobs O - BR[pb]

DM(0)MnloDMS(20) 2.3 3.2 1.7 27 0.00739
DM (100)MnloDMS(300) 5.1 7.1 3.7 6.4  0.00257
DM (100)MnloDMS(350) 6.2 8.7 45 82  0.00192
DM (100)MnloDMS(400) 10 15 7.4 14 0.00105
DM (100)MnloDMS(500) 23 33 17 32 0.00039
DM (10)MnloDMS(10) 45 63 33 56 0.000346
DM (10)MnloDMS(100) 2.6 3.6 1.9 32 0.00616
DM (10)MnloDMS(50) 2.3 3.1 1.6 2.7 0.00722
DM(1)MnloDMS(1000) 3.2e402 4.6e+02 2.3e+02 4.6e102  2.12¢-05
DM(1)MnloDMS(20) 2.3 3.2 1.7 2.7 0.00733
DM (1)MnloDMS(200) 3.5 49 2.6 44 0.00433
DM (1)MnloDMS(300) 5.2 7.3 3.8 6.7  0.00253
DM (1)MnloDMS(350) 6.5 9.2 47 86  0.00185
DM (1)MnloDMS(400) 10 14 7.3 13 0.00112
DM(1)MnloDMS(50) 2.3 3.2 1.7 28 0.00708
DM (1)MnloDMS(500) 22 32 16 30 0.000421
DM (1)MnloDMS(750) 94 1.4e+02 66 1.3e+02  7.95¢-05
DM (200)MnloDMS(500) 48 67 34 65  0.000191
DM(350)MnloDMS(1000)  6.6e+02 9.6e+02 4.6e+02 9.4e4+02  9.48¢-06
DM(350)MnloDMS(750) 8.9¢+02 1.3e+03 6.2¢402 1.3e103  7.51e-06
DM (40)MnloDMS(100) 2.5 35 1.8 3.1 0.0065
DM(450)MnloDMS(1000)  1.9¢+03 2.9¢+03 1.3e4+03  3e+03  2.74¢-06
DM(50)MnloDMS(10)  1.7e+02 2.4e+02 1.3e+02 2.2¢4+02  8.25¢-05
DM (50)MnloDMS(200) 3.6 5 2.6 45  0.00426
DM (50)MnloDMS(300) 4.9 6.9 3.6 64  0.00257
DM (50)MnloDMS(350) 6.2 8.7 45 81  0.00189
DM (50)MnloDMS(400) 9.5 13 6.8 13 0.00113

DM(50)MnloDMS(50)  1.5¢+02 2.1e+02 1.1e+02 1.9e+02  9.31e-05

Table 9.8: Expected and observed signal strength limits for NLO Simplified Model Scalar-
mediated Dark Matter samples with 35.9 fb!. Hobs, and fiegp correspond to the observed and
expected cross-section limits divided by the theoretical cross section. The cross section times
branching ratio is also listed for reference. The mapping from short title to dataset is as fol-
lows: DM ($mchi)MnloDMS($mmed) — DarkMatter MonoZToLL NLO _Scalar Mx-$mchi Mv-
$mmed gDM1 gQl TuneCUETP8MI1 13TeV-madgraph
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9.6.3 Unparticle interpretation

In the unparticle scenario, a shape analysis of the EXss spectrum is performed. Upper
limits are set on the Wilson coefficient )\/Aﬂu_l of the unparticle-quark coupling
operator. Additionally, lower limits are set on the cutoff scale Ay, assuming a fixed
value of the coupling A = 1.

The limits both variables are calculated at 95% CL and shown in Fig. as
a function of the scaling dimension dy. Limits on the production cross-section as a
function of dy are shown in Fig. [9-28] The exclusion limits for each parameter point
are given in Tab. [9.9]
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Figure 9-27: Left: The 95% CL upper limits on the Wilson coefficient A/ Af_l,“_l of the unparticle-
quark coupling operator. Right: The 95% CL lower limits on unparticle effective cutoff scale Ay
for a fixed coupling A = 1. The results from a previous CMS mono-Z search [46] are shown for
comparison.
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Figure 9-28: The 95% CL upper limits on the cross-section for pp — UZ in the unparticle model.
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Short title Uexp O fexp O Mexp Lobs o |pb|
ADD Mp =3TeV,n =2 0.11 0.17 0.074 0.15 0.0342
ADD Mp =3TeV,n=3 0.097 0.15 0.065 0.13 0.032
ADD Mp =3TeV,n =4 0.076 0.12 0.05 0.1 0.0369
ADD Mp =3TeV,n=5 0.052 0.082 0.035 0.071 0.0472
ADD Mp =3TeV,n==6 0.037 0.057 0.024 0.05 0.0648
ADD Mp =3TeV,n=17 0.024 0.038 0.016 0.033 0.0939

Unparticle, dy = 1.01, Ay = 15 TeV 0.033 0.013 0.009 0.031 28.2
Unparticle, dy = 1.02, Ay = 15 TeV 0.020 0.007 0.005 0.019 46.7
Unparticle, dy = 1.04, Ay = 15 TeV 0.014 0.006 0.004 0.014 64.4
Unparticle, dy = 1.06, Ay = 15 TeV 0.013 0.005 0.004 0.012 66.7
Unparticle, dy = 1.09, Ay = 15 TeV 0.016 0.006 0.004 0.016 57.9
Unparticle, dy = 1.10, Ay = 15 TeV 0.016 0.006 0.004 0.014 53.7
Unparticle, dy = 1.20, Ay = 15 TeV 0.041 0.016 0.011 0.038 17.9
Unparticle, dy = 1.30, Ay = 15 TeV 0.13 0.052 0.036 0.13 4.7
Unparticle, dy = 1.40, Ay = 15 TeV 0.40 0.16 0.11 0.38 1.1
Unparticle, dy = 1.50, Ay = 15 TeV 1.4 0.56 0.40 1.30 0.29
Unparticle, dy = 1.60, Ay = 15 TeV 4.8 1.93 1.37 4.5 0.073
Unparticle, dy = 1.70, Ay = 15 TeV 14.8 6.20 4.2 14.0 0.019
Unparticle, dy = 1.80, Ay = 15 TeV 50.7 21.23 14.8 47.6 0.0048
Unparticle, dy = 1.90, Ay = 15 TeV 167 71.1 48.1 163 0.00127
Unparticle, dy = 2.00, Ay = 15TeV 534 224 155 512 0.000345

Unparticle, dy = 2.20, Ay =15TeV  5.2e+3 2.3e+3 1.5e+3 5.0e+3 2.7le-5

Table 9.9: Expected and observed signal strength limits for Large Extra Dimension and Unparticle
samples with 35.9 fb~ 1. Hobs, and fieq, correspond to the observed and expected cross-section limits
divided by the theoretical cross section. The cross section times branching ratio is also listed for
reference. In both ADD and unparticles the given cross-section is the one produced by pythia for
the respective sample. The Z branching fractions are not included. The truncation in the ADD case
is also not included. The properly truncated ADD cross-sections are given in Appendix @
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9.6.4 ADD Interpretation

In the framework of the ADD model of extra dimensions, limits are calculated depend-
ing on the number of extra dimensions n and Mp. For each value of d, cross-section
limits are calculated as a function of Mp (fig. [9-30). By finding the intersection
between the theory cross-section line with the observed and expected excluded cross-
sections, and projecting that point onto the Mp axis, limits on Mp are found as a
function of n (fig. . The used theoretical cross sections are given in appendix
and shown graphically in fig. [9-31

The observed (expected) exclusion of Mp ranges between 2.1 and 2.4 TeV (2.3
and 2.6 TeV) for n between 2 and 7.

To illustrate the impact of the truncation procedure, the cross-sections with and
without truncation are shown in fig. [0-31] The truncation has a greater impact on
scenarios with more extra dimensions. The relative spread between low-n and high-n
scenarios is thus greatly reduced by the truncation and the cross-sections converge.
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Figure 9-29: Expected and observed exclusion limits on Mp as a function of n.
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Figure 9-30: Cross-section limits in the ADD scenario as a function of Mp for different values of
n. The Red curve shows the theoretical cross-section for given values of n. The cross-sections are
calculated for the fiducal phase-space of pr(Graviton) > 50 GeV. Gray lines show the projection of
the intersection between theory and expected (observed) exclusion onto the Mp axis.
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Figure 9-31: Truncated (left) and untruncated (right) cross-sections for the ADD model as a function
of Mp. Each curve represents one value of n. The effect of the truncation increases with n. The
truncated values are used for limit-setting. The untruncated graphs are shown only for illustration.
The cross-sections are calculated for the fiducal phase-space of pr(Graviton) > 50 GeV.
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9.6.5 Simplified Likelihood

The observed event yields and total expected background yields in the signal region
are tabulated in Tab. . The correlation between EZ bins in the signal region is
shown in Fig.[9-32] This allows re-interpretation of the results in this paper according
to the simplified likelihood approach, as described in Ref. [204]

To test the validity of the re-interpretation, a closure test was performed using the
Higgs invisible signal model. The median expected 95% CL signal strength limit for
a Higgs invisible signal was 0.45, as compared to 0.43 for the full likelihood model. A
comparison of the likelihood as a function of signal strength p is shown in Fig. [9-33]

ER'™° Bin Observed events Total background prediction
100 < B < 125 311 256 £ 32
125 < Emiss < 150 155 150 £ 12
150 < Emiss < 175 87 86.9 +£ 8.4
175 < Emiss < 200 50 52.7+5.3
200 < ERiss < 250 56 50.2+£4.9
250 < ERiss < 300 15 19.4+2.2
300 < ERiss < 350 11 9.441.2
350 < ERiss < 400 6 4.58 £+ 0.66
400 < ERiss < 500 6 3.31 £0.54
500 < [iiss 1 1.57 +0.33

Table 9.10: Expected event yields in each E25S bin for the sum of background processes in the signal
region. The background yields and their corresponding uncertainties are obtained after performing
a combined fit to data in all control regions, but excluding data in the signal region. The observed
events in each bin are also included.
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Figure 9-32: Correlations between the uncertainties in the estimated background yields in the signal
region E'*° bins. The correlations are obtained after performing a combined fit to data in all control
regions, but excluding data in the signal region.
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Figure 9-33: Comparison of likelihood scans for the full likelihood model and the simplified likelihood,
for the Higgs invisible signal. Good agreement is shown, confirming that the simplified likelihood
approximation is valid in this analysis.
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Chapter 10

Conclusion and Outlook

In this work, measurements of differential Z/~v* production cross sections in pp colli-
sions at y/s = 13 TeV in the electron and muon final state are presented. The dataset
was collected with the CMS Detector at the LHC, corresponding to an integrated lu-
minosity of 35.9 fb™'. A total of 32.5 x 10° data events were selected. The measured
fiducial inclusive cross section times branching fraction is:

07 e+o- (Vs =13 TeV) = 699 + 5 (syst) & 17 (lumi) pb

The measurement is limited by the systematic uncertainty of the integrated lumi-
nosity. It agrees with next-to-next-to-leading-order QCD and next-to-leading order
electroweak cross section calculations.

Distributions of the transverse momentum, the angular variable ¢, and the ra-
pidity of lepton pairs were also measured and compared to theoretical predictions.
The prediction is consistent with the measurements within uncertainties. The differ-
ential measurement provides a useful benchmark for ongoing research in the realm
of fixed-order calculations. It will also serve as a constraint in future global fits for
the determination of the PDFs. In particular, the Drell-Yan process is most useful in
constraining the light-quark PDFs.

In the near future, this measurement will be extended to the entire Run-II dataset,
representing an integrated luminosity of 150 fb™'. It will also be combined with the
decays to hadrons and neutrinos. This will enhance the precision at higher values of
momentum approaching 1 TeV.

Xk ok

Using the same dataset, a search for new physics in events with a leptonically
decaying Z boson and large missing transverse momentum was performed. Using the
cut-based strategy, 688 data events were selected; using the multivariate strategy, 1586
data events were selected. No evidence for physics beyond the standard model was
found. Compared to the previous search in the same final state [205], the exclusion
limits on dark matter and mediator masses were significantly extended for spin-1
mediators in the simplified model interpretation, and exclusion limits for unparticles
were also extended. Results for dark matter production via spin-0 mediators in the
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simplified model interpretation, as well as graviton emission in a model with large
extra dimensions, have been presented in this final state for the first time.

In the case of invisible decays of a Standard Model-like Higgs boson, we assume
the Standard Model production cross section, and set an upper limit of 40% on
the invisible branching ratio (at 95% confidence level). This is competitive with the
contemporary result from our sister experiment ATLAS [206]. Using the 2016 ATLAS
dataset (integrated luminosity 36.1 fb™'), the corresponding upper limit for invisible
Higgs boson decays is 67%.

It is important to note that using the same 2016 CMS dataset, another search for
invisible Higgs boson decays in the vector boson fusion (VBF) production mode was
performed [207]. There, the participant quarks each emit virtual W* or Z bosons
which annihilate into a Higgs boson. The corresponding upper limit is 33%. A pre-
liminary combined result was prepared which included the result from this work, that
VBF result, and other CMS results [45] using the Run-I datasets. That combination
set a limit of 19%, the most stringent to date. By comparison, the Standard Model
branching ratio of Higgs to invisible particles (neutrinos) is around 0.1%. Much work
remains to be done in order to bridge this gap, and the first step will be a combined
analysis of the full Run-IT CMS and ATLAS datasets.

Beyond the pursuit of the invisible Higgs, constraints have been placed on other
models. For the most generic of models with a massive spin-1 mediator, mediator
masses up to order of 500 GeV have been excluded in an electroweak scale coupling
scenario. When interpreted in the context of the dark matter-nucleon scattering
cross section, this result serves to complement the efforts of the direct detection dark
matter experiments. In the context of the ADD extra dimensions model, constraints
were calculated on the true Planck scale of the n + 4 dimensional spacetime Mp,
as a function of the number of extra dimensions n. Between two and seven extra
dimensions, values of Mp below approximately 2.3 TeV were excluded.

In the future, this search will be performed with the remainder of the Run-II
CMS dataset. It may also be combined with the other search channels to broaden the
exclusion of the various exotic models, similar to the existing preliminary combined
analysis in Ref. [208)].

* %k ok

In closing, we are entering an era where the Standard Model is tested at high
precision. The work presented here grants us further insight into the internal structure
of the proton, and later we hope to use it to nail down the mass of the W* boson.
Meanwhile, the community of theorists have an additional reference point for state-of-
the-art quantum field theory calculations. These, along with plans for future colliders,
will usher in a new age of precise Higgs boson measurements. As our accumulated
knowledge of the fundamental interactions begins to crystallize, there is no guarantee
we will observe new physics at the LHC or elsewhere. But we will leave no stone
unturned—and we are still on the hunt.
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Appendix A

Lepton identification efficiencies and
scale factors

A.1 Central values

Efficiency for Medium2016MuonBCDEF selection (Data)

p, [GeV]

Efficiency for Medium2016MuonGH selection (Data)

p, [GeV]

Figure A-1: Efficiencies extracted from data for the Medium muon working point in 2016 run eras
B to F, and G to H.
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Figure A-2: Efficiencies extracted from MC for the Medium muon working point after reweighting
to the pileup profile in 2016 run eras B to F, and G to H.
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Figure A-3: Scale factors derived from Data/MC efficiencies for the Medium muon working point in
2016 run eras B to F, and G to H.
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Figure A-4: Statistical uncertainties on the Medium muon scale factors (negative error) in 2016 run
eras B to F, and G to H.
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Figure A-5: Statistical uncertainties on the Medium muon scale factors (positive error) in 2016 run
eras B to F, and G to H.
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Efficiency for MediumElectronBCDEF selection (Data)

Figure A-6: Efficiencies extracted from data for the Medium electron working point in 2016 run eras
B to F, and G to H.
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Efficiency for MediumElectronBCDEF selection (MC)

Efficiency for MediumElectronGH selection (MC)

Figure A-7: Efficiencies extracted from MC for the Medium electron working point after reweighting
to the pileup profile in 2016 run eras B to F, and G to H.
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Scale factors for MediumElectronBCDEF selection
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Figure A-9: Statistical uncertainties on the Medium electron scale factors (negative error) in 2016
run eras B to F, and G to H.
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Figure A-10: Statistical uncertainties on the Medium electron scale factors (positive error) in 2016
run eras B to F, and G to H.
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A.2 Alternative methods

Systematic from background modeling
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Figure A-11: Systematic uncertainties from choice of background model for the Medium muon scale
factors in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from background modeling
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Figure A-12: Systematic uncertainties from choice of background model for the Medium electron
scale factors in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from resolution modeling
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Figure A-13: Systematic uncertainties from signal resolution modeling for the Medium muon scale
factors in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from resolution modeling
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Figure A-14: Systematic uncertainties from signal resolution modeling for the Medium electron scale
factors in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from FSR modeling
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Figure A-15: Systematic uncertainties from signal FSR modeling for the Medium muon scale factors
in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from FSR modeling
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Figure A-16: Systematic uncertainties from signal FSR modeling for the Medium electron scale
factors in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from generator choice
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Figure A-17: Systematic uncertainties from generator choice for the Medium muon scale factors in
2016 run eras B to F (top), and G to H (bottom).
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Systematic from generator choice
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Figure A-18: Systematic uncertainties from generator choice for the Medium electron scale factors
in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from tag selection bias
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Figure A-19: Systematic uncertainties from choice of tag selection for the Medium muon scale factors
in 2016 run eras B to F (top), and G to H (bottom).
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Systematic from tag selection bias
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Figure A-20: Systematic uncertainties from choice of tag selection for the Medium electron scale
factors in 2016 run eras B to F (top), and G to H (bottom).
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Appendix B

Dark matter multivariate analysis

B.1 Boosted decision trees

The multivariate analysis makes use of the implementation of boosted decision trees
(BDTs) in the TMVA software package within the ROOT framework [209].

A decision tree is a binary tree structured classifier. Repeated yes/no decisions
are taken on a single variable at a time until a stop criterion is fulfilled. The phase
space is split this way into many regions that are eventually classified as signal or
background, depending on the majority of training events that end up in the final
leaf node.

The boosting of a decision tree extends this concept from one tree to several
trees which form a forest. The trees are derived from the same training ensemble by
reweighting events, and are finally combined into a single classifier which is given by
a weighted average of the individual decision trees. Boosting stabilizes the response
of the decision trees with respect to fluctuations in the training sample and is able to
considerably enhance the performance with respect to a single tree.

B.1.1 Gradient boosting

The idea of function estimation through boosting can be understood by considering
a simple additive expansion approach. Consider a particular point X in the space of
variables describing the dataset. The function F'(X) under consideration is assumed
to be a weighted sum of parameterized base functions or weak learners f(X; an,).
Each base function corresponds to a decision tree

F(x) = Z B f (X5 am) P e {Bm; am}gJ (B.1)

where M is the number of trees in the forest, m represents a particular decision tree,
and P is the parameter space of tree weights 3,, and tree decisions a,,.

The boosting procedure adjusts the parameters P so that the deviation between
the model response F'(X) and the true value y obtained from the training input data
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is minimized. For the BDT classifier, the binomial log-likelihood loss function is used
for the gradient boosting algorithm:

L(F,y) = In (1 + ¢ 2®) (B.2)

The minimization is achieved using an iterative gradient-descent approach. The gra-
dient of the loss function for the current forest, F,_;(X), is calculated. Then, a new
decision tree h,,(X) is grown to match the mean value of the gradient in each region
defined by the tree structure. A coefficient ~,, is found via line search to get the new
forest F),(X) that minimizes the loss function:

Fon(®) = Fu 1 (R) + 9 - hon(R) (B.3)

[terating this procedure over several hundred trees yields the desired set of decision
trees which minimizes the loss function.

In general, gradient boosting is performed using regularization techniques to avoid
overfitting the training data. Here, shrinkage and bagging are used. These are de-
scribed below. The BDT seen in Chapter [9) Section was grown with 400 trees,
shrinkage parameter v = 0.5, and bagging fraction 0.5.

Shrinkage

In the above description, the m' tree used to correct the classifier is directly added to
the existing forest with coefficient ~,,. That coefficient can be shrunk by a constant
factor v at each step of the iteration to slow the so-called “learning rate.” The update
rule can be modified to reduce the weight of this addition:

F(%) = Fpuo (%) + 7+ Y - hun (%) (B.4)

With shrinkage, a more generalized model is attained. But more trees are needed
to solve the problem, increasing the computational expense of training as well as
evaluating the BDT.

Bagging

Random subsamples of the training data can be used for growing the trees. This is
called bagging. The bagging fraction is the fraction of training data randomly chosen
for the iterations.

B.2 Choice of input variables

The final set of twelve variables was determined using correlation coefficients and the
mutual information between the input variables. See Figure The classifier per-
formance was unchanged by the removal of the least consequential variables. Plots of
the variable distributions comparing simulation and data at the training preselection
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level is shown in Figures [B-2] and [B-3] In these plots, the invisible Higgs signal is
magnified to illustrate the discriminating power of the variables.
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Figure B-1: Mutual information between the twelve BDT input variables for the invisible Higgs, ZZ,
WZ, and flavor-symmetric (non-prompt) classes. The matrix for the Drell-Yan class is statistically
irrelevant.

B.3 Mapping the experimental uncertainties

In order to perform a shape analysis in the classifier BDT spectrum, the effect of
various nuisance parameters must be propagated to the BDT shape. It is not suffi-
cient to simply evaluate different shapes at the extremities of the nuisance variations,
because a BDT is not a conformal map. Therefore, we used a toy method to sample
the distributions of the relevant nuisance parameters and found the resulting distri-
butions in BDT value. The nuisances considered to be relevant are the uncertainty of
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the lepton momentum scale (see Section and the uncertainty of missing energy
due to the jet energy scale (JES).

The number of random toys used for the uncertainty propagation was 50 due to
the high computing cost of many classifier evaluations. The lepton scale variations
were sampled from a normal distribution with standard deviation of 0.01. The ERis
variations were sampled from a normal distribution with standard deviation of 1, then
multiplied by the relative size of the jet energy scale effect (this quantity varies per
event). Variations in the lepton scale affected the missing energy which was adjusted;
variations in the missing energy affected many of the other variables, which were
subsequently adjusted.

After performing this procedure for all simulated events, we take the uncertainty
bands from the non-normal toy distributions as the distance between the 15.9% and
84.1% quantiles. These are the so-called +10 quantiles of a normal distribution.

Figures [B-5], and show 2D maps of the nuisance variations with the BDT
value on the horizontal axis and the relative variation from the nominal BDT bin
yield on the vertical axis. Figures [B-7] [B-8| and [B-9 show the resulting uncertainty
shapes that enter the likelihood fit, for the electron scale, muon scale, and EIs scale
nuisances respectively.

We do not propagate this uncertainty for the non-resonant backgrounds or the
Drell-Yan process, because they are not highly signal-like and the other extrapolation
uncertainties are sufficiently conservative. Furthermore, when performing the likeli-
hood fit to determine the exclusion limits, we ignore these propagated uncertainties
in the ratio of the diboson control regions, and fully correlate them across the shape
bins in the signal region.
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Toy envelope / nominal bin yields (electron scale, qq—ZH process) Toy envelope / nominal bin yields (electron scale, gg - ZH process)
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Figure B-4: 2D maps of the relative toy variations from the nominal BDT shape versus the BDT
value, for the electron scale. The hashed bands represent statistical uncertainty on the simulated
events.
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Toy envelope / nominal bin yields (muon scale, qq— ZH process) Toy envelope / nominal bin yields (muon scale, gg - ZH process)
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Figure B-5: 2D maps of the relative toy variations from the nominal BDT shape versus the BDT
value, for the muon scale. The hashed bands represent statistical uncertainty on the simulated
events.
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Toy envelope / nominal bin yields (Er‘ss scale, qq— ZH process) Toy envelope / nominal bin yields (Ef‘ss scale, gg - ZH process)
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Figure B-6: 2D maps of the relative toy variations from the nominal BDT shape versus the BDT
value, for the EMsSscale due to the JES uncertainty. The hashed bands represent statistical uncer-
tainty on the simulated events.
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BDT syst. unc. from muon scale toy study in qq-ZH(125)
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Figure B-8: Uncertainty shapes calculated from the toy method for the muon scale.
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Figure B-9: Uncertainty shapes calculated from the toy method for the EX*due to the JES uncer-
tainty.
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Appendix C

QCD NNLO/NLO k-factors for qq —
17

The NNLO/NLO k-factors for the qq—ZZ process are available binned in different
generator-level variables. They can be applied as a function of either the transverse
momentum pr(Z, Z), mass M(Z,Z) or angular separation A¢(Z, Z) of the diboson
system. While all three versions of the k-factors stem from the same calculation
framework and are thus in agreement as far as calculation settings are observed, the
binning may impact the result of the corrections. The k-factors are shown in fig. [C-1]
the distributions of the generator-level variables are shown in fig. The generator
variables are shown for simulated ZZ events after applying the final analysis selection.
For both A¢(Z, Z) and pr(Z, Z), the signal region events are very strongly peaked in
regions where the k-factors are significantly non-flat. Thus, the application of these
k-factors depends on the choice of bin sizes. Small variation of the bin sizes may
induce large changes in the medium k-factor per bin. To avoid the complications
associated with this, the M(Z, Z) binning is used. In this case, the signal region
events are not contained in a region of large k-factors variations and the correction is
thus more reliable.
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Figure C-1: QCD NNLO/NLO k-factors for the qq—ZZ process binned in different generator-level
kinematic variables of the diboson system.
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Figure C-2: Distribution of the generator-level kinematic variables of the diboson system in ZZ
events after final selection.
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Appendix D

Interpolation of Simplified Model
dark matter limits

In order to fully populate the m,,.q-mpys plane, more parameter points than reason-
ably available as FullSim MC samples are necessary. To this end, a reweighting of
the available FullSim samples is performed.

Terminology used in this section:

e FullSim samples: The samples we get from central production with proper
detector simulation. We have 38 (28) of these for the axial (vector) mediators.

e Target: a parameter point/sample we want to obtain using our reweighting
technique.

e Reference: The parameter point/sample we use as a basis to get to the target.
The reference is always one of the FullSim samples.

D.1 Calculating the weights

Using the same MADGRAPH model as used for central production, generator-level
spectra of the mediator transverse momentum p® are obtained. While in the cen-
trally produced samples, MADGRAPH is used to calculate jet multiplicities of both
zero and one,the generator samples only contain the zero jet process from MAD-
GRAPH. This is due to the practical limitation that processing time increases dra-
matically with an added jet, which makes it impossible to generate a larger number
of parameter points for reweighting in this configuration. However, it is found that
simply using the 0 jet samples alone is sufficient for the reweighting.

To mimic the effects of the analysis selection, a generator-level selection is applied

before extracting the pm? spectra.

o PPN > 20 GeV.

° |771epton| <925
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P > 60 GeV

Ap(ll, med) > 2.6

[P — pped/pied] < 0.4

° AR(H) < 1.8

The pie? distributions are scaled according to the generated cross-section before
applying the additional selection criteria. This ensures that differences in acceptance
between target and reference are taken into account.

For a given target and reference, the ratio of the pie? distributions is then used
as a pd-dependent weight.

Ptarget <pmed)
med T
w(p T ) ~ reference (,med
P (pie)
Where w is the weight and P(pme?) is the value of the pe? distribution at a given
value of ped.

D.2 Choosing a reference

For a given target point, a reference sample is chosen by minimizing the distance
between reference and target in the log(m,eq)-log(mpys) plane. In order to improve
the performance of the procedure, the optimization is constrained to only allow the
reference sample to have relatively larger DM mass than the target m39 /m!9" <
mist /m"<! . This requirement aims to take into account that the shape of the Ess
spectrum becomes increasingly harder as mpj; increases.

D.3 Closure testing

In order to test this method, it is possible to reweight FullSim samples to represent
parameter points that are also available in FullSim. Thus, one may compare the ‘“real”
and reweighted final £ distribution and check their agreement. It has to be noted
that this method will generally give a worst-case impression of the performance of the
reweighting. Since one reweights FullSim to FullSim, the average distance between
target and reference will be much larger than in the real use case, where one always
reweights to the nearest FullSim sample.

For each reweighted FullSim sample, the bin-by-bin difference between real and
reweighted bin content divided by its statistical uncertainty is recorded (bin-by-bin
pull). In the absence of systematical shifts induced by the method, the pulls should
scatter around zero with a standard deviation of one. The distributions for axial and
vector mediators are shown in fig. [D-1 Only target points with 100 GeV < mypeq <
2000 GeV are considered. In both cases, the width of the distribution is consistent
with unity no significant bias in the mean is observed.
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The distribution of the pulls is also given per target parameter point (Figs. [D-3
and as a function of E¥* (fig. [D-2)). These views allow to see in more detail
the behavior of the reweighting and spot possibly pathological features that could be
obscured in the overall distributions. No systematic trends are found, indicating that
the method works sufficiently well. This assessment has of course to be taken relative
to the attainable precision in this test: Due to the limited signal sample statistics,
the precision of the closure test method is limited and it is not necessary to obtain
a perfect interpolation method, since the limited-statistics argument applies also to
the actual analysis case.

A closure test of the expected limits is shown in fig. [D-5], showing good agreement
in the final median expected limit, which ultimately determines the 7 value in the
2D scan. Good agreement is observed.

Axial Vector

mean = 0.11 +- 0.07

mean = -0.09 +- 0.06

Counts
Counts
~
S
T

width = 1.02 +- 0.06 60~ width = 1.07 +- 0.05

OETTT T[T T T T [ TT T[T T [ TTTT[TT

3 4
I1Sim)) / Stat. unc.

Figure D-1: Bin-by-bin pull distribution in the axial (left) and vector mediator cases (right). For
details on how these pulls are calculated, refer to the text. Each color represents one target sample
(If the colors are confusing to, you may ignore them altogether, in which case you will see the overall
distribution in all points).
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Figure D-4: Same as fig. - but the pull distributions are shown for each individual target point. Each vertical bin in this view corresponds to one

color in fig. [D-T]
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Figure D-5: Closure test of final limits, showing change in the median expected signal strength
(Hexp = Texp/ Otheo) introducted by using the reweighting method for all points that have full simu-
lation available. The two underflow entries are the points m4 = 10, m, =1 and my = 10,m, = 1.
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Appendix E

Cross sections for ADD model

ADD scenario o(pp — UZ) [pb] ADD scenario o(pp — UZ) |pb]
Mp =1.0TeV, n =2 8.40e-01 Mp =15TeV, n =2 2.67e-01
Mp=1.0TeV, n=3 1.04e-+00 Mp =15TeV, n=3 2.98e-01
Mp=10TeV, n=4 1.42e+-00 Mp=15TeV, n=4 3.65e-01
Mp=10TeV,n=5 2.21e+00 Mp=15TeV,n=5 4.81e-01
Mp=10TeV,n =6 3.96e+00 Mp=15TeV,n=6 6.75e-01
Mp=10TeV,n=7 8.55e+00 Mp=15TeV,n=7 1.05e+00
Mp=11TeV, n=2 6.54e-01 Mp=16TeV, n=2 2.19e-01
Mp=11TeV,n=3 7.95e-01 Mp=16TeV,n=3 2.46e-01
Mp=11TeV,n=4 1.06e+00 Mp=16TeV,n=4 2.93e-01
Mp=11TeV,n=5 1.60e+00 Mp=16TeV,n=5 3.69e-01
Mp=11TeV,n=26 2.67e+00 Mp=16TeV,n=6 5.11e-01
Mp=11TeV, n=7 5.24e+00 Mp=16TeV,n=7 7.49¢-01
Mp=12TeV,n=2 5.15e-01 Mp=17TeV,n=2 1.83e-01
Mp=12TeV,n=3 6.06e-01 Mp=17TeV,n=3 1.98e-01
Mp=12TeV,n=4 7.92e-01 Mp =17TeV,n=4 2.32e-01
Mp=12TeV,n=>5 1.14e+00 Mp=17TeV,n=5 2.85e-01
Mp=12TeV, n=06 1.81e-+00 Mp=17TeV,n=6 3.82e-01
Mp=12TeV, n=7 3.34e+00 Mp=17TeV,n="7 5.49e-01
Mp =13TeV, n=2 4.05e-01 Mp =18TeV, n=2 1.52e-01
Mp=13TeV,n=3 4.74e-01 Mp=18TeV,n=3 1.62e-01
Mp =13TeV,n=4 6.07e-01 Mp=18TeV,n=4 1.89e-01
Mp=13TeV,n=5 8.47e-01 Mp=18TeV,n=5 2.28e-01
Mp=13TeV,n=6 1.29e-+00 Mp=18TeV,n=6 2.92e-01
Mp=13TeV,n=7 2.26e+00 Mp=18TeV, n="7 4.04e-01
Mp=14TeV,n=2 3.28e-01 Mp=19TeV, n=2 1.27e-01
Mp=14TeV,n =3 3.79e-01 Mp=19TeV,n=3 1.33e-01
Mp =14TeV,n=4 4.68e-01 Mp=19TeV,n=4 1.52e-01
Mp=14TeV,n=5 6.32e-01 Mp=19TeV,n=5 1.80e-01
Mp=14TeV,n=6 9.20e-01 Mp=19TeV,n=6 2.32e-01
Mp=14TeV, n =7 1.53e+00 Mp=19TeV, n="7 3.01e-01

Table E.1: Cross sections used for limit setting in the ADD scenario. The cross sections correspond
to pr(Graviton) > 50 GeV and truncation is applied.
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ADD scenario

o(pp — UZ) |pb]

ADD scenario

o(pp — UZ) |pb]

Mp =20TeV,n=2
Mp=20TeV,n=3
Mp =20TeV,n=4
Mp=20TeV,n=5
Mp =20TeV,n =56
Mp=20TeV,n=7
Mp =21TeV,n=2
Mp=21TeV,n=3
Mp=21TeV,n=4
Mp=21TeV,n=5
Mp=21TeV, n=6
Mp=21TeV,n=17
Mp =22TeV,n=2
Mp =22TeV,n=3
Mp=22TeV,n=4
Mp =22TeV, n=5
Mp=22TeV,n=26
Mp =22TeV,n=17
Mp =23TeV, n =2
Mp =23TeV, n=3
MD = 23TeV, n=4
Mp=23TeV,n=>5
Mp =23TeV,n=26
Mp =23TeV,n=17
Mp =24TeV, n=2
Mp =24TeV, n=3
Mp=24TeV,n=4
Mp=24TeV,n=>5
Mp =24TeV,n=26
Mp=24TeV, n=7
Mp=25TeV,n=2
Mp =25TeV, n=3
Mp =25TeV,n=4

1.07e-01
1.10e-01
1.25e-01
1.43e-01
1.73e-01
2.29e-01
9.09e-02
9.15e-02
9.94e-02
1.16e-01
1.37e-01
1.70e-01
7.77e-02
7.59e-02
8.42¢-02
9.24e-02
1.09e-01
1.32e-01
6.56e-02
6.51e-02
6.99e-02
7.56e-02
8.87e-02
1.05e-01
5.72e-02
5.49e-02
5.63e-02
6.04e-02
6.90e-02
8.19e-02
5.04e-02
4.75e-02
4.71e-02

Mp =25TeV, n=5
Mp =25TeV,n=6
Mp =25TeV, n=17
Mp =26TeV, n=2
Mp =26TeV, n=3
Mp =26TeV,n=4
Mp=26TeV,n=>5
Mp =26TeV,n=6
Mp=26TeV,n="7
Mp =27TeV,n=2
Mp=27TeV,n=3
Mp =27TeV,n=4
Mp =27TeV,n=5
Mp =27TeV,n=6
Mp=27TeV,n="17
Mp =28TeV,n=2
Mp =28TeV, n =3
Mp =28TeV,n=4
Mp =28TeV,n=>5
Mp =28TeV, n=06
Mp =28TeV,n="7
Mp =29TeV, n =2
Mp=29TeV,n=3
Mp =29TeV,n=4
Mp =29TeV, n=25
Mp =29TeV, n =06
Mp =29TeV, n="7
Mp =3.0TeV, n=2
Mp =30TeV,n=3
Mp =3.0TeV,n=4
Mp =3.0TeV,n=25
Mp =3.0TeV, n =16
Mp=30TeV,n=7

5.06e-02
5.62e-02
6.42e-02
4.36e-02
4.06e-02
4.10e-02
4.22e-02
4.48e-02
5.04e-02
3.85e-02
3.39e-02
3.43e-02
3.48e-02
3.70e-02
4.07e-02
3.36e-02
2.99¢-02
2.80e-02
2.81e-02
2.97¢-02
3.15e-02
2.91e-02
2.52e-02
2.41e-02
2.41e-02
2.49¢-02
2.60e-02
2.58e-02
2.13e-02
2.04e-02
2.02e-02
2.05e-02
2.11e-02

Table E.2: Continuation from tab.
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