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Chapter 1

Introduction

The measurement of the mass of the W boson (myy) provides one of the most stringent tests of the
ability of the Standard Model of Particle Physics to describe the interactions between the fundamental
constituents of matter. This thesis describes the my; measurement performed by the CMS experiment
[1] at the Large Hadron Collider (LHC), which has been communicated in September 2024: the result of
this measurement is in agreement both with the Standard Model and with the world average of all the other
direct measurements [2], which has an uncertainty of 13.3 MeV. The CMS measurement has an uncertainty of
9.9 MeV, close to the relative precision of 10~ from the Standard Model indirect prediction. This uncertainty
is compatible with the most precise measurement from a single experiment, as performed by CDF [3], which
is, however, in strong disagreement with the Standard Model. The CMS measurement is the result of an
effort that started more than ten years ago, making it long awaited, especially after the latest CDF result.

Measurements of the & boson mass at hadron colliders are performed by analyzing the leptonic decays
of W bosons, in which a charged lepton (muon or electron) and a neutrino, which escapes detection, are
produced. A proxy for the presence of a neutrino and its kinematic properties is the missing transverse
momentum piss, determined from the kinematic imbalance of all the particles measured in the event. The
measurement then relies on the precise reconstruction of the kinematic properties of the charged lepton in
the decay, which is also often combined with p2iss to determine the transverse mass my. The redundancy
of observables sensitive to myy, albeit correlated, can be exploited to reduce the impact of theoretical or
experimental uncertainties. Most measurements rely on the reconstructed distributions of m and of the
lepton transverse momentum p%. used in template fits, in which p4. and m; templates are built from Monte
Carlo simulation for discrete values of my, which is then determined by matching the simulated templates
with the measured p%. and m1 distribution. The precision of this approach is limited by the theoretical
modelling of the production mechanism of the T¥ boson, which affects particularly the p. distribution, and
the experimental precision with which they are calibrated, affecting both m and p‘fT.

The CMS measurement employs an innovative approach to determine the theoretical modelling of the
production mechanism of the 1 boson. It improves upon the approach traditionally followed at hadron
colliders which exploits the similarity between 1 and Z production to tune the 1 boson production mech-
anism, as the kinematic properties of the Z bosons can be precisely measured, and then theoretical predic-
tions are used to port the Z—based constraints to the modelling of the 1¥ boson production. This approach
is limited by the assumptions made in this porting procedure, which might not take into account non-trivial
differences between the production of Z and W bosons. Indeed, different assumptions on the theoretical
uncertainties lead to different predictions on the total uncertainty in the extraction of my;,. The measure-
ment performed by CMS is based on precise template fits of the two-dimensional p; — 7 distribution of
muons from the W boson decays, where 7 is related to the direction of flight the muon in the laboratory,
since it has been proved that the theoretical model can be constrained together with 1y, without using
external data from Z decays. The most precise theoretical calculations currently available are employed in
this analysis, together with a model for their systematic uncertainties based on the introduction of nuisance
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6 CHAPTER 1. INTRODUCTION

parameters that can be determined simultaneously with myy, without relying on external measurements.
For this to work, and to have a total competitive uncertainty, CMS relied on the largest dataset ever em-
ployed in any myy analysis, for a total number of 1.2 x 108 analyzed data events and O(4 x 10?) simulated
events, requiring a complete overhaul of the software usually employed in most analyses in order to make
this measurement feasible.

From the experimental point of view, this measurement relies on the precise reconstruction and iden-
tification of muons. The lepton transverse momenta need to be determined with a precision better than
10~ to reach the precision required: this required implementing a new software to refit the trajectory of
tracks, from which the transverse momentum is determined, leading to a significant reduction in the bias in
the reconstructed muon momenta, and the derivation of dedicated corrections to account for the remaining
biases. These corrections rely on a physics-driven model that takes into account different physical sources
of bias, where accuracy and robustness have been thoroughly validated. The analysis also relies on the pre-
cise knowledge of the muon reconstruction and identification efficiencies, which are the probabilities that a
muon is successfully reconstructed passing a set of quality criteria, as a function of p — 7, to avoid differ-
ences in the templates that could introduce artificial biases in the extraction of my;,. Muon reconstruction
and identification efficiencies have been measured with an unprecedented level of granularity, similar to that
of the analysis, to be able to extract as much information as possible from the p — 7 plane. Biases in the
standard muon reconstruction in CMS, which can have a non-negligible impact on the determination of the
muon reconstruction and identification, were identified and fixed also in the standard CMS muon reconstruc-
tion algorithm. The procedure to extract corrections on muon reconstruction and identification efficiencies,
based on the tag-and-probe procedure using Z — pu events, was thoroughly validated to identify sources
of bias of physical nature, particularly those related to the production mechanism of the Z boson and its
differences with respect to the 1 boson, and to the recomputation of the quantities used to define the
quality criteria required in this analysis with respect to what is done in CMS by default. This is the aspect of
the analysis in which | was mainly involved and is extensively documented in this thesis. The uncertainties
on the muon reconstruction and identification efficiencies result in a contribution of 3.0 MeV to the total
myy uncertainty. This work was carried out with the financial support of the European Research Council,
under the Horizon 2020 research and innovation programme of the European Union (Grant agreement N.
101001205) [4].

Besides providing a fundamental input to the last measurement of the mass of the W boson, during
my Ph.D. | contributed to the CMS Tracking Physics Object Group (POG), by performing detailed studies of
tracking performances using Run 3 data collected by CMS: this work is essential for understanding the level
of agreement between data and simulation, supporting the tuning of the different algorithms that enter in
the reconstruction of the tracks, debugging of tracker conditions (alignment, bad components, etc.), and
commissioning of the track reconstruction software as it evolves, and to establish the quality of CMS data-
taking and the prompt identification of problems in the detector or the reconstruction.

This thesis is structured as follows: chapter [2| provides a general overview of the Standard Model of
Particle Physics, summarizes the electroweak precision tests, and describes how the measurement of 1.y,
can be considered a stringent test of the Standard Model. Chapter|[3|describes the Large Hadron Collider
and the experimental apparatus of CMS. Chapter [4] describes how tracking, i.e. the reconstruction of the
trajectories (tracks) of charges particles produced in proton-proton collisions, is performed in CMS, with
some details about the differences for data collected in Run 2, relevant for the measurement of my, and
data collected in Run 3, exploring some of the latest upgrades to the tracking software. This chapter also
contains the results of my work performed in collaboration with the Tracking POG, described in particular in
section[4.2] Chapter([5describes the reconstruction and identification of muons and their kinematic proper-
ties in CMS, with particular focus on the identification criteria to select high purity muons employed by CMS
analyses in general, and for the my, measurement in particular. The work | performed to validate the tag-
and-probe procedure used to extract efficiency corrections is described in section[5.2] Chapter[6]provides
an historical overview of the discovery of the W boson and the first measurements of its mass, providing a



detailed description of the most precise measurements at lepton and hadron colliders, with a brief outlook
on the current projections on the results achievable at FCC. Chapter[7]describes in detail the my; measure-
ment by CMS. Section 7.4 complements the report on my contributions to the my; measurement started in
section 5.2} summarizing the efficiency corrections and their validation using Z — pu events. Chapter|g]
explores possible directions and improvements for future measurements of myy .
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Chapter 2

The 1V boson in the Standard Model

This chapter describes the Standard Model of Particle Physics, our current best theory of the interaction
between the fundamental constituents of matter. The electroweak precision observables and their importance
in testing the Standard Model are discussed, together with a summary of the experimental tests and their
agreement with the predictions from the Standard Model. Particular care is dedicated to the Standard Model
prediction of the mass of the W boson and the comparison with the direct measurements, in the context of
possible extensions of the Standard Model.

2.1 The Standard Model

The Standard Model of Particle Physics is a quantum field theory that describes the interactions be-
tween the fundamental constituents of matter, which can be divided into two main groups: fermions, with
half-integer spin, and bosons, with integer spin. The Standard Model can describe three different forces:
the strong force, which binds particles together inside nucleons (protons and neutrons) and is responsible
for the formation of atomic nuclei, the electromagnetic force, which governs interactions between charged
particles and is responsible for the formation of atoms and molecules, and the weak force, responsible for
the decay of many known particles, both fundamental and composite, as well as the interaction of neutrinos.

Table[2.T|provides a summary of key properties of fermions. The elementary fermions that interact via
the strong force are known as quarks. These are grouped into three doublets (or generations), with each
doublet consisting of an up-type and a down-type quark. Up-type quarks carry a charge of +§e, while down-
type quarks have a charge of —%e, where ¢ is the magnitude of the charge of the electron. The doublets
differ in the masses of their up- and down-type quarks, as shown in the table. The anti-quarks, which are
the antiparticles of quarks, follow the same structure but have inverted quantum numbers. According to
the CPT theorem [5], anti-quarks have the same masses as their corresponding quarks.

Fermions that do not interact via the strong force are called leptons. Like quarks, leptons are organized
into three doublets. Each doublet contains an up-type neutral fermion, called a neutrino (denoted by v), and
a down-type charged fermion with a charge of —e. While neutrinos were initially thought to be massless,
evidence from neutrino oscillation experiments [6] suggests that at least some neutrinos have mass, with
the most stringent limit from direct measurements of < 0.45 eV [7] on the mass of the electron neutrino.
The antimatter counterparts of leptons follow the same structure but with inverted quantum numbers. Ac-
cording to the CPT theorem, they have the same mass and lifetime as the corresponding particles. The table
displays the mass and some quantum numbers of the particles, including charge, isospin (I), spin-parity
(J®), z—component of the isospin (I.), strangeness for quarks, charge and lifetime for leptons.

The Standard Model (SM) is a non-abelian gauge theory. This means that the SM Lagrangian is invariant
under local transformations, i.e. those that depend on space-time coordinates, as dictated by its gauge
symmetry group, and the generators of this group are not commutative. Each gauge symmetry requires
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10 CHAPTER 2. THE W BOSON IN THE STANDARD MODEL

Quarks
Name Mass Charge I(JP) 1, Strangeness
u 2.16 £ 0.07 MeV +2e 1Ty 4] 0
d 4.70 + 0.07 MeV de 1Ty A 0
s 93.5 + 0.8 MeV e 0l 0 1
¢ | 1.2730+£0.0046GeV  +2e  0(1") 0 0
b | 4.183+£0.007GeV  -le o(T) 0 0
t 17257+0.296eV  +2e  0(1") 0 0
Leptons
Name Mass Charge T
e | 0.51099895000 + 0.00000000015 MeV ~ -e > 6.6 x 108y
m 105.6583755 + 0.0000023 MeV e (2.1969811 + 0.0000022) x 1079 s
T (1776.93 + 0.09) MeV -e (290.34+0.5) x 107 1° s

Table 2.1: Table summarizing some of the properties of the Standard Model fermions. The masses for v,
d, s are the so-called "current quark masses”. The ¢-quark mass is extracted from direct measurements,
following the approach in [8]. From [9].

the introduction of a specific number of gauge fields, corresponding to the number of generators in the
symmetry group. These gauge fields are physically interpreted as force carriers, mediating interactions
between matter fields, and are known as gauge bosons. The Standard Model symmetry group is:

SUB)e Q) SUR)LQU(1)y (2.7)

The strong force is described by the SU (3) symmetry group, the electromagnetic force by the U (1),
group (different from the U/(1)y group in equation but with the same algebraic properties), and the
weak force by the SU(2), group. The symmetry induced by the SU(2), group is actually broken: the
electromagnetic and weak are unified in one theory, called electroweak theory, with SU(2), Q U(1)y as
its symmetry group.

In the Standard Model the interactions are described in terms of quantum field theory, which uses the
Lagrangian of a system to derive the equations of motion of the fields.

Gauge Bosons

Name Mass Charge Lifetime/T"
~ (photon) <1x10"18eV 0 Stable I(JT€)=0,1(1" ")
g (gluon) < O(1) MeV[*] 0 Stable I(JT) =0(17)
w 80.3692 4+ 0.0133 GeV *e 2.085 £ 0.042 GeV J=1
Z 91.1880 £ 0.0020 GeV 0 2.4955 + 0.0023 GeV J=1
Higgs Boson
Name | Mass Charge Lifetime/T"

HY [12520+0.116eV 0  3.7017MeV[¥] J=0

Table 2.2: Table summarizing some of the properties of the bosons. The upper limit quoted in [*] is the one
derived from high-energy experiments as described in [10]. The value in [**] assumes equal on-shell and
off-shell effective couplings. From [9].
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In the context of the path integral formalism, the scattering amplitude from initial state |¢;) at time
t = 0to final state |¢5) at time ¢ = T is obtained as:

rleTon) = [ Doex (i3 22

where H is the Hamiltonian of the system, D¢ is the integration measure for all possible "paths” the system
can take at each infinitesimal step and S is the action of the system:

Slé] = / d'xL(6,50) (2.3)

which is the integral of the Lagrangian density £ over the space-time volume for a generic quantum field ¢
and its derivatives d¢. The Lagrangian density can be divided as:

L= Lo+ Lint, (2.4)

where L, is the Lagrangian density for a free quantum field, and £;,,; is the part of the Lagrangian density
that describes the interactions between particles.

Using the formulas in[2.2)and[2.3]is analytically unfeasible for the Standard Model. What is usually done
is to expand the calculation of the scattering amplitude as a perturbative series in the interaction part:

(GrleT|br) = / D exp (z‘ / A (Lo + cm,»)

= /ngexp (i/d4$£0> exp <i/d4xL’Mt> (2.5)
= [Poew ( / dm) (14+9MY + M3+ )

where the amplitude is broken down into terms proportional to the first power of the coupling constant g, the
second power of g, etc. If g < 1, the lowest order terms are the most important, and the higher orders enter
in the calculation when an increase in precision is desired, while if g = 1 all the terms of the series have the
same weight, and the perturbative approach no longer holds. While performing higher-order calculations,
unphysical infinities appear due to the presence of “loops”. These infinities are dealt with using the so-called
renormalization techniques. The Standard Model has been shown to be a mathematically renormalizable
theory [11,(12]. When only the lowest order in the theoretical calculation is used, the computation is said to be
atleading order, also referred to as tree-level calculation. As contributions with higher orders of precision are
included, it is said that the calculation is at next-to-leading-order (NLO), next-to-next-to-leading-order (NNLO),
and so on. As explained in the following, the Standard Model describes multiple interactions, characterized
by different coupling constants: when performing theoretical calculations at a given order one must keep
all contributions from the different interactions with similar weight.
Defining ¢(x*) the field of a fermion, the Lagrangian of the free fermion is:

L = ig(xk)y" 0 p(x") — me(at)p(z") (2.6)
where +* are the Dirac matrices:

0 __ I 0 i 0 O'i
v —|:0 Il V= _oto0l” (2'7)

where I is the 2 x 2 identity matrix, 0 is the 2 x 2 null matrix, and o; are the Pauli matrices:

S O PR I P S e



12 CHAPTER 2. THE W BOSON IN THE STANDARD MODEL

The auxiliary v° matrix is added as it separates nominal left and right chiral representations in electroweak
theory:

0010
5 . 0.1.23 0 0 0 1
Y= =1 0 0 o (2.9)
01 00
Gauge symmetries are introduced by modifying the field of the fermion:
1(bY) — piaaT? i
J (@) = T o) 210)

with o, the parameter of the transformation and 7°* the generators of the transformation. To conserve
gauge symmetry, the Lagrangian must remain invariant under transformations of the symmetry group. What
has been described so far implements global gauge symmetries. However, the Standard Model exhibits
invariance under local gauge symmetries, where the transformation parameters «, are arbitrary functions
of the space-time coordinate z*. To maintain the invariance of the Lagrangian under these local gauge
symmetries, it becomes necessary to modify the partial derivatives with respect to z* in the following way:

O — DI = O + igT*WH (") (2.11)

where g is the coupling constant for the particular gauge symmetry that is applied to the Lagrangian, 7 are
the generators of the transformation, W' (x#) are the fields corresponding to gauge bosons, introduced to
maintain the gauge symmetry. The fields corresponding to the gauge bosons must transform according to
the gauge symmetry, and the Einstein notation is used to sum over T*W/'(x#). The sum runs over the total
number of gauge fields related to the symmetry group.

Electromagnetism, as already mentioned, is described by the U(1),,,, symmetry group. This acts on
the fields in the following way:

¢ () = €4 () (212)
where g is the electric charge. One new gauge field, A#(z#), is introduced, and it transforms as:

Al = AP 4 9Pa(zh) (2.13)

The kinetic energy of this new Gauge boson is:

1
Lign = = F" Fo, With PP = 94 A — 0 A (2.14)

to be added to the Lagrangian of the fermion.
In weak theory, fermions are paired in doublets:

(), (99,0, ),

where d’, s’ and b’ are linear combinations of d, s and b. The coefficients of this linear combination are
the elements of the Cabibbo-Kobayashi-Maskawa matrix Vo i /[13}14}[15], commonly expressed using the
Chau-Keung parameterization [16]:
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1 0 0 C13 0 513€_i(S cli2 s12 0
Vekm = |0 ca3 s23 0 1 0 —s12 ci2 0O
0 —S8923 (€23 —813626 0 C13 0 0 1
- - (2.16)
c12€13 512€13 s13€
i i
= | —512C23 — C12523513€"°  C12C23 — 512523513€" 893C13
i i
| S12523 — C12C23813€"®  —C12523 — S12¢23513€"0  C23C13

where s;; = sin 6,5, ¢;; = cos 6,5, and ¢ is the phase responsible for all the phenomena in flavor-changing
processes in the SM that are not invariant under combined charge-conjugation and parity transformations
(CP violation). The angles 6;; can be chosen to lie in the first quadrant, so s;;, ¢;; > 0.

The absolute values of the Vo, elements, obtained from fits to data from several experiments |9]
are:

0.97435 4 0.00016  0.22501 + 0.00068  0.00373270-0000ae
\Verm| = [0.22487 £ 0.00068  0.97349 4 0.00016  0.0418315-5007 (2.17)
0.00019 0.00077 0.000029
0.00858 000017 0.0411170050%  0.9991187000003)
from which the values in eq. are determined to be:

sin 12 = 0.22501 + 0.00068  sin 613 = 0.0037321 0 000090
sin 63 = 0.04183 10 5007 § = 1.147 £ 0.026.

Particles within each doublet share the same weak isospin Iy, which is the quantity conserved by the
SU(2)r, symmetry. This conservation allows particles to change type only within their respective dou-
blets. Particles within the same doublet only differ, as far as weak interactions are concerned, by the
z—component of the weak isospin: particles in the first row have I}V = 3, while those in the second
row have IV = —%. Importantly, this arrangement applies exclusively to particles with left chirality, or
left-handed particles, hence the L subscriptin the SU(2);, symmetry group. In contrast, particles with right
chirality, or right-handed particles, are represented as singlets:

R - R - R — / / /
Ve's €poVys MRy Ve s TR » URy Ay CR, Sy ER, U (2.18)

Under the transformations generated by the SU(2), group, the fields transform in the following way:

W () = (“’/q(x”)

i u)) — ¢ Tl T @) gy gt (2.19)
xr
q

where T(x*) are the three generators of the SU(2), group. This results in the introduction of three new
gauge fields W' (x#), with kinematic energy term:

Lyin = —iF‘W”F;V, FOHY — QR av — Uiy ok — gedbeiyrbrpyer (2.20)
where €2 is the Levi-Civita tensor and the Einstein notation is used. The kinematic term for SU(2)r,
is similar to that of U(1), but with an additional term arising from the different commutation relations
between these groups. While U (1), (and also U (1)y) is an Abelian group (its gauge symmetry generators
commute), SU(2), is non-Abelian. This non-Abelian nature results in self-interactions among the SU(2),
vector bosons. The field and generators are described using the basis 7+, -, and T3, where T+ =

T'iT%  This basis gives rise to two charged particles, W= = % The choice of this basis is

significant because the 7'+ operators facilitate movement up and down within the SU(2) 1, doublets, while
T3 leaves the particle unchanged.
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As mentioned above, electromagnetism and weak theory are unified in electroweak theory [17,[18,19],
described by the symmetry group SU(2); x U(1)y. The U(1)y symmetry has the same structure as
U(1)em, but the associated conserved charge is the hypercharge Y. This is the same for particles in the
same doublet, while they still have different electric charge. In this case the Gauge fields B*, associated
to U(1)y, and W3, associated to SU(2),, are mixed:

<Z#> _ (cos Ow —sin 9W> <W§L> (2.21)
AH sinfy  cos Oy B+ )
This unification preserves the charged currents (interactions involving charged vector bosons) while the
neutral current also involves particles with right chirality and anti-particles with left chirality. Consequently,
the couplings involve both chiralities, expressed in terms of ¢, and cp at the coupling vertices. This interac-
tion can also be described using vectorial and axial components. Left-handed particles exhibit pure V. — A
interactions, while right-handed particles have pure V' + A interactions. As aresult, the interaction vertices
are decomposed into these components, characterized by an axial component a; and a vectorial compo-
nent v for each fermion type. Figure shows the couplings of fermions to vector bosons described by
SU(2)r, x U(1)y. The vertices also show the coupling constants and the vertex structure in each case.
The relation between the electric charge Q, hypercharge Y and third component of the weak isospin T3 is
@ = T3 +Y/2, which together with equation2.21|gives the decomposition of the coupling into v+ and a ¢,
as summarized in table[2.3] For leptons, a consequence of the above discussion is that the interactions
described by SU(2), x U(1)y involving neutral bosons do not change the flavour of the fermions involved
(this is actually true also for quarks), while those involving charged bosons change fermion flavour only
within the same doublet for leptons. This is called lepton flavour conservation. Furthermore, all of the lep-
ton doublets couple in the same way as of SU(2);, x U(1)y, and the interactions are identical for all the
doublets. This is called lepton flavour universality.

Figure 2.1: Couplings of fermions to electroweak vector bosons.

‘ U,C,t d787b V67V,U,7V7' eivuivTi
vy I _Zsin?6y -1+ 2sin6y 1 —1 1 2¢in? Oy
2737 27 3] 7 2
af 2 2 2 2

Table 2.3: Table summarizing v and a for each of the couplings between fermions and Z.

Quantum Chromodynamics (QCD) describes the strong force, employing the STU(3) symmetry group.
This group features eight generators, each corresponding to a gluon field G*. QCD introduces the concept
of colour charge, of which there are three types. Quarks transform as triplets under SU(3), therefore
can exist in three different colour states. Antiquarks carry complementary anticolour charges. In contrast,
leptons are SU(3)¢ singlets, meaning they do not participate in strong interactions and are colourless.
Gluons, the force carriers of QCD, uniquely possess both a colour and an anticolour charge. This prop-
erty enables gluons to interact not only with quarks but also with each other, resulting in self-interactions
between gluons. The QCD Lagrangian, for a single quark, is:

£ = T b} = ] 5(a%) — 7G2G 2.22)
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where (D,,)i; = 0,.0i;—igs(T4)i; G, with gs the strong coupling constant, G, the gluon fields, and 77, are
the SU (3)¢ generators in the fundamental representation. An explicit representation of these generators is
given by T, = \,/2, where the )\, are the Gell-Mann matrices [20], and the sum over a runson No — 1 = 8
gluon fields (Einstein notation is used, the sums over i and j run on the three colours of the quarks). The
gluon field strength tensor Gy, is given by:

G, = 0,G% — 0,G + gs [ Gh Gy, (2.23)

2
where f°¢ are the structure constants of SU(3)¢ [20]. From g5 as = f’l—i can be defined. Quantum
chromodynamics exhibits two crucial properties that affect its phenomenology:

« Colour confinement. As two colour charges are pulled apart, the force between them remains con-
stant, unlike the other forces, which instead diminish with distance. This unique property leads to
an increase in energy as the separation grows. Eventually, this energy becomes sufficient to spon-
taneously create a new quark-antiquark pair. This process results in the formation of two separate
hadrons, i.e. combinations of quarks and gluons that are colour singlets under SU(3)¢, from the
original one, instead of having the initial colour charges separately.

« Asymptotic freedom. The strength of the interactions between quarks and gluons, which can be de-
scribed by ag, decreases as the energy scale of the interaction increases. This allows the quarks
to interact directly at high energy. This is opposite to what happens for electromagnetism, where
o= % increases as the interaction energy increases.

CMS
@ 0.24F ——— CMS InclJet, Is = 8TeV, ag(M) =0.1164"7 000
= C —e— CMS Incl.Jet, {5 = 8Tev '
0.22|— —=— CMSR,,, Vs=7TeV
- B CMS Incl.Jet, Ys = 7TeV
0.2— —=— CMS i, (s=7TeV
- CMS 3-Jet Mass , Vs = 7TeV
0.18 — ——&— DO Incl.Jet
- DO Angular Correlation
0.16— H1
- —e— ZEUS
014 World Avg ag(M) = 0.1181 = 0.0011
012
01—
0.08—
: 1 | 111 | 1 1 1 1 1 11 1 I 1 1 1 1 1 11 1 I 1
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Figure 2.2: Strong coupling constant ad a function of the energy scale @ (from [21]).

As a consequence of these two properties, QCD can be treated as a perturbative theory only at very
high energies, while non-perturbative QCD (such as lattice QCD [22]) is required to give accurate predic-
tions at low energies. In particular, figure [2.2| shows the strong coupling constant as a function of the
energy scale Q. In particular, it can be seen that o, increases steadily moving towards lower energies,
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and it formally diverges at Aqcp ~ 100 — 300 MeV. Colour confinement implies that quarks and gluons
cannot be observed as freely propagating particles. When these are produced in particle collisions, such
as proton-proton collisions, the hadronization process occurs, i.e. the production of hadrons as a result of
the colour confinement, resulting in a shower of colour singlets. These showers, called jets, are those that
are reconstructed in high-energy physics experiments.

The electroweak sector requires 3 massive vector bosons, two charged and one neutral (W* and 2),
and one massless neutral boson (v) to implement the observed currents. Moreover, also the observed
quarks and charged leptons are massive. The presence of the mass terms in the Lagrangian breaks the
SUB)c @ SU(2)r, QU(1)y symmetry. This is restored by adding two terms, £z and Lyykawa, 10 the
Standard Model Lagrangian, which require the introduction of the complex scalar field corresponding to the
Higgs field. £y describes the interaction of the Higgs boson field with the gauge fields and with itself:

L= (D) (D9) - V() where V(o) =pofo+A(sl0)  (22)

+
where ¢ = % @)0) is the Higgs field, complex doublet under SU(2), resulting in four degrees of

freedom. The Higgs potential has a degenerate minimum (assuming ;2 < 0 and A > 0) for:

2 2
fp— _H U 2.2
o= -5 =3 (2:25)
and ¢ assumes a non-zero vacuum expectation value (VEV):
1 /0
0l¢|0) = — 2.26
ololo) = = () 226)

This induces the spontaneous breaking of the SU(2),, x U(1)y symmetry (Electroweak Symmetry Break-
ing, EWSB), but still keeping the U(1).,, symmetry (conservation of electric charge). Three of the four
degrees of freedom of the Higgs field give rise to three Goldstone bosons, corresponding to excitations
in directions which do not change the Higgs potential. These three Goldstone bosons can be reabsorbed
through an appropriate gauge transformation, known as unitary gauge transformation, so that the degrees
of freedom corresponding to the Goldstone bosons are replaced by those related to the longitudinal po-
larization of three of the generators of SU(2);, x U(1)y, and the corresponding particles are now the
massive bosons of the Standard Model. The remaining degree of freedom results is the physical Higgs bo-
son, a scalar, uncharged, colourless boson. The Higgs potential is approximately quadratic for excitations
corresponding to this degree of freedom.

The masses of the electroweak bosons and the Higgs boson are related to the VEV, charge of the elec-
tron, and sin? 20y (at lowest order in perturbation theory) through the relation:

m - mE —L—m cos 0
2 2sin Oy cos Oy W osingy 2 wo
m, =0, mg = V2\v = 2|y

The Yukawa term Lyvawa describes the interaction between fermions and the Higgs field:

Lyukawa = _yzdjaLi(z)de - iy%@LiJQQs*uRj - yfjfLi¢eRj + h.c. (227)
where @1, = <Z£> Ly, = <Z’>y£ is the Yukawa coupling matrix for f = up, down, or charged lepton
L

fermions, and the indices 4, j run on the 3 generations. After the electroweak symmetry breaking, the yj;
matrix can be diagonalized using the fermion mass eigenstates basis, and all the fermions acquire a mass
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f fyzf v (y f being the eigenvalues of yf.). To reproduce the phenomenology of the Standard Model,
after EWSBQp, = <d2

linear combinations as in equation|2.15
The electroweak Lagrangian is fully reproduced after EWSB, and an additional term describing the in-
teraction between fermions, bosons and Higgs boson is added to the total Lagrangian:

) should be replaced with Q’ (d > and d with d/,, where dy, r are the same
L

me 1 é? n 1 e?
— bl W, WHHH _c
Ladd = Z vy Vst 2 cos2 Oy cos2 Oy 4 cos? Oy

W, W HH, (2.28)
where H is the field corresponding to the Higgs bosorﬂ Tablesummarizes some of the properties of
bosons [9].

2.2 Electroweak precision tests

In the context of the Standard Model it is possible to calculate with very high precision several different
quantities, which are compared to the most precise experimental measurements. Differences between the
predicted and measured values of these observables could be hints of Physics Beyond the Standard Model.
As of this thesis, no evidence of Physics Beyond the Standard Model has been found from these tests.
However, the Standard Model appears to be incomplete, as there are phenomena that it cannot currently
explain, some of which will be described in the following.

It has been already mentioned that in the Standard Model the neutrinos are predicted to be massless,
but the phenomenon of neutrino oscillations has been first observed by the Super-Kamiokande experiment
[6], and this requires that at least some of the neutrinos have mass. The KATRIN experiment has put an
upper limit on the mass of the electron neutrino of < 0.45 eV [7], and measurements on neutrino oscillations
provide values on the difference of the squared masses A M ? between neutrino generations of O(7 x107?)
eV2 between electron neutrino v, and v, neutrino and |AM?Z,| = O(10~3) eV2 (only the absolute value is
known in the case) [9]. If neutrinos acquire mass through the Higgs mechanism, they would have to couple
very weakly with the Higgs boson, see equation [2.28] where it can be seen that the coupling is proportional
to the mass (for fermions). This means that the Yukawa coupling the Higgs field should be very small.
Another possibility is that neutrinos are actually Majorana particles, meaning that ~ and 7 are the same
particle. In this case, the masses are generated directly by the Majorana operator, without involving the
EWSB, and this would also break the conservation of lepton flavour.

The Standard Model is not currently able to explain the existence of dark matter |23] and dark energy
[24] and the way in which they interact. These two ingredients are crucial to explain several cosmological
observations regarding the matter content of galaxies and the evolution of the universe. Ordinary matter, i.e.
the one that has been observed by experiments and that the Standard Model is able to describe, is estimated
to account for approximately 5% of the total matter content of the universe, dark matter is estimated to
account for approximately 27% of the total matter content, with the remainder being dark energy. This means
that the Standard Model is able to explain the existence and interactions of a relatively small fraction of the
universe.

All of the cosmological observations show that the known universe is prevalently composed of matter,
with only a small component of antimatter. One could expect that equal amounts of matter and antimat-
ter were produced after the Big Bang, which should reflect in the same amount of matter and antimatter
observed today. It was discussed in the previous chapter that the Standard Model, particularly the elec-
troweak sector, is not symmetric with respect to combined charge-conjugation and parity transformations,

. 0
1 nYy —
After EWSB, the Higgs field becomes ¢(z*) = (U H(a:“))'
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which could in principle lead to an asymmetry between matter and antimatter. However, the CP violation in
the Standard Model does not appear to be sufficient to explain the actual amount of matter compared to
antimatter [25], so that the Standard Model appears to be incomplete also in this respect.

Another open problem is the so called naturalness or hierarchy problem [26]. Using the relationships
between the fundamental parameters predicted by the Standard Model, the vacuum expectation value v
can be determined using the measured value of the Fermi constant G to be v & 246 GeV, also referred to
as electroweak scale. The Standard Model appears to be complete (apart from the open problems already
mentioned) at least for energy scales up to the Mpja,cc scale (Mpranek = /he/G ~ 1019 GeV, where
G is the gravitational constant), the energy scale at which the effects of quantum gravity can no longer be
ignored in other fundamental interactions [27]. However, taking into account radiative corrections, the mass
of the Higgs boson m z can be expressed as:

my = (m$)* + (dmpy)?, (mp)? ~ (Z mi + A) AZ, (2.29)

where m$; = v/2\w is the Higgs mass at lowest order in perturbation theory, while 51 5 are the corrections
from higher-order interactions, i runs over the particles coupling to the Higgs and A is an arbitrary scale.
If A = O(Mpiancx) it can be seen that (§Mp)? > (Mp)?%: a very finely tuned cancellation must occur
between m(}q and dm g to keep the variations in the value of m  below, for example, 1 TeV. Another solution
could be the presence of new particles that appear at intermediate energies that modify the relationship in
equation[2.29) potentially protecting the predicted value of m from radiative corrections.

All of these phenomena could lead to the existence of new particles that couple to the ones in the
Standard Model. However, as already mentioned, all the comparisons between the theoretical predictions
and the experimental measurements are in agreement. This could mean that the coupling between these
new particles and the Standard Model could be very small, or that the masses of these new particles can
be higher than those that can be produced, for example, at the LHC. Indirect evidence of these particles
could still be provided if they entered in the radiative corrections of quantities that can be predicted and
measured very precisely. An example of these tests are the electroweak precision tests.

The theoretical predictions for the electroweak precision observables (EWPO) are simultaneously fitted
to several experimental measurements, in so-called global electroweak fits [9}/28,|29]. This can be performed
for the following reasons:

« Test the internal consistency of the Standard Model. The experimental information for all the EWPO
is included and the Standard Model parameters are fit simultaneously.

+ Test BSM models. The Lagrangian of the Standard Model is extended to include terms that parame-
terize the BSM contributions, typically through the addition of effective field theory (EFT) operators,
which modify the EWPO dependence from the parameters, and thus test the model with the measure-
ments of all the EWPO. A similar approach was used before the discoveries of the top quark and the
Higgs boson to predict their masses, assuming the Standard Model relations.

« Provide an indirect determination of a given EWPO. This is similar to the first approach, except that
the experimental measurement of the EWPO under study is removed, so that a prediction that is
completely independent can be derived in the context of the Standard Model.

The Standard Model has 19 free parameters: 9 are the Yukawa couplings of the charged fermions, 4
are the parameters of the CKM matrix, 1 is the QCD vacuum angle to account for a possible CP-violation
in QCD [30], the remaining 5 describe the electroweak sector. At lowest order in perturbation theory, all
of the EWPO can be predicted in terms of three quantities, chosen to be those measured with the highest
precision: o, the fine structure constant, known to a relative precision of 1.6 x 10719 [31], G, the Fermi
constant, known to a relative precision of 5 x 10~7 [32], and the mass of the Z boson, mz, measured with
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a precision of 2 MeV (2 x 10~ relative precision) in the scan of the Z resonance in e* e~ collisions at LEP
[33].

To compute higher-order corrections, additional inputs are required: the strong coupling constant g,
the running of the fine-structure constant at the Z boson mass A, the mass of the Higgs boson, and the
masses of the fermions. In practice, only the top quark mass m; plays a significant role, as it is significantly
larger (at least two orders of magnitude) than the masses of other fermions, and the corrections increase
with mass.

The latest global electroweak fit results obtained by the GFITTER group are contained in [34] and shown
in figure[2.3] The fit incorporates a set of measured observables, including the Higgs boson mass, the top
quark mass, the masses and widths of W and Z bosons, the weak mixing angle sin 6y, the strong coupling
constant aig atthe Z pole, and measurements of various asymmetries. Several theoretical observables have
been computed at next-to-next-to-leading order (NNLO), and they include the full two-loop EW contributions
for Z boson production [35}36], so the theoretical uncertainties are now smaller than the experimental ones
in all observables entering the EW fit. The experimental inputs in the fit include the updated version of the
mass of the W boson my performed by ATLAS [37], by the LHCb collaboration [38], the measurement of
the Z pole observables by LEP [33] corrected for beam-beam effects on the luminosity measurement [39)],
a combination of the most precise kinematic top quark mass from ATLAS and CMS [40,41], a combination
of several measurements of sin® Géff performed at LEP [33] and at hadron colliders |42, 43, 44, |45]. In
addition to the electroweak precision data from LEP and SLD [33], other experimental inputs to the fit are
the hadronic contribution to the electromagnetic coupling strength |46], m;; [47] and the masses of the b
and c quarks [48].

Figure[2.3|shows the pulls, defined as the difference between the quantity measured experimentally and
the fitted value from the global fit divided by the experimental uncertainty. The fit converges on a minimum
x? value of 13.8 for 15 dof, corresponding to a p-value of 0.55. The largest contribution to the 2 originates
from the forward-backward asymmetry from b quarks, Arp, which shows a deviation of 2.40 from the
value obtained in the global fit. The leptonic left-right asymmetry A, from SLD has a deviation of —2.10,
while that derived from LEP has a deviation of 0.1¢. This is a result of the well-known discrepancy between
the measurements of the L R asymmetry with polarized beams at SLAC and the b-quark forward-backward
asymmetry at LEP [33]. The best-fit value of the strong coupling strength at the mass of the Z boson,
as(m%),is 0.1196 £ 0.0029, to be compared to the PDG value from 2022 of 0.1179 + 0.0009 [48], not
included in the fit, resulting in a pull value of 2.00. The pull of myy also decreased with respect to the
previous GFITTER result, that is, from —0.80 to —0.50. The GFITTER also provides an indirect determination
of myy, which is 80.354 & 0.007 GeV.

Another set of results is the one obtained by the Particle Data Group in 2024 [9]. Although most results
are in agreement with the ones shown above, there are a few differences: the PDG fit includes inputs from
low-energy parity-violation data and the muon magnetic moment, the set of input data, the implementation
of radiative corrections, and the fitting tools used are different. The experimental inputs to the fit are: for
m, the combination of CDF and DO measurements at Tevatron in [49], the Run 1 data from LHC mentioned
above and the Run 2 measurements |50 51,152, |53, 54, 55|, for m g |56, 57, for Tz [58| 59], for myy the
measurement already mentioned from ATLAS |37] and the combination of measurements in [2], for I'y- [60,
37,161], B —hadrons [60,62], for the weak charges of the electron [63], the proton [64], cesium [65,/66] and
thallium [67, 68|, for the weak mixing angle extracted from eDIS [69], v,,(7,,) — e scattering [70}[71,72], the
7 lifetime, and the ;2 anomalous magnetic moment [73], and the principal Z pole observables at LEP 133].
These are shown in tables|2.4)and [2.5} together with the result from the global electroweak fit and, when
available, the indirect prediction removing the experimental information on the observables shown.

The agreement is generally very good. The global electroweak fit describes the data well, with a very
good x?/dof of 49.5/47. The probability of a larger x? is 37%, and only g,, — 2 is currently showing a

larger (3.20) conflict. In addition, A% (SLD) from hadronic final states, A%)) (LEP 1), 'y (ATLAS) and

Qw (Cs) deviate at the 20 level. A, extracted from A%?é’) Ap = 0.885 +0.017, is 2.90 below the global
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Figure 2.3: Pull values of the global electroweak fit described in [34], defined as deviations between mea-
surements and predictions evaluated at the best-fit point, divided by the experimental uncertainties.

electroweak fit and also 1.40 below A, = 0.923 + 0.020 obtained from A2 (b) at SLD. The left-right
asymmetry, A%R = 0.15138 4 0.00216 [76], from hadronic decays at SLD, differs by 2.3c from the value
from the global fit of 0.1463 4= 0.0003. The combined value of A, = 0.1513 & 0.0021 from SLD (using
lepton-family universality and including correlations) is also 2.40 above the value from the global, but there
is experimental agreement between this SLD value and the LEP 1 value, A, = 0.1481 4 0.0027, obtained
from a fit to Ag%), Ac(Pr),and A (Pr).

2.3 The SM prediction for 1

The mass of the W boson my, depends on the other parameters of the Standard Model according to

equation[2.30}

2 B mé, B wa(my)
v <1 m%)  V2GE(1 - Ar) 230
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Quantity Value Electroweak Fit Pull  Indirect Prediction
m; [GeV] 172.61 £ 0.58 172.85 £ 0.55 —0.4 1752+ 1.8
myr [GeV] 125.10 +0.09 125.10 +0.09 0.0 97718
'y [MeV] 35+ 1.5 4.09 +0.05 —0.4
mw [GeV] 80.376 4 0.033[60] 80.356 4 0.005 0.6  80.353 & 0.006

80.355 4 0.01637| —0.1
80.347 4- 0.033(38] —-0.3
80.372 + 0.026[74] 0.6
[80.432 + 0.016]|3]
Iy [GeV] 2.195 + 0.08360] 2.089 + 0.001 1.3
2.198 + 0.049|37| 2.2
2.059 £ 0.049|61] —0.6
B(W —hadrons) 0.6736 £ 0.0018 0.6751 4- 0.0001 —-0.8
It —0.040 £ 0.015 —0.0395 £ 0.0001 0.0
a5 —0.507 +0.014 —0.5063 0.0

Qw (e) —0.0403 £ 0.0053 —0.0469 + 0.0002 1.3

Qw (p) 0.0719 4 0.0045 0.0705 4 0.0002 0.3
Qw (Cs) —72.41 £ 0.42 —73.26 +0.01 2.0
Qw (Th) —116.4 4+ 3.6 —116.93 £ 0.01 0.1
5% (eDIS) 0.2299 + 0.0043 0.23129 + 0.00004 -0.3

7, [fs] 290.75 4+ 0.36 288.59 + 2.31 0.9
2(9p—2-2) (4510.86+0.35) x 1079  (4509.73 £0.03) x 1072 3.2

Table 2.4: Non-Z pole observables, compared with the global electroweak fit value (and the pull) and, when
provided, the indirect prediction obtained removing the experimental information on the observable. The
values of myy and I'yy, from [37] reported here are obtained from the simultaneous fit to extract both the
mass and width of the W boson. B(W —hadrons) is a combination of [60, 62]. The world average results
for gyFa are dominated by the CHARM I results [70]. The 7, value is the 7 lifetime world average computed
by combining the direct measurements with values derived from the leptonic branching ratios [75]. From
[9].

where . ) )
3G Frms cos” 0 11Grm m
- £ W a W f +ATrem-

8v2r2 sin? Oy 244/272 miy,

It can be seen that at lowest order in perturbation theory, i.e. with Ar = 0, myy is a function of only G,
a and mz. Ar encapsulates the contribution of radiative corrections: the first term, the dominant one, is
the contribution from the top quark mass m, the second one contains the dependence on the mass of the
Higgs boson m, the third one encapsulates the additional corrections (e.g. the running of «, terms of
order O(aas), O(aa?), etc.).

In the previous section it was discussed how the EWPO are used to test the internal consistency of the
Standard Model, in particular the latest results from the GFITTER group and Particle Data Group were dis-
cussed. When the experimental information on my; is not included in the electroweak fit, myy is predicted
to be:

Ar = (2.31)

mw = 80354 + 7 MeV [Gfitter]

(2.32)
mw = 80353 + 6 MeV [PDG]
while the most recent combination of experimental measurements [2] is:
myw = 80369.2 + 13.3 MeV (2.33)

which differs from the electroweak fit predictions at about 1. It can be seen that the experimental uncer-
tainty on myy is about twice as large as the one from the indirect measurement. BSM physics can contribute
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Quantity Value Electroweak Fit Pull
mz [GeV]  91.1876 + 0.0021[33]  91.1884 £ 0.0019 —0.4
91.192 + 0.0073] 0.6
Tz [GeVl  2.4955+0.0023 2.4940 +0.0009 0.7
Ohad [Nb] 41.481 +0.033 41.48140.009 0.0
R. 20.804 + 0.050 20.736 +0.010 1.4
R, 20.784 + 0.034 20.736 +0.010 1.4
R, 20.764 + 0.045 20.781+0.010  —0.4
Ry 0.21629 + 0.00066  0.21583 + 0.00002 0.7
R, 0.1721 +0.0030  0.17221 +0.00003 0.0
A9 0.0145+0.0025  0.01606 = 0.00006 —0.6
AL 0.0169 = 0.0013 0.6
A0 0.0188 + 0.0017 1.6
AL 0.0996 + 0.0016 0.1026 +0.0002 —1.8
Al 0.0707 + 0.0035 0.0732 +0.0002 —0.7
AL 0.0976 + 0.0114 0.1027 +£0.0002 —0.4
57 0.2324+0.0012[33]  0.23161 +0.00004 0.7
0.23148 =+ 0.00033[45] —0.4
0.23145 =+ 0.00028 —0.6
A, 0.15138+0.00216[76]  0.1463 +0.0003 2.3
0.1544 + 0.0060[77] 1.3
0.1498 + 0.0049[33] 0.7
A, 0.142 + 0.015 —0.3
A, 0.136 + 0.015[77) —0.7
0.1439 + 0.0043[33)] —0.6
0.144 + 0.015[78] —0.2
Ay 0.923 + 0.020 0.9347 —0.6
A, 0.670 + 0.027 0.6674 +0.0001 0.1
Aq 0.895 + 0.091 0.9356 —0.4

Table 2.5: Z pole observables, compared with the global electroweak fit value (and the pull). The third value
of 57 is a combination of [79}42||43, 80} 44]. From [9].

to myy through additional radiative corrections in equation|2.31} so reaching a level of precision similar, if
not better, to the theoretical predictions is crucial to test the Standard Model.

The combination of my,, measurements in [2] does not include the reanalysis of \/s = 7 TeV data
published by ATLAS in 2024 [37] of my, = 80366.54-15.9 MeV, in agreement with the most recent average
of measurements, and does not include the measurement by the CDF Collaboration [3] my, = 80433.54+9.4
MeV. The CDF measurement was considered in combination with the other measurement and removed from
the combination due to poor agreement with the other experimental measurements: the combined p—value
of all my, measurements is 0.5% when the CDF measurement is included. This p—value increases to 91%
when the CDF measurement is removed. A measurement of ;- from the CMS experiment might shed light
on this disagreement. If the result from CDF is confirmed, this could be a hint towards the presence of BSM
physics.

The value of myy is very important as it also affects the determination of other EWPO. For example,
the uncertainty on the indirect prediction of m; is directly affected by myy, and, prior to its discovery, my,
was used to provide a confidence interval of the mass of the Higgs boson my. In these cases, global
electroweak fits can be used to provide simultaneous predictions on pairs of EWPOs that are compared
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with the direct measurements. This is shown in figure[2.4] where the simultaneous prediction on . and
m, is shown on the left, while the simultaneous prediction on my, and m, is shown on the right, together
with the experimental measurements. These are shown with several sources of uncertainty, indicated in the
figures. It can be seen that the agreement between the experimental measurements and indirect predictions
is good, except for the CDF || measurement of myy .

—— T2, 0t Ry Ry (10) T T L 80.45 ! ! ! ! ! i :
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Figure 2.4: Left: fit result and one-standard-deviation uncertainties in m as a function of m, for vari-
ous inputs, and the 90% CL region allowed by all data. Right: One-standard-deviation regions in my as a
function of m; for the indirect data from the fit (green), the direct data for 1, and my, without the CDF Il
measurement (blue and black contour, respectively, for two differently treatments of the W boson width),
and the combination thereof (red). For the combination, the 90% CL region is also shown as a red dashed
contour. The grey region uses only the my value from CDF II. From [9]

As mentioned above, global electroweak fits can be exploited to constrain BSM models. One possible
strategy to model the presence of BSM physics is to include oblique parameters S, T', and U [81]. In this
parameterization, the contribution of new physics is considered only in the electroweak radiative correc-
tions, which are assumed to be flavour universal. Direct vertex or box corrections to the SM Lagrangian are
not included, and therefore the new physics is only weakly coupled with SM fermions. The symmetry group
is still SU(2), x U(1)y. Itis assumed that the BSM physics described by this parameterization appears
only at energy scales significantly higher than the electroweak scale. The new physics will be encoded in six
corrections to the , Z, W self-couplings. The parameters S, T', and U are defined by subtracting the SM
component from the radiative corrections of the electroweak boson, and the remaining three corrections
are reabsorbed in the renormalization of o, G, and m . The SM predictionis S = T = U = 0. The
effect of non-vanishing oblique parameters is the following:

« T is proportional to the difference between the W and Z self-energies at Q2 = 0 (i.e., vector SU(2)-
breaking), mainly constrained by precision measurements of I";

* S (S + U) is associated with the difference between the Z (W) self-energy at Q*> = M3, and
Q? = 0 (axial SU(2)-breaking). S is mainly constrained by precision measurements of m .

« U modifies directly the radiative corrections on myy, and is therefore strongly related to my; and
Ty .

myy can be rewritten as:

2
2 My sy
miy = . 2.34
W 1_GFmI2/V,SM(S+U)/2\/§7T ( )
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The results of the global electroweak fit performed by the Particle Data Group [9] are shown in figure[2.5]
where it can be seen that the values are in agreement with the Standard Model predictionof S =T = U =

0. The figure also includes the oblique parameters obtained when the CDF || measurement is included, and
a deviation from the Standard Model prediction can be observed.
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dot indicates the Standard Model values S = 7" = 0. From [9].

An alternative approach to probe the existence of BSM Physics is to extend the Standard Model La-
grangian in the framework of Effective Field Theories (SMEFT). In SMEFT, the leading effects of the BSM
physics above the EW scale are parametrized with a set of dimension-6 (6D) operators:

Ci
Lor=Lsu+ ) 150 (2.35)

where Lg\ defines the SM Lagrangian and ¢; and A denote dimensionless Wilson coefficients and the
cutoff scale of the BSM physics, respectively. This approach was employed in [82] to explain the discrepancy
between the CDF measurement and the Standard Model prediction on myy. In particular, they considered
only the key 6D operators that are closely related to the 1 boson physics. F’J fitting to the data, they
showed that an upward shift in myy is driven by the operator O = (H' D ,H)? with a coefficient

cr(TeV/A)? > 0.01. This suggests that the new physics scale favored by the CDF data should be multiple
TeV for tree-level effects and sub TeV for loop-level effects.



Chapter 3

The CMS experiment at the LHC

The first part of this chapter contains a description of the Large Hadron Collider (LHC) at CERN. The sec-
ond part of this chapter is devoted to the Compact Muon Solenoid (CMS) experiment at CERN, with particular
attention to the functioning of its subdetectors.

3.1 ThelHC

The Large Hadron Collider (LHC) [83] is a circular proton-proton collider located at the European Or-
ganization for Nuclear Research (CERN). It is hosted in the 26.7 km long LEP tunnel and it is designed to
accelerate and perform head-on proton-proton (pp), nuclei (heavy nuclei such as Lead and Xenon, but also
lighter ones such as Oxygen) and proton-nuclei collisions. The design center-of-mass energy in proton-
proton collisions is \/s = 14 TeV and the design instantaneous luminosity is 1034 cm? s. The LHC
construction ended in 2008 and the first physics run, Run 1, took place between 2010 and 2013, with a beam
energy of 3.5 TeV (4 TeV in 2012) in pp collisions. After the Long Shutdown 1, in which several upgrades
were implemented on the LHC and its experiments, the Run 2 started in 2015 and ended in 2018. The beam
energy in pp collisions was increased to 6.5 TeV. Further upgrades were implemented during the Long Shut-
down 2, and Run 3, the current physics period, started in 2021, and will end in 2026. In 2022 the proton beam
energy was increased to 6.8 TeV, with an unprecedented total center-of-mass energy of 13.6 TeV. After Run 3
the LHC will undergo a major upgrade, the High-Luminosity Large Hadron Collider (HL-LHC) [84], with the
aim of achieving instantaneous luminosities a factor of 5 to 7.5 larger than the LHC nominal value, and the
center-of-mass energy should be increased to 14 TeV.

The Large Hadron Collider is the latest addition to the CERN accelerator complex [85], figure[3.1] First,
protons are injected in the Linear Accelerator 2 (Linac2), then they are passed to the Proton Synchrotron
Booster (PS booster), then to the PS ring, and finally to the Super Proton Synchrotron (SPS), where they
reach a beam energy of 450 GeV, before the injection to the LHC, where they are accelerated to the final
energy and where the proton beams finally collide. The LHC is composed of two rings, with four interaction
points (IPs), which host the four experiments of the LHC: ATLAS [86], CMS [87], ALICE [88] and LHCb [89].
The first two are general purpose experiments, covering the largest range of physics possible, and being
responsible for the discovery of the Higgs boson in 2012, LHCb studies the properties of charm and beauty
hadrons and ALICE analyses the data from relativistic heavy-ion collisions to study the hadronic matter in
extreme temperature and density conditions.

The particles are accelerated by 8 radiofrequency cavities per beam operating at a frequency of 400
MHz and providing an accelerating field of 5 MV/m. The bending of the beams is realized with 1232 su-
perconducting dipole magnets that provide a magnetic field of 8.33 T. A total of 392 quadrupole magnets
provide the focusing of the beams and additional steering. The two rings of the LHC are located inside the
superconductive magnets and the ultrahigh vacuum is achieved with a cryopump system.
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Figure 3.1: The CERN accelerator complex, the grey arrows follow the path for pp collisions (from [85]).

The LHC beams are bunched with a spacing of 25 ns, with O(10'!) protons per bunch. The LHC was
designed to have 2808 circulating bunches, each with a roughly Gaussian-shaped distribution in the trans-
verse plane with o, = o, =16 um at IPs and a longitudinal dimension of about 7.5 cm. These parameters
are fundamental as they determine the collision rate R for a specific process:

R=Lxo (3.1

where o is the cross section of the specific process and £ is the luminosity. The luminosity (in the case of
head-on collisions) is related to the beam parameters through the following:

o — N2k (32)

drooy

where f = 40 MHz is the bunch-crossing rate, N; and N> are the number of protons per bunch for each
beam, o, and o, are the transverse dimensions of the bunches and & is the number of bunches. The inte-
grated luminosity £;,» = [ Ldt = N/o, where N is the number of events for a given process characterized
by the cross-section o, is usually quoted to show the amount of data available for the analyses. Figure|3.2
shows the peak and integrated luminosities for each year of data taking until 2024. In 2017 LHC was able to
deliver an instantaneous luminosity which doubled the design one, and delivered even higher luminosities
in the later years. The total integrated luminosity delivered to CMS (not all of this used for physics analyses)
is roughly 30 fb™! for Run 1, roughly 163 b for Run 2 and roughly 196 b for Run 3 as of 2024 (122 fb™! were
delivered in 2024 alone).

Protons are composite objects. When a proton-proton collision occurs, it is the quarks and gluons, also
referred to as partons, that collide. The proton-proton interaction is described in terms of the parton model:
at large transferred momentum ¢ = (p; — p2)?, where p; and p, are the four-momenta of the colliding
partons inside the protons, the process is called hard scattering (for this regime |¢?| > 10 GeV2). The
process can be interpreted as the collision of the two isolated partons, each of which carries a fraction
z; of the total proton momentum. The center-of-mass energy of this collision is /3 = \/z172s. Each of
the partons is characterized by a parton density function, or PDF, which quantifies the fraction of the total
proton momentum a parton carries. Figure[3.3|on the left shows the PDFs for each of the partons as a
function of - and as a function of Q2 = —¢?. The total hard-scattering cross section for a proton-proton
collision can therefore be written as:
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Figure 3.2: LHC luminosity (upper plot) and integrated luminosity (lower plot) delivered to CMS experiment
between 2010 and 2024 in pp collisions (from [90])

Opp = / / filwr, Q% = pf) fi(22, Q° = )64 j(x1p1, xapa, pp, pr)dzidry  (3.3)
1,J

where 4; ; is the cross section for the interactions of partons ¢ and j, f; and f; are the parton density
functions, 1 and .y are the factorization and renormalization scales, which arise from fixed-order calcu-
lations, but the cross section must not depend on these parameters at all orders. The integral runs over all
the range of x for both partons (between 0 and 1) and the sum runs over all the possible pairs of partons.
Figure|3.3|on the right shows the pp cross-sections for some processes as a function of the center-of-mass
energy. The interaction of the proton remnant is called underlying event, which involves low ¢ interaction
between partons, initial and final state radiation. Due to colour confinement, these objects must combine
to create colourless bound states, the so-called hadrons. This is a complex process, since it requires non-
perturbative QCD, and is described in terms of dedicated simulations.

Given the high luminosity at the LHC, multiple proton-proton collisions occur when two bunches collide.
In addition to the hard scattering (and the underlying event), there is a (large) number of collisions with
lower transferred momentum ¢, they are usually referred to as minimum bias events, and a lot of low-
momentum particles are produced. The additional collisions are referred to as pileup (PU) collisions, which
are often a source of background in the event and must be properly described and controlled, as they have
a large impact on some the reconstructed quantities in the event. Figure[3.4]shows, on the left, an example
of a high-pileup proton-proton collision at the LHC. In orange, the reconstructed vertices can be seen, and
in yellow some of the charged particles passing a dedicated selection are shown. Figure3.4|on the right
shows the distribution of the number of interactions per bunch crossing for all the years of data taking up to
2024. The increase in instantaneous luminosity can be clearly seen, as the distributions are systematically
shifted to the right.
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Figure 3.3: Left: figure showing = x PDF(x) for the various proton constituents (partons) (from [91]). Right:
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Figure 3.4: Left: a high-pileup event with 86 reconstructed vertices, here given by the orange circles (from
https://cds.cern.ch/record/2241144). Right: distribution of the average number of interactions per crossing
(pileup) for pp collisions in 2011 (red), 2012 (blue), 2015 (purple), 2016 (orange), 2017 (light blue), 2018
(navy blue), and 2022 (brown). The overall mean values and the minimum bias cross sections are also
shown (from [90]).

3.2 The CMS experiment

The CMS experiment [87] is one of the four experiments at the Large Hadron Collider. It is one of
two general-purpose detectors at the Large Hadron Collider (LHC) at CERN, alongside ATLAS [86]. CMS
played a crucial role in discovering the Higgs boson in 2012, confirming the Higgs mechanism that explains
electroweak symmetry breaking in the Standard Model. As a general-purpose experiment, CMS conducts
a wide range of research, including studying Higgs boson properties, conducting precision tests of the
Standard Model, and exploring phenomena like extra dimensions, supersymmetry, and dark matter.
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The CMS experiment uses a cylindrical coordinate system (r, ¢, z) with the z—axis being directed along
the magnetic field and beam directions, r being the distance from the z—axis and ¢ the angle between the
x—axis, which points towards the center of the LHC. The particle kinematics is described using pseudo-
rapidity (), defined as — In (tan (£)), where 6 is the angle between the direction of flight of the particle
and z. This is an approximation in the case the energy is much larger than the mass of particles, which is
always the case for the particles that are detected by the CMS system, of the rapidity y:

y:}mE+m

2 E - Pz ,

where E is the energy and p. is the momentum of the particle along the z—axis. Distributions computed in

this variable are invariant under Lorentz transformations along the z—axis, and this variable is used since
the total momentum along the z—axis is not known, as partons are colliding inside the protons.

The detector weighs 14,000 tonnes and is 15 meters high and 21 meters long. It is divided into barrel
(Im| < 1.2) and endcap (|n| > 1.2) regions. At its core is a 13-meter-long, 6-meter-diameter superconduct-
ing solenoid generating a 3.80 T magnetic field and whose return field is enough to saturate 1.5 m of iron.
The detector layout, shown in figure[3.5 includes:

(3.4)

« Inner tracking system: composed of 3 (4, since 2017) layers of silicon pixel detectors and 10 silicon
microstrip layers with a coverage up to || < 2.5.

* Electromagnetic Calorimeter (ECAL): Made of PbWO, crystals, coverage up to |n| < 3.
+ Hadronic Calorimeter (HCAL): Composed of brass and scintillator plates, coverage || < 3.
+ Forward calorimeter: Covering 3 < |n| < 5.

« Four muon stations integrated into the iron return yoke comprise Drift Tubes (DTs), Cathode Strip
Chambers (CSCs), and Resistive Plate Chambers (RPCs), covering || < 2.4.

All the CMS detectors, except for the muon stations and the forward calorimeters, are housed inside of the
bore of the magnet.
Each of the subdetectors is described in more detail in the following subsections.

CMS DETECTOR

STEEL RETURN YOKE
12,500 tonnes

SILICON TRACKERS

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
76,000 scintillating POWO, crystals

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

Figure 3.5: Sectional view of the CMS detector. Reference: https://cms.cern/book/export/html/1190
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3.2.1 Detectors
CMS tracker

Figure(l92, 93|) shows a layout of the CMS silicon tracker. The entire tracker is a cylinder, 6.5 m long,
with aradius of 1.2 m. Itis designed to reconstruct the trajectories of charged particles, referred to as tracks,
from the interaction of the charged particles with the silicon modules of the tracker (hits). The reconstructed
tracks are combined to reconstruct interaction vertices, both from the proton-proton interactions, the so-
called primary vertices, and from decays of light particles, the so-called secondary vertices.

The Large Hadron Collider (LHC) environment presents significant challenges for particle tracking sys-
tems. Due to the high pileup, the detectors must have a high granularity to identify individual tracks and
vertices. To match the 40 MHz bunch crossing frequency at the LHC, the number of channels and the con-
sequent readout electronics must operate at high speeds and allow for efficient and fast data storing. At
the same time, the total material budget of the tracker, i.e. the amount of material the tracks cross as they
go through the tracker, must be minimized to reduce trajectory distortions caused by multiple scattering,
while the individual modules need exceptional radiation resistance.

Closest to the interaction region the hits are measured by Silicon Pixel Detectors. Until 2016, these
were arranged in three cylindrical layers in the barrel region, positioned at increasing radial distances r, two
concentric layers on each side of the interaction region, placed at increasing distances along the z—axis.
The dimensions of the pixels are 100 x 150 zm? and 285 um thickness and have very low occupancy.
These pixel detectors provide true 3D hits with a resolution of approximately 10 um in the » — ¢ direction
and 20 — 40 um in the 2 direction. The pixel detectors was replaced during 2016 Technical Stop due
to the radiation damage after Run1 and the beginning of Run 2, and the current version is referred to as
Phase-1 pixel detector. A fourth layer in the barrel and a third disk in the endcap were added compared
to the original design, with both the first layer in the barrel and the first disk in the endcap brought closer
to the interaction point. The new configuration ensures better performance in the track-seeding, due to
the additional redundancy in the pixel hit information. The Phase-1 pixel detector provides 4 tracking hit
coverage up to || = 2.5. Both pixel layouts are shown in the first figure of figure [3.6] The first layer of
the barrel pixel was replaced again prior the to beginning of Run 3 to cope with the radiation damage from
Run 2.

Outside the Pixel detectors the charged tracks trajectories are measured using Silicon Microstrip De-
tectors. They are arranged in four subsystems: the Tracker Inner Barrel (TIB) and the Tracker Inner Disks
(TID) cover the region » < 55 cm and |z| < 118 cm, with four strip detector layers and tree strip detector
disks, respectively. They provide hit position measurements in » — ¢ with a resolution of 13 — 38 um. The
Tracker Outer Barrel (TOB) and the Tracker Endcaps (TEC) cover the region 55 cm < r < 120 cm, z < 118
cmandr < 120 cm, 118 cm < z < 250 cm, with 6 layers and 9 disks, respectively. The hit resolution for
TOB and TEC is approximately 18 — 43 um. To enable 3D hit reconstruction, additional strip sensors are
placed back-to-back with the main sensors, at a stereo angle of 100 mrad, in the two innermost layers of
TIB and TOB, modules 1, 2 of the TOB, and modules 1, 2, 5 of the TEC.

Electromagnetic calorimeter

The Electromagnetic calorimeter (ECAL) [94], shown in ﬁgure is a homogeneous calorimeter made
of about 75000 lead-tungstate (PbWO,) crystals. The primary function of the calorimeter is to measure the
energy of particles in a destructive manner by stopping and absorbing them, thereby collecting the total
energy they release within the detector. The Electromagnetic Calorimeter (ECAL) is specifically optimized
to enhance the likelihood of electromagnetic interactions with its material, enabling precise energy mea-
surements for photons and electrons. In addition, ECAL plays a crucial role in the CMS hardware trigger
system, thanks to its rapid response time and fast readout capabilities.

The ECAL consists of a barrel (ECAL Barrel, EB) whose coverage extends to || < 1.48 and two endcaps
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Figure 3.6: Layout of the CMS tracker. The first figure, the layout of the pixel subdetector, is from [93], the
second figure, the overall layout of the tracker, is from [92].
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Figure 3.7: Left: Schematic layout of the CMS electromagnetic calorimeter. Right: Geometric view of one
quarter of the ECAL.

(ECAL Endcap, EE) covering up to |n| < 3. In the region 1.6 < || < 2.6 also features the presence of a
lead/silicon-strip pre-shower detector. The depth of the detector is 26 X0|I|in the barrel region and 3 + 25
X in the pre-shower and endcap region, and the transverse dimension is equal to the Moliére radius (2.2
cm). The ECAL material also provides about 1 nuclear interaction length ()\o), so that the hadrons start
showering in the ECAL material. The scintillation light is collected by silicon avalanche photodiodes in the
barrel, mounted in pairs at the end of each crystal. Vacuum phototriodes are used instead in the endcap,
glued to the back of each crystal. This configuration allows for comprehensive electromagnetic energy
measurements across a wide range of pseudorapidities, enhancing the ability of the detector to accurately
reconstruct and measure particles produced in collisions.
The energy resolution can be parameterized as:

()= () +(5) “

TPbWO4 X, = 0.89 cm
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where a is the stochastic term due to the fluctuations of the shower produced when a particle crosses the
calorimeter, b is the electronic noise term, c is the calibration term. Measurements on test beams [94] have
yielded the results in table

Contribution EB EE

Stochastic term (a) 2.7% GeV2  5.7% GeV?
Noise term (b) for low luminosity ~ 155MeV 205 MeV
Noise term (b) for high luminosity 210 MeV 245 MeV
Calibration term (c) 0.55% 0.55%

Table 3.1: ECAL resolution fit results [94]

Hadronic calorimeter

The hadronic calorimeter (HCAL) [95] is designed to measure the energies of hadrons. The energy of
nuclear hadrons can only be measured by HCAL, while the information from the CMS tracker is used to
measure the kinematic properties of charged hadrons together with the HCAL information, which is also
used to trigger events. Figure[3.8]shows the layout of the CMS hadronic calorimeter.

0.0 01 0.2 0.3 0.4 0.5 0.6 ,0.7 ,0.8 ,0.9 1.0 N 1.2 1.3

Figure 3.8: Longitudinal view of one quarter of the CMS hadronic calorimeter. Reference: [87).

The HCAL system consists of four main components: the Barrel Hadronic Calorimeter (HB), the Endcap
Hadron Calorimeter (HE), the Very Forward Calorimeter (HF) and the Outer Barrel (HO). HB is a sampling
calorimeter made of plastic scintillators interleaved with brass plates surrounding the ECAL barrel, with a
coverage of |n| < 1.3 and a depth of 5 \, whereas HE has a coverage of |n| < 3.0 and a depth of 10 ).
HF is a Cherenkov calorimeter, instrumented with steel interlayered with quartz fibers, with a coverage of
In| < 5.0. HO, made of scintillators, is included in the design because the depth of the barrel region alone
is not sufficient to fully contain hadronic showers. This additional component ensures a more complete
energy measurement for hadrons in the barrel region. The granularity of the HCAL is coarser than that
of the ECAL and a single HCAL module matches a matrix of 5 x 5 ECAL crystals. The resolution for the
hadronic calorimeters can be parameterized as:

2
UE 2 a 2
— ) =—=——=—=] +0b 3.6

<E) (x/E/GeV> (36)
where in the barrel region a ~ 65% and b ~ 5%, up to the very forward region in which a ~ 100% and
b~ 9%.
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Superconducting magnet

The CMS magnet system [96] consists of a cylindrical solenoid 12.5 m long and 6 m in diameter, produc-
ing a magnetic field of 3.80 T along the z—axis within its inner volume. This 220-ton cold mass, operating
in a superconducting state at 4.5 K, stores 2.6 GJ of energy at full current. The magnet conductor is made
of NbTi strengthened with an aluminum alloy, wound in four layers to form a thin coil with a radial extent
ratio (AR/R) of 0.1.

The magnetic flux return path comprises five barrel wheels and three disks at each endcap, constructed
from iron and housing the muon detection system. Figure |3.9| depicts the intensity of the magnetic field
across various CMS detector subsystems. In the barrel return yoke, the field strength ranges from 1 to 2
T within the iron components, dropping below 0.1 T in the muon chambers. The magnetic field within the
internal volume of the solenoid varies from 3.8 T in the central region to about 3 T at the extremities.
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Figure 3.9: Absolute value of the magnetic field | B| (left) and field lines (right) predicted on a longitudinal
section of the CMS detector, for the underground model at a central magnetic flux density of 3.8 T (from
[97)).
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Muon system

Figure[3.10] shows a section of the Muon Spectrometer [98]. Energetic muons are the only detectable
particles that traverse the entire CMS detector. The primary function of the muon system is to measure the
momenta, positions, and timing of the muons, while also serving for hardware triggering and rapid high-
pr tracking. For muons with pr < 200 GeV, the silicon tracker already provides all the information for
precise muon momentum measurements, and the muon system is primarily used for identification, while
the information from the muon system becomes relevant above 200 GeV. Muons below 3 GeV are confined
within the inner region of the detector because of magnetic bending. Between 3 — 6 GeV, muons reach the
muon system but are absorbed by the iron return yoke, allowing only partial information recovery from the
muon system.

The muon system consists of four stations integrated into the iron return yoke of the magnetic field. It
employs drift tubes (DTs) in the barrel region (|| < 1.3) and cathode strip chambers (CSCs) in the endcap
region (0.9 < |n| < 2.4). In addition, Resistive Plate Chambers (RPCs) are incorporated throughout the
region |n| < 1.6, with Gas Electron Multipliers (GEMs) installed from 1.6 < |n| < 2.4, complementing the
DT and CSC detectors.
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Drift tubes measure the drift time for electron ionization, initiated by fast moving charged particles,
to reach the wire, converting this time into a distance. In each station, they are arranged in four radial
layers, divided into 12 ¢ sections. The magnetic field, confined to iron layers, does not affect the DTs, so
particle propagation can be considered linear inside the DT layers. Each of the muon stations measures
the positions of the muons with a resolution of ~ 150 um in the z—direction and ~ 100 pum in the r — ¢
direction. The direction is measured with a resolution of ~ 1 mrad.

Cathode strip chambers (CSCs) are used in the endcaps instead of drift tubes because of the highly
variable magnetic field in this region and the much higher punch-through flux (particles that penetrate all
detectors before reaching the muon system). In CSCs, measurements are taken using anode wires stretched
between two cathodes, one of which is segmented into strips perpendicular to the wires. The anode wires
detect the avalanche caused by charged particles to measure one coordinate, while the induced charge
distribution on the cathode strips provides the perpendicular coordinate. Each endcap station consists of
six layers of CSCs, achieving a hit resolution of 75 — 150 pm in the » — ¢ coordinate and 250 um in the z
coordinate.

Resistive Plate Chambers (RPCs) complement DTs and CSCs in both the barrel and endcap regions.
RPCs primarily provide timing measurements for muon triggering and bunch crossing identification, with a
resolution of ~ 3 ns. Due to high radiation at high ||, they only cover up to || < 1.6, with Gas Electron
Multiplier (GEM) detectors installed during Long Shutdown 2 to cover the region 1.6 < |n| < 2.4.
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Figure 3.10: An R — = cross-section of a quadrant of the CMS detector, with the beam axis () horizontal
and radius (R) vertical. The interaction point is at the bottom left. Muon stations and steel flux-return
disks (dark areas) are shown. Drift tubes (DTs) are labeled MB, cathode strip chambers (CSCs) are ME, and
resistive plate chambers (RPCs) are RB in the barrel and RE in the endcaps. From .

Particle Flow algorithm

The Particle Flow (PF) algorithm uses the information from all the CMS detectors to provide a
global description of the events, exploiting the different kinds of interactions with the detectors. In the
first step, the PF algorithm gathers information from each detector to create PF elements, which include
inner tracks, muon tracks, and various calorimeter clusters (ECAL, HCAL, preshower). In the second step,
these PF elements are grouped into PF blocks. Two PF elements are assigned to the same PF block if the
algorithm establishes a link between them. These links are created based on specific criteria depending
on the types of PF elements involved. To reduce computational complexity, only nearest neighbors in the
1 — ¢ plane are considered. For each linked pair, a distance metric is defined to evaluate the quality of the
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connection. Each block is then analyzed separately to identify the different kinds of PF candidates, starting
from muons, electrons and isolated photons, hadrons and non-isolated photons and nuclear interactions.

The CMS trigger system

At the LHC, proton collisions occur every 25 ns, equivalent to a rate of 40 MHz. When two bunches cross,
25-50 collisions are produced on average, resulting in about 0(10) interactions per second. However, only
a fraction of these interactions is valuable for the CMS physics program. The Trigger System is specifically
designed to identify and select these interesting events for further analysis.

The reduction of the data rate occurs in two steps:

- Level-1(L1) [101]: programmable electronics that processes information from calorimeters and muon
system, and selects events on the basis of specific physics objects in the events (such as muons,
electrons, photons or jets). It reduces the event rate from 40 Mhz to about 100 khz. The L1 exploits
a synchronous pipeline where the detector information of up to 160 bunch crossings can be stored.
This approach has a latency of 3.2 us. The L1 hardware has been strongly upgraded during the Long
Shutdown 1, to face the higher luminosity in Run 2, with the aim of retaining the same efficiency in
the selection of interesting events. Figure [3.11 shows the decomposition of the total L1 by trigger
objects.

* High-Level Trigger (HLT) [102]: a processor farm of about 16000 CPUs that implements the CMSSW
software framework [103], which is also used for offline reconstruction. This was updated in Run 3
to a farm composed of 25600 CPU cores and 400 GPUs in total [104], with an increasing implemen-
tation of algorithms that can be run on both CPUs and heterogeneous architectures. Full detector
information is available at the HLT. To meet Level-1 (L1) timing requirements, event processing oc-
curs in stages, with events being discarded or retained as soon as sufficient information is available.
The HLT consists of “paths” - sets of algorithms and filters designed to select specific physics ob-
jects. These paths can focus on individual physics objects such as photons, electrons, or muons, or
construct and evaluate more complex objects. Due to the limited bandwidth of the HLT trigger, some
of the trigger paths have a prescale factor of N: this means that only a fraction of 1/ of all the
triggered events are recorded. These prescale factors depend on the physics processes probed by
the trigger paths (and to the cross-sections of these processes). Figure[3.12] shows the decomposi-
tion of the total HLT rate in 2018 by CMS Physics Analysis Groups (PAGs), grouping different analyses
depending on the sector of the Standard Model being probed (e.g. electroweak physics, top physics,
b—physics), and by CMS Physics Object Groups (POGs), related to specific objects or detectors.
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Figure 3.11: Decomposition of total L1 rate by triggering objects. From [105
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Chapter 4

Tracking in CMS

The mass of the W boson is measured by the CMS experiment by reconstructing the kinematics of the
muons produced in their decays with high precision. This reconstruction relies heavily on the tracking per-
formances of the CMS tracker. The first part of the chapter describes how tracking, i.e. the reconstruction
of charged particle trajectories, is performed in CMS. The second part of this chapter contains a summary
of my original contributions to the Tracking POG. | contributed by performing detailed studies to assess the
tracking performance during several years of Run 3: these studies are crucial to ensure high-quality data to
be used by the whole CMS collaboration.

4.1 Tracking

Charged particles interact with the modules of the CMS silicon tracker, producing signals that are pro-
cessed by the so-called local reconstruction, where the charge clusters and then the hits are built. Individual
hits from pixel and strip sub-detectors are provided as input to the reconstruction of the trajectories of all
the charged particles produced in the event, in a process referred to as tracking. Charged particles have
almost an helix trajectory, due to the approximately uniform magnetic field provided by the CMS solenoid
(figure[3.9), with a curvature radius R[m] = pr[GeV]/(0.3B[T]), where B is the magnetic field expressed
in Tesla and pr is in GeV, assuming that the electric charge of the particles is =e. The five parameters
needed to describe the helix trajectory (the curvature ¢/pr, the n and ¢ angles, the transverse d.y and
longitudinal d, impact parameter at the point of closest approach with respect to the beam line) for each
charged particle in the event are computed as a result of the tracking step.

The algorithm used to build the tracks in the CMS Tracker is the Combinatorial Track Finder [92]: tracks
are reconstructed through multiple iterations of the Combinatorial Kalman Filter (CKF) [107,108]. The reason
is that 0(102 — 10*) hits are built in each event, resulting in a combinatorial burden not affordable in terms
of computing resources if all possible hit combinations were considered. Therefore, the CMS tracking al-
gorithm uses the Kalman filter for pattern recognition and builds a list of compatible hits across different
layers, and then the track fitting is run using this information. The first iterations are designed to recon-
struct tracks that are easier to find, while in the latter iterations tracks from more complex topologies are
reconstructed. At the end of each iteration, the tracks are classified according to different quality criteria.
According to these quality criteria, the hits associated with the reconstructed tracks may be masked from
the following iterations, reducing the total number of hits and therefore the combinatorial burden.

Each iteration consists of three steps:

+ Seed generation: Seed tracks are built using only the information from few hits (2 to 4), obtaining a
rough estimate of the track parameters, used as input for the second step of the tracking sequence. At
least three hits are needed to provide an estimate of the track parameters, so that at least three 3D hits
(atriplet) or pairs of 3D hits (doublets) and the information on the beamspot are required. Since 2017,

37
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when a new pixel layer was added to the tracker (see subsection [3.2.1), also combinations of four
pixel hits (quadruplets) are used in the seeding step. For each iteration, a set of seeding layers and
a tracking region are defined: the seeding layers are the layers in which the next compatible hits are
searched, while the tracking region is the region of interest determined by kinematic and geometric
cuts (which vary depending on the iteration), defining the window for the pattern recognition step.
Since 2017, if the seeding layers are pixel triplets or quadruplets layers a Cellular Automaton [109)] is
used to produce the seeds, instead of the constraints on the tracking region.

Pattern recognition: The seeds are propagated by the CKF to the next layers of the tracker, looking for
compatible hits, and updating the track parameters with this new information. If multiple compatible
hits are found in the next layer, separate track candidates are created for each combination and
propagated independently. The propagation continues until the tracker edge is reached or too many
missing hits are present, taking into account the tracker conditions as a function of time, so that
tracks are not penalized for missing hits associated to detector channels known to be faulty. Pattern
recognition is performed inside-out, but another search is performed backward starting from the
outermost hit to improve the hit-collection efficiency after the track is completed.

Track fitting: for each of the track candidates, a collection of hits and an estimate of the helix param-
eter is returned by the pattern recognition step. The tracks are then refitted using the Combinatorial
Kalman Filter to avoid biases coming from the seeding and pattern recognition step (e.g., the beam
spot requirement). The Runge-Kutta propagator [110] is used to move through the tracker, as it takes
into account material effects and inhomogeneities in the magnetic field. After this step, a cleaning
procedure to remove hits spuriously associated to each track is performed, resulting in a better 2,
pr and impact parameter resolution.

Quality flagging: in order to keep a high efficiency, large search windows and loose requirements
are used during pattern recognition, which results in a non-negligible fake rate (up to some 10%).
Therefore, tracks are categories according to specific selection criteria (based on the normalised 2
of the track, the number of hits, the distance of closest approach to the primary vertex, etc.). Three
quality classes are realized: loose, tight and high-purity [92].

The CMS tracking algorithm produces a collection of tracks called general tracks. The hits associated to
high-purity tracks are removed from the next iterations, while this is not the case for the low-purity ones, and
it can occur that the same track is reconstructed in multiple iterations. A merging step is then performed
after all the iterations are performed, selecting only the best tracks among those that share a large number
of hits.

At the beginning of Run 3, the mkFit algorithm [111] was implemented in some iterations of the tracking
reconstruction sequence. The mkFit algorithm is a new implementation of the traditional Kalman filter
approach for charged particle tracking, with the aim of exploiting parallelization and vectorization in multi-
core CPU architectures. This algorithm is being developed to cope with the high-pileup environment of
the HL-LHC, resulting in a much higher number of charged particles, and therefore reconstructed tracks,
resulting in a faster computational throughput. Figure [4.1 shows the comparison of the tracking time for
the different steps of the CMS track reconstruction sequence between the standard CKF algorithm used
in Run 2 and mkFit, considering all iterations and only the iterations for which mkFit is implemented. A
significant reduction in the track building step, i.e. the pattern recognition step, can be observed in both
cases, with a reduction in the timing of about 30% when all tracks are considered.

Figure[4.2] summarizes the different iterations implemented in the CMS tracking sequence, with a short
description of the hit combinations used in the seeding step (pixel quadruplets, triplets, tracking inside
jets, etc.), as of Run3. The figure also shows what are the iterations for which the mkFit algorithm has
been implemented. The distinction between All Tracks track candidates and Tracked-only Seeded track
candidates is shown, as the latest two iterations target muon reconstruction. Unlike the other iterations,



4.1. TRACKING 39

1 14 TeV 1 14 TeV
) - CMS o tt events (PUE65) ) - CMS o tt events (PUE65)
<€ 0.9} Simulation preliminary - ol tracking iterations <€ 0.9} Simulation preliminary - oy mkgit iterations
0'8; Total time of *Run3 (no mkFit) 0-8; Total time for ®RUN3 (no mKFit)
0.7: Run3.{no v'nI(l:'t) =1 *RUN3 (mKI—iI 017: all iterations of *Run3 (mKl—i[
E F Run3 (no mkFit) = 1
0.6F 0.6F
0.5 0.5F
0.4F 0.4F
0.3f = 0.3F
0.2F 0.2F
0.1 0.1 -
- . O-—s .
Claste, maskseemhg Bu”d’hg Fiting Se/e"’lon ey lstey 'haskseem"g BL%""’Q Fiting Se/s"ion Otter

Figure 4.1: Comparison of tracking times for the different steps of the CMS track reconstruction sequence
between the standard CKF algorithm used in Run 2 and mkFit, considering all iterations (on the left) and
only the iterations for which mkFit is implemented (on the right). From [112].
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Figure 4.2: Table with the different iterations used in the CMS tracking algorithm as of Run 3. The table con-
tains the information used for the seeding step in each iteration. The table also indicates the kind of track
candidates reconstructed in the different iterations and which iterations implement the mkFit algorithm.

these two also use the information from the CMS muon spectrometer: the first iteration performs muon
reconstruction inside-out, with the second doing an outside-in pass.

Figure shows the track reconstruction efficiency, that is, the probability of reconstructing a track
belonging to a charged particle, and the fake rate, that is, the probability of reconstructing tracks that are
not associated with any real charged particle, as a function of py and 7, for 2016 and 2017, based on
simulation. The first plot shows the contributions of each of the iterations to the total efficiency. The
year 2016 is the reference for the measurement of the W boson mass, with 2017 shown to illustrate the
changes in performance due to the new pixel detector and updates to tracking software. In this simulation
all general tracks are considered: for these it can be seen that the efficiency has a plateau at around 90%
for 1 GeV < pr < 100 GeV, at lower pr the performance is degraded due to energy loss and at higher
pr due to the strong interactions of pions with the silicon and because a significant fraction of these tracks
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are produced inside jets, an environment that makes the seeding inefficient. The performance is mostly flat
in n in the barrel and decreases at higher 7. In spite of the fact that the tracker acceptance is |n| < 2.5,
tracks with || up to 3 can be reconstructed in the silicon tracker: this is because the interaction region has a
longitudinal extension that can reach approximately 20 cm, and the extension of the pixel detector is 50 cm,
so that tracks produced in vertices which are not at the center of the pixel detector can still be reconstructed
even if their » would appear to be outside of the nominal tracker acceptance. For 2017 it can be seen that
the reconstruction efficiency is higher and that the fake rate is lower, especially at higher values of ||. This
is due to modifications in the seeding to take into account the new geometry and the implementation of the
Cellular Automaton based reconstruction, the overall increase in the number of iterations for 2017, and the
possibility to apply tighter cuts to reduce the fake rate.
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Figure 4.3: Tracking efficiency as a function of track p for the 2017 reconstruction, with a breakdown of
the different contributions of the various iterations to the total efficiency shown in different colours (top
left). Tracking efficiency as a function of track 7 (top right), and fake rate as function of pr (bottom left)
and n (bottom right), comparing 2016 and 2017 configuration. The efficiencies and fake rates are estimated
from simulated ¢t events with < PU >= 35, for high-purity tracks that pass the selection indicated in the
figures. From [113].

Figure[4.4]shows the same distributions as in figure[4.3) but in this case the simulation is run at a center-
of-mass energy of 14 TeV, and < PU >= 65, against the < PU >= 35 used for figure 4.3} more in line
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with the average pileup values of Run 3. A comparison between the standard algorithm used in Run 2 based
on CKF and the new algorithm based on mkFit is shown in the figures. Regarding the efficiencies, the level
of performance is similar to that of 2017 for both algorithms, with a possible slight degradation due to the
higher pileup in the simulation. However, it can be noticed that the fake rate is lower when mkFit is used in
the pattern recognition step.
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Figure 4.4: Tracking efficiency as a function of track p for the Run 3 configuration, with a breakdown of
the different contributions of the various iterations to the total efficiency shown in different colours (top
left). Tracking efficiency as a function of track 7 (top right), and fake rate as function of pr (bottom left)
and n (bottom right), comparing the track reconstruction performed using the standard CKF algorithm used
in Run 2 to the new mkFit algorithm (all iterations, also those for which mkFit was not implemented, are
considered). The efficiencies and fake rates are estimated from simulated ¢ events with < PU >= 65,
for high-purity tracks that pass the selection indicated in the figures. From [112].

What has been described so far is the offline tracking, i.e. the reconstruction of tracks after the selected
events have been stored for reconstruction and analysis. At the High-Level Trigger, tracks are reconstructed
to select that events have to be stored for future analysis using a similar approach as in offline tracking,
using an iterative approach also in this case.

For Run 2, the general track reconstruction in the HLT consists of three iterations: the first two require
four consecutive hits in the pixel detector to seed the tracking, targeting first high p7- and then lower pr
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tracks and use the full volume of the pixel detector. The third iteration relaxes the requirement on the number
of hits in the track seeds to three and is restricted to the vicinity of jet candidates identified from calorimeter
information and the tracks reconstructed in the previous iterations. An additional iteration was added during
the technical stop between 2017 and 2018: this is because several issues with the Phase-1 pixel detector
were identified leading to a non-negligible fraction of non-active pixel modules in each event. This was
mostly due to the failure of DCDC converters used in the powering of the detector. During the technical stop
the pixel detector was equipped with new converters and the initial performance was restored, but a new
iteration was added to mitigate the effects of a potential re-occurrence of these issues [114].

For Run 3 this was replaced by one iteration that requires at least three hits in the pixel detector with
pr > 0.3 GeV. This single iteration is seeded by pixel tracks reconstructed by the Patatrack algorithm,
which can be offloaded to GPUs [115,116]. An additional iteration that requires at least two pixel hits, run
after the first one is completed and the hits used in the previous iteration are masked, was added at the
beginning of 2024 to mitigate the effects of the failure in the readout electronics of some modules in the
third and fourth layer of the Barrel Pixel detector observed in 2023 [117].

After track reconstruction is completed, the reconstruction of primary vertices, i.e. the vertices asso-
ciated to proton-proton collisions in a bunch crossing, is performed. High-quality tracks compatible with
the primary interaction region are selected according to the significance on the transverse impact param-
eter with respect to the beam spot position, the number of pixel and strip hits associated to the track and
normalized 2. These are then clustered according to their z—coordinate at the point of closest approach
to the beam spot position. The clustering algorithm is called deterministic annealing [118], which finds the
minimum for a problem with many degrees of freedom. The vertex positions are fitted using the adaptive
vertex fitter |119], which estimates the z, y and = coordinates of the vertices, weighting the tracks according
to their probability of belonging to a specific vertex. The vertex corresponding to the interesting collision,
and not to pileup, is determined by clustering the tracks belonging to a given vertex into jets using the anti-
kr algorithm used as default in jet reconstruction [120]. The vertex with the highest sum of p2. of the jets
returned by the clustering procedure just described is selected as the main primary vertex.

4.2 Validation of tracking performances in Run 3

This section describes the work | performed in the context of the CMS Tracking Physics Object Group
(Tracking POG). The work consisted in performing data/Monte Carlo comparisons to assess the tracking
performance in Run 3, as a function of time. This work is essential for:

« understanding the level of agreement between data and MC, and supporting the tuning of the different
ingredients that enter in data and simulation reconstruction, like tuning of MC generators (one hig
change in Run 3 with respect to Run 2 is that for the first time proton-proton collisions occur at a
center-of-mass energy of 13.6 TeV);

« debugging of tracker conditions, for example what is the quality of alignment (how precisely the
position of the silicon modules is known), or the presence of malfunctioning silicon modules;

« commissioning of the tracking software, as already mentioned the new mkFit algorithm was intro-
duced in Run 3.

This work is very important to establish the quality of data-taking (for general use in CMS) and the prompt
identification of problems in the detector or reconstruction. Part of this work has been presented at several
conferences and is contained in CMS Detector Performance notes 121,122, 123].

Results were derived using ZeroBias events, which are events triggered using only the information on the
beam-beam collisions (no information from the CMS detectors is used), but also from events compatible
with Z — eTe™ and Z — p T~ decays. In the following, only the results on ZeroBias events will be
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shown. Only general tracks with p > 1 GeV that pass the high-purity flag [92] are included in these
comparisons.

The first set of results is a comparison between the standard Run 2 track reconstruction based on CKF
and the new reconstruction algorithm based on mkFit using data from proton-proton collisions at a center-
of-mass energy of 900 GeV in 2021. In this case, no simulation is used. The aim of this studies is to check
the performance of the new mkFit algorithm compared to the Run 2 baseline for the same events. Figure(4.5
shows the 1 and py distributions of the tracks, with p shown only for the tracks that have || < 2.4. The
agreement for the 7 distribution is at the percent level, reaching O(5%) at high ||, while the agreement for
the pr distribution is at the percent level for p < 5 GeV, while it worsens at higher values. In particular,
for values at p = 65 GeV a sudden increase is observed: this was due to a bug in the initial versions of
mkFit, which affected the reconstruction of tracks at high |7|. This increase is not seen if only tracks within
In| < 2.4 are considered. This is one of the issues that has been found in the context of these comparisons.
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Figure 4.5: 7 (on the left) and pr (in the middle, on the right only for || < 2.4) distributions for general
tracks with pr > 1 GeV for data collected in 2021 at a center-of-mass energy of 900 GeV, obtained both
reconstructing tracks with the CKF algorithm and the mkFit algorithm. In the middle panel the bin at 65 GeV
is highlighted: this was due to a bug fixed in the later versions of mkFit. From [124].

Figure[4.6]shows the distributions of the distance of closest approach with respect to the main primary
vertex, the significance of the impact parameter (abbreviated as SIP) in two dimensions and in three dimen-
sions for the tracks in the events. These variables are sensitive to the quality of alignment of the tracker,
and are used in physics analyses such as those for b-physics, b/tau tagging, among other applications.
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Figure 4.6: Distributions for the distance of closest approach (on the left), the significance of the impact
parameter (abbreviated as SIP) in two dimensions (in the middle) and in three dimensions (on the right) for
general tracks in ZeroBias events with p; > 1 GeV for data collected in 2021 at a center-of-mass energy of
900 GeV, obtained both reconstructing tracks with the CKF algorithm and the mkFit algorithm. From |124].
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Figure[4.7] shows the distribution for the number of hits in the pixel subdetector and in the strip subde-
tector. Regarding the pixel subdetector, the agreement on valid hits is at the 20% level, showing an increase
in the number of tracks with 4 hits and a reduction in the number of tracks with fewer hits. This seems to
agree well with the reduction in fake rate observed in figure[4.4 as the number of hits per track increases,
the probability that these can be randomly assigned to a fake track decreases. Regarding the strip subde-
tector, the distribution of the number of hits is shifted towards lower values when mkFit is used: in later
versions of mkFit several updates were implemented to increase the length of the tracks (and therefore
increase the number of hits). Changes in the configuration of mkFit can modify these distributions and also
the physics properties of the reconstructed objects.
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Figure 4.7: Distribution for the number of hits in the pixel subdetector (on the left) and in the strip subde-
tector (on the right) for general tracks in ZeroBias events with p > 1 GeV for data collected in 2021 at
a center-of-mass energy of 900 GeV, obtained both reconstructing tracks with the CKF algorithm and the
mkFit algorithm. From [124].

The second set of results is a series of data/simulation comparisons for ZeroBias events collected
at a center-of-mass energy of 13.6 TeV collected during 2022. The tracks considered here pass the same
selection as in the comparisons for 2021 data. These results are contained in [121]. Prior to the start of
Run 3, the first layer of the barrel pixel detector was replaced to cope with the high pileup environment at
the LHC. Indeed, effects related to radiation damage of this component were observed during 2022.

Figure shows the distribution of the pr and n of the tracks. Regarding the p distribution, the
agreement between data and simulation is at the 10% level, while for 7 it can be observed that the distribution
in simulation is wider than that in data. This can potentially be attributed to the insufficient tuning of the
MC generator used in the simulation.

Figure[4.9]shows the distribution of the distance of closest approach to the main primary vertex for the
tracks in ZeroBias events, for the periods of time indicated in the figures. Each of the figures also indicates
the total integrated luminosity delivered since the installation of the new Barrel Pixel layer 1. It can be
observed that the data/MC agreement worsens over time, indicating the aging of Barrel Pixel layer 1 due to
accumulated irradiation. In the last period of data-taking shown in figure[4.9]the high-voltages of the Barrel
Pixel layer 1 were increased to cope with the effects of radiation damage, and updates in the alignment were
implemented, which could explain the better level of agreement observed.

Data collected during 2022 was reprocessed to include updates in the conditions of the detector after
data-taking was completed. In particular, updates in the pixel local reconstruction and the alignment were
implemented for the events shown in figure (this updates were also extended to the rest of 2022 data),
where it can be seen that the data/MC agreement on the SIP3D distribution improves significantly for the
reprocessed events.

The third set of results is for ZeroBias events in 2023 [122]. The figures in[4.11show the ¢ distribution
for the two periods of time indicated. In the second period, readout problems were observed in layer 3 and
4 of the barrel pixel tracker both in the same ¢—sector on the negative half, with track coverage within



4.2. VALIDATION OF TRACKING PERFORMANCES IN RUN 3 45

CMS  Preliminary 11.5 nb™(13.6 TeV, 2022)

®CMS  Preliminary  11.5 nb™ (13.6 TeV, 2022
o e
[ ZeroBias ® Data

— MC

%

80

60

Number of tracks (log)
Number of tracks / 0

40

20

fremden s b b J 0 e B T
Tragk P, PGe\%) Track n

Y 10 20 30 40 50 60 70 80 90 100

Figure 4.8: pr and pseudorapidity (n) distributions of the tracks with p; > 1 GeV from ZeroBias events
collected in 2022 at a center-of-mass energy of 13.6 TeV. From [121].
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Figure 4.9: Distribution of the distance of closest approach to the main primary vertex of tracks with p; > 1
GeV from ZeroBias events collected in 2022 at a center-of-mass energy of 13.6 TeV, for the periods of time
indicated in the figures. From [121].

—1.5 <n < —0.2and —1.1 < ¢ < —0.9. The Monte Carlo sample used for the second period of time
seems to reproduce the failure at the 5% level in ¢.

Figure[4.12] shows the distribution of the distance of closest approach for the periods of time indicated
in the figures, with a dedicated comparison for the tracks affected by the failure of the readout electronics
in Barrel Pixel layers 3 and 4 for the two periods of time together. In general, it can be observed that the
distribution in data is broader than in simulation, indicating that the quality of alignment is better in the
latter. When only tracks with —1.5 < n < —0.2and —1.1 < ¢ < —0.9 are considered, the distributions
are broader after the failure has occurred, both for data and for simulation, indicating that the resolution
has worsened due to the lack of information from layers 3 and 4. The distributions in data are, however, still
broader than the corresponding ones in simulation.

The last results is for ZeroBias events collected in 2024 [123]. During the 2024 data-taking, some chan-
nels in 15t disk of FPix were blacklisted, corresponding to a track coverage withiny < —1.4 and ¢ > 2.5,
referred to as FPix hole. Figure[4.13|shows the distributions of the distance of closest approach and of the
significance of 3D impact parameter with respect to the primary vertex, right before and right after the FPix
failure, for the tracks in the FPix hole. It can be seen that the distributions in data are wider after the FPix
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Figure 4.10: Distributions of the significance of 3D impact parameters with respect to the main primary
vertex of tracks with p > 1 GeV from ZeroBias events collected in 2022 at a center-of-mass energy of 13.6
TeV. Only the events for which the re-reconstruction, which includes updates to pixel local reconstruction
and the alignment of the tracker, are considered here. From [121].
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Figure 4.11: Distributions of the azimuthal angle ¢ of the tracks with pr > 1 GeV from ZeroBias events
collected in 2023 at a center-of-mass energy of 13.6 TeV, in the periods of time indicated in the figure. From
[122].

failure, indicating a worsening of the resolution due to the lack of information in the first disk of FPix. The
distributions are compared to a Monte Carlo simulation that models the effects from the FPix failure. It can
be seen that the agreement is better for the data before the FPix failure: this can be due to the fact that
quality of alignment is higher in simulation than in data. This might compensate for the loss of informa-
tion from the first FPix disk, reducing its impact on track reconstruction, while on data the effects from the
poorer quality of alignment are compensated from the extra information. This is not the case after the FPix
failure, where the extra information is also missing.
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Figure 4.12: Distributions of the distance of closest approach to the primary vertex for the tracks with
pr > 1 GeV from ZeroBias events collected in 2023 at a center-of-mass energy of 13.6 TeV: for the first
(left) and the second (middle) period of 2023 in the full geometric range, with a comparison of the two
periods in the pixel tracker region affected by the readout failure described in the text, —1.5 < n < —0.2
and —1.1 < ¢ < —0.9 (right). From [122].
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Chapter 5

Muon reconstruction and identification in
CMS

This chapter provides a detailed description of the muon reconstruction and identification in CMS, and its
importance in relation to the measurement of the W boson mass. The second part of the chapter (section
m) contains original studies that | performed in the context of the W boson mass measurement regarding
the validation of the procedure employed to measure the muon reconstruction and identification efficiencies.
As a result of this work, the default CMSSW framework was modified to fix bugs in the central reconstruction.
It was also modified to introduce physical variables, such as a new definition of isolation, which are more
suitable than those centrally computed for measurements of the W boson mass with a target uncertainty of
10 MeV.

5.1 Muon reconstruction in CMS

High-p; muons are very important for the CMS physics program. They are the only particles that can
travel through the whole CMS detector, as can be seen in figure[5.1] and leave a clear signature in the muon
chambers. They cannot be easily produced in the soft QCD interaction that dominate the proton-proton
collisions at the LHC, providing a clear signature of electroweak processes described by the Standard Model,
or potentially serving as a probe for Beyond the Standard Model interactions. Because of this, they are used
by the trigger system to select interesting events.

The measurement of the mass of the W boson by the CMS experiment presented in this thesis, de-
scribed in more detail in section [/, revolves around the reconstruction of decays of the 1¥ boson into a
muon and a neutrino, and the mass is inferred from the reconstruction of the transverse momentum of the
muon pf.. Figureshows the distribution of the p7- of muons from decays observed in CMS in 2016. The
impact on the p spectrum a mass variation of 10 MeV is also shown for comparison. This is the order of
uncertainty that CMS aims at reaching, for the reasons discussed in section [t can be observed that
the muons from W boson decays have pr = 40 GeV, and that a precision in the muon reconstruction and
identification better than 10~3 needs to be achieved to meet the goal of a 10 MeV uncertainty.

Muon reconstruction in CMS occurs independently in the CMS tracker and the muon chambers [98].
Muons reconstructed by the CMS tracker benefit from the reduced amount of material, which is designed
to reconstruct muons with low p (down to 0.5 GeV, but with total momentum p > 2.5 GeV), but its perfor-
mance is limited by the relatively short lever arm (4 Tm), while reconstruction in the muon chambers benefits
from the larger lever arm when the constraint on the beamspot is used (12 Tm). Muons reconstructed by
the tracker only are referred to as tracker muons, and include the information from only a few segments in
the muon chambers for identification purposes (the geometrical matching between the track and at least
segment in the DT and CSC is required). Muons reconstructed in the muon chambers are referred to as
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Figure 5.1: A cross-section of the CMS detector. The parts of the detector in which particles typically deposit
their energy are also depicted. From [125].
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Figure 5.2: Distribution of the p/. of the muon from the 7 boson decays. The bottom panel shows the
impact of a 10 MeV variation on the p’. distribution. From .

standalone muons: reconstruction begins with segments identified in each muon station, which are sub-
sequently combined. In the barrel region, the magnetic field is almost entirely confined within the return
yoke, so it can be assumed that muons propagate in a straight line inside the chambers. Based on this, the
muon trajectory is reconstructed independently in the » — ¢ and r — z planes. The two-dimensional mea-
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surements, each providing a coordinate and an angle, are then merged. In contrast, in the endcap region,
the two-dimensional hits from all six layers of the endcap stations are combined to form track segments.
Segment combination proceeds by propagating the muon track from one segment to the next, accounting
for the magnetic field and multiple scattering effects in the iron. Finally, parameter estimates are combined
if they are consistent with each other. Muons can be then reconstructed starting from standalone muons
and propagating them backwards to find a matching general track within AR = \/An? + A¢? < 1,and a
track fit using all the hits and segments is run to obtain the kinematic properties. These muons are referred
to as global muons. Figure|5.3|shows the p resolution as a function of py using only the information from
the inner tracker (in red) and including also the information from the muon spectrometer (in black). For p7
up to O(100) GeV, the resolution is very similar between both reconstructions, with an improvement in res-
olution for p > 200 GeV when the information from the muon spectrometer is included. Therefore, global
muons benefit from the highest possible muon momentum resolution for the range of pr of interest for the
myy analysis performed by CMS, and also from the identification capabilities of the muon spectrometer.
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Figure 5.3: pr resolution as a function of pr for muons reconstructed using only the inner tracker informa-
tion (in red) and those using also the information from the muon spectrometer (in black). From [98].

Muons considered in the myy analysis are required to pass additional criteria to discriminate between
muons produced in electroweak processes, such as decays of W, Z, Higgs decays, which can be usually
modeled by Monte Carlo simulation with high precision, and those produced in QCD interactions, which are
instead prefentially estimated with data-driven techniques. Background estimation is described in more
detail in section[7.7] Isolation is a criterion that provides high discrimination power with respect to QCD
events. It is defined as the sum of the pr of all the charged hadrons, neutral hadrons, and photons in a
cone centered around the muon direction of flight with radius AR = \/An? + A¢? < 0.4. The particles
used to define muon isolation are reconstructed by the Particle Flow algorithm [100] described in[3.2.1} The
isolation variable is then computed as:

Isopp = Z pr+max( Z pr+ Z pr—0.5% Z pr,0) (5.1)

PF char. had. from PV PF neutr. had. PF photons PF char. had. from PU
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where the different sums run over all the PF candidates within the isolation cone. For charged hadrons,
the information from the inner tracker is available, and the vertex from which the track originated can be
identified, but this is not the case for the neutral particles, so all neutral particles in the event need to be
included. The PU contribution to the neutral component is estimated using the charged component from
PU vertices, then subtracted from the neutral component, as shown in the last term in equation the
factor 0.5 was validated from simulation [100]. Most commonly, a cut on the relative isolation Rellsopr,
Isopr in equation[5.1]divided by the p of the muon, is used, as muons from QCD have a softer p spectrum
compared to those from electroweak processes. A cut on Rellsopr < 0.15 is used in this analysis, which
returns a fraction of ~95% for signal muons.
In addition to isolation, other quality criteria are defined to increase the purity of the muon selection:

« Loose ID: it requires a PF muon to be either a tracker or global muon, with the aim of reducing the
misidentification of charged hadrons by ensuring that global or tracker muons deposit at most a small
fraction of their energy in the calorimeters.

* Medium ID: it requires hits in 80% of the silicon layers and high compatibility with muon segment in
the muon system with additional x2, quality selection. It aims at selecting prompt and heavy flavor
decay muons.

« Tight ID: it requires the muon to be reconstructed both as tracker and global muon, with hits on at least
6 silicon layers, at least a pixel hit, two muon station compatibility, high xZ, quality, and a transverse
(longitudinal) impact parameter |dx,| < 0.2 cm (|d,| < 0.5 cm). Its aim is to suppress muons from
decays in flight and hadronic punch-through (hadronic showers that are not fully contained in the
hadronic calorimeters and reach the muon spectrometer).

« Soft ID: It aims to select low-p; muons and requires the muon to be a tracker muon with high purity
flag, at least 6 hits in the silicon tracker, one of which in the pixel detector, and tight muon system
segment matching.

* High-momentum ID: It is optimized for muons with p; > 200 GeV and requires the same conditions of
the tight muon ID, but 2 request is relaxed, to take into account inefficiencies due to muon radiation
in the detector material.

The analysis presented in this thesis uses the medium ID with the explicit additional requirement that the
transverse impact parameter with respect to the beamspot (|d.ygs|) to be less than 0.05 cm to suppress
muons from decays in flight. The reason why the tight ID is not used is because of the requirements on
the impact parameters are applied with respect to the main primary vertex, selected as described in the
previous chapter. The probability that this vertex is the one in which a W or Z boson is produced is shown
in ﬁgure as a function of the transverse momentum of the boson (pY.). It can be seen that, despite the
fact that these probabilities are of O(1), especially for the 17" boson this differs from 1 at the percent level,
especially at low pY..

For the Z boson, this difference is at the per-mille level: Z events are used to correct for muon recon-
struction and identification efficiencies between data and simulation using the tag-and-probe procedure
described in the following section. The corrections are then applied to ¥ events assuming universality be-
tween T and tag-and-probe events. By using simulated events, it has been observed that this assumption
introduces a difference that is not recovered by the tag-and-probe procedure, leading to a residual effect
which is non-negligible for the target precision of this analysis.

This difference in vertex association probabilities has also an effect on Rellsopr, as the same selection
algorithm is used in the default CMS reconstruction to separate between charged hadrons from the primary
vertex of interest and those from pileup vertices. For this analysis, the default CMSSW framework has been
modified to compute a "vertex-agnostic” definition of isolation, in which the PF charged hadrons are split
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Figure 5.4: Fraction of the events in which the distance along the beam axis between the reconstructed
vertex chosen as primary vertex by the standard CMS finding algorithm and the true vertex for the W boson
(Z boson) events is less than T mm is shown in red (blue) as a function of the boson pr. The average pileup
for the data used in the analysis is indicated in the figure.

based on the longitudinal distance AZ with respect to the muon: charged hadrons within |[AZ| < 2 mm
are considered as coming from the same vertex as the muon, while the others are considered as pileup
particles. This is described in detail in section|5.2.4

5.2 Precision studies for my

5.2.1 Validation of tag-and-probe efficiencies

It is crucial that the muon reconstruction and identification are well under control and reproduced by the
Monte Carlo simulations, otherwise this might lead to negligible differences in the templates built to extract
myy, biasing the measured value. The muon reconstruction and identification efficiencies, i.e. the proba-
bility that a muon is reconstructed by the CMS detectors using the described reconstruction algorithms and
that it passes a specified set of identification criteria, are corrected in simulation to match those observed
in data.

Efficiencies in data are measured using the tag-and-probe method [126]: dimuons from a resonance, the
Z boson in this case, are selected using strict requirements on one lepton, called the "tag” lepton, and with
relaxed selection on the second lepton, called the "probe” lepton. This gives a well-defined shape that can
be easily fitted in data, which helps separating from background processes. The probe muons are divided
into "passing” and "failing” according to whether or not they pass the selection for which one wants to
measure the efficiency. Invariant mass distributions obtained from the tag muon and passing probe and
the tag muon and the failing probes are fitted to extract the number of muons that pass or fail the selection.
The efficiency is then derived as:

# passing probes (5.2)
€= .
# passing probes + # failing probes

This is done in multiple reconstruction and identification steps:
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€tot = ERECO X €Tracking X €IDIP X €Trigger X €lsolation

where:

+ RECO is the efficiency corresponding to the reconstruction in the muon spectrometer, this is the
probability that a muon is reconstructed as a standalone muon;

« Tracking is the probability that a standalone muon is also reconstructed as a global muon (it is in
principle similar to just requiring that a track is present in the silicon tracker, but the fact the global
muon reconstruction needs to be successful introduces some differences);

« IDIP is the probability that the muon passes the medium ID and has transverse impact parameter
with respect to the beam spot |dxyBs| < 0.05 cm;

+ Trigger is the probability that the muon is matched to an object returned by the HLT IsoMu_ 24 or
HLT_IsoTkMu_ 24 trigger paths, both of which return an isolated muon with p; > 24 GeV, but the first
performs the muon reconstruction outside-in starting from the muon spectrometer, while the other
performs the reconstruction inside-out starting from the silicon tracker;

« Isolation is the probability that the muon has Rellsopr < 0.15.

Each step is evaluated on top of the previous steps, so that the overall muon selection is tighter at each
step and the probability is properly factorized. This is done in steps because, as will be described in section
the isolation variable is used for background estimation by using control regions defined by reversing
the isolation selection, while keeping the rest of the selection the same, but also to ensure control over the
reconstruction in the various subdetectors (RECO and Tracking steps) and the impact of the identification
requirements (IDIP, Trigger, and also Isolation). In addition to this, since we are using global muons, we
need to evaluate the reconstruction efficiency for both the muon spectrometer and the inner silicon tracker,
but there are no other detectors in which muons are reconstructed, so we need to use muons reconstructed
in the inner tracker and muons reconstructed in the muon spectrometer alternatively to define the numerator
and the denominator in the efficiency definition.

The efficiencies are measured as a function of n and pr, with an unprecedented number of bins, es-
pecially in : this is because, as will be outlined in chapter [7] the addition of the » information imposes
significant in-situ constraints on many of the systematic uncertainties that have historically limited the pre-
cision on myy.

The ideal definition of efficiency in the analysis is:

etot = P(passes RECO, Tracking, IDIP, Trigger, Isolation|muon) (5.3)

which in simulation would correspond to just computing the fraction of muons that pass the total selection.
What is done in tag-and-probe is instead different:

ot = P(is Isolated|passes Trigger) x P(passes Trigger|passes IDIP) x P(passes IDIP|is global)x

P(is global|standalone) x P(matched to standalone muon|track), (54)
and this might introduce biases in the corrections that are applied to simulations to reproduce the data.
Apart from the definitions in equations[5.3|and 5.4} another difference arises from the fact the require-
ment of a selection on tag muon, which is not used to compute the efficiencies, modifies the overall phase
space of events that are used to compute the efficiencies, and this introduces an additional source of biases
if not taken into account. We will see that this is especially true for the Trigger and Isolation steps.
The validity of the tag-and-probe procedure was validated by comparing the efficiencies computed as
in equation[5.3with the efficiencies computed as in equation[5.4) using simulated Z — 1. events. First a
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set of comparisons that uses the tag-and-probe definition of efficiencies but that does not actually require
the presence of a tag muons is made, then tag requirement is introduced. The matching between generator
and reconstructed muon is done by minimizing AR = \/An? + A¢? and requiring it to be less than 0.1,
although in some comparisons the case in which AR is extended to 0.3 is studied.

Figure [5.5] shows the RECO efficiency, i.e. the probability to reconstruct a standalone (SA) muon
matched to a muon after the emission of final-state radiation (postFSR muon) at generator-level, as a func-
tion of the generator muon p — n, which is referred to as MC truth efficiency. This is compared to the effi-
ciency of reconstructing a SA muon given a tracker-seeded track, that is a general track that is not seeded
by the iterations that use the information from the muon spectrometer, which is the same definition used
with by tag-and-probe. These efficiencies and ratios are computed using different AR for the matching
between standalone muon and generator muon and between standalone muon and track: the radius for
generator-level matching is indicated in figure[5.5/as a subscript (for example in P(SA|track)o.1 0.1refers
to the AR to match the generator-level muon to the track in the denominator), while the radius to define
the matching to the standalone muon is explicitly written. Looking at the ratio plot, it can be seen that the
disagreement is within 0.1%, when using consistent AR values between objects, while the AR distance
for generator-level matching is not relevant. The plots in figure 5.5/ demonstrate that the approximation of
RECO efficiency as P(SA [track) is well posed and correctly implemented.
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Figure 5.5 RECO efficiency from MC truth with tag-and-probe definition, namely the probability
P(SA|gen) to find a standalone (SA) muon matched to a postFSR muon (left), and ratios between
P(SA|gen) and the efficiency P(SA|track) to reconstruct a standalone (SA) muon matched to a tracker-
seeded track with ARga rack = 0.1 (middle) or 0.3 (right). Plots on top (bottom) have a gen matching
cone of 0.1(0.3). Good closure is obtained when using consistent A Rga gen and ARSA track-
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The effect of the choice of AR is clearly visible around the 7 bins corresponding to the holes of the
muon spectrometer (figure[3.10): here the resolution is AR is worse than in the rest of the detector. This
has an impact on the definition of global muons: the standard reconstruction of global muons requires
only a very loose matching cone AR = 1.0 between the standalone object and the track used to form
the global muon candidate, but in many cases these are much closer. In particular, figure [5.6] shows the
fraction of global muons that have AR between the standalone muon and track in the silicon detector
(inner track) to be greater than 0.3: it can be seen that this percentage increases in the holes of the muon
spectrometer, particularly around || = 1.2 where this fraction reaches the percent level, but smaller peaks
at 0.5% can be also seen at || = 0.2. This AR variable is essentially the same as the one between the
standalone muon and the tracker-seeded track in the RECO efficiency definition. The value AR < 0.3 is
chosen in the RECO efficiency definition as it should be loose enough to make resolution effects in AR
negligible in most of the 7 space, but not too loose to match objects that are not related to the muon under
consideration. In order to have proper efficiency corrections, global muons are considered in the analysis
only if AR between inner track and standalone muon is less than 0.3.

AR>0.3
tot AR

0.012

0.0
0.008

0.006

0.004 _ﬁf—
0.002 —T*

thoH t H
1 L o
h#l*w g W" *+H+++*+4+HI'

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Figure 5.6: Fraction of muons, as a function of the postFSR muon 7, where the A R between the inner and
outer muon track is larger than 0.3.

With this new definition of global muons, the same procedure to compare MC truth efficiencies and
tag-and-probe efficiencies is done also for the Tracking efficiency. In this case, the MC truth efficiency is
simply:

e%gcféﬁgh = P(global muon|generator level muon), (5.5)

while the tag-and-probe efficiency is defined as:
e?fj;king = P(global muon|SA muon) x P(SA muon|track). (5.6)

For the MC truth efficiency the matching between postFSR muon and global muon is done using the inner
tracker information, while for the tag-and-probe efficiency two matchings are performed separately, as the
efficiency is the product of two steps: for P(SA muon|track) the matching between track and generator
muon is performed as inthe RECO step, while for P(global muon|SA muon) the matching between stan-
dalone muon and generator muon is performed using the standalone 7 and ¢ and A RpostFSR,SA muon <
0.3, while ARostrsR track < 0.1. The generator-level matching for the tag-and-probe efficiencies is bijec-
tive: for each generator-level muon, only one reconstructed muon can be matched (the one with the smallest
AR), and vice-versa. This is because in this case the generator-level matching ensures that only the muons
from the Z — i decays are considered: when the actual tag-and-probe efficiencies are derived, the re-
quirement on the presence of a tag muon (not required here yet) and the fact that the distribution of the
invariant mass of the tag-and-probe pair is the one for Z — i decays should be enough to ensure that is
the case. The result of this comparison is shown in figure[5.7} Here the efficiencies are shown as a function
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of the postFSR muon p7 and 7, for both MC truth and tag-and-probe, to avoid confusion from resolution
effects. When efficiency corrections are derived with the tag-and-probe procedure, they are always given
as a function of the inner track n and p7 for all steps except for Tracking, where the standalone muon
variables are used. It can be seen that the agreement is better than 0.1% except for || ~ 0, where the
disagreement reaches 1%, and |n| > 2, where the disagreement reaches 0.5%.
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Figure 5.7: MC truth and tag-and-probe efficiency for the Tracking step, and ratio between the two, as a
function of the postFSR muon 7 and p7. More details are provided in the text.

The possibility for this disagreement to arise from the presence of muons that are copies of other
existing muons (henceforth referred to as clone muons) was studied. In the tag-and-probe procedure, all
possible combinations of muons found in the events are used to form pairs. The population of probes is
augmented by the presence of clones, which might then lead to an overestimation or underestimation of
the efficiencies depending on the properties of these clone muons. Figure|5.8|shows the fraction of global
muons that have another standalone muon within AR < 0.3. It can be seen that this percentage reaches
the percent level around || = 0 and 2% at || > 2.

First, the additional muons around n = 0 were studies. For these, it was observed that they had a
number of hits in the muon spectrometer identical to that of the global muon, and that the p; derived using
only the muon spectrometer was very similar, within resolution uncertainties (for the muon spectrometer
when used alone, these are O(5 — 10%) in the barrel). It was also seen that these are generally very close
to the original standalone muon, as it can be seen on the left of figure|5.9} so we concluded that these are
not genuine muons, but clone muons. The right plot of figure[5.9]shows the distribution of the A R between
the global muon and the closest standalone muon for 0.5 < 1 < 0.7, where no clones should be present
according to figure[5.8]

To actually verify that the disagreement is due to such clone muons, global muon efficiencies were
derived for muons that have A R between the global muon and the closest standalone muon not used in
the global muon reconstruction to be greater than 0.1, a procedure that we called “clone cleaning”, both in
the MC truth and tag-and-probe definitions. The results are shown in figure it can be seen that the
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Figure 5.8: Fraction of global muons with another standalone muon within AR < 0.3.
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Figure 5.9: Distribution of AR between the global muon and the closest standalone muon not associated
to the global muon, for = 0, where the clones are expected to be found, and for 0.5 < n < 0.7, where no
clones should be present.

disagreement at » = 0 is reduced.

Careful studies of the standard muon reconstruction allowed us to find the cause of the presence of
these clone muons, and it was concluded that this was due to a bug in the central reconstruction of stan-
dalone muons implemented in CMSSW. The bug-fixes to the central CMSSW code are described in section
9.2.2]

The additional muons at |5| > 2 were also thoroughly studied to understand their origin. Figure[5.11]
shows the distribution of the standalone muon p7 of the clone muon versus the difference between the
best track pr and the standalone p. On the right of the same figure, the case in which the additional
standalone muon is also a global muon is shown. The best track is the muon track (between standalone,
inner track, global track) that is determined in the default muon reconstruction to best describe the muon
properties and/or to have the highest quality in reconstruction. When only the standalone track is present,
this is chosen as best track. Three components of the distribution can be observed:

+ A peak at (0,0) can be observed in both plots: we associate this to genuine muons from pileup. This
component, which we define as muons with p < 6 GeV, amounts to 51% of all events in the left plot.

« Astructure at Apr = 0 can be observed in the plot on the left but not on the right: we associate this
to muons that are standalone but not global. This component amounts to 27% of all events in the left
plot.

« A diagonal with negative slope (meaning that the standalone pr is larger than the best track pr);
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Figure 5.10: MC truth and tag-and-probe efficiency for the Tracking step when only global muons that have
AR between the global muon and the closest standalone muon not used in the global muon reconstruction
to be greater than 0.1, and ratio between the two, as a function of the postFSR muon 7 and p;.

we identify this component as standalone muons that are improperly matched to pileup tracks. This
component amounts to the remaining 22% of events.

Figure[5.12|shows the scatter plot of the standalone muon pr for the global muon and the additional muon
on the left and the scatter plot of the AR between global muon and the additional muon versus the Apr
between them on the right. From the first figure it can be seen that the values seem to be highly correlated
(points with clone standalone p; < 6 GeV are excluded to suppress tracks from pileup), and this can also
be seen in the plot on the right, with only a mild dependence on AR up to 0.3, with the large spread in
pr potentially due to the genuine muon spectrometer resolution in the endcaps, where it can reach 30%.
From this, we could seemingly conclude that, apart from the pileup contamination already discussed, the
additional standalone muons are clone muons.

In order to exclude global muons from pileup, either as a result of an incorrect association between
standalone muon track and inner track or as a result of a genuine pileup track reconstructed as a muon,
we further restrict our global muon selection to have inner track p, which corresponds to the best track
pr for global muons, to be greater than 15 GeV and standalone muon p; > 15 GeV. The impact on the
corrections from raising this cut to 10 GeV was found to be negligible. The closure after this additional
selection requirement is shown in figure[5.13) where it can be seen that the disagreement in the ratio goes
down to 0.1%. For the RECO step, only standalone muons with p; > 15 GeV are considered, and this will
be the case also in the actual tag-and-probe derivation of efficiency corrections.

The presence of additional muons can still have an impact on the actual efficiency corrections, as in
that case all the muon candidates need to be considered, while in these studies only the candidate that is
closest to the generator-level muon is considered. For the tag-and-probe, the matching is done using the
standalone muon information, unlike for the MC truth, for which the matching is done using the inner tracker
information, so in principle the generator-level muons could be matched to genuine or clone muons equally
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likely, as is the case for clones at 7 = 0. The left of figure [5.14] shows the difference between the AR
between inner and outer track of the global muon and A R between the inner track of the global muon and
the clone standalone muorﬂ It can be observed that the clone muon is actually further away from the inner
track of the global muon than the corresponding standalone muon associated to the global muon itself,
explaining why one is able to match the generator-level muon to the correct global muon using either the
inner tracker or muon spectrometer information even in the presence of clones. The same figure, on the
right, shows the difference in the number of CSC hits for the standalone muon and the clone muon: it can
be seen that the global muon has a higher number of hits in the majority of cases. Inspecting the actual
hits also revealed that at least some segments are in common between the genuine and additional muon.
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Figure 5.11: Left: 2-D distribution of the clone standalone p vs the difference between the clone best track
pr and the clone standalone py for muons with || > 2. Right: same distribution but including only the
clone muons that are also promoted to global muons for muons || > 2.
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The matching to generator-level muons in the actual efficiency derivations via tag-and-probe method
is done so that all the reconstructed muons that have AR < 0.1, or AR < 0.3 for the Tracking step,
with respect to a generator-level muon are considered, so that clones are also present in the Monte Carlo
efficiencies. In this way, the presence of clones should cancel out between data and simulation, if they
are in the same amount. The cause for the additional muons at || > 2 has not been found as of the
myy measurement presented in [1] and in this thesis. In principle, one could use the number of CSC hits
to disambiguate between genuine muons and clone muons. Figure [5.15 shows the same efficiencies as
in figure [5.13} but selecting the standalone muon with the highest number of hits among muons within a

To clarify, this is a difference between two different AR, i.e. AAR.
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Figure 5.13: Global efficiency for muons with p; > 15 GeV and standalone p > 15 GeV for MC truth (on
the left), tag-and-probe (on the right) and ratio between them (in the bottom).
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cone of AR < 1.0: it can be seen that the agreement is O(0.1%). However, no attempt at removing or
disambiguating these muons has been performed in the analysis, because at this stage the cause for these
muons has not been unambiguously identified. The impact of neglecting the presence of these muons in
the derivation of the Tracking efficiency corrections, in the assumption that these are clones, was studied
as described in section [7.4) but it was found to have a negligible impact on the extraction of the mass of
the W boson.

Figures [5.16} [5.17} [5.18| show the same comparisons between MC truth and tag-and-probe efficiencies
for the IDIP, Trigger and Isolation steps. The matching to the generator-level muon is done using the
inner tracker information. It can be seen that for all of them the agreement is at the per-mille level: this
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Figure 5.15: Global efficiency for muons with p > 15 GeV and standalone p > 15 GeV, selecting the
standalone muon with the highest number of hits among muons within a cone of AR < 1.0, for MC truth
(on the left), tag-and-probe (on the right) and ratio between them (in the bottom).

could be expected because the additional selection is applied directly to the global muon, both for MC truth
and for tag-and-probe, and here the tag muon is still not explicitly required.

5.2.2 Bug-fixes to CMS default reconstruction

The flow chart in figure shows the standard muon reconstruction chain in CMS, as implemented in
the default CMSSW software framework.

« First, segments reconstructed in the external muon chambers are fed into the
StandAloneMuonProducer module, which combines them to produce standalone muons.
The combination can also use the beamspot constraints for improved precision: standalone muons
reconstructed in this way are stored in the “standAloneMuons:UpdatedAtVix" collection, they are
mostly duplicate muons from “standAloneMuons” (which do not use the beamspot constraints).
However, the reconstruction including also the beamspot constraint is not always successful,
and therefore the "standAloneMuons:UpdatedAtVtx” is only a subset of the "standAloneMuons”
collection.

+ The GlobalMuonProducer takes both of these collections as input to produce global muons, and
implements a disambiguation logic to avoid duplicates.

* MuonIdProducer is responsible for merging tracks, standalone muons, and global muons into a sin-
gle output collection. This producer also returns tracker muons starting from general tracks including
also the information from the "standAloneMuons:UpdatedAtVtx” collection.

The original implementation of this logic in the CMSSW central framework had two problems:
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Figure 5.16: Muon reconstruction and identification efficiency up to the IDIP step for MC truth (on the left),
tag-and-probe (on the right) and ratio between them (in the bottom). The titles in the first two plots have
been shortened for readability, but the full selection described in the text is applied.
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Figure 5.17: Muon reconstruction and identification efficiency up to the Trigger step for MC truth (on the
left), tag-and-probe (on the right) and ratio between them (in the bottom). The titles in the first two plots
have been shortened for readability, but the full selection described in the text is applied.

« Standalone muon tracks from the “standAloneMuons” collection for which the “UpdatedAtVtx” recon-
struction fails and do not become global muons are not stored in the final “muons” collection. This
leads to a bias in the derivation of the RECO and Tracking efficiencies: for Tracking, the impli-
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Figure 5.18: Muon reconstruction and identification efficiency up to the Isolation step for MC truth (on the
left), tag-and-probe (on the right) and ratio between them (in the bottom). The full selection described in
the text is applied.
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Figure 5.19: Flow chart illustrating the muon reconstruction in CMS. See text for details.

cation is that the efficiency P(global|standalone) is overestimated, since a fraction of standalone
muons that did not become global muons is missing.

* GlobalMuonProducer and MuonIdProducer use different sets of standalone muons, the former
takes as input a combination of “standAloneMuons” and “standAloneMuons:UpdatedAtVix” and im-
plements a disambiguation logic, while the latter only receives the “standAloneMuons:UpdatedAtVix”
collection as input. The internal duplicate removal in MuonIdProducer can fail to remove cases
where the global muon was built with an outer track from “standAloneMuons” and the same
standalone muon was imported from “standAloneMuons:UpdatedAtVtx”, causing the presence of
clone/duplicate standalone muons in the final “muons” collection.

The disambiguation logic in GlobalMuonProducer uses the outer track from “standAlone-
Muons:UpdatedAtVix” if it exists, otherwise it falls back to the outer track from “standAloneMuons”, un-
less the track from “standAloneMuons:UpdatedAtVtx" and the track from "standAloneMuons” have oppo-
site signs of 7: in this case the track from "standAloneMuons” is used. This is more likely to occur when
the muons are at = 0, explaining the presence of these clones. For this analysis, we created a new
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collection of "MergedStandAloneMuons”, which takes both “standAloneMuons:UpdatedAtVtx” and “stan-
dAloneMuons” collections as input and stores all the standalone muons with the disambiguation logic from
GlobalMuonProducer, addressing both problems. We store all the necessary information, in the form of
unique identifiers assigned to each of the objects reconstructed in CMSSW, to match the "MergedStan-
dAloneMuons” objects to the global muons in the “muons” collection. "MergedStandAloneMuons” is the
standalone muon collection that is used to derive the RECO and Tracking (as the denominator in equation
efficiency corrections to data. It was proven that replicating the comparison in ﬁguremusing this
collection returns the same level of agreement, but without the “clone cleaning”, thus recovering a small
loss of efficiency at = 0. This issue has also now been corrected in the central CMSSW reconstruction
and is implemented for the central production, for example, of samples for Run 3 data-taking analysis.

This bug-fix does not address the presence of additional muons at || > 2, for which, as already men-
tioned, no particular action has been taken.

5.2.3 Recoil-dependence

The same set of comparisons between MC truth and tag-and-probe is repeated with the requirement on
the presence of a tag muon. The selection on the tag muon is:

* pr >25GeVand|n| <24,

+ matched to either a trigger object returned by the HLT_IsoMu24 or the HLT_IsoTkMu24 trigger
menus;

+ passes medium ID, |dyyps| < 0.05 cm (i.e. the IDIP requirement), and is a global muon;

« isolation as defined in equation|5.1is less than 15% of the muon p7 (i.e. the Isolation step).

The level of agreement, within the statistical uncertainties of the sample, is similar to that of the previous
comparisons for all steps except for trigger and isolation, for which the ratios between MC truth and tag-
and-probe are showrﬂin figure where the disagreement between the two definitions reaches 4%.
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Figure 5.20: Ratio of MC truth and tag-and-probe efficiencies for Trigger (on the left) and Isolation (on the
right). In this case, the selection on the tag muon outlined in the text is applied.

Figure shows the muon identification and reconstruction efficiency up to Isolation step, but with-
out requiring that the probe muon is matched to a trigger object. The efficiencies are higher at low pr

2Efficiencies here are shown as a function of || to reduce statistical fluctuations in this studies. The total statistics has been
increased anyway with respect to the studies without the tag muon.
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compared, for example, to figure [5.18} because of the lack of requirement on the Trigger matching, but
the disagreement between MC truth and tag-and-probe is similar, indicating that the effect is mostly due to
isolation. The trigger selection used in this analysis, as well as in a large number of CMS analyses with at
least one muon, requires the presence of one muon that also passes some isolation criteria, explaining why
this behaviour is already visible in the Trigger step.
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Figure 5.21: Muon reconstruction and identification efficiency up to the Isolation step without the Trigger
requirement for MC truth (on the left), tag-and-probe (on the right) and ratio between them (in the bottom).
In this case, the selection on the tag muon outlined in the text is applied.

The efficiency of the isolation requirement depends on the boson recoil and its proximity to the lepton.
This is schematically shown in figure[5.22 if the muon is in the shadow of the hadronic recoil of the boson,
a large number of particles is most likely inside the cone used to define the isolation variable, as opposed
to when this is not the case. A sketch is shown for a tag-and-probe event, but this is also valid for W
decays, where only muon is present. The variable that is traditionally used to describe the dependence of
the isolation efficiency on the boson recoil is [38]:

. 7~ boson

_ Ppopr (57)

ur
0 )
pr

which is the projection of the pr of the boson on the direction of flight of the muon. The expected depen-
dence of isolation and trigger efficiency on w7 in simulation is shown in ﬁgurefor W+ — ptu, events
that pass the full selection as described in chapter[7] The ur distribution has a peak at 0, mostly corre-
sponding to events in which the boson p is soft, and is skewed towards positive values, mostly correlated
with high values of pr, particularly above the Jacobian peak. For these events, the trigger and isolation
efficiency decreases for negative u7 values, where the muon tends to be in the shadow of the hadronic
recoil. The efficiency increases slightly for uy > 0 up to a value of uy ~ 25 GeV: again, this is due to the
correlation between pr and up and because the analysis requires a cut on the relative isolation, implying
that the isolation requirement is more relaxed for high pr. The decrease for ur > 25 GeV is due to a
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more intense hadronic activity as the boson p7 increases. The figure also shows the efficiency corrections
applied in the analysis, to show their magnitude and dependence on ur. Notice that the figure also shows
an alternative version of the corrections that is derived in tag-and-probe without taking the ur dependence
into account, to highlight that, in our case, it is necessary to explicitly correct for ur.

Hadronic tag p
recoll 7
Pt
/ /
probe u

Figure 5.22: Sketch showing a Z — pu decay and the Z boson recoil. The muons from the decay are
indicated as tag and probe.

The requirement on the tag muon modifies the total phase space in which the isolation and trigger ef-
ficiencies are computed, modifying the magnitude of the boson recoil and the angle between recoil and
lepton, thus also affecting the u distribution and the total isolation and trigger efficiencies as a conse-
quence.

In the following, a series of studies are presented to check whether the . variable is sufficient to
capture the full dependence of isolation on recoil and angle. They consist in computing the MC truth and tag-
and-probe Isolation efficiencies, without the trigger matching requirement, as a function of three variables:
pr — n — up. If isolation is only dependent on p; — 1 — uz, MC truth and tag-and-probe efficiencies
computed in bins of the three variables should be the same. Figure shows the non-closure between
MC truth and tag-and-probe in four bins of up: there is a disagreement at the percent level for low p at
negative (—16 GeV< uy < —14 GeV) and positive (6 GeV< ur < 8 GeV and 14 GeV< ur < 16 GeV)
values of ur, indicating that part of the dependence is not fully captured by the u variable.

Dependence on final-state radiation

The behaviour described above applies to hadronic activity, but another source of bias that might be
introduced by the request of a tag muon is related to the total final-state radiation: for example, two muons
might arise from a boson with low p7, but then one them radiates, resulting in a change in the p of the pair.
The request on the tag muon might change the contribution from final-state radiation. Final-state radiation
can be assumed to be mostly collinear with the muon, making it likely to be within the isolation cone. The
isolation requirement in the High-Level Trigger and the offline requirement exclude photons that are within a
radius of AR < 0.01, but there might be FSR photons that fall outside this cone but are still within the total
isolation cone, which can carry higher pr. Figure[5.25shows the distribution of Apy(preFSR,postFSR), a
variable directly related to final-state radiation in the assumption of collinear emission, for 0 GeV< up < 5
GeV for a low pr bin (25 GeV< pr < 30 GeV) and a high pz bin (pr > 40 GeV). For this particular ur
bin the amount of FSR radiation between MC truth and tag-and-probe is quite different at low p7, while it is
mostly the same for high p muons, which should be less affected by request of a tag muon. However, this
behaviour might be dependent on uy.

Figure|5.26/shows the isolation efficiency as a function of App(preFSR,postFSR) for the same bins
of ur and pr as in figure[5.25] A clear dependence on the amount of final-state radiation can be seen, and is
similar between low and high pr. This behaviour is found in other u bins as well, indicating that it is likely
due to final-state radiation inside the isolation cone but outside of the inner cone of radius AR < 0.01.
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Figure 5.23: Isolation and trigger efficiency for muons from the W boson decays as a function of the
projection of the pr of the W boson along the direction of the muon (u}V'). The event selection is the same
as in the analysis. The green line shows the efficiency without corrections extracted from data, the blue
line shows the efficiency corrected only as a function of the p; and n of the muon, the purple line shows
the efficiency corrected as a function of pr, n and up. The u:,W distribution is plotted in red. In the bottom
figure shows the efficiency and »}¥" distribution for [u}'| < 22 GeV.

In order to separate the effects of final-state radiation from those due to hadronic activity, the same
comparison between tag-and-probe and MC truth was repeated by subtracting the amount of final-state
radiation, expressed in terms of App(preFSR,postF'SR), from the relative isolation, both differentially and
integrated over ur. Figure[5.27)shows the non-closure before and after the final-state radiation subtraction
from the isolation. The pr binning for this comparison has been increased. The non-closure with this final-
state radiation subtraction is now approximately half of that observed for the standard isolation. The same
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Figure 5.24: Comparison of the isolation efficiency between MC truth and tag-and-probe in four w7 bins.
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Figure 5.25: Apr(preFSR,postFSR) for probe muon for 0 GeV< ur < 5 GeV for two py bins. In red MC
truth, in blue tag-and-probe.

was also done differentially as a function of ur. Figure [5.28 shows this non-closure in the same uy bins
as in figure5.24} the non-closure appears to be smaller overall, but there is still some residual difference,
particularly for positive values of u.

The same comparisons were repeated using preFSR variables and without removing the final-state ra-
diation from isolation: a given postFSR p7 bin is filled with events from various preFSR pr that then emit
radiation, and this could introduce a difference in the efficiencies as a function of ur, especially at postFSR
pr lower than the tag threshold. But one would expect the FSR emission process to be independent from
the requirement on a tag muon. Figure [5.29) shows the non-closure between MC truth and tag-and-probe
where the final-state radiation is subtracted as described above (similarly to the right of figure[5.27) and the
non-closure between MC truth and tag-and-probe when the efficiencies are binned as a function of preFSR
pr and |n| and no final-state radiation subtraction is done. It can be seen that the two non-closures are
similar. Figure[5.30]shows the same as in figure [5.29|but differentially in w7 for the same bins as in figure
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Figure 5.26: Isolation efficiency as a function of Apr(preFSR,postFSR) for probe muon for 0 GeV< up < 5
GeV for two pr bins. In red MC truth, in blue tag-and-probe.
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Figure 5.27: Non-closure between MC truth and tag-and-probe for P(pfRellso04 _all<0.15|idip) before and
after the final state radiation subtraction from the isolation, as described in the text.

The preFSR variables are used also in the definition of w7, showing that the non-closures are similar
also in this case.

After verifying the impact of final-state radiation on the isolation variable, the possibility of using vari-
ables different from u, was investigated. This was done with the aim of capturing the dependence on the
boson recoil and direction of isolation and trigger efficiencies in a more complete way. The isolation effi-
ciency was evaluated as a function of the variables that describe the vector boson production mechanism
and the subsequent decay into leptons: g%, ¥/, and the Collins-Soper angles cos 6*, ¢*.

The two variables that were first studied at first are ¢> and A¢(qr, probe pr) (in the lab frame): ur
is a function of both variables and sensitive to their underlying distributions. For example, a given up
bin can be filled from events having different values of ¢ and A¢(qY., probe pr), resulting in different
isolation efficiencies. PreFSR variables were used to disentangle the effects of final radiation from QCD
hadronization. Figure ﬂshows the isolation efficiency as a function of g7 and A¢(g)., probe pr) for
probe p in the range [25,28.9] GeV and || < 0.1: on the top left the MC truth efficiencies are shown, the
tag-and-probe efficiencies are shown on the right. On the bottom of the same figure, the ratio between the
two is shown. Overall, no trend in the g7 — A¢(g¥, probe pr) plane seems to be present. However, in the
tag-and-probe method efficiencies cannot be evaluated at low p; when the probe is parallel to the boson
and ¢¥. is larger than 5 GeV, a configuration that is kinematically forbidden, as shown in ﬁgurew

As an additional check, the tag-and-probe efficiencies were evaluated by reweighting the events with
the MC truth efficiencies as a function of pr, 1, ¢ and Aé(q), probe pr). If ¢¥. and A¢(q)., probe pr)
were sufficient to capture isolation dependence, the only difference between MC truth and tag-and-probe
should be related to the different probability distributions. The residual non-closure is shown in figure[5.33)
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Figure 5.28: Comparison between the isolation efficiency in MC truth and tag-and-probe in four w7 bins but
with final state radiation subtracted from the isolation variable as described in the text.
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Figure 5.29: Non-closure between MC truth and tag-and-probe for P(pfRellso04 _allj0.15]idip) after the final
state radiation subtraction from the isolation (on the left) and when preFSR variables are used and no FSR
subtraction is performed (on the right).

for P(Isolation|IDIP). The disagreement is reduced at most to 0.5%. For values of py > 40 GeV the
agreement is at O(0.1%). However, because part of the phase space cannot be probed by this approach,
Isolation and Trigger Scale Factors are extracted only as a function of pr — 7 — ur. Figure[5.34 shows
the non-closure on W+ — ;v decays compared to Z with tag-and-probe selection: in the first figure,
no reweighting is applied, in the second figure, the u distribution for tag-and-probe events is corrected to
match the one of W decays for each p; — 1 bin, and on the right the same is done as a function of preFSR
variables. The u7 reweighting improves the agreement, especially when preFSR variables are considered
(in this case the disagreement is atmost O(0.5%)).

In the computation of Scale Factors, where the ratio of efficiencies between data and MC is taken, at
least part of the residual non-closure should cancel out, including the effect of final-state radiation.
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Figure 5.30: Comparison between the isolation efficiency in MC truth and tag-and-probe in four w7 bins but
using preFSR variables as described in the text.
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Figure 5.31: Efficiencies as a function of g7 and A¢ (g%, probe pr) for probe 25 < pr < 28.9 GeV and
|n| < 0.1: on the top left the MC truth efficiencies are shown, on the top right the tag-and-probe efficiencies

are shown, on the bottom the ratio between the two is shown.

The possibility of using only charged PF hadrons to compute the isolation has been considered, and
it seems to given a better agreement between MC truth and tag-and-probe efficiencies, with a similar level
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Figure 5.32: gr — A¢(gY., probe pr) spectrum for probe 25 < py < 28.9GeV and || < 0.1. On the left:
MC truth. On the right: tag-and-probe.

of agreement as in right of figure[5.34] but this would still not be available for the trigger, so that biases
from final-state radiation would not be removed, unless the isolation threshold used in the Trigger step is
tight enough to be completely inside that of the trigger. It is not guaranteed, however, that a definition of
the isolation variable that only uses the charged PF hadrons is as good at separating between signal (the
electroweak processes) and background (the nonprompt muons) as the definition used by default, so other
difficulties might arise.

To conclude, for this analysis all studies support the choice of deriving the Trigger and Isolation effi-
ciencies as a function of pr — n — w7 to capture their dependence on the hadronic recoil.
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Figure 5.33: Ratio of tag-and-probe and MC truth efficiencies where the latter were reweighted to match the
qr and A¢(g¥, probe pr) distributions observed in tag-and-probe for each py and 7 bin.

5.2.4 Vertex-agnostic isolation

As already mentioned, charged PF candidates used in the computation of isolation in[5.1 are split into
pileup and non-pileup using the information from the main primary vertex, selected as described in
In figure [5.4]it can be seen that the probability that the main primary vertex is the W — puv or Z — up
production vertex is different for Z and W, which can result in differences in isolation efficiency that might
not be fully accounted for by the tag-and-probe procedure. This analysis uses a definition of isolation in
which the pileup component is determined using A Zryon, charged PF candidates Where Z is the coordinate of
point of closest approach along the beamline. A similar logic is already implemented in the HLT_IsoMu24
and HLT _IsoTkMu24 trigger paths used in the analysis, where PF candidates belonging to the same vertex
of the muon are those with |A Zytuon, charged PF candidate| < 2 MM, as used in the analysis.



74 CHAPTER 5. MUON RECONSTRUCTION AND IDENTIFICATION IN CMS

P(Isolation|IDIP) on W* P(Isolation|IDIP) on W* P(isolation|IDIP) on W* ith PreFSR variabl
P T e T et e —PUoaonDD N ity prersR variables
P(Isolation|IDIP) on Z tnp P(Isolation|IDIP) on Z tnp (u"* rew.) P(Isolation]IDIP) on Z tnp (1" rew.)

T

GenMuon p, [GeV]
@

I I
2 -15 -1 -05 0 05 1 1

Figure 5.34: Ratio of isolation efficiencies for W — u"v decays and Z with tag-and-probe selection for
positive charge without reweighting in ur (left), reweighting the Z efficiencies for the u1W+ distribution with
postFSR (center) and preFSR (right) variables, used also for plotting. Note the different Z scales in each of
the plots.

The CMSSW software framework was modified so that a new isolation variable can be computed using
this logic. In the following, a number of studies to validate the new isolation variable are presented. In
particular, for most CMS analyses only a small fraction of the total information in the event is stored in the
top-level nTuples, amounting to about 2 kbytes per event in the NanoAQD data-tier, which is the lightest data-
tier currently available. In this particular data-tier only composite variables are stored (the standard physics
objects such as muons, but also other variables such as isolation, the ID bits described in MET, etc.)
but not the information necessary to recompute them, the latter one only available in lower-level data-tiers,
such as MiniAODs and AODs, for which the event size is larger and the objects are stored as C++ classes.
In addition, information in NanoAQD is typically stored with lower precision (single precision floating point
numbers are used, and typically with a reduced number of digits). In this analysis the NanoAOD data-tier is
used, but additional information had to be included, for example to take into account the presence of clone
muons described previously. They have been computed from either MiniAOD or AOlﬂ increasing the total
size per event is 4 kbytes.

The goal is, therefore, to understand what is the minimum amount of information needed to properly
compute the isolation variable without information on the main primary vertex, that is, what collections of
particles are required and in what data-tier they are stored, but still verifying that it behaves as expected.
This is done by verifying that the individual components of isolation defined in[5.1 are in good agreement
between the calculations, using a sample of Z — uu events considering global muons with pr > 25 GeV
that pass the IDIP selection, for which the change in isolation definition should result in a negligible effect.

The exact list of particles used in the default computation of isolation is as follows:

« charged PF hadrons within AR < 0.4 from the muon, with an internal cut of AR > 10~ to remove
overlap;

+ neutral PF hadrons with p > 500 MeV, within 0.01 < AR < 0.4 from the muon;
+ photons with pr > 500 MeV, within 0.01 < AR < 0.4 from the muon;

+ charged PF hadrons used in the subtraction of the pileup component within 0.01 < AR < 0.4 from
the muon.

It was verified that the neutral PF hadron component and the photon component of isolation are in very good
agreement between the definitions, as shown in figure[5.35| and in principle there is no need to recompute
them, as they are not affected by the choice of vertex, but it was still useful to have as a cross check.

The biggest differences are in the charged PF components, as shown in figure [5.36] It can be seen
that both distributions peak at 1, but there are also large differences, especially for the charged component

%In CMS, the NanoAOD data-tier is processed from the input in MiniAOD, and MiniAOD is processed from the input in AOD
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Figure 5.35: Ratio between the standard and recomputed isolation, for the neutral PF hadrons (left) and
photon (right) components.

from the muon vertex, which result in 0.3% effect on efficiency (integrated over phase space). We further
investigated this to see whether this might be due to the limited amount of information available in MiniAOD
or to genuine differences introduced by the new definition. To assess this hypothesis, we reproduced the
splitting into charged and PU components as it is done in the standard computation, i.e. dividing the PF
candidates according to the minimum |A Zpr candidate, vertex|- The results of this comparison are shown in
figure|5.37| where it can be seen that the agreement is very good, indicating that it is possible to recompute
the isolation variable using the information from MiniAOD with a high-level of agreement.
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Figure 5.36: Ratio between the standard and recomputed isolation, for the charged (left) and PU (right)
components.

The differences observed in figure [5.36| are possibly due to resolution effects (a track that belongs to
the same vertex as the muon might be considered as pileup if |[AZ| > 2 mm and vice-versa) or to the
actual value of AZ used to determine the pileup and non-pileup component, which has not been optimized,
but inherited from what is done at the trigger level. Let us consider a numerical example: considering
the distribution of z—coordinates the primary vertices as a Gaussian of standard deviation 3.5 cm (typical
at CMS) and a number of 30 vertices per bunch-crossing, the probability to have at least one vertex within
|AZ| < 2mm from one particular vertex among the 30 is about 60%. The typical vertex resolution is O(20)
um, so itis likely that part of the pileup component is being considered as from the same vertex as the muon,
a contamination which could be reduced by tuning the A Z requirement. However, this pileup contamination
is the same for Z — pp and W — pv events, so that its effects on the isolation variable should already
be taken into account when efficiency corrections are derived via the tag-and-probe method. In addition to
this, to compute how much is the contamination from pileup on the isolation variable, the probability that
pileup tracks randomly fall into the isolation cone must also be taken into account, potentially reducing
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Figure 5.37: Ratio between the standard and recomputed isolation, where the latter is computed at high-
level reproducing the default splitting into charged and PU components, for the charged (left) and PU (right)
components (the standard isolation variable is computed using low-level variables).

the pileup contamination even in the event of close primary-vertices. This could allow us to afford a more
relaxed AZ cut. Figure|5.38|shows the ratio between the new definition of isolation and the standard one
as a function of pr and n on the same Z boson events: the efficiencies are about 1% lower at low p; and
almost the same for higher py. This tells us that the new definition of isolation behaves similarly to the

standard one, with only a slight loss of identification efficiency.
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Figure 5.38: Ratio of the isolation efficiencies for the new isolation definition and the standard computation

as a function of the muon pr — 7.

Therefore, this is the isolation definition that is actually used in the analysis, given its robustness with

respect to the choice of main primary vertex.



Chapter 6

Measuring the mass of the 11 boson

A historical summary of the discovery of the W boson, and the first measurements of its mass, are
presented in the first part of this chapter. In the second part, the most precise my, measurements at lepton
and hadron colliders are described in detail, showing the experimental techniques employed by the various
experiments and their precision, together with a description of the limiting sources of uncertainty.

6.1 The discovery

The W+ and Z bosons were discovered at the SPS collider by the experiments UAT and UA2 in 1983
[127,128]. SPS [129] was a fixed-target collider in which protons circulated at energies up 450 GeV. It was
modified so that proton and antiproton bunches could circulate in the same beampipe and collide at center-
of-mass energies of \/s ~ 500 — 600 GeV, with enough energy to produce W and Z bosons: in the context
of the Standard Model, at the time of discovery my; and m, were predicted to be in the ranges from 60 to
80 GeV and 75 and 92 GeV, respectively [130].

The W boson was discovered analyzing events with one high-pr isolated electron, which is expected
to have an energy distribution that peaks at ~ my; /2 (the Jacobian peak), and large missing transverse
energy with large angular separation from the electron: UA1 (UA2) reported the observation of 6 (4) of

such events that have been interpreted as ¢q¢ — W+ — ei(y_e). Under this assumption, myy can be
estimated by a best fit to the distribution of the transverse momentum of the lepton of the decay (p7) or
of the transverse mass (mr), i.e. the invariant mass considering only the components of the energy and
momentum in the plane transverse to the beam axis:

mrp = \/2p€Tp$iss(l — cos Ag), (6.1)

where piss is the absolute value of the negative vectorial sum of transverse momenta of all the recon-

structed objects in the event:
N. of particles

== Y i (6.2)
i=0

and A¢ is the angle between pf. and p'ss. In this case ¢ = e, but it can also be a muon. In the myy fits
performed by the UAT and UA2 experiments, p22iss is measured from the sum of the transverse components
of vectors associated with the individual calorimeter cells, with directions from the event vertex to the
center of each of the cells and magnitude equal to the energy deposition in each cell. It will be explained
in more detail in section[6.3|why the transverse mass is used to extract myy . The first my, measurement,
published in the same papers announcing the discovery of W boson, were derived from fits to the pf. or
pgf}iss distributions and had uncertainties in the range of 5 — 10 GeV, where constraints from the distribution

77
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of the momentum imbalance, as probed by |55 — 525|, and some theoretical assumptions based on QCD
in the modelling of the distributions from which my; was extracted were used to improve the accuracy.
The final results from both UAT and UA2, which were derived from fits to the transverse mass distribution,

were published in 1985 [130], with a total number of 290 (251) W+ — ei(;e) candidates for UAT (UA2)
collaboration. These are:

for UA1, and:

for UA2. In both cases, the first error is statistical, and the second one is systematic, mostly stemming from
the calorimeter energy scale uncertainty. During the last three years of collider operation (1988-90), UA2

collected large samples of W+ — ei(u_e) and Z — ete~ decay events, which allowed them to perform an
independent measurement of myy:

my = 80.84 + 0.22 GeV, (6.5)

where the error is only statistical, and the most precise measurement of the ratio of 1y, and mz, in which
the systematic uncertainties from the calorimeter energy scale calibration cancel out to a large extent,
obtaining:

my

P 0.8813 4 0.0036stat + 0.0019gyst, (6.6)
where the systematic uncertainty takes into account calorimeter non-linearities. By combining this re-
sult with the most precise measurement of m performed at the LEP collider in 1991 (m; = 91.175 &
0.021 GeV) an estimate of:

my = 80.35 + 0.33 & 0.17 GeV (6.7)

was obtained.
Figure [6.1/ shows the transverse mass distributions obtained using the total statistics available from
the UAT and UA2 experiments.
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Figure 6.1: Transverse mass distribution for W — ev decays reconstructed by UAT (left) and UA2 (right).
The curve is the best fit to the experimental distribution using my; as a free parameter. The backgrounds
are also indicated for the UA1 measurement. From [130].
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6.2 Electron-positron colliders

6.2.1 LEP|60]

The most precise measurements of the ¥ boson mass at electron-positron colliders were made at the
Large Electron-Positron (LEP) collider. LEP operated at center-of-mass energies around the Z—peak from
1989 to 1995, providing the most precise measurement of the mass of the Z boson currently available:

my = 91.1876 + 0.0021 GeV (6.8)

and several other precision electroweak precision measurements, as discussed in some of which are
still among the most precise to date. The LEP accelerator was then upgraded to run at increasing energies
intherange /s = 130—209 GeV, to test the electroweak sector of the Standard Model even further, such as
to probe the existence of the Higgs boson. LEP stopped operating in 2000. In this second phase, referred to
as LEP 2, the production of pairs of W bosons occurred through e™e~ — W1/ ~. The Feynman diagrams
at lowest order in perturbation theory are shown in figure[6.2] Several properties of the W boson, among
which its mass, were measured by the four LEP experiments: ALEPH [131], DELPHI [132], L3 [133], OPAL
[134].

et W+t et w+

Z/y*

e W= e” W=
Figure 6.2: Tree level Feynman diagrams for eTe~ — W+ W ~: s-channel (left), -channel (right).

In the earlier parts of LEP 2, my was extracted from the measured ete~ — W W~ production
cross-section oy as a function of the center-of-mass energy: in particular, for /s &~ 2myy, the produc-
tion cross-section oy o< B = /1 — @, due to kinematics. The finite width of the W boson, Ty,
and final-state radiation modify this relationship only slightly, and are taken into account in the theoretical
uncertainties (which have an impact of 2% on the cross-sections). The center-of-mass energy where the
cross-section is most sensitive to myy is at /s = 161 GeV, determined from Monte Carlo simulations,
but data at 172 — 183 GeV were also analyzed. Only 3% of the total LEP 2 data was taken around these
energies, amounting to a total integrated luminosity of about 10 pb” available to each experiment. These
measurements were limited by statistics: the combination of all LEP measurements has an uncertainty that
is slightly larger than 200 MeV, and the contribution from the uncertainty in the LEP center-of-mass energy
is 30 MeV. Systematic uncertainties from hadronization and fragmentation effects in hadronically decay-
ing W bosons, radiative corrections, final-state interactions are all negligible compared to the statistical
uncertainty. Figure[6.3| shows examples of the measured W production cross-section from ALEPH and
OPAL.

The most precise my, measurements at LEP 2 were obtained by reconstructing the decay products
of the W bosons. The final state in which both W bosons decay leptonically, i.e. into a lepton and a
lepton neutrino, lacks the theoretical uncertainties on hadronization or colour reconnection, which limit
the precision with which my, can be extracted from semi-leptonic (in which only one 1 boson decays
leptonically) or fully hadronic decays (in which both T bosons decay into quarks). However, is limited by
the low cross-section. OPAL determines a value of:

myy (Lvelvg) = 80.41 + 0.41441. + 0.134ys. GeV, (6.9)

which can still be used as a validation of the results from the other channels.
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Figure 6.3: Measured oy;yy cross-sections as a function of the center-of-mass energy for ALEPH [135] (left)
and OPAL [136] (right). The figure from ALEPH also shows the impact of a variation of Amy, = +80 MeV
(the solid lines in black), and the impact on the cross-sections from the theoretical uncertainties (in green).
The figure from OPAL shows the impact from an alternative theoretical calculation and from excluding the
ZWW vertex from the oy calculation.

W+W ™= — qqqq decays are reconstructed from hadronic jets, formed from measured particle tracks
and energy depositions in the calorimeters. Different jest clustering algorithms are used, leading to differ-
ent event topologies, with up to 5 jets in the final state. The detection of initial-state (ISR) or final-state
photon radiation (FSR) can also be detected by the electromagnetic calorimeters of the experiments, and
this information can be used to improve the mass resolutions of the candidate W bosons. Semi-leptonic
W pair decays are reconstructed as a pair of hadronic jets, possibly with a third jet from gluon radiation,
and an isolated lepton. In the leptonic W — ev, and W — puv,, decays, the missing momentum vector
is calculated applying total momentum conservation and is assigned to the momentum of the neutrino, so
that the masses of both W decays can be reconstructed, while this procedure cannot be applied to cases in
which one of the W bosons decays into a tau and a neutrino, so only the hadronically decaying W contains
useful information about my;.

The mass resolution of the di-jet system is mainly determined by the resolution of jet energy measure-
ments, which is typically AE/E ~ 60% — 80%/+/FE/GeV, resulting in a di-jet mass resolution for W
boson decays in the order of 8 — 9 GeV. This can be substantially improved by adjusting the measured
parameters of the jets and leptons to satisfy the constraints of energy and momentum conservation, com-
patibly with the measurement uncertainties of each of the reconstructed quantities. This method neglects
the effects from ISR if not detected in the event, but this was found to have an impact that is smaller than
the intrinsic jet energy resolution. In the ¢qgqq case, the improved kinematic reconstruction is referred to
as a 4C fit, because there are four energy and momentum constraints, while in the gger and gquv,, the
three momentum components of the neutrino have to be determined, eliminating three of the constraints,
and this reconstruction is referred to as 1C fit. A further improvement can be obtained by imposing that the
masses of the two W bosons are equal, leading to a 5C or 2C fit. Although the assumption of equal mass
between the two 1V boson candidates is not valid on an event-by-event basis, it is valid on average. myy is
then extracted from template fits to the invariant mass distributions obtained in the 5C or 2C fits, depending
on the final state.

Each of the experiments had an integrated luminosity of about 750 pb™ available for these measure-
ments. Table[6.1summarizes the measured value of myy by the four LEP experiments: they are in agreement
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with each other and with the independent extraction from the o1 measurements and with the OPAL result
that employs events in which both W bosons decay to leptons, which is then included in the semileptonic
channel. ALEPH and OPAL have the smallest uncertainties.

Table[6.2]summarizes the sources of uncertainties and their impact on myy, both for each of the ¢g¢v,
and ¢gqq channels separately and for their combination, combining the four LEP experiments together. The
total uncertainty on my; is mostly dominated by the semileptonic channel, as the precision in the fully-
hadronic channel is limited by the modelling of colour reconnection and Bose-Einstein correlation uncer-
tainties: the products of the two W decays, which are colour singlets, might have a significant space-time
overlap, as the separation of their decay vertices, 7y ~ = ~ 0.1 fm, is smaller than the characteris-
tic distance scales of ~ 1 fm of the QCD interactions, which leads to a reorganisation of the colour flow
between the decay products of the two W bosons, referred to as colour reconnection. Bose-Einstein cor-
relations, instead, refer to the enhanced probability of producing pairs (or multiplets) of identical mesons
close together in phase space, as a result of quantum-mechanical interference originating from the symme-
try of the amplitude of the particle production process under exchange of identical mesons. Both of these
effects have a direct impact on the reconstruction of the masses of the initial 1 boson, by affecting some
of the constraints imposed in the fits (for example, the equal mass assumption), resulting in non-negligible
variations in the templates used to in the 5C fits to extract my;,. These effects are absent in the semileptonic
channel. The main systematic uncertainties common to both final states arise from:

« the uncertainty on the LEP energy of the beams, fully correlated across final states, roughly corre-
sponding to rescaling the beam energy uncertainties by 2my; /1/s (for LEP 2 the beam energies have
uncertainties in the 24 — 27 MeV range);

+ the calibration of the scale of the detectors, mostly correlated between final states;

« hadronization, mostly impacting the number of jets and their properties, larger for the fully hadronic
channel;

« initial and final state radiation, which has an impact on the four-momentum constraints, resulting in a
larger impact on the semileptonic channel, because these are used to determine the four-momentum
of the neutrino.

Experiment WTW ™~ — qqlvy my (GeV) WTW ™ — qqqq mw (GeV) Combined my, (GeV)

ALEPH 80.429 £ 0.059 80.477 £ 0.082 80.444 £+ 0.051
DELPHI 80.339 £ 0.076 80.310 £ 0.101 80.330 £ 0.064
L3 80.217 £ 0.071 80.324 £ 0.090 80.254 £ 0.058
OPAL 80.449 £ 0.062 80.353 £ 0.081 80.415 £ 0.052

Table 6.1: T mass measurements from direct reconstruction (/s = 172 — 209 GeV), for the semileptonic
and fully-hadronic channels, and their combination. The WW~ — qgfv, results from the OPAL collabo-
ration include mass information from the W*W~ — /fv,¢v, channel.

Figure[6.4) shows two examples of invariant mass templates obtained by the ALEPH experiment [137],
for the 5C fit and the 2C fit.

6.2.2 Future colliders: FCC |138]

The Future Circular Collider (FCC) [139, 140, [141] is the next collider designed to be hosted at CERN,
and it is foreseen to be built after the High-Luminosity phase of the Large Hadron Collider (HL-LHC). It will
consist of a 91km tunnel located beneath the French departments of Haute-Savoie and Ain, and the Swiss
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Source of uncertainty Impact on my, (MeV)
qqlvy qqqq Combined

ISR/FSR 8 5 7
Hadronisation 13 19 14
Detector effects 10 8 9
LEP energy 9 9 9
Colour reconnection — 35 8
Bose-Einstein correlations — 7 2
Other 3 10 3
Statistical 30 40 25
Statistical in absence of systematics 30 31 22

Table 6.2: Impacts on my, from several sources of uncertainty for the combined LEP T mass from the
direct reconstruction method. Detector effects include uncertainties in the jet and lepton energy scales and
resolution. The ‘Other’ category refers to errors related to: simulation statistics, background estimation,
four-fermion treatment, fitting method and event selection. Large correlated uncertainties, mainly from
colour reconnection and Bose-Einstein correlations, lead to a reduced weight of fully-hadronic measure-
ments contributing to the average result.
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Figure 6.4: Examples of 5C (left) and 2C (right) invariant mass distributions from the ALEPH experiment.
Non-W W backgrounds are also shown in the figures. From [137].

canton of Geneva, that will use the CERN accelerator complex to accelerate particles. In the first phase,
expected to start around 2045, electron-positron collisions will occur at center-of-mass energies around
the Z—peak, near the W pair production threshold, and up to approximately twice the mass of the top
quark. In the second phase, expected to start around 2070, proton-proton collisions will occur with center-
of-mass energies up to /s = 100 TeV, allowing the experiments to test the Standard Model at energies
much higher than the current energy frontier.

Precision measurements of my; using electron-positron collisions [138] are expected to be performed
at center-of-mass energies around the ¥ pair production threshold, mostly from the scan of the production
cross-section as indicated for the LEP experiments, but with a much higher amount of statistics, for an
expected integrated luminosity available to the experiments (4 are currently expected) of 19 ab™, for a total
of 10 WV events. The expected statistical uncertainty, which was the limiting source of uncertainty for
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the LEP 2 measurements of my; from the cross-section scan, is expected to be 0.25 MeV, and the expected
systematic uncertainty is 0.3 MeV, limited by the precision with which the beam energy is measured using
resonant depolarization [142,|143].

Figure 6.5 shows the expected limits on the oblique parameters (assuming that no deviation from the
Standard Model is observed) including the results from my;, and other electroweak precision observables
at FCC. The expected performance of linear colliders such as ILC [144, 145, 146, 147, 148] and CLIC [149])
are also shown.
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Figure 6.5: Expected uncertainties for the S and 7" parameters for various colliders, when they are used
for eTe™ collisions. The figure on the left shows the limits when the total uncertainties on each of the
measurements to determine S and 7" are considered, while the figure on the right shows the same limits
when only the statistical uncertainties are considered. From [138].

Other estimates, such as the one in reference [150] also include the predictions on the uncertainty on
my extracted from the reconstruction of the final state of the ete™ — WTW~ production and subse-
quent W boson decay, indicating that a similar uncertainty could be achieved, but this requires particular
care in the calibration of the detector energy scale.

6.3 Hadron Colliders

—/ P~ P~

q qa q Ve

Figure 6.6: Tree level Feynman diagrams for ¢ — W — qq’ (left) and ¢ — W — T v, (right).

At hadron colliders, the mass of the W boson is inferred from the reconstructed final state in W boson
decays. Figure shows representative Feynman diagrams for the production of 1 bosons at hadron
colliders and subsequent decay: on the left, the decay into hadrons is shown, on the right, the one into
leptons. As discussed in section protons are composite objects, so it is actually a pair of partons,
i.e. quarks or gluons, that take part in the proton-(anti)proton collisions. Partons only carry a fraction
of the total four-momentum of the protons. The probability density of carrying a fraction z of the total
proton momentum is described by the parton density functions (PDFs). As a consequence, the total four-
momentum of the initial state is not on an event-by-event basis. In particular, the total momentum along
the longitudinal direction is not known.
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As the protons in the beams have negligible motion in the transverse plane at the interaction point, it
can be assumed that the total momentum of all the final-state particles produced in the collision, including
both the hard-scattering interaction in which 1 bosons are produced and the interactions involving the
proton remnants, in the transverse plane is zero.

Events in which the 1¥” boson decays into hadrons could be fully reconstructed, but the typical precision
with which the jet energy scale is determined is not sufficient to provide competitive my; measurements
(typically at the percent level, to be compared with the target of 10~2 — 10~ to be competitive with LEP).
Furthermore, one cannot make use of kinematic constraints to improve the resolution on the invariant mass,
unlike at lepton colliders, because of the missing information about the momenta in the longitudinal direc-
tion. In addition to this, partons are coloured, resulting in a large hadronic activity and number of jets
reconstructed in the event.

Studies to assess the precision that could be obtained in future measurements from hadronic decays
have been conducted. For example, reference [151] discusses the possibility to reach about 30 MeV on the
difference between my and m in boosted di-jet topologies, where the 1 and Z bosons are considered
only if they have pr > 300 — 500 GeV, so that the background from QCD is largely reduced and the W
and Z bosons are reconstructed as one jet with radius AR = 0.8, while normally jets are reconstructed
with a jet radius of AR = 0.4. The integrated luminosity assumed in these studies is about 3 ab™, the
one that should be achieved at the HL-LHC, and assumptions are made on the future improvement of the
theoretical and experimental source of systematic uncertainties. This measurement should provide a value
of my;, affected by different sources of systematic uncertainties compared to those that affect the other
myy measurements at hadron colliders.

Some studies in the context of rare 1% bosons decays into hadrons and photons, such as W+ — 7%+,
have also been investigated [152, 153|: although their main aim is to measure the branching ratios into
these decay channels, which could be enhanced by the presence of physics beyond the Standard Model,
they could be also used as independent measurements of myy,, with the advantage that the final state is
relatively clean and can be reconstructed very precisely.

Therefore, only events in which the 1¥ boson decays into leptons are considered, where the lepton is
either an electron or a muon. The kinematic quantities used to extract my; are those that involve only the
transverse plane: transverse momentum of the lepton p%. and the transverse mass m defined in equation
Sometimes also piss (see equation is used either directly to extract my; or as a cross-check of
the results obtained with p%. or m. The IV boson mass is typically extracted from template fits to the pr
or my (or piiss) distributions, also simultaneously, split by lepton charge. pf. can be reconstructed with
high precision, the scale, i.e. the average lepton momentum reconstructed by the detectors as a function
of the real lepton momentum, and the resolution, i.e. the root mean square of the event-by-event differ-
ence between the real lepton momentum and the reconstructed lepton momentum, can be calibrated very

precisely.
q g g o
q ve 17

Figure 6.7: Tree level diagram (left) and an example of next-to-leading order (right) Feynman diagram for
q7 — W' = Ty,

However, the p4. distribution is sensitive to the intrinsic momentum ¢,V of the W boson. Figure 6.7]
shows two examples of Feynman diagrams: on the left, the Feynman diagram corresponding to the lowest
order of perturbation theory is shown, on the right, an illustrative next-to-leading order Feynman diagram.
At lowest order in perturbation theory, ¢}V = 0, and p/. depends only on the decay angle with respect to the
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beam line of the lepton, in the center-of-mass frame of the W boson. This results in a well distinct shape
of the pf. distribution, with a peak at p. = myy/2 corresponding to the Jacobian peak of the distribution,
and a small tail above my; /2 due to the finite width of the 1¥ boson. The possibility of having a ¢}V > 0,
for example as induced by gluon radiation on the right of figure|6.7} results in a higher percentage of events
with p. > myy/2 and a reduced percentage of events with p. > myy /2.

A precise modelling of p!V' has historically been a limiting source of systematic uncertainty in the de-
termination of myy, as the uncertainties in the determination of ¢} result in variations on p. that can
resemble my variations. The left of ﬂgure shows the state-of-the-art g% spectrum for the theoretical
models indicated in the figure. It can be seen that it is distributed predominantly at low ¢V values, with a
peak around ¢}V = 5 GeV: in this region, dominated by low-energy emissions of quarks and gluons, which
then hadronize to form the recoil, the ¢} computation cannot be performed using fixed-order perturbation
theory, due to the presence of logarithmic terms ~ In(my /¢}") that are dealt with using resummation
techniques [154, 155]. This leads to uncertainties that can be large for a my; measurement targeting an
uncertainty of 10 MeV, as this requires that the uncertainty in the ¢ modelling for values of ¢}V < 5 GeV
be less than 1%, and of comparable magnitude in ¢}V’ range of interest for the analysis (¢}V < 40 GeV).

The right of ﬁgureshows the ratio between q¥V+ and ¢%: experiments have measured the p!. spec-
trumin Z — ¢/ events, as it can be reconstructed very precisely from the reconstruction of both final-state
muons, and then multiplied it by the ¢}V /g% ratio, with the pY. uncertainties expressed in terms of the uz
and u scales decorrelated in bins of p¥" and polarization. However, the QCD scales do not capture the
non-perturbative effects, and there is a large dependence on the final uncertainty in ¢} on the degree of
correlation between 1 and Z. In particular, the complexity of predicting the p!¥ /pZ ratio lies in the differ-
ent initial-state parton composition, and in the differences in the heavy-flavour mass effects, the collinear
and transverse non-perturbative dynamics of the partons. In addition to this, as already stated, these are
not physical parameters, and therefore they do not have a defined physical and statistical meaning, with an
undefined impact on the precision with which my; is measured.
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Figure 6.8: ¢} distribution for the combination of 1¥* and W~ (on the left) and ratio between the normal-

ized ¢V and ¢7 distributions (on the right) at /s = 13 TeV at calculated at NLL+NLO, at NNLL+NNLO, at
N3LL+N3LO and N*LL+N*LOa computed using DYTurbo [156]. From [157].

The transverse mass is less dependent on p!V, as it is, at least theoretically, the invariant mass com-
puted using only the momenta and energies projected in the transverse plane, and is invariant under Lorentz
transformations in the transverse plane at first order in p'¥ /@ (where @ ~ myy). However, the resolution
inm is worsened by the resolution in the reconstruction of p22i%, resulting in generally worse experimental
resolutions compared to pr.

Parton density functions are another source of uncertainty that has historically limited the precision
with which my; can be measured at hadron colliders: there is a direct relation between the rapidity and
polarization of the 1¥ boson and the p; — 7 distribution of the lepton from the decay. The rapidity of the
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lepton y,, which can be approximated very well by 7, is related to the rapidity of the W boson yy;, through:

y¢ = sinh ™1 (Z;VZ cos 9*) + yw, (6.10)
T

where cos 6* is the cosine of the polar angle of the lepton in the Collins-Soper frame of the W boson. In
the limit where qu — 0, this becomes:

Yo =y +yw, (6.11)

where y? is the rapidity of the lepton in the center-of-mass frame of the W boson. From this, it can be
inferred that changes in yy have an effect on the n = y, distribution, introducing effects due to the limited
acceptance of the detectors. Regarding the polarization, the approximation that production at lowest order
in perturbation theory occurs can be made, as in the left of figure[6.7] and in this case the rapidity of the
W boson is determined only by the partonic spin and the vectorial sum of longitudinal momenta of the
partons (p.). Due to the V' — A coupling between fermions and W bosons of the weak interaction, the spin
of the W boson is aligned with that of the quark, which has negative helicity. It can be seen from figure
[3.3] that valence quarks typically carry a larger fraction of the proton four-momentum compared to sea
quarks, so that the 1% boson has negative helicity as the quark. In the decays, W (1 ~) tend to emit the
charged lepton in the opposite (same) direction compared to the p!V" direction in the majority of cases. The
behaviour is different for the two charges. For inverted polarization of 17+, one gets the opposite behaviour
in the decay. Figurel158| summarizes the relationship between spins and p. of the partons and those
of the leptons in the decay in this case. Taking into account the ¢V distribution, one introduces also the
longitudinal polarization of the W, which is, however, still subdominant for the majority of 17 decays.

Partons (initial state) u > € d d > < i
- D DR D R
+ —
Boson l} l)
P . s
Leptons (final state) £te > T > F-
PR s e o

Figure 6.9: Scheme of the momentum (p., black arrows) and spin (s., green dashed arrows) alignment
for partons, boson and lepton final state, assuming the most common production and decay channel, at
g = 0. From [158].

The polarization of the W boson is then related to the decay lepton kinematics through:

do 3 N 3 N 3 . "
Joost” = g(l F cos 0) fr(af , yw) + é(l + cos0) frgy ,yw) + 1811129 fol@ s yw), (6.12)

where 0* is the decay angle of the lepton (charged for W', neutrino for W *) with respect to the z—axis in
the rest frame of the W, and the upper (lower) sign correspond to W+ (W ~) boson. The coefficients f7,
fr, fo are defined to be f; > 0 and f, + fr + fo = 1 and are functions of ¢}V and yy: they quantify the
probability that a 17 boson is produced in the left, right or longitudinal polarization. Figure[6.10][159] shows
the different shapes in the p; — 7 plane of the lepton as a function of the polarization and the charge of the
W. In particular, the difference between W+ and W reflects the V' — A structure in the decay, as seen
in figure[6.9] (and this reflects in the plus or minus sign in equation|[6.12).
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Equation[6.12]is a particular projection of [160]:

do 3 dompol- "
dgl¥ dyW dMd cos 0*de* 16 dg¥ dyd M

* 1 * : * *
{(1 4 cos?6*) + A0§(1 — 3cos? %) + Aj sin 20 cos ¢*+ (6.13)
1
A2§ sin? 0% cos 2¢ + As sin 0% cos ¢* + Ay cos 0+
As sin? 0% sin 2¢* + Ag sin 20* sin ¢* + A7 sin 6* sin ¢*}
valid at all orders in QCD, neglecting electroweak corrections. All coefficients are functions of p!'" and 'V

When integrating over ¢*, only the terms multiplying Ay and A4 are nonzero, and the f; coefficients are
related to the A; coefficients through:

Ao o fo Ay x —Z(fL—fR), (6.14)
where ¢ is the charge of the W boson.
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Figure 6.10: Distributions of p4. — n* from W — pv decays for W (top) and W~ (bottom) in the left,
longitudinal and right polarization states (from left to right). From .

Therefore, variations in the f; (or A;) coefficients have a direct impact on the py and m templates
used to extract myy . Other theoretical systematic uncertainties are related to final-state radiation from QED
(FSR) and its interference with initial-state radiation for QED, and the pure weak corrections, all of which
can be carefully modeled.

Experimental systematic uncertainties are related to:

« lepton reconstruction and identification and calibration of the momentum (or energy) scale, which
needs to be known at the level of 10~ for a 10 MeV uncertainty in myy;

* muon momentum resolution;

« the calibration of the hadronic recoil, important to measure the transverse mass m precisely;
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+ the estimation of the backgrounds from QCD processes, which typically cannot be modeled by Monte
Carlo simulation, unlike most of the other electroweak processes.

These uncertainties are specific to each experiment and different strategies being used.
In the following subsections, the most precise my; measurements at Tevatron and LHC, before the
publication of the CMS results, are discussed.

6.3.1 Tevatron

The Tevatron [161] was a circular proton-antiproton collider located at Fermilab (Chicago, IL). It operated
at a center-of-mass energy /s = 1.96 TeV, between 1983 and 2011. Data were collected by the CDF [162,
163] and DO [164, 165] experiments, which announced the first direct observation of the top quark in 1995
and the first observation of B, oscillations in 2006, among many other scientific achievements.

DO

The most precise measurement of the W boson mass by the DO experiment [74, 166] was performed
based on a sample of 1.68 x 106 of W+ — ei(l;e) events, selected by requiring:

« the presence of an electron with p; > 25 GeV that passes shower shape and isolation requirements
and has |n| < 1.05;

- piiss > 25 GeV, where p22iss is defined as the negative vector sum of the energy deposits in the
calorimeters taking into account their positions in the detectors;

- preceil defined by pirecoll = — e, — pmiss 1o be less than 15 GeV;

* 50 GeV< mp < 200 GeV.

The integrated luminosity of the sample used is 4.3 fb™!. The backgrounds are Z — eT e~ events in which
an electron escapes detection, QCD events in which a jet is misidentified as an electron with p:ss arising
from misreconstruction, and W — v — evvv events, estimated using data-driven techniques or Monte
Carlo generators as described in [167].

The ResBos [168] event generator, combined with PHOTOS [169] is used to simulate the kinematics of the
production and decay of 1% and Z boson, providing a next-to-leading order accuracy in the perturbative part
of the calculation and including next-to-next-to-leading logarithm resummation of soft gluons, including also
the generation of up to two final-state radiation photons. The non-perturbative part of the pY¥. calculation
was tuned using Z data from previous data-taking runs at the Tevatron [170,171]. The PDF set used in the
generation is CTEQ6.6 [172]. The predictions are compared with those computed using the WGRAD [173] and
ZGRAD [174,175] event generators, which provide a more complete treatment of electroweak corrections at
the one-radiated photon level, in order to assess the uncertainty on the 1y, measurement due to quantum
electrodynamics (QED) corrections. A fast, parameterized Monte Carlo (MC) simulation (FASTMC) is used
to simulate electron identification efficiencies and the energy response and resolutions of the electron and
recoil system.

Z — eTe™ events are used to calibrate the response and resolution of the electromagnetic calorime-
ter, and also the hadronic recoil, using the m result from LEP [33]. For the electromagnetic calorimeter
response, the functional form

Riem = Fyy—eq(1) X Fivaoss(L,n) % (a(Eo — Eo) + B + Eo) (6.15)

is assumed, where Fyv.ioss(L, 17) takes into account the dependence on the instantaneous luminosity L
and is derived from ZeroBias events, F},_.,(n) takes into account the differences in response as a function
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of n, and the o and 33 are the scale and offset terms, with £y = 43 GeV, a constant introduced to reduce
the correlation between « and 3. F),_.,(n) is determined from Z — ete™ invariant mass fits in |7
categories, and o and 3 are determined from Z — e™ e~ invariant mass fits that are run separately in bins
of instantaneous luminosity. The electromagnetic calorimeter resolution is parameterized as:

OEM S2 N2
—— = /CE + EM 4 _EM 6.16

Ey \/EM+E0+E§’ (6.76)
in which Cgy, Sem and Ny correspond to the constant, sampling and noise terms, respectively, derived
taking into account their dependence on 7. The hadronic response (resolution) is calibrated using the mean
(width) of the iy, distribution in Z — e e~ events in bins of pS¢, where:

Tt = (PF° + D7) - 4, (6.17)

where 7 is the bisector of the electron and positron directions. A parameterization as a function of p5¢,
which takes into account different contributions to the hadronic energy (e.g. the hadronic system recoiling
from the W boson, the effects of low-energy products from spectator parton collisions and other beam
collisions, final-state radiation), is used to give a smooth set of corrections.

The left of figure[6.T1 shows the Z — ee invariant mass distribution for data and simulation after the
calibrations are applied. Good agreement was found.
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Figure 6.11: Left: is used to calibration the electromagnetic energy in Z — e™e~ data and from the FASTMC
and (b) the x values, where x; = [N; — (FASTMC;)]/o; for each bin in the distribution, IV; and FASTMC;
are the data and FASTMC template yields in bin 4, respectively, and o; is the statistical uncertainty in bin ¢
for the DO measurement (from [74]). Middle: Fractional deviation of momentum Ap/p derived from fits to
the J/¥ — ppu resonance peak as a function of (1/pr) (blue circles) for the CDF measurement. A linear
fit to the points, shown in black, has a slope consistent with zero (17 &= 34 keV). The corresponding values
of Ap/p extracted from fits to the T — uu and Z — pu resonance peaks, and their combination (applied
to the lepton tracks in 1/ data) are also shown (from [3]). Right: Distribution of £//p for the W — e, data
(points) and the best-fit simulation (histogram) including the small background from hadrons misrecon-
structed as electrons for the CDF measurement. The arrows indicate the fitting range used for the electron
energy calibration (from [3]).

7 — ee events are also used to correct for the electron reconstruction and identification efficiencies,
using the standard tag-and-probe procedure already described in

The W boson mass is extracted from binned-likelihood fits to the pS, mr and piiss distributions. Fig-
ure[6.12shows the distributions used to extract my; for data and simulation. The results and fitting ranges
used in these fits are summarized in table[6.3] The systematic uncertainties are summarized in table[6.4
They are also grouped into experimental and theoretical uncertainties. It can be seen that the largest con-
tribution on the experimental uncertainty comes from the electromagnetic calorimeter scale and resolution
calibration, regardless of the variable used, while a large contribution from the recoil calibration can be ob-
served forp%HSS. Concerning theoretical uncertainties, the largest uncertainties come from the PDFs, while
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the uncertainties from the boson pr are at most 5 MeV, stemming from the propagation of the uncertainties
in the parameters used to model the p¥ spectrum [166).
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Figure 6.12: The my (left), pS (middle), and (c) p2is distributions for data and FASTMC simulation with
backgrounds. The  values are shown below each distribution. The fit ranges are indicated by the double
ended horizontal arrows. From [74].

Variable  Fit Range (GeV)  my (MeV) x?/ndof
mr 65 <mp <90 80371+ 13 37.4/49
5 32 <pS <48 80343+ 14 26.7/31
piniss 32 < piss <48 80355+ 15 29.4/31

Table 6.3: Results from the fits to data from the DO my; measurement. The uncertainty is solely due to the
statistics of the 1¥ boson sample. From [74].

The measurement results in table|6.3|are combined to give:

mbY = 80.367 + 0.013stat + 0.0225y5t GeV

(6.18)
= 80.367 + 0.026 GeV,

where most of the uncertainty and central value is driven by the fit to the m distribution.
This is then combined with an earlier ;- measurement performed using 1fb” of data, corresponding
to a sample of 4.99 x 10° events [167], to obtain:

mp e — 80,375 4+ 0.0115¢a1 + 0.0205y5t GeV

(6.19)
= 80.375 £ 0.023 GeV,

which is in agreement with the Standard Model prediction.

CDF

The latest my measurement by CDF [3] was performed on 8.8 fb™! of data, on a dataset of approxi-
mately 4 million selected W boson decays, analysing both decays to (anti-)muon and (anti-)electron. Data
were selected by a trigger that requires the presence of a (anti-)muon or (anti-)electron with p; > 18 GeV.
The muon candidates must have p; > 30 GeV, and pass tight reconstruction quality and energy depo-
sition criteria. The electron candidates must have an electromagnetic calorimeter deposition of 30 GeV
matched to a track with p; > 18 GeV, with requirements on the shape of the calorimeter shower and the
matching between energy deposition and reconstructed track pr (E7/pr < 1.6). In both cases, leptons
must have |n| < 1. Events with a second lepton of the same flavour as the one used in the analysis are
rejected to suppress the Z — ¢¢ background. Events are further required to pass 30 GeV< p% < 55 GeV,
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Impact on my, (MeV)

Source mr pt piniss
Experimental subtotal 18 20 24
Electron energy calibration 16 17 16
Electron resolution model 2 2 3
Electron shower modelling 4 6 7
Electron energy loss model 4 4 4
Hadronic recoil model 5 6 14
Electron efficiencies 1 3 5
Backgrounds 2 2 2
Production subtotal 13 14 17
PDF 11 11 14
QED T 7 9
Boson pr 2 5 2
Total 22 24 29

Table 6.4: Table summarizing the several sources of systematic uncertainty for the DO my; measurement,
grouped also into experimental and theoretical (production). From [74].

30 GeV < piiss < 55 GeV, where the definition of piss is the same as for DO, piecel < 15GeV and
60 GeV< mp < 100 GeV.

The W boson mass is extracted from template fits to pfip, m7 and piss, as in the DO analysis. The tem-
plates for the W and Z process are simulated using REsBOS [168], using the data in [176}170] and the p%¢
spectrum from Z — ¢/ events from the same 8.8 fb" data used in the analysis to tune the non-perturbative
part of the p}” modelling. These calculations are compared with those from DYQT [177,(178], which provides
a next-to-next-to-leading order accuracy in the perturbative part of the calculation and including next-to-next-
to-leading logarithm resummation of soft gluons. The measured p!¥" spectrum, where p}V" = precell, is used
to significantly constrain the uncertainties from the renormalization ..z, factorization 1. and resummation
Q scales on the p!¥' /pZ ratio, increasing the precision with which my, can be measured. The radiation of
final-state photons is implemented through PHoTOS [169], which is calibrated to the more accurate predic-
tions from HORACE [179,(180]. The PDF set used to generate the events and extract my;- is NNPDF3.1[181],
while CT18 [182] and MMHT2014 [183] have been used as alternative sets: the my;- values extracted using
these sets are compatible with NNPDF3.1 within the PDF systematic uncertainties (3.9 MeV). The simula-
tions are then interfaced with a custom simulation that includes a detailed calculation of the lepton and
photon interactions in the detector, as well as models describing their individual position measurements
within the COT (the CDF time-projection chamber used in track reconstruction), with the relative alignment
of the wires determined from data as described in |3].

The muon momentum scale and resolution are calibrated from invariant mass fits as a function of the
pr of the muons to the 7/ and Y'(1.5) resonances. Corrections for small inaccuracies in the magnetic
field map, the COT position measurements, and the modelling of the energy loss by particles traversing the
detector are derived and applied. A mismodelling of the energy loss would lead to a bias linear in (1/pr)
of the two muons, and no such bias is observed after the corrections are applied, as shown in the middle
of figure[6.T1] The Ap/p corrections extracted from the individual /¥ and Y (1.5) invariant mass fits are
found to be consistent with each other, so these results are combined. After these corrections are derived,
Z — i events are used to fit m from the invariant mass distribution, as a cross-check of the calibration
procedure, obtaining:

mGPY () = 91192.0 + 6.4star + 4.05yst MeV, (6.20)

compatible with the measurement from LEP, so that also the calibration constant using the Z data is added
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to the total calibration. The calibration on the muon scale is the used to calibrate the electromagnetic energy
scale using the peak of the E//p distribution for the 177, shown on the right of figure[6.11) and Z events. This
is done as a function of the electron E. The tail of the E//p distribution is used to correct for the amount
of radiative material traversed in the tracking volume. A fit to the m.. distribution from Z — ecc events is
used to extract m , as a cross-check of the calibration procedure, obtaining:

mSPF (ee) = 91194.3 & 13.85tat + 7.65y5t MeV, (6.21)

also consistent with the LEP measurement, so that also these measurement is also used in the calibration of
the energy scale. The width of the E//p resolution is used to calibrate the electromagnetic energy resolution.

The hadronic recoil scale and resolution are calibrated taking into account different sources of contam-
ination: the contributions from the spectator partons in the proton and antiproton, as well as the additional
pp interactions in the same collider bunch crossing, which significantly degrade the pis<°! resolution, are
measured from ZeroBias events. The imbalance of pre<i! and pZ, projected along the parallel and orthog-
onal directions with respect to p%, in Z — ee events, is used to measure the calorimeter response to,
and resolution of, the initial-state QCD radiation accompanying boson production. The definition of ptecell
used in the CDF analysis does not include the contribution from charged electrons, which then needs to be
carefully determined not to bias its distribution: this is done using 1 boson data.

The lepton selection criteria in the CDF analysis are degraded by the presence of nearby energy asso-
ciated with the hadronic recoil. The tag-and-probe method is used to derive the selection efficiencies as
a function of w7, and then an analytic parameterization is used, and this is done separately for electrons
and muons. The efficiency for reconstructing electrons depends on 7 due to the trigger requirement in the
analysis, as the presence of a calorimeter deposit matched to a track is required to select the events: this
efficiency is measured using W boson events collected with a trigger with no track requirement, and is
directly sensitive to the geometrical structure of the time-projection chamber used by CDF.

The W boson samples contain a small contamination of background events arising from QCD jet pro-
duction with a hadron misidentified as a lepton, Z — ¢¢ decays with only one reconstructed lepton,
W — Tv — fvvy, pion and kaon decays in flight to muons (DIF), and cosmic-ray muons. The jet, DIF,
and cosmic-ray backgrounds are estimated using data-driven techniques, while the Z — ¢¢ and W — v
backgrounds are estimated from simulation.

Figure [6.13] shows examples of templates for m, pf, and pis>. Table .5 summarizes the measured
values and fitting ranges for myy in the various fits: they are all consistent with each other. The combined
value:

mGPY = 80433.5 + 6.4stat £ 6.95yst MeV

= 80433.5 £ 9.4 MeV

is also shown, and it disagrees with the Standard Model at the 7o level. The m, pr, and pgf}iss fits in
the electron (muon) channel contribute weights of 30.0% (34.2%), 6.7% (18.7%), and 0.9% (9.5%), respec-
tively. Table[6.6|summarizes the impact on my; from several sources of uncertainties: from the theoretical
point-of-view, the leading systematic uncertainty comes from the PDFs, as was the case for DO, but this
is significantly smaller, as the NNPDF3.1 PDF set includes the wealth of data collected at the LHC, unlike
CTEQ6.6, and QED final-state radiation. The impact from p!'" modelling is around 2 MeV. From the exper-
imental point-of-view, the leading uncertainties are related to the scale calibration (3.0 MeV), which are
mostly independent for the electron and muon channel, so their impact on the combination of myy is re-
duced. The experimental uncertainties from the background estimation have an impact of 3.3 MeV, and the
impact from the hadronic recoil is around 2.0 MeV (combining both the scale and resolution).

(6.22)

6.3.2 LHC

The main differences between LHC and Tevatron are due to the fact that the first is a proton-proton
collider with center-of-mass energies that are higher than those at the Tevatron, which has an impact on the
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Figure 6.13: Distributions for my (left), pr (middle), and pi*iss (right) for the muon channel. The arrows
indicate the fitting range. From [3].

Distribution W boson mass (MeV) x?/dof
mr(e,v)  80429.1 & 10.3stat + 8.5gyst  39/48
5 80411.4 4 10.7sat + 11.85yst  83/62
ph(e)  80426.3 + 1450t £ 11. 75yt 69/62
mr(p,v)  80446.1 + 9.2t + 7.3syst  50/48
p% 80428.2 £ 9.6stat == 10.3gyst  82/62
Pr(p)  80428.9 4 13.151at + 10.9¢yst  63/62
Combined 80433.5 £ 6.4stat = 6.9gyst 7.4/5

Table 6.5: Individual fit results and uncertainties for the my;-. From [3].

cross-section for W production: W and 1~ have the same production cross-section at the Tevatron,
since the collisions are charge symmetric, and a net asymmetry is observed in the )¢ distributions, since the
W (W~) tend to be produced prevalently in the direction of the proton (anti-proton), while the W has
a larger production cross-section compared to the W —, but the final-state lepton 7 distributions are sym-
metric across the beamline. The larger center-of-mass energies result in larger production cross-sections
compared to Tevatron, as can be seen in figure 3.3] and the luminosity is larger, so that more W= events
are available.

The fact that the LHC is a proton-proton collider and that the center-of-mass energies are higher than
at the Tevatron results in a larger impact on my;, from the PDF uncertainties: at the Tevatron, the valence
quarks are more relevant for the 1+ production, while at the LHC the contribution from sea quarks, includ-
ing the s, c and b quarks, becomes non-negligible, as smaller values of z (see section[3.1) are being probed,
for which the PDFs have larger uncertainties.

ATLAS

ATLAS [37] performed a myy- analysis on data collected in 2011 at a center-of-mass energy of 7 TeV.
They considered W boson decays to (anti-)muons and (anti-)electrons, with an integrated luminosity of 4.1
fb and 4.6 fb” for the muon and electron channel, respectively. Their most precise result is a reanalysis
performed on the same data used for the my; measurement presented in 2017 [184].

Events were selected by triggers that require a muon with p > 18 GeV and |n| < 2.4 or an electron
with pr > 20 GeV, increased to 22 GeV in later data-taking periods to cope with increased instantaneous
luminosity, and |n| < 2.4, excluding the range 1.2 < || < 1.8. An isolation requirement is applied in both
the electron and muon cases to suppress the backgrounds from QCD. A further selection is applied on the
events:

- events must have exactly one lepton with p%. > 30 GeV;

« the leptons must be matched to the trigger objects;
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Source Impact on my, (MeV)
Lepton energy scale 3.0
Lepton energy resolution 1.2
Recoil energy scale 1.2
Recoil energy resolution 1.8
Lepton efficiency 0.4
Lepton veto 1.2
Backgrounds 3.3
p% model 1.8
py /p#% model 1.3
PDF 3.9
QED radiation 2.7
Statistics 6.4
Total 9.4

Table 6.6: Uncertainties on the combined myy result. From [3].

- piss > 30GeV and peeil < 30 GeV, where p2iss and piseell are defined from the calorimeter de-
posits excluding those with AR < 0.2 with respect to muons or electrons;

* mp > 60 GeV.

Approximately 5.89 x 10° candidate events are selected in the muon channel and 7.84 x 10° events in the
electron channel.

The W boson mass is extracted from fits to the pfip and m spectra separately for the charges and
different || categories. The new reanalysis of the ATLAS data uses profile likelihood fits, in which the
sources of systematic uncertainties are implemented as nuisance parameters that are extracted together
with my; to improve the agreement with the observed data, reducing theirimpact on my. This is the same
procedure the CMS used to the extract myy, and will be described in more detail in Their previous result,
as well as the CDF and DO results, was extracted by minimizing the x? computed between data and Monte
Carlo as a function of myy, with the systematic uncertainties defined as shifts from the nominal myy value
from new minimum 2 fits in which the several source of uncertainty are shifted to their 1o values. The
difference between the nominal my;, value and the value extracted for each of the systematic uncertainties
is added in quadrature to determine the total uncertainty.

The W (both for signal and background) and Z processes are simulated using the POWHEG Monte
Carlo generator (v1/r1556) [185, 186|187 interfaced to PyTHIA8 (v8.170) [188}189] for the modelling of par-
ton shower, hadronization and underlying event. Parton shower and underlying event parameters are set
according to the AZNLO tune, after tuning to the pp — Z/~v* — uu distribution observed on 7 TeV data
[190]. The predicted p!¥ was validated using data collected in conditions of low pileup (the average number
of interactions per bunch-crossing is 2, compared to 9 in the dataset used for the ATLAS measurement) at
Vs = 5.02TeV and /s = 13 TeV [191]. The angular coefficients A; in equation|6.13|are corrected as a
function oprVY’Z and y"*Z to match the predictions from DYNNLO [192] to reach next-to-next-to-leading or-
der precision in QCD, and they were validated using Z data collected at 8 TeV [193], with residual differences
propagated as uncertainties. The CT10 PDF set [194] is used for the hard process, and the CTEQ6L1 PDF
set [195] is used in the parton shower. The stability of my;- against several PDF sets, including a number
of more up-to-date sets, was tested as described in [37]. The reference myy value reported by the ATLAS
collaboration is extracted using the CT18 [182] PDF set, which was found to give the most conservative PDF
uncertainties and is able to cover the my values extracted from the other PDF sets considered in most
cases. The POWHEG+PYTHIA simulation is interfaced with PHoTOS (v2.154) [169] to simulate QED final-state
radiation. Next-to-leading order electroweak corrections are implemented through WiNHAC [196], and the
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differences in final-state distributions with and without the electroweak corrections are used to define a
source of systematic uncertainty, with others including the interference between ISR and FSR QED correc-
tions (IF1), pure weak corrections due to virtual-loop and box diagrams, and final-state emission of lepton
pairs.

The backgrounds in this analysis are from W decays into tau, which then decays into a muon and
neutrinos, Z events with one undetected muon, top-quark pair and single-top-quark, Gauge-boson pair pro-
duction (WW, W Z, ZZ), and QCD multijet and heavy-flavour decays. The electroweak backgrounds are
modeled from simulations, while the QCD multijet and heavy-flavour decays are estimated using data-driven
techniques. The response of the ATLAS detector is simulated using GEANT4 [197,(198].

The muon momentum scale and resolution are corrected from fits to invariant mass distributions for
7 — i events, as a function of 1 and ¢ of the muon. Corrections for biases in the radial direction, which
originate from detector movements along the particle trajectory and are independent of the charge, and in
the sagitta, which typically originate from curl distortions or linear twists of the detector around the z—axis
and are charge-dependent, are applied according to the following formula:

P = pr x [L+a(n, 8)] x [14 Beury (n) x G(0,1) x p}]

data,corr _ p%ata (623)
r 14q x 6(n, ¢) x pgate’
where pdTata’MC is the uncorrected muon p in data or simulation, G(0, 1) is normally distributed with mean

equal to 0 and standard deviation equal to 1, (7, ¢) is the muon momentum scale correction, Beurv(7) is
the resolution correction, (7, ¢) is the sagitta correction. No correction for the energy loss, relevant at pp
values that are significantly lower than the range of muons in the analysis, is applied. The muon momentum
scale « corrections are extrapolated from the Z — o momentum range to the W — 2 momentum range
and the residual non-closure is evaluated as a function of 1/py in |n| bins. The left of figure[6.14] shows
the results of the extrapolation of the corrections from Z to W events: d«a is compatible with one within
two standard deviations, so that no residual correction is needed, and these results are implemented as
systematic uncertainties in the fit. Corrections for the sagitta are derived both from Z — uu events and
from W — e, events, where the sagitta is corrected from the E/p distributions, which has the advantage
that the corrections are extracted for muons already in the range for the 1 analysis. The right of figure
shows the sagitta corrections as a function fo 7 for both methods: it can be seen that they are in
agreement, so they are combined.

The response of the electromagnetic calorimeter is calibrated using Z — ee events, after a set of
intermediate calibrations (using Z — . events and studying the shower profiles for electrons and pho-
tons), from fits to the dielectron invariant mass distributions, from which both the scale and resolution are
extracted. W — ev, are used to derive a set of residual corrections to cover for differences between Z
and W processes, for example related to the different ¢, (the corrections from the Z events are averaged
over ¢y). Figure|6.15{shows the relative energy scale as a function of ¢, for two || bins.

The muon reconstruction, trigger, and isolation efficiencies are corrected for differences between data
and simulation using the standard tag-and-probe method, as described in[5.2.1] as a function of pz, n and
charge of the probe lepton. For isolation, it was verified that its dependence on ur is well reproduced
by Monte Carlo simulation, so corrections are integrated over it. Figure [6.16] shows the efficiency Scale
Factors averaged of 1 (on the left), and the » distribution after the application of efficiency Scale Factors
for Z — pu events.

Electron efficiency corrections are determined using the tag-and-probe method using samples of W —
ev, (the tag here is the presence of missing transverse energy), Z — ee, and J/¥ — ee events, and mea-
sured separately for electron reconstruction, identification and trigger efficiencies, as a function of the
electron 1 and pr, with additional dedicated corrections for the trigger to correct for front-end board fail-
ures in the electromagnetic calorimeter, in a region corresponding approximately to 0 < n < 1.475 and
—0.9 < ¢ < —0.5, that affected about 20% of the data used in the analysis.
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The hadronic recoil is calibrated using Z as a function Ofpéﬁ to reweigh the ) | E7, distribution in simu-
lation to match the one observed in data, after correcting for differences in the pileup distribution between
data and Monte Carlo, and applied to the 17 events as a function of p?'" at generator level, with a procedure
to take into account possible differences in > E7. response between W and Z events. After this set of
corrections, the scale and resolution of the hadronic recoil are calibrated from Z events from the projec-
tions of kel on directions parallel and perpendicular to 5%, and are then applied as a function of p¥ at
generator level.

Figure[6.17|shows examples of pr distributions for the electron and muon channels, for data and Monte
Carlo before and after the fit. The post-fit agreement is at the per mille level. The value of my; obtained by
fitting simultaneously the p%. and my spectra for both charges and for all 1, categories is:

mATEAS — 80366.5 £ 9.8gtat = 12.56y5t MeV

(6.24)
= 80366.5 & 15.9 MeV

in agreement with the Standard Model prediction. Out of the several PDF sets tested, the maximum variation
with respect to the nominal result was —20.9 MeV obtained when the NNPDF4.0 [199] set is used.

Table[6.7] summarizes the various sources of uncertainty in the analysis. The results are mostly driven
by the p% fit, the relative weights of p’. and m are 86% and 14% when the CT18 set is used, with a
slightly larger contribution on the total uncertainty from the systematic variations, mostly dominated by
the muon and electron calibrations, and the PDFs. For m, a large contribution to the uncertainty comes
from the calibration of the hadronic recoil, which spoils the precision with which the 1¥ boson mass can be
measured. This is largely due to the pileup at the LHC during Run 1, with an average number of interactions
per bunch-crossing equal to 9.

The breakdown of uncertainties in table the one presented in the final paper [37], relies on the so-
called "global” impacts presented in [200]. Fluctuations in data, Monte Carlo and the nuisance parameters
are, in this case, correlated, resulting in an increase of what is defined as statistical uncertainty, especially
if the data are able to constrain the nuisance parameters, reducing their uncertainties compared to the ones
provided as input to the fit. The impact of the systematic uncertainties is evaluated from the fluctuations
of the external measurements corresponding to the nuisance parameters within their uncertainties.

An alternative definition of the breakdown of uncertainties is the "nominal” breakdown of the uncertain-
ties by CMS presented in[7.10 in this approach, the statistical uncertainty is defined freezing the nuisance
parameters at the post-fit values. The impact of the individual sources of systematic uncertainty is evalu-
ated by repeating the fits to extract my; with the nuisance parameters corresponding to the source under
consideration fixed to their post-fit values, computing the corresponding total uncertainty, and then quadrat-
ically subtracting this uncertainty from the total uncertainty when all the parameters are allowed to float.
In this case, the impact of the systematic uncertainties is larger than the one using the “global” impacts
definition, while the statistical uncertainties are smaller.

In practice, in both cases only one fit is run, and the impacts are computed directly from the covariance
matrix: defining the correlation matrix elements as p,,9, where . is the parameter of interest (my) and 6
is the nuisance parameter associated to a given source of systematic uncertainty, the global impacts are
defined as:

Iy = 0upueoy, (6.25)

where o, is the post-fit standard deviation on the parameter of interest, oy is the post-fit uncertainty on the
nuisance parameter, normalized in units where a 1o deviation in the nuisance parameter corresponds to
# = 1, while & = 0 corresponds to the nominal parameter. The statistical uncertainty is then defined as
the difference in quadrature between the total and the quadratic sum of all the systematic uncertainty. The
nominal impacts are defined as:

Iy = OuPub, (626)
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which is equivalent to the definition of impacts defined in the text (in the asymptotic assumption). For the
global impacts, these definitions are also equivalent to repeating the fits shifting the nuisance parameters
by one pre-fit standard deviation, as described in [200].

The definition based on global impacts quantifies correctly the impact from the finite size of data (and
Monte Carlo), as it captures the fluctuations of myy if the fit is repeated on completely independent data
(and Monte Carlo) of the same nature, while this is not the case for the "nominal” definition that does
not take into account possible variations of the nuisance parameters, i.e. the fluctuations of the external
measurements. In addition to this, the uncertainties defined from the "global” impacts can be summed in
quadrature to obtain the total, unlike those obtained from the “nominal” ones. However, the global impacts
definition does not properly capture the decrease in the uncertainty when a source is removed (for fixed
amount of statistics) in a trivial way: while it is possible to estimate the effect of removing one uncertainty
in the global impact method by repeating the fit without that uncertainty, it is not possible to obtain such
an estimate simply neglecting the impact for a given nuisance or group of nuisances (i.e., by removing the
impact for the given nuisance from table , due to the post-fit correlations between uncertainties.

The comparison between impacts can be useful to understand what sources of uncertainty are con-
strained from the fit, as is done in the my;, measurement by CMS.
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Figure 6.17: Post-fit and pre-fit p distributions for ™ (left) and 1. (right). From [37].

Unc. [MeV] | Total Stat. Syst. | PDF A; Backg. EW e p  pie©® Lumi. Ty PS

pgﬂ 16.2 111 118 | 49 3.5 1.7 56 59 54 09 1.1 01 1.5
mr 244 114 216 | 11.7 4.7 4.1 49 6.7 6.0 114 25 02 7.0
Combined | 159 9.8 12,5 | 5.7 3.7 2.0 54 6.0 54 23 1.3 01 23

Table 6.7: Summary of the sources of uncertainty for the ATLAS measurement, with the decomposition
as described in [200]. The statistical uncertainty refers to both data and Monte Carlo. e and y refer to
the uncertainty from scale and resolution calibration and reconstruction and identification efficiencies. PS
refers to the uncertainties in the PYTHIA8 tuning. From [37].

LHCb

The LHCb experiment is a single arm forward spectrometer covering the pseudorapidity range 2 < n <
5, designed for the study of particles containing b or ¢ quarks. Unlike CMS and ATLAS (or the experiments at
Tevatron), the LHCb subdetectors do not surround the interaction point, meaning that p2i5, and therefore
mr, cannot be reconstructed, so myy is extracted only from the pr information, in particular the template
fits to extract my, are performed on the ¢/pr distribution, where ¢ is the electric charge. However, the
pseudorapidity range of LHCb allows them to cover a phase space of the proton-proton collisions that
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cannot be easily probed by ATLAS and CMS, being sensitive to a different z—range of the proton parton
density functions. This allows LHCb to provide a cross-check for the other my;, measurements, which are
performed in the central pseudorapidity range, and also to exploit anti-correlations in the PDF uncertainties
that can reduce their overall impact on myy, as shown in figure|6.18
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Figure 6.18: The fitted myy for general purpose detectors (GPD) versus LHCb for each variation of the
NNPDF3.0 set, and for (left) W and (right) W —. The anti-correlation p is superimposed in the plots. From
[201).

LHCb focused on W boson decays into a (anti-)muon and a neutrino in their my;, measurement |38].
The LHCb analysis uses a sample of pp collected at /s = 13 TeV in 2016, corresponding to an integrated
luminosity of 1.7 fb™'. Events are selected by a trigger that requires a muon with pr > 6GeV, and the
isolation variable defined in equation [5.7 within a radius of AR < 0.4 is required to be less than 4 GeV
(the absolute isolation is used here), and with tight identification requirement, for example on the impact
parameter with respect to the primary vertex. Muons are required to have 2.2 < n < 4.4, and events with
at least two muons with p; > 25 GeV are discarded in order to suppress the Z — uu background. This
corresponds to roughly 2.4 million W — pv candidates in the range 28 < ppr < 52 GeV, selected as the
fitting range in the analysis. All signal and background processes are simulated using an LHCb specific
tune [202| of Pythia version 8.186 [203]. The interaction of the generated particles with the detector is
implemented through GEANT4 as described in [204].

The muon momentum scale and resolution are calibrated from the /¥, T and Z resonances, on top
of the calibration performed online [205,1206]. First, corrections for charge-dependent biases, related to the
alignment of the tracker, are extracted from fits to the pseudomass distribution:

:F
M*E = \/2pipjTEp$(1 — cosfb), (6.27)
br

where p* and p; are the momenta and transverse momenta of ., respectively, and @ is the opening angle
between the two muons. The pseudomass is not sensitive to the magnitude of the T momentum, but only
to alignment biases on p*. The pseudomass is an approximation of the dimuon invariant mass in the limit
of low pZ. This is enforced by requiring that ¢* < 0.05, where:

. tan((m —A¢)/2)  pF
o= cosh(An/2) "~ my’ (6:28)

Corrections are extracted as a function of  and ¢, and the detectors which are crossed by the muons,
and are shown in figure for data and simulation. The momenta of the simulated muons are then
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Figure 6.19: Curvature corrections as a function of the detector region index (depends on 7, ¢ and tracking
detector, as described in the text) for (left) data and (right) simulation. The periodic pattern corresponds to
a dependence on 7 that repeats in the intervals of the azimuthal angle. From [38].

smeared to match those in the data according to:

q q as
_ G625 ), 6.29
Pcorr. p X G(l + a,O'Ms) * ( ’ COShT]) ( )

where G(a, b) represents a random number sampled from a Gaussian distribution with mean « and width
b. The o\is and o5 parameters correspond to multiple scattering and curvature measurement contributions
to the resolution, respectively. The parameters are determined in several 1) categories from a simultaneous

fit of J/4» — pp, Y(1S) — ppand Z — pp candidates in data and simulation. Figure [6.20] shows the
impact of these corrections.
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Figure 6.20: Dimuon mass distributions for selected .J/v, T(1S) and Z boson candidates. The data are

compared with the fit model. The red histogram corresponds to the model before the application of the
smearing. From [38].

Efficiency corrections are extracted for trigger, identification, tracking and isolation using the tag-and-
probe method on Z — uu and J/¥ — pup events (for the trigger). Corrections for trigger, identification
and tracking are extracted in bins of 7, ¢ and pr, while the isolation corrections are extracted as function
of n and ur. The efficiency corrections are shown in figure[6.21/for the trigger (on the left) and for isolation
(on the right).

The QCD background, corresponding mostly to in-flight decays of pions and kaons into muons, is mod-
eled using a sample of high-p tracks, selected by dedicated triggers without muon identification require-
ments, with the /" boson selection requirements applied with the muon identification requirement inverted.

The probability of an unstable hadron of mass m, lifetime 7, and momentum p to decay within a detector
of length d is:

1 —exp <_md> ~ md7 (6.30)
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Figure 6.21: Left: trigger efficiency Scale Factors for one ¢ bin as a function of  and 1/p. Right: isolation
efficiency as a function of uz (u in the plot), with and without the corrections, the W boson 7 distribution
is superimposed. From [38].

Therefore, the in-flight decay background can be modeled by the data with weights of 1/p, and the
normalization is extracted together with myy .

Different models are considered for the W and Z boson production, and weights to correct for the
angular coefficients and QED final-state radiation are applied. The angular coefficients are corrected as a
function of p¥, y" and mass to the predictions from DYTURBO [156]. It was observed that the uncertainties
on Ajs result in a large uncertainty on myy: a freely floating nuisance fully correlated between W and
W~ is included in the fit. Several models for the p¥. distribution are considered: the nominal model is
chosen as the one that provides the best agreement for the pZ distribution between data and Monte Carlo,
after the parameters of the model are tuned from fitting the pZ distribution up to 30 GeV. The final choice
is POWHEG [185} 186} 187 interfaced with PYTHIA8 |203]. For higher values, a comparison between data and
Monte Carlo is performed and the difference between the pZ prediction and data is propagated as a source
of uncertainty. In the fit to extract myy, the parameters describing the p}¥" spectrum are allowed to float
freely. The impact of generator-choice is evaluated by repeating the fits to extract my, using the results
from the different predictions to compute p}’, with the envelop of the different myy values assigned as a
systematic uncertianty. Three different PDF sets are chosen in the event generation, NNPDF3.1[181], CT18
[182], and MSHT20 [207], and the average of the three my- values is taken as the final my; value, with the
PDF uncertainty assigned as the average of the three PDF uncertainties, assuming that they fully correlated
across sets. Different predictions from PYTHIA8, HERWIG [208], and PYTHIAS interfaced to PHoTOS [169] are
considered, with the nominal prediction taken as the logarithmic average of the three, and the envelope of
the differences with respect to this average taken as sources of uncertainty. The impact of electroweak
corrections is studied by comparing the templates with and without them [209} 210, [211].

The T/ boson mass is extracted from simultaneous likelihood template fits to the ¢/py distribution
on W — uv and the ¢* distribution (defined in equation in Z — pu, to determine the p!¥’ (and p%)
parameters. The ¢* variable is chosen as it reduces the impact from the modelling uncertainties while
retaining sensitivity to main parameters to which the pY. is sensitive. Apart from QCD, other electroweak
backgrounds, similar to those for the ATLAS result, such as Z — uu with one reconstructed lepton, W —
Tv, are estimated from simulation. The parameters that are extracted together with my; are:

« the fraction of W signal;
« the fraction of W~ signal;
« the fraction of QCD background;

« the value of « for the Z boson processes, needed for the modelling of the p¥ distribution;
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- an independent value of o that is shared for the W+ and W~ signals;

- a shared value of the intrinsic transverse momentum of the partons (ki2*) for all W and Z boson
processes, needed for the modelling of the pY. distribution;

+ avalue of Ag, freely floating in the fit, shared between W and W~ processes. This is to reduce the
impact of the uncertainties on the angular coefficients, mostly driven by A3, on myy .

The final result obtained by the LHCb collaboration is:

myi P = 80354 £ 23stat = 10exp £ 1Tineory = Ippr MeV

(6.31)
= 80354 & 32 MeV,

where the uncertainties are broken down in the several sources indicated in table[6.8] The PDF contributes to
9 MeV, with the other leading theoretical uncertainties stemming from the p¥" (and pZ) model, given from
the envelope of the different p!'" models, and angular coefficients (with A3 extracted from the fit). The
experimental systematic uncertainties are driven by the muon momentum scale and resolution calibration,
and the determination of the efficiency corrections. The statistical and systematic uncertainty have roughly
the same impact on the mIﬁ}{Cb measurement, which can therefore benefit from the extra data collected
during Run 2 and in the future data-taking periods and improvements on the theoretical side. The result is
in agreement with the Standard Model. Figure|6.22| shows the post-fit ¢/pr and ¢* distributions, together
with the fitting ranges.
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Figure 6.22: Distributions of ¢/pr for W — pv events (left) and ¢* for Z — pu events (right). From [38].
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Source Impact [MeV]
Parton distribution functions 9
Theory (excl. PDFs) total 17
Transverse momentum model 11
Angular coefficients 10
QED FSR model 7
Additional electroweak corrections 5
Experimental total 10
Momentum scale and resolution modelling 7
Muon ID, trigger and tracking efficiency 6
Isolation efficiency 4
QCD background 2
Statistical 23
Total 32

Table 6.8: Contributions to the systematic uncertainty on my; . Negligible contributions below 1 MeV are
not listed. From [38].
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Chapter 7

First measurement of the 11 boson mass with
CMS

This chapter provides a detailed description of the W boson mass measurement performed by the CMS
experiment. In first section, the innovative approach used by CMS is presented, describing how it addresses
the limitations of previous measurements at hadron colliders, as seen in section The event selection
is described in section The theoretical modelling employed by the analysis, together with the imple-
mentation of the various sources of systematic uncertainty, is described in detail in section[7.3] Section|[7.4
contains my original contribution to the W boson mass measurement, which represents the continuation of
the work presented in section Section|7.5|describes the muon scale and resolution calibration. Section
[7.6describes the calibration of the hadronic recoil. Section[7.7describes the background estimation, describ-
ing particularly the estimation of the contamination from nonprompt muon decays. Section [7.8|contains the
results of various ancillary measurements performed to validate the muon scale and resolution calibration
and the theoretical modelling used in the analysis. Section|7.9|describes the fit to the p%. — n* — ¢* spec-
trum, describing the likelihood function that is minimized to extract myy, together with the implementation
of the systematic uncertainties. Finally, section [7.10]contains the results of the likelihood minimization and
the extracted value of myy, together with various tests to check the robustness of the result with respect to
changes to the experimental and theoretical inputs.

7.1 Overview

It was seen in section[6.3]that the uncertainties on the parton density functions are traditionally a lim-
iting source of systematic uncertainty. p'V is usually modelled using the information on pZ and the the-
oretical knowledge on the p¥’ /pZ ratio, with cross-checks with p!}V data, if measured, used to constrain
some of the theoretical uncertainties, but it was discussed that these do not capture the non-perturbative
uncertainties entirely, and the assumption on the correlations between p¥'" and pZ can introduce relatively
large variations in the templates used to extract myy .

It was shown in the measurement of the rapidity and helicity of the W boson published by CMS in
2020 [212] that the precise measurement of the two-dimensional pr — 7 distribution of the leptons from
W boson decays constrains the PDF uncertainties significantly. This innovative method is used for the
first time to measure my; and simultaneously constrain in-situ the nuisance parameters associated to the
PDFs. The same argument can actually be applied to the QCD modelling. As proven in section the
parameters that describe the p}¥ and pZ theoretical modelling can be extracted together with my; and
the PDFs. Regarding the QCD modelling, an innovative model, described in section|7.3} is implemented to
describe the non-perturbative uncertainties. No information is used directly from Z — puu events, either
to tune the theoretical QCD model or to calibrate the lepton momentum scale, with the intention of keeping
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them independent from the W events, so that they can be used as a validation of the theoretical modelling
and calibration procedure.

The CMS measurement [1] extracts myy- from a fit to the two-dimensional distribution of p; — 7 as
function of the charge of the lepton, with a very fine binning in p and 7: 30 uniform bins in the range
26 GeV< pr < 56 GeV and 48 uniform bins in the range —2.4 < n < 2.4 separately for the two charge, for
a total of 2880 bins. This is done to extract as much information as a possible on the theoretical modelling.
The data sample used in the analysis is taken from the latter part of 2016 at a center-of-mass energy of
/s = 13 TeV and corresponds to an integrated luminosity of 16.8 fb”, allowing us to rely on a high-statistics
sample after event selection is applied. This results in significant constraints in the theoretical modelling.
The sample is selected to ensure an optimal performance of the CMS detector, particularly regarding the
reconstruction of charged particle tracks.

The data from the earlier part of 2016 is not used in the CMS analysis because of a reduction in the
signal-to-noise ratio in the strip detectors leading to a loss of hits correlated with the increasing instanta-
neous luminosity during 2016. In particular, this lead to an increase in the electronic current in the APV25
readout chip, resulting in discharge times longer than the 25 ns gap between consecutive bunch cross-
ings. This issue was fixed by adjusting the pre-amplifier feedback voltage bias (VFP), which governs the
discharge speed of the pre-amplifier, in the latter parts of 2016 CMS data-taking, and the data that is used
for this analysis belongs to the period referred to as postVFP. The VFP issue leads to a reduction in muon
reconstruction efficiency as the instantenous luminosity increases: it was verified that this effect is not
fully recovered by the efficiency corrections derived using the tag-and-probe procedure, as explained in
subsection [7.4.2] as the data and Monte Carlo agreement became worse with time (i.e. with increasing
instantaneous luminosity) after corrections were derived in different sub-periods of 2016.

In the ATLAS measurement, the precision with which m, was measured was largely degraded due to
the high pileup in the data sample used to extract myy, . The average pileup in 2016 is even higher than that
in 2011 used in the ATLAS analysis, as can be seen in figure[3.4} so the measurement does not rely directly
on the transverse mass my, which is instead used only to define the signal region to extract my and
the control regions to estimate the nonprompt QCD background, as described in section The analysis

relies only on W+ — ui(y;) and not W+ — ei(;e) the electron energy scale and resolution could not
be calibrated in time for this first measurement with a level of precision sufficient to have a competitive
measurement.

Figure [7.1| shows the measured W+ — ¢Tv,, W~ — ¢~ i, and Z/~* — (T4~ cross-sections as a
function of the center-of-mass energy. The theoretical predictions at N3LO in QCD, computed using the
MSHT20aN3L0 PDF set |213], are superimposed. Using these cross-sections, and the peak instantaneous
luminosity for 2016 shown in figure[3.2] one expects the event rate indicated in table 7.7 for each of these
processes. This table also contains the expected number of events considering the integrated luminosity
of the 2016 postVFP period of 16.8 fb™. The total number of events after the analysis selection is reported
in section[Z.2

Process Eventrate [s"] Expected events for 2016 postVFP
W+ — uty, <170 (1.98 +0.05) x 108
W~ = u iy, <130 (1.46 £ 0.04) x 108
Z/y = ptp <30 (3.28 £ 0.09) x 107

Table 7.1: Approximate event rates computed using the cross-sections in figure |7.1/and the peak instan-
taneous luminosity shown in figure 3.2 for 2016 for each of the processes. This table also contains the
expected number of events considering the integrated luminosity of the 2016 postVFP period of 16.8 fb’
and the same cross-sections. The uncertainties are the sum in quadrature of the uncertainty in the mea-
sured cross-section and integrated luminosity (1.2%).
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Figure 7.1: Measured W+ — (*u,, W~ — £~y and Z/v* — €14~ cross-sections as a function of the
center-of-mass energy. The theoretical predictions at N°LO in QCD, computed using the MSHT20aN3LO PDF
set [213], are superimposed. From [214].

7.2 Event selection

Events are selected by the logical OR of the HLT _IsoMu24 and HLT_IsoTkMu24 triggers, which require
anisolated muon with p > 24 GeV. In the first trigger, the muon reconstruction is performed from the muon
spectrometer to the inner tracker, in the second trigger the reconstruction is performed starting from the
inner tracker. Then, only events with exactly one muon that passes a loose selection are selected. The loose
selection on the muon corresponds to the veto muon selection, used to suppress the Z — . background.
The corrections for this selection and the relative uncertainties are described in detail in while here
the veto selection for the nominal result can be summarized as:

+ global muon with all the additional requirements determined in[5.2.1

In| < 2.4,

tracker pr > 15 GeV,

standalone p; > 15 GeV;

AR < 0.3, where AR is the distance between the inner track and the standalone muon track;

the inner track must pass the high-purity [92] selection;

the outer track must have at least 1 valid hit in the muon spectrometer, where the definition of
valid hit is given in[/.4

+ passes the loose ID described in[5.T}

» the impact parameter with respect to the beam spot must be |dyyps| < 0.05cm.
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The muons selected in the analysis must pass an additional set of criteria, which are the RECO,
Tracking, IDIP, Trigger, Isolation efficiencies described in[5.1/and

+ RECO: the muon is a standalone muon with p; > 15GeV and at least one valid hit in the muon
spectrometer;

*+ Tracking: the muon is a global muon with inner track p > 15 GeV that passes the high-purity
selection |92], with AR between the inner and outer track to be less than 0.3;

« IDIP: the muon must pass the medium ID described in[5.7/and must have |dy,Bs| < 0.05 cm;

« Trigger: the muon must be matched to a trigger object returned by the HLT_IsoMu24 or
HLT_IsoTkMu?24 trigger paths;

« Isolation: the relative isolation defined from the Particle Flow candidates, in the vertex-agnostic
implementation, as described in[5.1] within a radius of AR < 0.4 to be less than 0.15.

The muons must also have 26 GeV< pr < 56 GeV.

Events are also rejected if at least one electron with p7 > 10GeV, || < 2.4, |dxyns| < 0.05 cm and
|d,Bs| < 0.2 cm, passing a cut-based ID selection [215] is found.

The missing transverse momentum (p2is%) is computed using the DeepMET algorithm [216, 217}, which
uses machine-learning techniques. Other CMS analyses used the so-called PFMET, in which p2'* is defined
as in|6.2|and particles entering in the definition are those reconstructed by the Particle Flow algorithm [100].
For the charged particles, only those associated with the main primary vertex in the analysis are considered,
while all the neutral PF candidates are retained. The use of the DeepMET algorithm improves the resolu-
tion on the reconstructed pss significantly, particularly improving the determination of the contribution
from neutral particles, improving the resolution on the transverse mass m, and increasing the separation
between signal and background. For this analysis, the DeepVMET algorithm is modified with respect to the
default implementation so that charged particles that enter in the p2i*s are those associated to the same
vertex as the one associated to the muon. This is done for the same reason that motivated the definition
of the vertex-agnostic isolation described in[5.2.4] Events are required to have mr > 40 GeV, while my is
not used in the fit to extract myy .

As already mentioned, Z — . events are used to validate the theoretical modelling and the scale and
resolution calibration. The strategy to extract the theoretical modelling is validated by repeating the my;,
fit to extract m using the same strategy. To achieve this, one of the muons in Z — uu events is added to
piss, and m and the nuisance parameters related to theory model are extracted from fitting the pr — 7
distribution simultaneously for the positive and negative muon from the Z — uu decays. We refer to this
selection as W-like fit. The pZ distribution obtained from the 1W-like it is then compared with the measured
p: spectrum.

The muon calibration performance is evaluated by extracting m from the m;; distribution. For Z — uu
events, two muons with 26 GeV< pr < 60GeV and |n| < 2.4 that pass the RECO, Tracking, IDIP and
Isolation selections are requested. The two muons must have opposite charges and the invariant mass
of their combined system must satisfy 60 GeV< m,,,, < 120 GeV. For the T//-like selection, the Z —
events are split into two sets based on the event number, so that odd (even) events are used to analyze
positive (negative) muons. Only the analyzed muon is required to pass the Trigger selection, which avoids
the need to evaluate correlations in the triggering efficiency in events where both muons satisfy the trigger
requirements. The my requirement, defined from the analyzed muon and p'*'ss modified to include the other
muon, is increased to 45 GeV. For the dilepton selection, no m requirement is applied and the same event
splitting and trigger requirement as in the 1¥/-like selection are imposed.

Figures[7.2]and[7.3|show the py —  distribution for the positive and negative muons, respectively for
the analysis to extract my, and the WW-like analysis to extract m . The two-dimensional distribution is
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"unrolled” such that each bin on the z—axis represents one (pf7., n*) cell. The gray band represents the
uncertainty in the prediction, before the fit to the data.

The signal is modelled as described in[7.3] whereas the backgrounds are modelled as described in[7.7]
When event generators are used to construct the distributions for certain processes, the response of the
CMS detector is reproduced using a full detector simulation based on GEANT4 [198].
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Figure 7.2: Measured and predicted (p’., n*) distributions used in the my, measurement, for positively
(upper) and negatively (lower) charged muons. The two-dimensional distribution is "unrolled” such that
each bin on the z—axis represents one (p/., n*) cell. The gray band represents the uncertainty in the
prediction, before the fit to the data. The bottom panel shows the ratio of the number of events observed
in data to the nominal prediction. The vertical bars represent the statistical uncertainties in the data. From

il

Table [7.2] contains the pre-fit number of events for the signal and background processes for the my,
and the W-like m analyses. It also contains the acceptances and selection efficiencies for the my; and
W-like mz event selection for the signal processes. For the myy analysis, the acceptance is defined as
the fraction of events with one muon with 26 GeV< pyr < 56 GeV and |n| < 2.4, for the mz W-like
analysis it is defined as the fraction of events with two muons with 26 GeV< pr < 60 GeV and |n| < 2.4.
This fraction is computed with respect to the total number of events with 60 GeV< m,,, < 120 GeV. The
selection efficiencies are computed with respect to the acceptance selection.

7.3 Theoretical modelling

The W and Z production is simulated at next-to-next-to-leading order in QCD using the MINNLOpg Wi
and Zj (rev. 3900) processes in POWHEG-BOX-v2 [185}[186} 187], interfaced with PYTHIA 8.240
for the parton shower and hadronization, and with PHOTOS++ 3.61 for final-state photon ra-
diation. The CP5 tune [222] is used for the modelling of the underlying event, with the value of the intrinsic
transverse momentum of the partons k7 set to 2.225 GeV, tuned using the p/* distribution from Z — pp
events as described in [223]. Simulated samples of more than 4 billion (400 million) W (Z) boson produc-
tion events have been produced, to ensure that the MC sample size is not a significant source of uncertainty
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Figure 7.3: Measured and predicted p/., n* distributions used in the 1¥/-like m z measurement, for positively
(upper) and negatively (lower) charged muons. The two-dimensional distribution is "unrolled” such that
each bin on the z—axis represents one (p/., n*) cell. The gray band represents the uncertainty in the
prediction, before the fit to the data. The bottom panel shows the ratio of the number of events observed
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in the measurement. The statistical uncertainties due to the finite size of the generated samples are imple-
mented using the Barlow-Beeston method [224], as simplified by Conway [225], with the nominal statistical
uncertainty scaled up by 25% to account for the fluctuations in the alternate templates used to build the sys-
tematic variations [226]. This scaling factor has been determined using bootstrap methods [227], verifying
that the uncertainties have the appropriate coverage.

7.3.1 p) modelling

The generator-level p¥. and y"" distributions in MINNLOps are corrected to state-of- the art calculations
in QCD, including the resummation of Iogarithmically-enhanced contributions at small p). and a model for
non-perturbative effects also at small pY.. This is done with the SCETLIB code -in which per-
forms the pY. resummation. These predictions are matched to the next-to-next-to-leading order calculations
from DYTuRBo [156] [231], so that a N*LL-+NNLO accuracy is reached. After these corrections, the depen-
dence of the pY. distribution on the parton shower and tune is negligible. The predictions computed using
DYTuRBO v1.4.0 [156} 231, 232], MATRIX+RADISH v1.0.0 [233}[234], and CuTe-mcFM v10.2 [235,236], with a
precision up to the same or higher perturbative order, were also considered for comparison. Using these
alternate predictions results in expected shifts in myy that are within the SCETLIB+DYTURBO uncertainties.

No correction from the p! spectrum measured in Z — . datais appliedtothe Z — ppor W — pv
events. Instead, the correct p¥¥" spectrum is inferred using the profiling procedure employed in the maxi-
mum likelihood fits used to extract my;,. This is possible thanks to the high accuracy of the theoretical
predictions employed, and the use of novel techniques to model their uncertainties and correlations across
phase space.

The large statistical power of the analyzed data sample allows us to determine and constrain the nui-
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Number of events for my analysis

Other

Process Positive charge Negative charge Sum of charges
Data 65256880 51252359 116509239
W — pv (5.9489 +0.0004) x 107 (4.6014 £ 0.0003) x 107 (1.05503 + 0.00005) x 10®
Z/y* — ptpT /T | (2.663 £0.001) x 10° (2.483 4 0.001) x 10° (5.145 4 0.002) x 10°
Nonprompt 2.32140 x 10° 2.36251 x 10° 4.68390 x 10°
W — 1v (1.3722 4 0.0004) x 10°  (1.1246 + 0.0006) x 10°  (2.4967 x 0.0007) x 10°
Rare (4.319 4 0.002) x 10° (4.007 £ 0.002) x 10° (8.326 4+ 0.003) x 10°
Number of events for 1W-like m~ analysis
Process \ Positive charge Negative charge Sum of charges
Data 3687709 3702119 7389828
Z/y* — ptpT | (3.702540.0007) x 10°  (3.7164 4 0.0007) x 10°  (7.419 £ 0.001) x 10°

(1.422 +0.004) x 10* (1.419 + 0.004) x 10 (2.841 +0.005) x 10*
Acceptance and selection efficiencies

Signal process ‘ Acceptance Selection efficiency
Positive charge  Negative charge \ Positive charge  Negative charge
W — v 40% 41% \ 75% 76%
Z/y* — pp~ (W-like analysis) ‘ 33% 71% 71%

Table 7.2: Table containing the pre-fit number of events for the signal and background processes for the
myy and the W-like m 5 analyses. The uncertainty shown for the processes are only due to the finite Monte
Carlo statistics (it is not shown for the nonprompt background). The table also contains the acceptances
and the selection efficiencies on top of the acceptance for the my and m W-like event selection for the
signal processes.

sance parameters associated to the p}¥’ modelling, considering several sources are considered. Perturba-
tive uncertainties in the resummed predictions are evaluated using the "theory nuisance parameter” (TNP)
approach [237], which exploits the known all-order perturbative structure of the resummed calculation and
is implemented in SCETLIB. Three perturbative components in the p¥. resummation are considered in the
formalism used in this analysis:

+ the “hard function” that describes the hard virtual corrections for W and Z production;
« the “proton beam functions” that extend the PDFs to include collinear radiation;
« the “soft function” describing soft radiation.

In the TNP approach, the minimal independent set of ingredients that would be needed at the next pertur-
bative order are identified and parameterized in terms of common nuisance parameters. The TNPs have
a true, but unknown, value that can be varied according to their expected typical magnitude, so that the
uncertainties due to the missing higher orders are correlated correctly across pY., 4", and my, and the
TNPs can be consistently used in the profile maximum likelihood fit used to extract myy to provide a reli-
able estimate of pY.. The SCETLIB program implements different configurations for the TNPs, in terms of
the logarithmic accuracy of the prediction and the perturbative order at which the TNPs are included. The
N3+OLL scheme is used for the result reported in the CMS my;- paper, where the prediction has N3LL ac-
curacy and the TNPs representing the unknown higher-order corrections are estimated from multiplicative
variations of the same N3LL terms. Two alternate schemes are also considered: N3*'LL, which implements
the full N*LL perturbative structure, combining the known values for the parameters up to N3LL with best
estimates of the higher-order terms and their variations to define TNP variations, and N*°LL, which uses
the same approach as N3*OLL but with full N*LL calculation. The choice of scheme has a very small impact
on the results.

Traditional 7-point variations of the factorization and renormalization scales .z and p, are imple-
mented in DYTURBO to determine the perturbative uncertainty due to the matching to fixed-order predic-
tions. This uncertainty is implemented through two nuisance parameters, one for all the W processes and
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one for all the Z processes. The variation is treated as fully correlated (for the W also between ¥ and
W ) within the two groups of processes, but uncorrelated between Z and 7. The nominal value used to
determine the transition between the resummation and fixed-order regimes is set to 0.5 my: an uncertainty
is implemented by varying this threshold between 0.35 my and 0.75 my, . This is found to have a negligible
impact on the results.

Non-perturbative effects, due for example to the residual transverse motion of the partons inside the
proton, are expected to scale as (Aqcp/py)? 1238, 239], with Aqcp ~ 100 — 300 MeV being the QCD
vacuum expectation value, resulting in a large impact p;. < 10 GeV. The predictions considered here imple-
ment phenomenological models that require tuning to data to describe these non-perturbative effects. Two
sources of non-perturbative effects impact pY.: non-perturbative corrections to the Collins-Soper rapidity
anomalous dimension 238,239, universal for W and Z boson production, and non-perturbative contribu-
tions to the beam (and soft) functions, accounting for the “intrinsic k7" of the partons inside the protons,
not universal as they can depend on the flavor and z of the interacting parton. The SCETLIB program im-
plements a corresponding non-perturbative model for both sources [228]. In the CMS my;, analysis, these
parameters are loosely constrained around nominal values that correspond to minimal non-perturbative k7
variations. The Collins-Soper anomalous rapidity parameters are correlated between Z and 1 boson pro-
duction, while the terms related to the & variations are treated as uncorrelated. Their best fit values are
extracted from the maximum likelihood fits to the measured distributions.

The SCETLIB+DYTuRBO and MINNLOps calculations are performed in a fixed-flavor scheme with mass-
less quarks, and the effect of their mass is expected to become relevant for p}. ~ m; . the masses of
the b— and c—quarks. This is partially taken into account by varying the heavy-quark thresholds using m, .
variations of the MSHT20 PDF set [207], while it should also be captured by the non-perturbative uncertainty
model used in this analysis, since its parameters are only loosely constrained, as they are expected to be
determined in the fit, and its correlation scheme between W and Z processes (these effects are expected
to be different between them, as different PDFs enter into the calculation of the cross-section for these
processes).

Figure [7.4| shows the p4!* distribution on data and simulation, as measured in the dilepton analysis,
and the p% distribution, in the W-like selection, from Z — uu events. The various sources of uncertainty
due to the p). modelling are shown, and their corresponding impact on p4* and p/. can be seen: the non-
perturbative uncertainty is most pronounced at low pY. and around the Jacobian peak, resulting in a po-
tentially large impact on my or mz. Uncertainties in the resummation calculation and in the matching to
fixed-order calculations are relevant up to p). ~ 40 GeV and again around the Jacobian peak. The pertur-
bative uncertainties in fixed-order QCD are dominant only at high p¥., but have a small impact on p%. in the
region sensitive to myy or my.

Section|/.8|contains the results from the W-like and dilepton fits to validate the full theoretical model
and the calibration procedure. The total impact on my; from the theoretical modelling of pY. is 2.0 MeV.

7.3.2 Parton density functions

Several modern PDF sets at NNLO accuracy have been considered: CT18Z [182], CT18 [182], NNPDF3.1
[181], NNPDF4.0 [199], MSHT20 [207], PDFALHC21 [240]. The only available approximate N3LO PDF set
MSHT20aN3LO0 [213] has also been considered. Figureﬁ shows the pre-fit n* distributions for W+ events
for data and the various PDF sets considered: CT18Z is shown in the filled histograms, the filled band repre-
sents the uncertainty from this PDF set, while the others are shown as the different lines. The consistency
among the five PDF sets and the observed data is determined by performing likelihood fits to the distribu-
tion of the n of the muon from the decay for W+ events and the dilepton rapidity 3*# for Z — 1 events
simultaneously for each PDF set under consideration. Fits are performed including all the uncertainties of
the nominal my; fit, removing the PDF+« or the theory uncertainties. The impact of o is evaluated by
shifting its nominal value by £0.015 and deriving alternative PDF sets. Table[7.3|summarizes the results of
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Figure 7.4: Measured and simulated p/7* (left) and p/. (right) distributions in Z — events (the events on the
left pass the dilepton selection, those on the right pass the 17-like selection). The uncorrected MINNLOpg
predictions are shown by the dashed gray line. The nominal predictions from MINNLOpg with the corrections
from SCETLIB+DYTURBO, as described in the text, are shown. The bottom panel shows the ratio between the
number of events observed in data and that of the total nominal prediction, as well as the relative impact
of variations of the predictions. Different sources of uncertainty are shown in the lower panel: the fixed-
order uncertainty and the uncertainty in the resummation and fixed-order matching (orange), resummed
prediction using TNPs (pink), the Collins-Soper (CS) kernel non-perturbative uncertainty (green), and other
non-perturbative uncertainties (light blue). From .

these studies.

The agreement with data is good for all sets when all uncertainties are included and when the other
theory uncertainties are removed. When the PDF and « uncertainties are removed, the CT18 and CT18Z
tend to have significantly lower p—values, with the former reaching the percent level. It should be noted,
however, that both these sets are among those with the largest PDF uncertainties, enough to cover for
differences with respect to data. Before unblinding the result, the consistency of the various PDF sets
was studied by performing bias tests purely on simulation: pseudodata are built using one PDF set, while
templates to extract my; are built using another PDF set. The uncertainties considered in the bias test are
only those from the PDF set used to build the templates. This is repeated for all the possible pairs of PDF
sets, also swapping between pseudodata and templates to extract myy. This is important because also
the uncertainties change when the PDF sets are chosen to extract myy . For example, the case in which the
pseudodata is built using NNPDF4.0 and template to extract myy is built using CT18Z is different from the
case in which they are swapped, because in the first case the PDF uncertainties considered when myy is
extracted are those of the CT18Z set, while in the second case they are those of NNPDF4.0.

We decide that two PDF sets are consistent if the shift in myy is within the impact of the PDF systematic
uncertainties on myy:

|mPV;PF,pseudodata . mPV;PF,nominal’ < O_TP;BVRnominal. (71)

This is not always the case: for the PDF sets that do not satisfy the condition in equation [7.7 when
they are not used as pseudodata, all of the PDF variations are inflated by a scale factor, identical for all
the variations, determinated as the smallest scale factor that allows the PDF set to satisfy the condition
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in equation [7.1] for all the pseudodata PDF sets. Table [7.4] shows the scale factors for each PDF set and
their impact on myy, both before and after scaling the PDF uncertainties as described. CT18, CT18Z, and
PDF4LHC21 are not rescaled, as they are able to cover the differences in the predictions from the other PDF
sets within the nominal uncertainties. The NNPDF sets, particularly NNPDF4.0, are those with the largest
scale factors, but also the smallest impacts from the PDF uncertainties on my;, when these are not rescaled,
compatible with the fact the uncertainties on these sets are among the smallest out of the sets considered.
This can also be seen in table|7.3} where the p—values are lower (although still quite high) compared to the
other sets when the other theory uncertainties are removed from the fit. The CT18Z set is used to derive the
nominal myy result, as it is able to describe the W and Z data within its uncertainties and does not need
scale factor to cover for the alternate predictions from the other sets. The impact on my, from changing
PDF sets on myy is tested, as described in[7.70]
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Figure 7.5: Measured and predicted n# distributions for positively (left) and negatively (right) charged
muons. The nominal prediction, obtained with the CT18Z PDF set, is shown in filled light red. The un-
certainty, evaluated as the sum of the eigenvector variation sets, is represented by the filled band in the
lower panel. The nominal predictions using the PDF4LHC21, MSHT20, NNPDF4.0, and CT18 sets are also
shown. The bottom panel shows the ratio between the number of events observed in data, or in variations
in the predictions, and that of the nominal prediction from CT18Z. From .

The uncertainties in the PDFs are evaluated by propagating the Hessian eigenvectors of the CT18Z
PDF set to the templates. The dependence of my; on the PDF set was checked by repeating the fits with
alternate PDF sets mentioned above, with and without the inflation of uncertainties: as described in[7.10}
the extracted value of myy has a negligible dependence on the PDF set. The total impact from the PDFs is
4.4 MeV: the inclusion of the » information in the fit allowed us to reduce their impact to this value. This
can also be seen in the discussion in|[7.10} where the nominal and global impact breakdown, discussed in
6.3.2} are reported.

7.3.3 Angular coefficients

The angular coefficients in equation|6.13|and their dependence on the W or Z production mechanism
are modelled by MINNLOps, and are accurate at NNLO in QCD. These predictions have been cross-checked
with those from DYTurBO and McFM, which have the same accuracy, and also with those from SCETLIB,
which are N3LL accurate: compatibility within uncertainties was found in all cases. The uncertainties on
the angular coefficients are evaluated by varying iz and p.x in the nominal predictions. These variations
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PDF set Nominal fit Without PDF+« g unc. Without theory unc.
2/ndf  pval. (%) x%/ndf  pval. (%) xZ/ndf pval. (%)
CT18Z 100.7/116 84 125.3/116 26 103.8/116 78
CT18 100.7/116 84 153.2/116 1.0 105.7/116 74
PDF4LHC21 97.7/116 89 105.5/116 75 104.1/116 78
MSHT20 97.0/116 90 107.4/116 70 98.8/116 87
MSHT20aN3LO 99.0/116 87 122.8/116 31 101.9/116 82
NNPDF3.1 99.1/116 87 105.5/116 75 115.0/116 51
NNPDF4.0 99.7/116 86 104.3/116 7 116.7/116 46

Table 7.3: Goodness-of-fit test statistic for different PDF sets when fitting simultaneously the n* distribu-
tions for selected W (1) events and the y## distribution for Z — 1. events. The saturated likelihood
ratios, which are expected to follow a 2 distribution with ndf degrees of freedom if the model is an accurate
representation of the data, and the associated p-value are both shown. The fit is performed in the nominal
configuration with all uncertainties (left column), nominal configuration without PDF and g uncertainties
(middle column), and nominal configuration without theory uncertainties (right column).

Impact on my, (MeV)

PDF set Scale factor -
Orlglnal OPDF Scaled OPDF

CT18Z - 4.4

CT18 - 4.6
PDF4LHC21 - 4.1

MSHT20 1.5 4.3 5.1
MSHT20aN3LO 1.5 4.2 4.9
NNPDF3.1 3.0 3.2 5.3
NNPDF4.0 5.0 2.4 6.0

Table 7.4: Pre-fit uncertainty scaling factors required to cover the central predictions of the considered PDF
sets and post-fit impact on myy, with and without scaled PDF uncertainties.

are treated as uncorrelated among the helicity cross-sections o; corresponding to each of the A; coeffi-
cient and the unpolarized cross-section, and uncorrelated in p¥. in ten bins, but correlated across yy . One
fully correlated variation across p¥ is also included, and the contribution from this variation is subtracted
from the uncorrelated components, to avoid double counting in the uncertainties. This set of variations
should capture the correlations of higher-order corrections across phase space, which are not well known.
The variations are uncorrelated between 1 and Z processes, but fully correlated between W and W .
The full difference between the angular coefficients before and after the PYTHIA 8 shower and the isotropic
smearing of the colliding partons, due to the intrinsic k7 model, is taken as an additional source of sys-
tematic uncertainty, treated as fully correlated across the angular coefficients, phase space, and W and
Z boson production, as this was found to induce non-negligible variations in the angular coefficients. The
total impact (using the nominal definition) on my, from these uncertainties is 3.2 MeV, dominated by the
uncertainties on Ag, A, and Ay.

7.3.4 Electroweak corrections

QED final-state radiation (FSR) is considered at leading logarithmic (LL) accuracy by interacing MINNLOps
to PHoTOS++. Uncertainties are evaluated by propagating the differences in the generator post-FSR dimuon
mass and p’7. distributions, without the corrections from PHoTOs++, with those from HORACE v3.2 [241}242],

The helicity cross-sections are defined as o; = A; x oyr.
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of similar accuracy. The impact on my is smaller than 0.3 MeV. The impact from the modelling of QED
initial-state radiation (ISR), evaluated from the differences in the distributions computed by switching it off,
is negligible.

For Z processes, the uncertainties on the electroweak virtual corrections are implemented by taking
the ratios of the Z boson mass, rapidity and cos * distributions computed at NLO with the Z_ew process in
the POWHEG-BOX-V2 (rev. 3900) program [243| 244| including universal higher-order corrections, and those
at LO.

For W processes, the ReneSANCe 1.3.11 program [245] is used to separate between the virtual and
photonic contribution to the electroweak corrections, and the uncertainty on the weak virtual corrections is
evaluated using the same procedure as for the Z processes. The uncertainty from the virtual EW corrections
has an impact on myy of 1.9 MeV.

7.4 Efficiency measurements

The tag-and-probe method to derive efficiencies and the different steps in which those are derived were
described in section After efficiencies are measured as a function of pr — n — ¢ (and w7, defined in
equation for Trigger and Isolation), the ratios of them between data and Monte Carlo are computed,
resulting in what we refer to as Scale Factors: this should enable the cancellation of some systematic
uncertainties either related to the fits (for example, the shape used in the invariant mass fits, the invariant
mass cut used, the binning in invariant mass, etc.) or to the introduction of a tag muon, not present in
the W — uv decays (as for example in the case of the dependence on the boson recoil and distance in
transverse plane between recoil and muon for Isolation and Trigger, described in .

This also simplifies the implementation of analytical shapes to model the Scale Factors to lift some of
the statistical fluctuations from the fits or biases that stem from individual p; —n — ¢ fits: this is done using
polynomial functions, and the choice of using Scale Factors instead of efficiencies requires lower degrees
to properly catch the features as opposed to directly fitting efficiencies, as the Scale Factors would result in
relatively small (and slowly varying) corrections on top of the efficiencies themselves. This is particularly
true for Trigger and Isolation efficiencies, which typically increase rapidly up to a threshold and then
plateau at high pr, and a number of different families of curves could mimic this behaviour particularly
well, but at the cost of inducing artificial variations on my; depending on the choice of family of curves
chosen. This procedure, which we refer to as smoothing, is described in more detail in subsection|7.4.6

7.4.1 Tag and probe definitions

The tag muon must satisfy the following requirements:

* pr >25GeVand|n| <24,
+ matched to the trigger objects returned by the HLT_IsoMu24 or HLT_IsoTkMu24;
* pass the medium ID, |d,yBs| < 0.05 cm, and is a global muon;

- relative isolation as defined in equation[5.1/less than 0.15 (evaluated within AR = 0.4).

Probe muons are defined differently depending on the specific step in the efficiency derivation. There
are, however, common requirements that apply to multiple (if not all) steps:

« a tracker-seeded track, or the inner track of a global muon must satisfy the high-purity flag. This
criterion reduces the amount of background by approximately a factor of 4 in the failing probe sample
for the RECO step, allowing a more accurate measurement of the corresponding efficiency. Almost
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all muons selected in the entire acceptance region of the 1¥ and 1W-like analyses have inner tracks
that already satisfy this requirement. the fraction is at least 99.5% and is 99.9% in most bins. This
is also applied to all the other steps to preserve consistency.

+ When selecting standalone or global muons, the outer track must have at least 1 valid hit in the
muon spectrometer. The contribution of a hit/segment to the track x? is required to be below a
tight threshold in order to be used in the track fit in the muon standalone reconstruction, after the
seeding stage. Hits with a looser threshold that are kept in the track hit collection for ID purposes,
but are not used for the track fit, are called "invalid” hits. Muons that have no valid hit in the muon
spectrometer can exist, and they use only the information from the seed. They are expected to have
a worse resolution. This distinction between valid and invalid hits is specific to muon reconstruction,
and is different from that used in the tracking described in[4.2] This criterion reduces the amount of
background by approximately of factor of 2 in the failing probe sample for the Tracking step. In the
following, these valid hits will also be referred to as "MergedStandAloneMuon_numberOfValidHits".

+ When selecting global muons, the standalone track must have p > 15 GeV, for consistency with
that of the tracking efficiency, as described in

+ A matching of AR < 0.3 is required between the inner and outer track for global muons, for consis-
tency with the matching applied in the RECO step between the standalone muon and the tracker-
seeded track described in[5.2.11

The tag-and-probe pair must have an invariant mass between 60 GeV < m;; < 120 GeV for all recon-
struction and identification steps, except for Tracking where the requirement is 50 GeV < m;; < 130 GeV,
as the probes are reconstructed using the muon spectrometer information and no information from the in-
ner tracker is available. For Trigger and Isolation, the invariant mass requirement is relaxed to 60 GeV <
my < 200 GeV for bins with ur < 0, since the invariant mass distributions are shifted significantly to
higher values for p; > 40 GeV. This is because a probe emitted opposite to the direction of the boson must
have pr smaller than the tag p7. In the case of a probe of high p, this results in a off-shell tag-and-probe
pair with an invariant mass above the Z—peak. This effect becomes progressively more pronounced as
wr moves towards negative values. The tag and probe are required to have opposite charges for all steps,
except for Tracking, due to the usage of standalone muons for which the charge misidentification is not
negligible (for the other steps the charge misidentification was found to be 10~?).

When deriving efficiencies as a function of the charge for the Tracking step, the charge is inferred
from the charge of the tag muon, assuming that the probe has opposite charge, allowing us to define the
proper Scale Factors to apply to the muons in the analysis even if the charge misidentification for the muon
spectrometer is relatively large (the charge for the muons in the analysis is defined from the inner tracker
information, since the analysis uses only global muons, for which the track is present by construction).

In addition to the previous criteria, stage-dependent requirements on the probes, both in the numerator
and the denominator, are applied:

« RECO:

- all: tracker-seeded track with high-purity flag, p; > 24 GeV, and || < 2.4. Only for this step,
we require Azy.qer < 0.2cm, where Azy,.q. is the difference of the position of the two inner
tracks for tag and probe along the beam axis. This criterion reduces the amount of failing
probes from background processes by another factor of 2 on top of the high-purity flag;

- passing: tracker-seeded track matched to a standalone muon with p; > 15 GeV within a cone
of AR =0.3.
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+ Tracking

- all: standalone muon with p; > 24 GeV and || < 2.4, computed using the muon spectrometer;

- passing: the standalone muon is also a global muon with inner track p; > 10 GeV (to suppress
cases where standalone muons are also global muons formed using a random pileup track, as
described in[5.2.1) and outer track p; > 15 GeV, with AR < 0.3 between inner and outer track.

« IDIP

- all: global muon with inner track pr > 24 GeV that passes the Tracking selection;
- passing: medium ID and |d.yBs| < 0.05cm.

* Trigger

- all: probes that pass of all the stages up to IDIP;
- passing: object at denominator is matched to a trigger object returned by the HLT_IsoMu24 or
HLT_IsoTkMu24 within AR = 0.3.
+ Isolation for triggering muons

- all: probes that pass all stages up to Trigger;
- passing: vertex-agnostic isolation to be less than 15% of the muon p7.

+ Isolation regardless of trigger (for 1¥/-like and Z dilepton analyses)

- all: probes that pass all stages up to IDIP;
- passing: vertex-agnostic isolation to be less than 15% of the muon p7.

In the following, the binning in p7 — 7 (and ur) for the different steps are summarized:

* 1: 48 bins with width of 0.1 from -2.4 to 2.4 for all working points;

* pr:[24,26,28, 30,32, 34, 36, 38, 40, 42, 44, 47, 50, 55, 60, 65] GeV for IDIP, Trigger, and Isolation;
* pr:[24, 26, 30, 34, 38, 42, 46, 50, 55, 60, 65] GeV for RECO;

* pr:[24, 35, 45, 55, 65] GeV for Tracking;

* ur: [-30,-15,-10,-5, 0, 5, 10, 15, 30, 40, 50, 60, 70, 80, 90, 100] for Trigger, and Isolation.

The RECO and the Tracking steps are those that have the looser requirements on the probe muons,
and their efficiencies are also very close to 1in most of the p;- — 1 plane, resulting in failing probe templates
that are mostly populated by backgrounds, making it difficult to distinguish an invariant mass peak. This
results in a coarser binning compared to the other steps: this is particularly true for the Tracking step, in
which the invariant mass distribution is reconstructed using the muon spectrometer for the probes, resulting
in a worse resolution. Itis also true that the Tracking efficiencies are expected to be very close to 1in most
of the pr — n plane, and to be mostly flat as a function of p7, so that the binning adopted for this step can
catch the differences between data and Monte Carlo simulation. The analysis uses muons that have pr
reconstructed using the muon spectrometer down to 15 GeV: for these muons, however, the invariant mass
fits become very difficult, especially in the high |n| regions, because of the high amount of background
processes and because the invariant mass shapes for the signal start to share some similarities with the
background. What is done is to propagate the Tracking Scale Factors fitted from 24 to 65 GeV also outside
of this range. However, effects due to the pr resolution in the muon spectrometer should be relevant only
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for high ||, where the p; resolution reaches 30% (while it is O(5 — 10%) in the barrel). This is visible,
for example, in figure[5.13] where the probability to reconstruct a global muon decreases mostly in the high
|n| region when the standalone p > 15 GeV requirement is imposed. This can also be seen in the results
presented in[7.4.10]about the presence of residual clone muons. Therefore, for most of 7 bins, extrapolating
the Tracking Scale Factors fitted from 24 to 65 GeV also outside of this range should be sufficient to capture
their p; dependence, as the Tracking efficiencies are mostly flat as a function of p;-. When extracting the
corrections for the second muon veto to suppress the Z — uu background, the fitting range in the steps
relevant to the veto efficiency corrections is extended to 15 GeV, as we reject events with more than one
reconstructed muon with pr > 15 GeV. More details are provided in subsection[7.4.9]

The u7 binning is chosen to be narrower around the peak of the ur distribution, as in figure[5.23] and
broader in the tails. Initially, it extended for —30 to 30 GeV, but it was later extended to 100 GeV to better
capture the u7 dependence of Trigger and Isolation at high values, mostly relevant in the high p7 region
of the analysis, but no relevant difference was observed in the corrections. In the region between —30 and
30 GeV, an attempt at doubling the number of bins by dividing the current bins in half was made, and no
significant differences were observed, and it was decided to keep the current binning as the invariant mass
fits with the coarser wr division are more stable.

7.4.2 Efficiencies and vertex position

Prior to deriving efficiency corrections, it was necessary to make sure that the beamspot, i.e. the in-
teraction region of two colliding proton bunches, is the same between data and Monte Carlo simulation.
Figure[7.6] shows how a shift in the position along the beamline AZ translates into a shift in the vertical
position A in the position at the interception of a particle when it crosses a surface (for example, a layer
of the tracker). It can be useful to consider a numerical example: assume that a layer of a detector is at
z = 1.0 m, which is roughly half of the total extension of the silicon tracker from z = 0. If two particles
originate for z = 0 with = 2.3 for the first one and = 2.4 for the second one, so that their different
in 7 is the bin width used in the analysis, one gets a vertical distance between the trajectories of the two
particles spanned a z = 1 m AH = 1.96 cm. However, if the position along the z—axis of the particles
is moved, for example, by Az = 10 cm (the beam width along = is typically around 3.5 cm, see figure[7.8]
with tails that can reach up to 10 cm), the trajectories of the particles will move in the vertical direction by
Ah = 2.03(1.83) cm for n = 2.3(2.4), resulting in a shift that is as large as the bin width (if one had
considered the full length of the tracker it would roughly be half of it), which could result in the particle not
being reconstructed within tracker acceptance.
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Figure 7.6: Illustrative picture showing how a shift in the vertex position, A Z, translates into a vertical shift
AH in the position where a particle hits a surface.

The effect on the efficiency is shown in figure[7.7} where MC truth efficiency for the reconstruction of
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a tracker-seeded track, here considered only to illustrate the effect, as a function of  and the z—position,
for the preVFP and postVFP period of 2016. A clear effect on the highest || bins can be seen. This effect
is worse for the preVFP data, which is not used in the analysis because of the saturation effects in the pre-
amplifier of the APV25 readout chip, the VFP issue, already described, but it is still present also for postVFP.
It was also observed that this affects the reconstruction in the muon spectrometer, although the effect is
less pronounced because of its larger dimensions.
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Figure 7.7: MC truth efficiencies for the reconstruction of tracker-seeded tracks matched to a postFSR muon,
for preVFP (left) and postVFP (right) simulations, up to |n| = 2.7

This can bias the efficiencies measured via the tag-and-probe method for high-vertex > and muon 7.
Two things can happen in this case:

+ the muon falls outside of the fiducial tracker acceptance and is not reconstructed;

+ the muon is produced within the tracker acceptance but is not measured because of inefficiencies,
such as the one caused by the VFP issue.

In either situation, one of the two muons to form the tag-and-probe pair would not be reconstructed.

This also explains why the effects of the VFP issue on the tracking efficiencies cannot be taken into
account by the tag-and-probe procedure: the VFP issue results in an effective reduction in the geometrical
acceptance of the tracker. This is because the VFP issue results in tracks being reconstructed with fewer
hits, with the consequence that it is more likely that the track reconstruction fails. This is particularly true for
tracks at high || and if the vertex corresponding to the Z — . decay is significantly displaced from the
center of the tracker, resulting in a reduced probability to form a tag-and-probe pair to use in the efficiency
measurements for the steps in which an inner track is required. Therefore, a bias on the efficiencies that
cannot be trivially recovered using the tag-and-probe method is induced.

The beamspot width along the z—direction has a non-trivial relation with the average pileup, shown in
figure[7.8|for the whole of 2016, only preVFP and postVFP. A clear luminosity dependence is visible, as well
as a two peak structure, for the inclusive 2016 profile. In the preVFP era, oz increases as the average PU
increases (it is decreasing with time, as the average PU decreases as a function of the time during a LHC
fill), while in the postVFP era, o is decreasing as the the average PU increases and the two-fold structure
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Figure 7.8: Beam width along = vs average pileup

mentioned is clearly visible. These trends are compatible with the beam dynamics and the synchrotron
radiation observed at the LHC.

In order to account for this time-dependent effect, Scale Factors to match the z—position of the ver-
tex between data and Monte Carlo are derived as a function of the average pileup, corresponding to the
conditional probability P(z-position of vertex|Npy;), and applied to the simulation for the analysis and
the efficiency corrections derivation. In data, the distribution of the vertex position is obtained from the
beam spot information stored as a function of the different data-taking periods. In MC, it is obtained from
a fit to the true position of the vertex at generator level. In real data, the average Npy is obtained from
the measured instantaneous luminosity in each of periods relevant for 2016, then dividing by the effective
inelastic cross-section: a value of 69.2 mb is assumed.

Figure[7.9] shows the Scale Factors that are actually applied in the analysis: on the left they are shown
inclusively in the average pileup to show how they vary as a function of z, on the right they are shown double
differentially (as they are applied in the analysis and the efficiency derivation). In the lowest pileup bin the
weights can be much large than 1 for = < 0 due to both the low statistics and the actual differences in
shape between data and simulation events. All the events in analysis, and the efficiency derivations, are
also reweighted to match the actual distribution of average pileup observed in data (which tends to be very
low for values in the first and last PU bin in figure[7.9).

postVFP: inclusive PU in [0, 50] postVFP
L B AL B r
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=
.

|
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Figure 7.9: Event weights as a function of the true pileup and vertex position along the beam axis. These are
used to scale simulated events to match the distribution of the beamspot z position in the corresponding
data set. The plot on the left shows the weights inclusively in pileup to illustrate the average shape, the plot
on the right shows the double-differential weights that are actually applied in the analysis.
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7.4.3 Fits to the invariant mass distributions

The fits to extract the efficiencies in the individual p — 1 — ¢ (and u7) are based on the ROOFIT library
of ROQOT [246], which relies on MiNuIT2 [247] for the numerical minimization. For each py — n — ¢ bin,
a nominal fit, to define the central value of efficiencies and correction, and an alternate fit that employs
a different signal model, to provide a systematic variation, are run. In data, the nominal fit model is the
sum of a signal and background template. The signal templates are derived from the Monte Carlo sample
for each pr — n — ¢ (and u7) bin, and these are the same samples on which the events were counted to
define the nominal efficiency in Monte Carlo described later, convoluted with a Gaussian distribution to take
into account differences in resolution between data and simulation. For the passing probe templates of all
steps, the alternate signal model is the convolution of a Breit-Wigner and RooCBExGauss shapeE]to model
the finite resolution in data, while for the failing templates:

+ forthe RECO and Tracking steps the signal model is given by the convolution of a Breit-Wigner and
a Gaussian distribution;

« for IDIP the signal model is the convolution of a Breit-Wigner and a RooCBExGauss shape;

« for Trigger and Isolation the signal model is the convolution of a Breit-Wigner and a RooCBExGauss
summed to a Gaussian distribution to model the second peak at invariant masses around 70 GeV (see
for example ﬁgure that was observed in some of the bins at low p;. The peak is attributed to
final-state radiation, which reduces the isolation efﬁciencﬂ

The background model is an exponential for all the steps in the passing probe templates and for the IDIP,
Trigger and Isolation steps for the failing probe templates, while for the failing probe templates of the
RECO and Tracking steps a RooCMS shape, defines as:

RooCMSShape = k x erf ((a — z)3) x exp((kpole — ¥)7), (7.2)

where k is a normalization constant, erf (x) is the error function, exp(x) is the exponential. This is a
probability density function that has exponential decay distribution at high mass beyond the pole position
but turns over (i.e., error function) at low mass due to threshold effects. The shape of the background,
together with the fact that the signal is much smaller than the backgrounds for the RECO and Tracking
steps explains why a simpler signal model was used in the alternate fits.

For the Monte Carlo simulation, the nominal efficiency is simply given by the event counts in the passing
and the failing probe templates for each pr — n — ¢ (and ur) bins, while the alternate fit model is the same
as the one used for the alternate fits in data, also including the shape for the background.

In Monte Carlo, the reconstructed muons are required to be matched to postFSR muon at generator
level: the matching is done requiring that AR between the reconstructed object and the postFSR muon
is less than 0.1 for all of the tag-and-probe steps except for the Tracking step, in which this is reIaxecf_f]
to 0.3. The background is actually negligible, as the gen-matching largely suppresses the cases with jets
misidentified as muons in the failing probe sample, and the nominal and alternate fits in Monte Carlo are
in agreement within the statistical uncertainties for most of the n bins and most of the steps. Therefore,

2ARooCBExGauss shape is similar to a Crystal Ball function with left or right tail, but the Gaussian core is made of two Gaussian
functions connecting at the peak, with same mean but independent widths on each side

3This is an agreement with the discussion in subsection[5.2.3] It was also verified that this second peak is not present when
an isolation definition that uses only charge PF hadrons is used, but this was not employed in analysis because the isolation
requirement in the trigger at HLT also uses photons.

*The gen-matching here is done by matching the reconstructed objects to the generator level muons, which is different from
what was done in[5.2.7] With this matching, multiple reconstructed muons that pass the AR requirement can be present, and
this will be relevant for the studies about the presence of residual clone muons presented in[7.4.70} Since in data there is no
gen-matching, this situation is more similar to it. An alternative could be to drop the gen-matching and fit also the background in
the MC fits, but this permits to define a MC template for the nominal fits to data.
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no systematic uncertainty from changing the fit model in Monte Carlo is applied in the analysis, only the
nominal fit is used.

It is crucial that the fits converge properly to ensure that proper efficiencies and Scale Factors are
derived: this might in principle require tuning the fit parameters for some of the fits. What was done is to set
boundaries or add Gaussian constraints to some of the parameters in the fit and using backup background
shapes for the alternate fits in the failing templates, in particular Chebychev polynomials (implemented in
the RooChebychev classf]for the fits that do not converge successfully, have a covariance matrix that is
not positive definite, or have a x?/n.d.f. that is too high. This ensures that almost all of the fits converge
successfully automatically, with a very little number still needing dedicated care. The numerical stability of
the results and the statistical uncertainties was also assessed by fitting the efficiencies in data for each of
the reconstruction and identification steps as a function of the charge splitting all of the events according to
the parity of their event number. The distribution of the pulls, defined as difference between the efficiencies
derived from odd and even events divided by the quadratic sum of the statistical uncertainties of the odd
and even event fits, for all of the pr — n — ¢, separately for each step: they were found to be compatible
with 0 and with standard deviation mostly compatible with one, derived from Gaussian fits.

Table[7.5/summarizes the signal and background models for the fits to the mass distributions in data.
The systematic uncertainty mostly arises from the alternate fits in data based on the different signal model.
An alternate background model based on a template shape obtained directly from simulated background
processes (for the prompt component) and from muon pairs with same sign from real data (for misiden-
tified muons, i.e. fakes) has been tested, and a preliminary version of this approach has been used in the
analysis as an alternate source of systematic uncertainty, only for the RECO and Tracking efficiencies,
where background is expected to be relevant. The effect was found to be as large as the statistical and sys-
tematic uncertainties in the Tracking Scale Factors, and the corresponding uncertainty propagated to the
measured my; was found to be at the level of 0.5 MeV. The implementation of the statistical and systematic
uncertainty is discussed in[7.4.6|and in[7.4.11]

Step Passing probes

Signal (nom.) Signal (alt.) Background
RECO MC ® Gauss BW ® RooCBExGauss Exp
Tracking MC ® Gauss BW ® RooCBExGauss Exp
IDIP MC ® Gauss BW ® RooCBExGauss Exp
Trigger MC ® Gauss BW ® RooCBExGauss Exp
Isolation MC ® Gauss BW ® RooCBExGauss Exp
Step Failing probes

Signal (nom.) Signal (alt.) Background Background (backup)
RECO MC ® Gauss BW @ Gauss RooCMS RooChebychev 379
Tracking MC ® Gauss BW ® Gauss RooCMS RooChebychev 4*"
IDIP MC ® Gauss BW ® RooCBExGauss Exp RooChebychev 374
Trigger MC ® Gauss BW ® RooCBExGauss ¢ Gauss Exp RooChebychev 37¢
Isolation MC ® Gauss BW ® RooCBExGauss & Gauss Exp RooChebychev 374

Table 7.5: Signal and background models for the fits to the mass distributions in data, for the various
steps of the tag-and-probe procedure, for both the nominal and alternate fits. The symbol @ denotes a
convolution between PDFs, & represents a sum of functions, "MC" denotes the template from Monte Carlo
simulation, and "BW" stands for a Breit-Wigner shape. The backup background shape for failing probes is
used automatically in the fitting algorithm to recover fits that did not converge properly.

SThe difference in the measured efficiency with respect to using the nominal background model was found to be negligible in
most tag-and-probe bins, which was expected because the background component is small in most bins.
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Examples of invariant mass fits are shown in the figures For the Tracking efficiency, the
invariant mass for passing pairs is computed using the using the inner tracker information also for the
probe muon, resulting in a much better resolution. The aforementioned peak at 70 GeV due to final-state
radiation can be seen in figure[7.11]
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Figure 7.10: Mass distributions for Isolation efficiency (on top of Trigger) at 2.1 < 7
pr < 34 GeV (left), and 0.7 < n < 0.8 and 42 < pr < 44 GeV (right).
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MC counting efficiency:
passing: 29949.4 + 202.2
failing: 1341.8 + 42.9
efficiency: 95.71 + 0.13 %

MC fitted signal:
passing: 29949.5 + 202.2
failing: 1341.8 £ 43.4
efficiency: 95.71 + 0.14 %

data nominal:
passing: 11065.4 + 113.7
failing: 373.0 + 20.2
efficiency: 96.74 +0.17 %

data alternative:
passing: 11111.1+ 127.9
failing: 375.6 + 19.4
efficiency: 96.73 + 0.17 %

MC counting efficiency:
passing: 32421.4 + 202.8
failing: 5622.4 + 84.5
efficiency: 85.22 +0.20 %

MC fitted signal:
passing: 31210.4 + 307.4
failing: 5465.2 + 8.5
efficiency: 85.10 + 0.13 %

data nominal:
passing: 12903.4 + 132.4
failing: 2104.3 + 56.2
efficiency: 85.98 + 0.35 %

data alternative:
passing: 12509.4 + 195.7
failing: 2193.6 + 127.3
efficiency: 85.08 + 0.76 %
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MC counting efficiency:
passing: 113061.0 + 393.6
failing: 2482.9 + 58.5
efficiency: 97.85 + 0.05 %

MC fitted signal:
passing: 113069.5 + 393.6
failing: 2482.5 + 56.9
efficiency: 97.85 + 0.05 %

data nominal:
passing: 42064.4 + 209.2
failing: 755.5 + 28.4
efficiency: 98.24 +0.07 %

data alternative:
passing: 42241.3 + 205.5
failing: 766.5 + 27.7
efficiency: 98.22 + 0.06 %

< 2.2and 32 <

MC counting efficiency:
passing: 122321.4 + 404.9
failing: 4072.9 + 73.3
efficiency: 96.78 + 0.06 %

MC fitted signal:
passing: 122321.4 + 404.9
failing: 4072.9 + 73.4
efficiency: 96.78 + 0.06 %

data nominal:
passing: 46280.3 + 219.8
failing: 1606.6 + 42.6
efficiency: 96.65 + 0.09 %

data alternative:
passing: 46395.5 + 215.4
failing: 1635.6 + 60.3
efficiency: 96.59 + 0.12 %

Figure 7.11: Mass distributions for Isolation efficiency (without the requirement on the Trigger) at —0.9 <
n < —0.8 and 26 < pr < 28 GeV (left), and 0.1 < n < 0.2 and 42 < pp < 44 GeV (right). The second
bump at lower mass in the low p bin originates from final-state radiation.
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MC counting efficiency:
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failing: 4326.2 + 75.6
efficiency: 88.67 + 0.19 %

MC fitted signal:
passing: 33670.8 + 241.0
failing: 4274.5 + 310.7
efficiency: 88.74 £ 0.73 %

data nominal:
passing: 12530.0 + 112.0
failing: 2368.7 + 53.9
efficiency: 84.10 + 0.33 %

data alternative:
passing: 12372.4 + 137.3
failing: 2379.0 + 63.1
efficiency: 83.87 + 0.39 %
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MC counting efficiency:
passing: 24169.4 + 183.0
failing: 4549.1+ 81.3
efficiency: 84.16 + 0.26 %

MC fitted signal:
passing: 24036.4 + 189.0
failing: 4548.7 + 81.3
efficiency: 84.09 + 0.26 %

data nominal:
passing: 9536.0 + 97.7
failing: 1555.2 + 40.9
efficiency: 85.98 + 0.34 %

data alternative:
passing: 9536.0 + 97.7
failing: 1586.5 + 39.9
efficiency: 85.74 + 0.33 %

Figure 7.12: Mass distributions for Trigger efficiency (for positive charge) at 0.1 < n < 0.2 and 30 <
pr < 32GeV (left), and 2.0 < n < 2.1 and 38 < pr < 40 GeV (right).
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Figure 7.13: Mass distributions for IDIP (for positive charge) at 2.1 < n < 2.2 and 34 < pr < 36 GeV
(left), and 0.6 < n < 0.7 and 47 < pr < 50 GeV (right).

7.4.4 Charge asymmetry in efficiencies and Scale Factors

Muon reconstruction and identification efficiencies, and consequently Scale Factors, are derived sepa-
rately for positive and negative charge for all steps except for Isolation (both on top of Trigger and IDIP),
since some charge-dependence (e.g. from alignment) can be expected a priori. Regarding the Trigger,
figure [7.16] shows the ratios of efficiencies and Scale Factors between positive and negative charge, the
bottom row also shows the charge asymmetry, defined as the difference of efficiencies between charge
divided by their sum. An asymmetry can clearly be observed, especially in data at high |7| and in some
specific 1, bins corresponding to the holes in the muon spectrometer (figure[3.10). It seems that this feature
has been present since Run 1, and it might be related to imperfect alignment affecting the Level 7 (see(3.2.1)
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MC counting efficiency:
passing: 160784.9 + 457.4
failing: 858.0 + 35.7
efficiency: 99.47 + 0.02 %

MC fitted signal:
passing: 160784.9 + 457.4
failing: 857.4 + 43.9
efficiency: 99.47 + 0.03 %

data nominal:
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Figure 7.14: Mass distributions for Tracking efficiency (for positive charge) at —1.3 < n < —1.2 and
24 < pr < 35GeV (left),and 0.5 < n < 0.6 and 45 < py < 55 GeV (right).
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efficiency: 97.01 + 0.19 %

data nominal:
passing: 12021.3 + 124.1
failing: 755.0 + 60.1

bin220 eta 0.40-0.50 P, 38.00-42.00

passing probe

faiing probe

=

o g

It

MC counting efficiency:
passing: 119106.3 + 399.4
failing: 224.5 + 17.5
efficiency: 99.81 +0.01 %

MC fitted signal:
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Figure 7.15: Mass distributions for RECO efficiency (for positive charge) at 1.9 < n < 2.0 and 26 <
pr < 30GeV (left),and 0.4 < n < 0.5 and 38 < pr < 42 GeV (right).

muon p7 determination.

For the other steps, the asymmetry is smaller but still present. For this, we derived the distribution of
the pulls, defined as the difference between the efficiencies for positive and negative probes divided by the
quadrature sum of their statistical uncertainties. Figures[7.17/and [7.18| show these pulls for the IDIP and
RECO steps. It can be seen that the means of the pulls distributions are shifted from 0 (corresponding to an
absence of charge dependence), particularly for RECO steps. The standard deviations of the distributions

for the pulls for the IDIP step are compatible with one within errors, while they are larger for the RECO
step.
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Figure 7.16: Ratio (top) and asymmetry (bottom) of Trigger efficiencies in data (left) or MC (middle), and
Scale Factors (right) between positive and negative charges.
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Figure 7.17: Distribution of the pulls for the evaluation of the charge asymmetry in IDIP efficiencies. Pulls
are shown for data efficiency (left), MC efficiency from counting (center), and the resulting Scale Factors
(right), either in 2D as a function p — 7 (top), or in 1D (bottom). The mean and width reported in the legend
for the bottom plots refer to the Gaussian used to fit these distributions.
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Figure 7.18: Distribution of the pulls for the evaluation of the charge asymmetry in RECO efficiencies. Pulls
are shown for data efficiency (left), MC efficiency from counting (center), and the resulting Scale Factors
(right), either in 2D as a function of p — 7 (top), or in 1D (bottom). The mean and width reported in the
legend for the bottom plots refer to the Gaussian used to fit these distributions.

7.4.5 Efficiencies as a function of p/. — n** — ¢*

The efficiencies and Scale Factors are shown for the different steps in figures[7.19]47.25] The bottom
rows of each plot show the Scale Factors derived from the nominal and alternate fit, and their ratio. The
efficiencies and Scale Factors are shown for the steps individually, unlike in subsection |5.2.1 where the
validation of tag-and-probe procedure was done on the product of the steps. For the RECO step, the
features due to the holes in the muon spectrometer and the requirement on standalone p; > 15 GeV at
high |n| can be observed, and the Scale Factors differ from one up to the 10% level, the largest differences
are observed at high |n|, particularly for low py. The Scale Factors derived from the alternate fit differ
mostly at low p7 at the percent level, and seem to pull the nominal Scale Factors in the same direction.
This factor was taken into account when implementing the systematic uncertainties from the alternate fits.
The statistical uncertainties are O(0.5%) in most of the p; — 1 plane and reach a maximum of 2%, and
are larger in data than in Monte Carlo.

The Tracking efficiencies differ from 1 by less than 1% in most of the p;- — ) plane, except for || = 1.1
and the highest || bins, with an asymmetry in ) clearly visible in data an Monte Carlo simulation, likely due
to the beamspot position, as explained in The Scale Factors are in agreement with 1 at the per-
mille level, exhibiting an asymmetry in the highest || bins. The Scale Factors exhibit a slight decrease at
0(0.1%) as pr increases for most 7 bins. The statistical uncertainties are mostly at O(0.1%), except for
particular bins in data, for which an automated strategy to recover the fits described in might have
occurred, and in the highest p7 bin, where the total statistics available is reduced. The alternate fits mostly
give consistent Scale Factors, with a few differences for particular pr — 7, except for the highest p7 bin.
These Scale Factors are applied in the analysis as a function of the standalone pr and 1, as these are the
variables used in the derivation of the Scale Factors.

The IDIP efficiencies are mostly compatible with 1 within 1% except for || = 0.2 and |n| = 2.2, and
the largest differences between data and Monte Carlo are around |n| = 2.2, otherwise the Scale Factors
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Figure 7.19: RECO efficiencies in data (left) and MC (center), and Scale Factors (right) from tag-and-probe,
for positive charge. The relative statistical uncertainties for each of the quantities are shown in the middle.
The bottom plot shows the unrolled Scale Factors with their statistical (gray band) and systematic (red line)
uncertainties.

appear to differ from 1at the 0.5% level. The statistical uncertainties are less than 0.1% except for || = 2.2,
as the backgrounds in the invariant mass fits are very low and the efficiencies close to unityﬂ The Scale
Factors are mostly independent of p, and 7, except for || = 2.2. The variations induced by the alternate
signal model seem to be mostly compatible with the statistical uncertainties.

For the Trigger efficiencies the features related to the muon spectrometer are visible, including an
asymmetry, different for the positive and the negative charge, as already discussed in[7.4.4] The effect of
the muon spectrometer is more pronounced in data than in Monte Carlo simulation. The efficiencies also
show the effect of the turn-on of the trigger in the lowest p bin. The statistical uncertainties are larger

8Assuming a binomial distribution with total probes IV and p the probability that a probe passes the selection, the efficiency

N p(1—p) . . L. w/a,%Nfinch% . .
uncertainty is |/ =—2*; for invariant mass fits, it is ~———->——, where o; and NN; are the errors and counts of signal events in
passing and failing templates.
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Figure 7.20: Tracking efficiencies in data (left) and MC (center), and Scale Factors (right) from tag-and-
probe, for positive charge. The relative statistical uncertainties for each of the quantities are shown in the
middle. The bottom plot shows the unrolled Scale Factors with their statistical (gray band) and systematic
(red line) uncertainties.

than IDIP because the efficiencies are lower, but they are still mostly below 1%. The Scale Factors derived
using the alternate fit mostly differ at low pp, potentially because of the presence of the bump at 70 GeV
due to final-state radiation, already visible in figure [7.12} which might be captured differently by the signal
model derived from Monte Carlo and the analytic model, which just employs a Gaussian to model it.

The Isolation efficiencies are strongly dependent on pr, as the isolation requirement is tighter for lower
than for higher p7, and in the low p region it also varies as a function of »: this reflects the structures of the
several subdetectors to reconstruct the Particle Flow candidates that enter in the definition of isolation. For
example, the electromagnetic calorimeter transitions between the barrel and the endcap around || = 1.5
(see figure[3.7), and the reconstruction in the endcap has a lower efficiency, resulting in fewer particles that
enter the isolation cone. This region also corresponds to the hadronic barrel region, for which the same
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Figure 7.21: IDIP efficiencies in data (left) and MC (center), and Scale Factors (right) from tag-and-probe,
for positive charge. The relative statistical uncertainties for each of the quantities are shown in the middle.
The bottom plot shows the unrolled Scale Factors with their statistical (gray band) and systematic (red line)
uncertainties.

argument appliesﬂ These features are similar between Isolation with and without the trigger requirement,
with the latter set of efficiencies being lower, as part of the isolation requirement is already present in the
Trigger efficiency. The Scale Factors differ from 1 up to 2.5% (3% when the trigger requirement is not
imposed), mostly at low pr. The statistical uncertainties are mostly O(0.1%) except for the lowest pr
bins, as the statistics is lower and the efficiencies are also lower. The same considerations about the Scale
Factors from the alternate fits as for the Trigger efficiency apply here.

The Trigger and Isolation efficiencies described here are not used directly in the analysis, as they do
not take into account the ur dependence discussed in but they are used to define the systematic
uncertainties from the alternate fits: the fits with the alternate signal model are not run for each of the

"Charged particles are still reconstructed using the inner tracker, but the hadronic calorimeter is used to identify them as
charged hadrons.
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Figure 7.22: Trigger efficiencies in data (left) and MC (center), and Scale Factors (right) from tag-and-
probe, for positive charge. The relative statistical uncertainties for each of the quantities are shown in the
middle. The bottom plot shows the unrolled Scale Factors with their statistical (gray band) and systematic
(red line) uncertainties. A clear asymmetry in  is visible in data.

pr — n — ur bins, as it is very difficult to ensure the proper convergence of some of them, given the
large number of fits. The ratio between Scale Factors derived from the alternate fits and those derived
from the nominal fits are used to define this systematic uncertainty, as the effect should become similar
when integrating in 7. The nominal Scale Factors without w7 integration were the first to be derived,
but the comparisons in figures5.23and [7.26] show that the Monte Carlo does not reproduce correctly the
dependence of w7 of trigger and isolation (in this case, the corrections should be flat in u, so using Scale
Factors integrated over or differential in w7 should yield the same results).

This was also cross-checked with a bias test in which pseudodata were built from simulation using the
Scale Factors derived differentially as a function of u; and the nominal templates are built using those
derived without the u; dependence. The W boson mass is then fit on the biased pseudodata. The result of
this bias test was a shift in my;, of 7 MeV, inducing us to implement the dependence on w7 in the analysis,
as described in[7.4.6]
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Figure 7.23: Trigger efficiencies in data (left) and MC (center), and Scale Factors (right) from tag-and-
probe, for negative charge. The relative statistical uncertainties for each of the quantities are shown in the
middle. The bottom plot shows the unrolled Scale Factors with their statistical (gray band) and systematic
(red line) uncertainties. A clear asymmetry in 7 is visible in data.

7.4.6 Smoothing of Scale Factors

The Scale Factors derived as a function of p — n — ¢ and uy for Trigger and Isolation are not used
directly in the analysis, but are instead replaced by functions of p or p — up for each 7 bin. We refer to
this procedure as smoothing. This is done with the aim of reducing the statistical fluctuations in the Scale
Factors, and therefore their impact on the mass, but also to regularize the corrections as a function of pr,
so as to reduce the impact of potential individual and sporadic fits for which the Scale Factor might deviate
significantly from those in adjacent bins and to use corrections that are continuous and not binned, to avoid
the discontinuities due to the finite binning. This is particularly important for the Isolation efficiency: as will
be discussed in[7.7} the isolation variable is used to define a control region that is highly populated by events
in which muons are produced as a result of heavy flavour decays (the so-called nonprompt background),
by reversing the requirement applied to the muons in the analysis. The Isolation efficiency on top of the
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Figure 7.24: Tsolation efficiencies on top of trigger in data (left) and MC (center), and Scale Factors (right)
from tag-and-probe. The relative statistical uncertainties for each of the quantities are shown in the middle.
The bottom plot shows the unrolled Scale Factors with their statistical (gray band) and systematic (red line)
uncertainties.

Trigger step (this is the one relevant for the nonprompt background estimate) ranges from 90% at low pr
to almost 100% at the high pr: the fraction of events that fail this requirement is:

P(fail Isolation|Trigger) = 1 — P(Isolation|Trigger), (7.3)

which then ranges from approximately 10% to being very close to 0, as the Isolation efficiency increases.
Variations in P(Isolation|Trigger) translate into variations on P(fail Isolation|Trigger) which are same
in absolute value but opposite sign:

AP(fail Isolation|Trigger) = —AP(Isolation|Trigger). (7.4)

However, the relative magnitude of this variations is much larger for P(fail Isolation|Trigger) than for
P(Isolation| Trigger): for example, if the Isolation efficiency in one pr — n — ¢ (and ur) bin is 0.91,
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Figure 7.25: Isolation efficiencies on top of IDIP in data (left) and MC (center), and Scale Factors (right)
from tag-and-probe. The relative statistical uncertainties for each of the quantities are shown in the middle.
The bottom plot shows the unrolled Scale Factors with their statistical (gray band) and systematic (red line)
uncertainties.

and has a statistical uncertainty of 0.01, corresponding to a relative statistical uncertainty of 0.011, the
anti-Isolation efficiency is 0.09 still with a statistical uncertainty of 0.01, but corresponding to a relative
statistical uncertainty of 0.11, so that any variation in the Isolation efficiency gets amplified, resulting
in a large statistical uncertainty in the control region to extract the nonprompt background or unphysical
discontinuities that might have an impact on the actual convergence of the fit to extract my .

The solution was to smoothen the Scale Factors instead of efficiencies: this requires simpler functions
to properly catch the features of the efficiencies as opposed to smoothing directly the efficiencies them-
selves, as the Scale Factors are relatively flat, and less dependent on p than the efficiencies. This results
in relatively small corrections applied on top of the efficiencies: this is particularly true for Trigger and
Isolation efficiencies, which typically increase rapidly up to a threshold and then plateau at high p7. In
principle, a number of different families of curves could mimic the dependence on p7 of each of the effi-
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Figure 7.26: Spectrum of W — v decays with the full analysis selection, with the Scale Factors that
take into account the dependence on uy and those that are derived inclusively in u7. In the ratio plot, a
variation in myy of 100 MeV is shown for comparison. The corrections are smoothed as described in
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ciency steps, but this could induce artificial variations on my;, depending on the family of curves chosen.
Smoothing efficiencies and then taking their ratio might still induce non-cancellation between data and sim-
ulation due to the choice of functional form. This is less the case when the Scale Factors are smoothed
directly.

The Scale Factors are smoothed as a function of p, and up for Trigger and Isolation, independently
for each 7 bin using polynomials of second or third degree depending on the step, as each step has a differ-
ent binning and because the Scale Factors have a different dependence on p. The smoothing cannot be
performed as a function of r because of the discontinuities of the CMS detector. The degree of the polyno-
mials has been chosen to be the lowest possible that still enables to capture the p; and ur dependence,
and it was verified that this smoothing procedure does not introduce biases in each of the 7 bins (that is,
the fitted polynomials are in good agreement with the measured Scale Factors), but also across 7 bins, to
avoid the possibility that the fitted curves still pass through the measured values, but induce trends that
are similar in all n bins, resulting in artificial myy, shifts. Using polynomials of degree N + 1, where N
is the degree of the polynomial chosen for the smoothing, yielded similar results, so the lowest available
was kept to avoid overfitting and keep the statistical uncertainties lower. The same polynomial degree is
used for all the ) bins in each step. The pr range used in the analysis is 26 GeV< pr < 56 GeV, but the
smoothing fits are run from 24 to 65 GeV to increase precision and reduce effects at the extrema of the
fits from boundary conditions. The fits are performed using a TENSORFLOW backend, and a variable
transformation is performed such that the pr range is mapped into the [0, 1] interval (the same is applied
also to the ur variable for the 2D smoothing): this should ensure good convergence of the smoothing fits
and goodness of the parameter covariance matrix.
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Table[7.6 summarizes the degrees of the polynomials used in the smoothing, for each step. As a func-
tion of p, a third-degree polynomial is used for all the steps except for Tracking, for which a quadratic form
is used, as only 4 bins in p are available. When pr — ur is smoothed, the functional form is the product of
a third-degree polynomial, to capture the dependence on pr, and second-degree polynomial, to capture the
dependence on urp. Fitting the Isolation and Trigger Scale Factors simultaneously as a function of p and
up allows to model the correlation between them. The same curves are also used for the smoothing of the
Scale Factors obtained from the alternate fits, except for Trigger and Isolation, where the u7 dependence
on the alternate fits is neglected, and they are smoothed only as a function of p;. More details about the
implementation of the statistical and systematic uncertainties are provided in section|7.4.11

Step Number of charges Degree in p; Degree in uy
RECO 2 3 inclusive
Tracking 2 2 inclusive
IDIP 2 3 inclusive
Trigger 2 3 2
Isolation 1 3 2

Table 7.6: Table summarizing the degrees of the polynomials used in the smoothing as a function of py
and ur.

Figure [7.27] shows two examples of smoothing, for the RECO and IDIP steps. Figures[7.28] [7.29]
and-show the ratios between the binned and smoothed Scale Factors, evaluated at the bin center of
the binned Scale Factors, for the RECO, Tracking and IDIP steps, respectively. The figures also show
the pulls, defined as the difference between binned and smoothed Scale Factors divided by the statistical
uncertainty of the binned Scale Factors. The pulls are shown for each p; — 7 bin independently and taken
all together. No particular trends as function or p or ny are observed, and the distribution of the pulls has
a mean compatible with 0, which indicates that for these steps the smoothing is not introducing artificial
biases, particularly in p where they could mimic a variation in my. The widths of the distributions are
less than 1: this is likely due to the correlations between the binned and smoothed Scale Factors, as it is
expected that the difference between them is smaller then the error used as input in the smoothing fits.

Figures[7.31and[7.32 show examples of Scale Factors for the Isolation and Trigger respectively, for
the 7 bins indicated in the figures. The figures also show the smoothed curves in the corresponding bins
and the pulls.

Figures[7.33]and[7.34]show the means and the widths from Gaussian fits to the distributions of the pulls
from the pr — ur smoothing in each of the n bins for the different steps. The means are compatible with
0, indicating the smoothing function is correctly modelling the p; — u7 dependence of the Scale Factors.
The width of the pulls is less than one in some of the 7 bins, which is likely due to the correlations between
the binned Scale Factors and the smoothed functions derived from them.

When binning the Trigger and Isolation Scale Factors as a function of u in the tag-and-probe proce-
dure, p/;. |n is the reconstructed muon pr of the probe (using the inner tracker) and p.2°%°" is defined
from the vectorial sum of the tag and the probe p;. A different definition is used for the processes in the
analysis to evaluate the Scale Factors to apply to the templates, as 7,2°°°® might not be properly defined or
cannot be reconstructed directly (for example for the signal one of the muons is not present). For W — uv
and Z — pp, p2oso" is defined as the preFSR T boson pr. A cross-check in which j2°s°n is defined from
the reconstructed muon and the neutrino at generator level showed that this induces modifications in the
pr spectrum that are O(10~ ﬂ For the other background processes, j,2°°" is defined as the vector sum

8This could be explained from the fact that this definition differs from the one based on preFSR variables mostly because of
resolution effects, which modify the overall wr distribution. However, the corrections vary slowly enough that on average, for each
ur bin, the same Scale Factor is being applied. In addition to this, there are no requirements on w in the analysis, so that it is
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Figure 7.27: Examples of smoothing as a function of pr, for the RECO (left) and IDIP (right) Scale Factors.
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Figure 7.28: Comparison between binned and smoothed Scale Factors for the RECO efficiencies: the
figures on the left shows their ratio, the figures in the middle and on the right show the pulls. The 1D distri-
butions are provided for completeness, and fits to a Gaussian are superimposed, the mean and the width
are shown (these are shown to provide a quantitative statement of the agreement between and smoothed
SF, the standard deviations are smaller than one because of correlations).

of all generator level leptons and photons (paying attention not to double count muons from decays of tau
leptons), to mimic the single V' + jets topology. The distributions of u for the signal and the background
processes with the highest number of events (apart from the nonprompt background), inclusively in m,
but also separating between events that pass of fail the m requirement in the analysis, are shown in figure
The majority of events pass the m requirement, as can be inferred from the fact that the shapes for

integrated over all its range, regardless of what ur definition is used.
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Figure 7.30: Comparison between binned and smoothed Scale Factors for the IDIP efficiencies: the figures
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are provided for completeness, and fits to a Gaussian are superimposed, the mean and the width are shown
(these are shown to provide a quantitative statement of the agreement between and smoothed SF, the
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inclusive case and when the events pass the m are similar. However, it can be observed that those that
fail m7 have significantly different u distributions shifted towards higher values. This could be partially
due to kinematics, as these distributions are integrated in p and 7, and reversing the m threshold has
an effect on the pr spectrum, for both signal and background, but also to a genuine correlation between
the two. For the events that pass the m requirement, it can be observed that the u distributions for the
backgrounds are shifted to higher values compared to those for W and Z events.
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Figure 7.31: Example of Isolation Scale Factors as a function of u; — p7 in selected 7 bins. The plots in
the top show the SF measurements, the plots in the middle show the Scale Factors after smoothing. The
plots in the bottom show the pulls, defined as the difference between measured and smoothed SF divided
by the measured SF uncertainty.

Treatment of anti-Isolation

After smoothing the Isolation efficiency, the corrections for the muons that fail the isolation require-
ment, but are still matched to a trigger object, needed for the estimation of the nonprompt background, get
a correction, as a function of p; —  — up, which is:

MC
SF . 1- SFIsolationelsolation 75
anti-Isolation — 1 MC ( . )
~ €Isolation

where e%ggfaﬁon is the Isolation efficiency for the Monte Carlo events and SF1go1ation iS the Isolation
Scale Factor derived as described previously. In this way, the corrections derived for the events that pass
the isolation requirement are propagated correctly to those that fail it, while ensuring the correct normal-
ization for the sum of both sets of events. This also enables us to properly propagate the statistical and
systematic uncertainties to the control region to estimate the nonprompt background. )15 . s the iso-
lation efficiency for W — pw: in principle, it should not matter what is the process for which the efficiency
is computed, but, as discussed in there are still some residual differences between tag-and-probe
events and the processes in the analysis (both signal, W decays, and background) when reweighting the
efficiencies for the different u, distributions. However, in the region obtained by reversing the Isolation

requirement, mostly populated by nonprompt muons, the dominant prompt contribution is from W boson
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Figure 7.32: Example of Trigger p; — u7 Scale Factors for the ) bins indicated in the figures, for positive
muons. The plots in the top show the SF measurements, the plots in the middle show the Scale Factors
after smoothing. The plots in the bottom show the pulls, defined as the difference between measured and
smoothed SF divided by the measured SF uncertainty.

events, with only a negligible contribution from the other processes, so that the efficiencies for the 17" are
used for all the processes when applying the anti-Isolation Scale Factors, also because they are the ones
computed with the highest amount of statistics.

They are computed in fine bins of ur — pp for each 7 bin and then smoothed with spline functions
to interpolate between bin centers. The contribution to the anti-Isolation Scale Factors due to the finite
statistics used to derive the Isolation efficiencies is assumed to be negligible, as the statistics in the W
sample is very large. ¢MC is computed without the m requirement, so that they can also used in the

Isolation

other control regions used in the nonprompt background estimation (seel(7.7).

For completeness, figure [7.36] shows the Trigger MC truth efficiencies for signal events for positive
muons for selected 7 bins. The features visible here are similar for other steps. The efficiencies are shown
for —100GeV< upr < 100 GeV, but effectively only the values from ur > —30 GeV are used, as Scale
Factors are available only in this region. They are assumed to be constant outside of this range. This
assumption should induce a negligible bias on the p; — 1 templates, as the majority of the events in the
analysis are in this u range, as can be seen, for example, in figures[5.23|and [7.40]
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as a function of 7, for all the relevant SF steps.
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Figure 7.35: u distribution for signal and some background processes after the full analysis selection
except the m7 selection for positive (top) and negative (bottom) muon charge, for events passing (red) or
failing (blue) the m cut, or inclusive in m7 (black).
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Figure 7.36: Example of MC truth Trigger efficiencies for signal decays as a function of ur — pr, for
positive muon charge in few selected 7 bins. Top plots show them as derived directly from Monte Carlo in
the ur — pr plane, while bottom ones are the efficiencies as a result of the spline interpolation. Note the
different w7 ranges for top and bottom plots. The effective range used in the analysis is the one defined by
the Scale Factors, for ur > —30 GeV.

7.4.7 Trigger prefiring

The synchronization of the CMS detector and the LHC clocks is used to implement the division of proton-
proton collisions into bunch crossings (BX), so that appropriate timing windows to reconstruct the events
can be defined, with the windows corresponding to collisions between different pairs of bunches. It can
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occur, however, that objects are assigned to the incorrect bunch crossings, because of the limited timing
resolution of the detectors that reconstruct them, or to non-trivial effects leading to a de-synchronization
between the CMS and the LHC clock. When this happens to L1 trigger objects, the wrong BX is accepted
by the L1 trigger system: when the L1 trigger object is assigned to the previous bunch crossing (BX=-1)
instead of the one in which it was actually produced (BX=0), this leads to "trigger prefiring”. If an event
is accepted by the trigger system, the CMS trigger rules [249} 250] prevent the following two BXs from
generating a valid trigger accept signal, resulting in the correct event being lost. This is done to suppress
trigger requests coming too soon after one or several triggers, as in this case subsystems may not be ready
to accept additional triggers, thus potentially resulting in discarded events. This also occurs in the case
of prefiring, with the difference that the BX that produced the L1 trigger object is one of the two BXs being
vetoed, with the result that the event in this BX is discarded.

The standard tag-and-probe technique cannot be used to correct for this effect, because events are
totally missing in the selected sample. Therefore, the estimation of the prefiring probability is done using
a set of rare "unprefirable” events: these are events in BX=0 for which the event in BX=-3 is accepted by
the Level-1 trigger, so that the events in BX=-2 and BX=-1 are vetoed. For each triggered event, all Level-
1 objects decision bits are stored in a window of +2BX. The prefiring probability is then defined as the
fraction of events in BX=0 that have a L1 trigger object in BX=-1. These events are discarded (as they
normally would) because of the veto in BX=-2 and BX=-1imposed by the acceptance of the event in BX=-3.
This is done differentially in the phase space, and corrections are applied to the templates as event weights.
Since "unprefirable” events are rare, the binnings are usually not too fine and time dependence within 2016
postVFP is not studied, the corrections are assumed to be constant.

ECAL prefiring

ECAL prefiring has been noticed since the beginning of Run 2, in the form of an increasing shift in the
shapes of electronic pulses, growing with the amount of irradiation of the ECAL crystals. The timing delays
in the readout electronics where corrected in 2018 to take this into account, but the 2016 postVFP data
used in the my measurement is still affected by this. It induces a loss of events with high-energy photons
or electrons, particularly for p > 30GeV and 2.0 < |5| < 3.0, but also for jets with a large fraction of
electromagnetic energy. Maps to correct for the prefiring rate are provided by the CMS JetMET group as
a function of pr and 7 of electrons, photons, or jets. These maps are used to define a global per-event
prefiring probability taking into account all physics objects that can lead to prefiring, which is then used to
reweight the events that enter the pr — 7 templates to extract myy . Figure[7.37shows the effect in  and
pr for the W — pw that pass the full analysis selection. The inefficiency induced by the ECAL prefiring
is mostly relevant at above the Jacobian peak, and it increases up to 0.5% as a function of pr above the
Jacobian peak, mainly in the high 7 region, because of the slight correlation between the muon variables
and those of possible jets in the event, as well as the possible emission of FSR photons. The uncertainties
in the prefiring weights are also shown: they modify the distributions mostly at high pr by at most 0.1%.

Muon prefiring

Muon prefiring is due to the limited timing resolution of the CMS L1 muon trigger. This was limited by
the muon track seeding algorithm [250], and changes were implemented throughout 2016 to the muon track
finder (MTF) algorithm to reduce the prefiring rate. These have been implemented only starting from the H
period of 2016 postVFP, the latest period of 2016 data-taking, and only in the endcap. In the late part of the
H period, the changes were also extended to the rest of the detector acceptance, reducing the prefiring rate
to O(0.1%). The prefiring probability is measured in bins of muon |n| inclusively in pp due to the limited
statistics available. The p; dependence of the prefiring probability parameterized using an error function
with threshold at 22 GeV with the plateau set to the prefiring probability measured above. This threshold
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Figure 7.37: Effect of ECAL prefiring as a function of the muon 7 and pr in simulated W — v events,
after the signal region selection. The left and middle plots also show the associated prefiring uncertainty
band. The right plot is the two-dimensional ratio to show the application of prefiring weights. The statistical
uncertainty is shown as a blue band.

was chosen because it corresponds to the lowest unprescaled L1 bit in the trigger menu of 2016, used in
the analysis. Figure[7.38]shows the prefiring probabilities as a function of || and pr for the whole of 2016
postVFP and for the H period, with figure [7.38d] showing the prefiring probability for as a function of |7 for
pr > 25 GeV, where the dependence on pr is negligible. It can be observed that the prefiring probability
is at the percent level, higher above |n| > 1.2 before the application of MTF update, while in the barrel the
situation is very similar (2016 preVFP is also shown for completeness). The prefiring probability is negligible
between 0.8 < || < 1.2 as this is the transition region between the drift tubes and RPCs. Figure
shows the hotspot region with 1.24 < 1 < 1.60 and 2.4 < ¢ < 2.8 which has a much larger prefiring
probability, not dependent on the era: a dedicated uncertainty is assigned to cover for this, as described in
7411

The prefiring, applied as an event weight as a function of the muon p7 — 7, iS 1 — €prefiring, Where
€Prefiring IS that probability that at least one muon, only those that pass the loose ID are considered, induces
the prefiring. The impact from muon prefiring is different for the analysis to extract my, and the WW-like and
dilepton analyses, because two muons are required for the latter, and this has an impact on the Z boson
rapidity distribution in the forward region, as the || of the muons are correlated.

7.4.8 Validation of corrections

Figure[7.39 shows the n distribution for 1W-like events for data and Monte Carlo simulation, where the
simulation is normalized to data. The bottom panel shows the ratio and the all the statistical and systematic
uncertainties of the analysis as a gray band. The data/MC ratio appears to mostly flat around 1, except for
the region around n = 0.2. After the publication of the analysis, it was found that this dip is related to the
probability that the CVH refit, introduced in subsection|/.5| is successful for global muons, as these plots
are shown using the reconstructed muon 7 after the full muon scale calibration and resolution, which is not
available when the muon reconstruction and isolation Scale Factors and prefiring corrections are derived.
The average tracker resolution is O(1%), slightly worse at high », and the effects of muon scale calibration
should be negligible the estimation of the efficiencies, especially because the p width is always larger than
2 GeV. It was checked that, applying the muon reconstruction and identification Scale Factors as a function
of the calibrated or the uncalibrated muon p; makes a negligible difference in the templates.

Figureshows the results of a study conducted to validate that the Trigger and Isolation (on top
of Trigger) Scale Factors are correctly derived and capture the dependence on the boson recoil: TW-like
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events are considered, but the triggering muon pr is restricted between 35 and 55 GeV, while the rest of
the selection is kept the same. The non-triggering muon is considered, and the Trigger and Isolation
efficiencies are computed as a function of w7, and compared against data with and without corrections.
The triggering muon p range was restricted to perform this comparison in a phase space that is different
from the one used to derive the Scale Factors, to avoid that data and Monte Carlo agree by construction.
Here, ur is defined from both the reconstructed muons, in data and Monte Carlo simulation. Background
processes, estimated from Monte Carlo simulation, are subtracted from data in each u bin: they are found
to make a difference mostly in the high w1 region on the right, with distributions that are qualitatively similar
to what is shown in figure[7.35] The efficiencies are then defined as the fraction of events that pass the
Trigger or Isolation, depending on the step. It can be seen that the agreement is good in most of the
ur range, when the Scale Factors are applied. This gives us confidence that these corrections are derived
correctly and that they capture the dependence on the production mechanism.
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Figure 7.40: Trigger and Isolation efficiencies in data and Monte Carlo, with and without the efficiency
corrections.

Another test made to validate the efficiency corrections has been to compare the u distribution for
data and simulation on 17/-like events, eventually with and without efficiency corrections, but these have
large uncertainties arising from the modelling of the Z boson production mechanism. They are much larger
than the magnitude of the efficiency corrections, as shown on the left of figure[7.41 where the gray band is
the uncertainty band from the model used in the fit to extract m . In the center and on the right of this figure,
the same distributions are shown after setting the Monte Carlo predictions to their post-fit values, with the
post-fit uncertainties properly propagated to the u distribution. In the middle, the results are shown when
the Monte Carlo predictions are set to the post-fit values determined from the 1-like fit, while on the right
the same results are shown when the Monte Carlo predictions are set to the post-fit values determined from
the fit to the p% — yy; double differential distribution.
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The post-fit distributions in Monte Carlo simulation are in agreement with those in data, with high
p—value in both cases. The uncertainty bands that are shown in the plots and the p—values shown in
the figures correctly take into account the covariance matrix of the fits. It can be observed that the p¥. — y;;
fit is able to constrain the high w1 region significantly better than the p/. — n# — ¢# fit, as pi. is fit up to 100
GeV, but the p%. — n#* — ¢* fit indicates that we are able to reproduce the uy distribution correctly.

In both sets of results, the nuisance parameters related to the efficiencies and to the production mech-
anism might be pulled so as to obtain the best possible agreement, even though not directly in up (as it is
not used in either fit). This might imply that differences between data and Monte Carlo simulation due to
the Scale Factors might be reabsorbed by other nuisance parameters. In spite of this, the results indicate
that the u distributions used to apply the efficiency corrections match between data and Monte Carlo, at
least after the fit. Therefore, no discrepancies in the templates from integrating over and incorrect u distri-
bution should arise. In summary, all the ingredients that enter into the ur distribution, such as efficiencies
and the production mechanism, are under control.
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uncertainties from the fit. Post-fit distributions where the model is tuned to the results of the p/. — n* — ¢*
fit (left) and to the results of the pi. — yy; (right).
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7.4.9 Second muon veto

One of the largest backgrounds in the analysis is represented by Z — 1, which has a shape in p7 that
is qualitatively similar to that of W' — uuv events, if all events with at least one muon are selected.

To suppress this background, events that have more than one reconstructed muon are excluded from
the analysis. The muons considered for this purpose pass only a loose selection, with the idea of rejecting
as many background events as possible, so the probability to reconstruct these "veto” muons is very close
to1.

The events that are then selected in the analysis are those that have only one reconstructed muon,
either because only one muon has been genuinely produced or because only one muon was reconstructed
but more were produced. For the latter case, it is very important to derive efficiency corrections carefully, as
small changes in the probability to reconstruct the veto muons can result in large changes in the background
yields in the analysis, as only the events for which the veto reconstruction fails are considered. This is
the same argument as for Isolation and anti-Isolation as discussed in also in equations |7.4 and
which lead to the implementation of smoothed efficiency corrections, with the difference that, unlike
for anti-Isolation, where nonprompt background estimation was affected by electroweak contamination
in control regions, here the yields of the Z — pu background change directly in the signal region used to
extract myy .

Two veto definitions were considered for this analysis:

* global muons with |d.,Bs| < 0.05 cm and that pass the loose ID, with inner and outer pr > 15 GeV
and ARinner track, outer track < 0.3, Where the inner track passes the high-purity selection. This
definition has the advantage that efficiency corrections are relatively easy to derive, as they are mostly
similar to those derived for the muons in the p — 7 plane of the analysis, but it is also less effective
at rejecting background events, especially if the muons have pr ~ 15 GeV;

« the logical OR of global and tracker muons, where the global muons pass the same selection as
in the other veto definition, the tracker muons must have p; > 15 GeV, must be a tracker-seeded
track, must pass the high-purity selection and the loose ID and must have |dyygs| < 0.05 cm. This
definition has a higher background rejection, but the efficiency corrections are less well defined, and
some differences between the derivation and the application remain.

The efficiency corrections are again derived with the tag-and-probe method, in different steps. For the
first veto definition, the steps are RECO, Tracking and a modified version of IDIP with the loose ID instead
of the medium ID, and the derivation is performed as before. The other difference is that in this case, extra
bins are added, for RECO and IDIP two bins from 15 to 20 GeV and from 20 to 24 GeV are added, while
for Tracking one extra bin from 15 to 24 GeV is added.

For the second veto definition, IDIP is defined as:

IDIPgecond veto = P(loose ID,|dyyps| < 0.05 cm|global OR tracker), (7.6)
while two other steps are defined as follows:

« The first one, which we refer to as T-Tracking (i.e. Tracking for tracker-seeded tracks), is the
probability that a standalone is geometrically matched to a tracker-seeded track within AR < 0.3.

* The second one, which we refer to as T-RECO (i.e. RECO for tracker muons), is the probability
that the tracker-seeded track becomes a tracker muon but not a global muon as in the other veto
definition.

The product of these two steps is summed to the product of RECO and Tracking from the first veto
definition, and then multiplied by the IDIP probability for this definition. The steps are defined so that
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double counting of events between global and tracker muons is avoided, and so that one can rely on the
corrections derived for the first veto definition, which are more robustly defined: for the steps specific to
the tracker muon, the geometric matching between inner and outer track that defined the probability to find
an inner track cannot be applied in the veto, as the efficiency corrections for the first steps are derived as a
function of the standalone muon pr, not available for tracker muons. Both veto definitions require muons
with pr > 15 GeV: this is because it becomes extremely difficult to run tag-and-probe invariant mass fits
below this threshold. This is the same reason why in Tracking the Scale Factors were only derived down to
24 GeV, as running fits in the bin from 15 to 24 GeV proved to be difficult already. However, those corrections
apply to the muon used to fill the p;- —» templates, which must have inner-track p > 26 GeV, so that the bin
from 15 to 24 GeV is less important and extrapolating the Scale Factors from higher p might be sufficient.
This is not the case for the veto, as we need to reject events with a second muon of low pr. All the steps,
in both veto definitions, are computed separately for positive and negative muons.

Smooth anti-vetcﬂ efficiency corrections are applied, to have smaller statistical uncertainties and to
avoid some of the issue related to binned Scale Factors already discussed. Two smoothing strategies were
adopted. In the first one, the Scale Factors from the individual steps are smoothed independently for each
step, for data and Monte Carlo, and smooth Scale Factors are then derived by computing:

pfit 1 — SFRECOERECO X SFrackingETracking X SFIDIPENDIP 7.7)

MC MC MC
1 — €RECO X €Tvacking X €IDIP

for the first veto definition, and:

MC MC MC MC MC
1 —(SFreco¢rEco X SFTracking€Tracking T SET-RECOET-RECO X SFT-Tracking€T-Tracking) X SFIDIPEIDIP

SFimitveto = / /
1- (6%%:00 X €¥Irgcking + 6’1}‘/[-?{EC() X €’I%I—%‘racking) X 6%\]/[D(IJP

(7.8)
forthe second definition. The other strategy is to compute binned Scale Factors from the binned efficiencies

in data and Monte Carlo from equations[7.9

Data Data Data
gpfirst _ 1 — €RECO X €Tracking X €IDIP 79
anti-veto — 1 MC « MC « MC ( . )
€RECO * €Tracking * €IDIP
and[Z.10¢
Data Data Data Data Data
gpsecond 1 — (erico X €Tracking T €T-RECO X ET—T&“acking) X €IDIP (7.10)
anti-veto — (GMC % ¢MC + MC w eMC ) X eMC :
RECO Tracking T-RECO T-Tracking IDIP

and then fit them with a third-degree polynomial. Since the binnings for the steps are different, a common
binning is first defined taking the most granular one. Then, the efficiency product in each of these new bins
is computed using the efficiency value in the corresponding bin for each step, for data and Monte Carlo,
and then the Scale Factors are computed using either[7.9]or [7.70] Statistical uncertainties are calculated
based on error propagation for the product, inflating uncertainties in the original p; bins to account for the
splitting of the bin widths, assuming a uniform distribution of events in the original pr bins. Finally, these
Scale Factors are smoothed using a third-degree polynomial in each 7 bin.

The first approach to derive anti-veto Scale Factors requires the smoothing of the separate Scale Factors
in data and Monte Carlo, and then a product (and a sum) and a ratio is required, resulting in functional form
which is quite complicated, with larger statistical uncertainties. The second approach requires a much
simpler functional form, with lower statistical uncertainties, but in this particular case one has to deal with
the different binnings for the different steps.

Both approaches to derive the anti-veto Scale Factors were tested by performing a bias test in which
the nominal template is derived with one set of Scale Factors and uncertainties, which will be described

*We consider the events in which the veto reconstruction fails for one of the muons.
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in the following, and the pseudodata is computed using the other set. The shift in 7y, was found to be
compatible with 0 within the anti-veto Scale Factor uncertainties. Figures[7.42)and|[7.43|show examples of
RECO, Tracking and IDIP Scale Factors and the corresponding anti-veto Scale Factor derived using the
first approach, the results of the smoothing on the alternate fits, performed separately for each step, are
also shown in the same figures.
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Figure 7.42: Smoothing of veto Scale Factors for global muons with positive charge, for the Tracking,
RECO, and IDIP steps from top to bottom, respectively, for the n bins indicated. The red line is the result
of the smoothing on the nominal Scale Factors, while the blue one is the result on the Scale Factors obtained
from the alternate invariant mass fits.
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Figure 7.43: Overall veto (top) and anti-veto (bottom) Scale Factors for the  bins indicated. The solid
bands represent the statistical uncertainty from each single step entering the product, while the lines are
the systematic variations obtained from smoothing the Scale Factors obtained from the invariant mass fits
with the alternate signal model.

These Scale Factors are applied on both the Z — pu and Z — 77 events, although this background
is much smaller, as a function of the generator level variables for muons with p; > 15GeV and || < 2.4:
this allows us to properly take into account cases in which the veto muons are not reconstructed falling out
of the acceptance (mostly geometrical, but also in p7-) and cases in which the veto reconstruction fails even
with the muon in acceptance, both of which result in events that are selected by the signal selection criteria.
The choice of the p7 definition to use to apply the veto efficiency corrections might result in different p; —n
templates, since in some steps the efficiencies are measured as a function of muon spectrometer variables,
but this should have a negligible impact as the corrections are applied to the second muorﬂ and not the
one used to fill the p; — 7 templates.

Figure[7.44]shows the probability that a generator-level muon fails the veto reconstruction as a function
of  and pr for both veto selections, with and without corrections. The nominal veto definition is the one in
which only global muons are used, the alternate definition is the one where both global and tracker muons
are used. It can be seen that the alternate definition has a much larger rejection efficiency, resulting in less
events being selected, especially for pr ~ 15 GeV and high ||, mostly because in the nominal definition a
cut on both the inner track and outer track p; > 15 GeV is applied. The corrections decrease the rejection
efficiency significantly in both cases. The anti-veto Scale Factors are found to be O(2) in most p — n bins,
as for the examples in figure [7.43]

Figure shows the Z — pu background after the full 1 analysis selection, for the two veto defini-
tions, with all the efficiency corrections, including those for anti-veto, applied. The background yields differ

"%0ne could have also considered only the events with both muons in the geometrical acceptance, the muon that is used to fill
Data
the pr — 7 template is weighted by the normal Scale Factors, while the other gets a weight that is: SFanti-veto = 1:;?5"0 for

veto
pr > 15 GeV, and SFanti-veto = - below, where the corrections are evaluated with the proper pr, but this still does not take
Eveto
into account cases in which one of the muons is out of the geometrical acceptance.
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Figure 7.44: Probability that a muon fails the veto selection as a function of pr (left) and ) (right), for the
default veto selection (in black) and the alternate veto selection (in red), obtained from simulation. In the
former case, only global muons (which also pass the AR < 0.3 requirement between internal and external
variables, the high purity flag and have standalone p; > 15 GeV) are considered, while in the latter case
tracker muons with pp > 15 GeV are also included. In the dashed curves the efficiency corrections derived
from data are applied to simulation. The alternate veto selection is looser and implies a smaller efficiency to
fail the veto, especially at low p because of the absence of acceptance effects for the track reconstruction
in the muon spectrometer. The structure of the muon spectrometer can be seen as a function of 7. The
difference in the measured W boson mass from changing the veto selection is 0.05 MeV.

up to 20%, mostly at high p7 and in the central ) region.
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Figure 7.45: Comparison of the yields of the Z — pu background between the nominal (in blue) and alter-
nate (the green line) veto definition, as a function of py (left) and # (right). All the experimental efficiency
corrections are applied in both cases. The looser alternate veto selection provides a larger Z background
rejection but has larger uncertainties in the measured efficiency corrections. The difference in the mea-
sured W boson mass from changing the veto selection is 0.05 MeV.
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Figure [7.46] shows the impact of the anti-veto Scale Factors for the nominal and alternate veto defini-
tion as a function of pr on the combination of the W — uv and Z — uu processes, a variation in myy of
+100 MeV is also shown in the ratio plot for comparison. The corrections affect mostly the p7 bins above
the Jacobian peak, almost up to the 100 MeV variation for the nominal veto, while they modify the spectrum
significantly less in the case of the alternate. This is mostly due to the reduced background in the latter def-
initions, so that the correction is applied to a smaller fraction of the total Z — pu background, rather than
the magnitude of the corrections themselves. The more conservative version of the veto is used to derive
myy because we deem the anti-veto corrections to be more reliable. As a cross check, my was extracted
using both veto definitions and only a shift of 0.05 MeV was found between the two cases, corroborating
that the result seems to be very stable regardless of the veto definition.
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Figure 7.46: Impact of neglecting the muon veto efficiency correction on the sum of the 1 boson and Z
boson processes, for the default veto selection used in the analysis (left) and for the alternate veto selection
(right). In the former case, only global muons (which also pass the AR < 0.3 requirement between internal
and external variables, the high purity flag and have standalone p; > 15 GeV) are considered, while in the
latter case tracker muons with p; > 15 GeV are also included. The looser alternate veto selection provides
a larger Z boson background rejection but has larger uncertainties in the measured efficiency corrections.
The difference in the measured 1 boson mass from changing the veto selection is 0.05 MeV.

As a final validation, figures[7.47)and|[7.48|show comparisons between data and Monte Carlo simulation
on WW-like events with a modified selection, so that the non-triggering muon is required to pass the nominal
veto selection and the pr range is extended to 15 GeV< py < 60 GeV. The non-triggering muon receives
veto efficiency corrections obtained from the anti-veto corrections described previously using equation|7.5
(where Isolation is replaced by anti-veto). The results are in agreement within the systematic uncertainties
on the Scale Factors from the alternate signal model in the invariant mass fits, as can seen in figure
Figures[7.49]and[7.50|show the same comparisons for the alternate veto definition, similar conclusions can
be drawn.

The systematic uncertainties stemming from the veto efficiency corrections are described in more detail
in|7.4.11} are derived using a similar approach as in the case of the main efficiency corrections described
in for the nominal definition, where only the global muons are used, the statistical uncertainties
contribute with 48 x 2 x 4 systematic variations, and the systematic uncertainties contribute with (48+1) x 3
systematic variations, for a total of 531 dedicated parameters.
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Figure 7.47: Data/MC comparison to validate veto SF for global muons in W-like events, where the non
triggering muon passes the veto selection. Top plots show the triggering muon pr — n distributions, only
the positive triggering muons are considered, while bottom ones show the same for the non triggering muon.
Uncertainties in the ratio are statistical only.

7.4.10 Effect of residual clones on my;

A procedure has been devised to take into account the presence of standalone clones, at || > 2
but also in the rest of the 1 space, similar to the tag-and-probe technique used to derive the efficiency
corrections for muon reconstruction and identification efficiencies: a tag-and-probe pair is formed, where
the tag muon passes the standard selection as in the other efficiency steps, while the probes are all global
muons that also pass IDIP and Isolation. The invariant mass for the pair, computed using the standalone
variables for the probe muon, needs to be between 50 and 130 GeV. The passing probes are required to have
an additional standalone muon with p > 15 GeV and "MergedStandAloneMuon_numberOfValidHits” > 1
within a radius of AR < 0.3. The invariant mass formed from the tag muon and the additional standalone
muon must be between 50 and 130, as in the efficiency derivation for the Tracking step. Here, no invariant
mass fit is run and the efficiencies are computed by counting the events in the passing and failing samples,
assuming no contamination from background processes.
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Figure 7.48: Same distributions as in figure but negative triggering muons are considered.

In the presence of clone standalone muons, with the assumption that none of these muons becomes a
global muon, the efficiency that is returned by the tag-and-probe method is related to the true efficiency in
the following way:

# passing probes

# passing probes + # failing probes + # clones
1

= €true 1 # clones (711)
# passing probes + # failing probes

1
1+ f clones ’

€measured —

= €true

where f.ones indicates the fraction of clones on the total sample. This formula holds for both data and
Monte Carlo simulation, so an additional correction to account for the difference in clones between data
and Monte Carlo is:
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Figure 7.49: Same distributions as in figure but for the global or tracker veto selection.

1+ f clones in data
SF = . 7.12
clones 1+ fclones in MC ( )

Figures[7.51and[7.52] show the fraction of passing probes for data and Monte Carlo simulation and the
correction that needs to be applied to the templates for the positive and negative charge, respectively.

It can be seen that the Scale Factor for || > 2 are consistent with unity within 0.1%, but it seems that
there are differences in the central ) region, mostly concentrated in certain » bins and Scale Factor seems
to be mostly flat in pr.

As in the standard tag-and-probe procedure, the variables used to compute the efficiencies and Scale
Factor in the p; — 7 plane are those of the probe muon itself, which might not correspond to the pr and n
of the matched standalone muon. As an alternate approach, figures[7.53)and[7.54) show the same efficien-
cies and Scale Factors as in figures[7.51and [7.52| but using the ;) and pr of the candidate clone muons to
fill the templates to compute the efficiencies. For real clone muons, this should not differ too much from
the approach described before, but for muons that are not related to the probe and might still constitute a
combinatorial background to the procedure this might differ quite significantly. For this source of contami-
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Figure 7.50: Same distributions as in figure but for the global or tracker veto selection.

P(other SA within AR<0.3|Muon) for Data (g=+1) P(other SA within AR<0.3|Muon) for MC (g=+1) 1+fDa(a 1
—_Data q—y
T, D

3

Muon p_ [GeV]

Muon p, (Gev]

Muonn

Figure 7.51: Fraction of probe muons that have an additional standalone muon with p > 15 GeV and
"MergedStandAloneMuon_numberOfValidHits” > 1 within a radius of AR < 0.3 for data (left), Monte
Carlo (center) and Scale Factor to be applied to simulation as described in the text (right) for positive muon
charge.

nation, the efficiency might not even be properly defined, as there would be no failing probe, with the effect



7.4. EFFICIENCY MEASUREMENTS 159

P(other SA within AR<0.3|Muon) for Data (q=-1) P(other SA within AR<0.3|Muon) for MC (g=-1) 1+fDala @=-1)
—_Dawa (=
C

2 -15 -1 -05 0 05 1 15 2 2 -15 -1 -05 0 05 1 15 2
Muonn Muonn

2 -15 -1 -05 0 05 1 15 2
Mu

onn

Figure 7.52: Fraction of probe muons that have an additional standalone muon with p; > 15 GeV and
"MergedStandAloneMuon_numberOfValidHits” > 1 within a radius of AR < 0.3 for data (left), Monte
Carlo (center) and Scale Factor to be applied to simulation as described in the text (right) for negative
muon charge.

of artificially increasing the fraction of clones in certain regions of the p; — pIaneIﬂ It can be seen that in
this case this efficiency reaches 1% in certain bins of ) in the first p; bin, and the Scale Factors agree within
0.1% for |n| > 2, larger in the central n; region. The large difference between the two approaches, especially
at low p7, might be ascribed to the presence of the combinatorial background mentioned above, for which
additional clones randomly appear to be within AR < 0.3 of the probe. The efficiencies computed in the
two approaches are similar for the other p7 bins.
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Figure 7.53: Fraction of probe muons that have an additional standalone muon with p; > 15 GeV and
"MergedStandAloneMuon_numberOfValidHits” > 1 within a radius of AR < 0.3 for data (left), Monte
Carlo (center) and Scale Factor to be applied to simulation as described in the text (right) for positive muon
charge. In this case, the variables of the candidate clone muon are used to fill the template for the passing
probes.

Cross-checks were performed to verify that these muons actually arise from clones. The invariant mass
distribution computed using the clone and tag variables, computed in data events, appears to be similar to
that computed from the tag and standalone muon probe variables for p; > 24 GeV, with some differences
for lower pr, as is shown in figure 7.55 It has been checked how many of the candidate clones are also
global muons with pr > 10 GeV, to check the validity of the assumption in equations [7.11 and [7.12) that
none of the clones is a global muon. This is shown in figures[7.56/and[7.57] where it can be seen that these
are only a negligible fraction of the total.

Additional cross-checks were made to assess the accuracy with which the fraction of clones in data
and simulation are determined:

+ The radius for the geometrical matching between probe and clone candidate was increased to AR <
1. It was verified that the Scale Factors to correct for the presence of clone muons are consistent
within 0.1%.

"This source of contamination could in principle be removed by running an invariant mass fit incorporating a background model

(it is what is done in the Tracking step), but it will be demonstrated in the text that the impact on myy is less than 1 MeV in any
case.
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Figure 7.54: Fraction of probe muons that have an additional standalone muon with p > 15 GeV and
"MergedStandAloneMuon_numberOfValidHits” > 1 within a radius of AR < 0.3 for data (left), Monte
Carlo (center) and Scale Factor to be applied to simulation as described in the text (right) for negative
muon charge. In this case, the variables of the candidate clone muon are used to fill the template for the
passing probes.

+ It was verified that the fractions of muons that has more than one standalone muon within a radius
of AR < 1 is a negligible portion of the total, so that at most one clone muon is present in the
majority of cases. This could have in principle affected the selection of the clone muon to evaluate
the invariant mass and to fill the p — n templates.

« It was verified that the presence of clone is not due to the tag muon, by reevaluating the same fraction
for muons with a clone with AR < 1 considering only events in which ARy,g probe > 0.3.

« The introduction of a requirement on the difference in p; between the clone candidate and genuine
muon was tested. Different Apy values were considered, from 5 to 30 GeV. The introduction of
this requirement had the effect of lowering the fraction of clones mostly above 24 GeV, making the
fraction of clones more similar to the results of figures[7.53|and[7.54|for these bins.
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Figure 7.55: In blue, the invariant mass distribution obtained from the tag and the candidate clone variables.
In red, the invariant mass distribution obtained from the tag and the standalone probe variables. These are
shown for the different p;- — 7 bins indicated. For the lowest p bin, a different ) bin is shown to illustrate
to source of difference in clone fraction seen in figures [7.53 and These distributions are obtained
from data events.
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Figure 7.56: Fraction of probe muons that have an additional standalone muon with p > 15 GeV and
"MergedStandAloneMuon_numberOfValidHits” > 1 within a radius of AR < 0.3 that is also a global muon
with pr > 10 GeV for data (left), Monte Carlo (right) for the positive charge.
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Figure 7.57: Fraction of probe muons that have an additional standalone muon with p; > 15 GeV and
"MergedStandAloneMuon_numberOfValidHits” > 1 within a radius of AR < 0.3 that is also a global muon
with pr > 10 GeV for data (left), Monte Carlo (right) for the negative charge.

The genuine fraction of candidate clones should be between those shown in figures [7.51) - the
corrections shown on the right of both sets of figures were used as additional event weights as a function
of the standalone muon variables to modify the p — n spectrum. With these new templates, the complete
fit to extract my from pr —n — ¢ was run, and the difference in my, with respect to the published value is
—0.57 MeV when the corrections in figures[7.51 and[7.52] are applied, and —0.20 MeV when the corrections
in figures [7.53| and are applied, so that the effect of the presence of these clones was found to be
negligible. The differences between the two results might be attributed to statistical fluctuations in the
corrections (which are not taken into account, but should have only a second order effect on the shift from
the published value of my), or to migrations of clone candidates from the high to the low pr region in
the barrel. Indeed, in the barrel the muon spectrometer resolution is better, so that only a small fraction of
muons used in the analysis should have standalone p; < 24 GeV, meaning that the only the fraction of
genuine clones affects the p — 1 template in the analysis, leading to a smaller bias.

7.4.11 Systematic uncertainties from efficiencies

Uncertainties in the efficiency corrections are used to create alternate p; — 7 templates for signal and
background processes that are then provided as input to the fit to extract my;, as described in|7.9

The statistical uncertainties on muon reconstruction and identification Scale Factors are derived by
diagonalizing the covariance matrices for the smoothing fits to derive their eigenvectors, corresponding to
independent combinations of the fit parameters that define independent variations of fitted curves, and a
separate nuisance parameter is assigned to each eigenvector, the eigenvalues are used to determine the
magnitude of the 1o variations. This is done separately for each  bin and charge for every step (except for
isolation, for which the charge-dependence was found to be negligible).

Table[7.7) summarizes the number of nuisance parameters for each step. The number of variations for
n bin for each each step corresponds to the degree of the polynomial used in the smoothing fits V plus
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1, which is the number of coefficients of a polynomial of N —degree. For Trigger and Isolation some
of these eigenvectors might actually induce variations mostly along the ur—axis, so they are expected
to have a small impact, since u is integrated out when the p; — n templates are built. The systematic
uncertainties from varying the signal or background models in the invariant mass tag-and-probe fits are
implemented by fitting the Scale Factors obtained using the alternate model with the same functional forms
used for the nominal Scale Factors, assuming these to be correlated in pr, so that all of the binned nominal
Scale Factors are replaced by those obtained from the alternate fit. Then, a separate p; — n template
is generated by replacing the nominal with the alternate Scale Factors independently for each step. We
do this both independently and simultaneously for each 7 bin, so that both uncorrelated and correlated
effects in p — ) should be captured, correlated for both charges. Statistical correlations between the
nominal and alternate Scale Factors should become negligible after the smoothing of both, and no statistical
uncertainties corresponding to the alternate fits is assigned.

Tables[7.8|and[7.9|summarize the number of variations due to the systematic uncertainties from varying
the signal model and the background model, respectively. The systematic uncertainties on Trigger and
Isolation are not derived from the fits to the p;- — u distributions in each 7 bin, but from those integrated
inu7. Inthis case, for each 1 bin, and separately for the two steps, the nominal and alternate u—integrated
Scale Factors are fitted with third-degree polynomials. Then, an alternate histogram is built by applying (as
weights in the events) the ratio of the alternate and the nominal u;—integrated smoothed Scale Factors to
the pr — n template. Independent nuisance parameters are assigned to each of these variations.

The anti-correlation of Isolation uncertainties between the signal and sideband regions to estimate the
nonprompt background is implemented through equation[7.5) used to define the corrections and variations
to apply to the p; — 7 template in the sidebands used in the nonprompt background estimation. In this
way, increases or decreases in the Scale Factors in the signal region, related to the statistical or system-
atic uncertainties, are properly propagated to the sidebands and, therefore, to the nonprompt background
estimate.

The statistical and systematic uncertainties for the other steps and their nuisance parameters are fully
correlated across all regions.

Step Number of charges  Variations in pr (xur) Number of  bins  Total nuisance parameters
RECO 2 4 48
Tracking 2 3 48
IDIP 2 4 48
Trigger 2 4(x 3) 48
Isolation 1 4(x 3) 48
2784

Table 7.7: Number of nuisance parameters implemented in the analysis corresponding to the statistical
uncertainty in the muon reconstruction and identification Scale Factors. The number of variations in pr
(and u7) are equal to degree of the polynomial used in the smoothing plus one.

A few tests were run to take into other possible sources of systematic uncertainties in the fitted effi-
ciencies, and therefore Scale Factors, other than the change in signal shape:

* raising the requirement on the minimum tag p7 from 25 GeV to 30 GeV;
+ lowering the requirement on the relative PF isolation from 0.15 to 0.10.

The largest differences were observed in the Trigger and Isolation Scale Factors and efficiencies (only
for Isolation), shown in figures and The grey bands in the plots are the statistical uncertainties,
derived after the smoothing procedure. The differences are mostly related to the change in the tag pr
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Step Number of charges  Variations inn,  Total nuisance parameters
RECO 1 48+1
Tracking 1 48+1
IDIP 1 48+1
Trigger 1 48+1
Isolation 1 48+1
245

Table 7.8: Number of nuisance parameters implemented in the analysis corresponding to the systematic
uncertainty from varying the signal model in the muon reconstruction and identification Scale Factors. The
variation fully correlated in » is also indicated.

Step Number of charges  Variationsin  Total nuisance parameters
RECO 1 48+1
Tracking 1 48+1

98

Table 7.9: Number of nuisance parameters implemented in the analysis corresponding to the systematic
uncertainty from using a template driven model for the background in the muon reconstruction and identi-
fication Scale Factors. The variation fully correlated in 7 is also indicated.

threshold, are they are related to the dependence on the boson recoil and its proximity to the muon as already
discussed in[5.2.] In principle, this source of uncertainty is already taken into account in the derivation of
the efficiency corrections thanks to the w1 binning. It can also be noticed that the Scale Factors, unlike the
efficiencies, vary only mildly, with only Isolation exhibiting mild changes at low p7 at the per-mille level.
No additional systematic uncertainties are therefore implemented in the fit.

Regarding the anti-veto efficiency corrections, considering the nominal result that uses only global
muons in the veto definition, a procedure similar to that for the reconstruction and identification Scale Fac-
tors is employed. In the first approach, independent nuisance parameters are assigned corresponding to
each or reconstruction steps that appear in equation(/.7} in the second approach, the independent nuisance
parameters are assigned to the variations induced by the eigenvectors of the covariance matrix from the fits
to the anti-veto Scale Factors obtained through[7.9} resulting in a smaller number of nuisance parameters.
This is done separately for each 7 bin in both approaches, resulting in additional 1056 nuisance parameters
in the first approach, and 384 for the second approach.

Systematic uncertainties due to changing the signal model in the invariant mass fits are implemented
differently in the two approaches. In the first case, an alternate set of smooth Scale Factors for each of the
steps in the veto selection is obtained by smoothing the binned Scale Factors obtained from the alternate
invariant mass fits. Then, equation|/.7|is used to compute the anti-veto Scale Factors corresponding to the
systematic variations, by replacing the nominal smooth Scale Factors with the alternate ones separately
for each step at a time. This is done separately for each 7 bin. In the second case, an alternate set of
binned anti-veto Scale Factors is computed using equation|/.9|where the binned nominal Scale Factors are
replaced with the alternate ones, separately for each of the steps of the veto selection. These alternate anti-
veto Scale Factors are then smoothed with a third-degree polynomial, as in the nominal case. The correlation
scheme in 7 is the same as for the reconstruction and identification Scale Factors in both approaches, so
49 nuisance parameters are assigned for each step, resulting in a total of 147 nuisance parameters.
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Figure 7.58: Systematic uncertainties on muon trigger Scale Factors for positive (top) or negative (bottom)
probe charge, for change in signal model (red), tag pr (blue), or tag isolation (green).

The second approach is used in the fit to data to extract my as it requires a lower number of sys-
tematic variations. It was checked, however, that the expected uncertainty, defined as the uncertainty on
myy obtained by fitting the sum of all the Monte Carlo processes set to their nominal parameters, from
the anti-veto corrections is very similar for both approaches, slightly larger for the former, because of the
increase number of nuisance parameters. No correlation is considered between the anti-veto corrections
uncertainties and those from muon reconstruction and identification for simplicity: as will be seen in|7.10
the impact on the total expected uncertainty on myy is less than 0.5 MeV, low enough so that the correlation
can be neglected.

Statistical uncertainties in the ECAL prefiring efficiencies from the limited size of the sample with "un-
prefirable” events induce a variation of signal event yields ranging from less than 0.05% to at most 0.1%
in the high p7 region, and a single nuisance parameter is assigned to it. For the muon prefiring, indepen-
dent nuisance parameters corresponding to difference sources of variations of the prefiring weights are
implemented. The statistical uncertainty is treated as 11 uncorrelated nuisance parameters, one for each
|n| bin used in the measurement of the prefiring probability. An additional independent nuisance parameter
is implemented for the hotspot region shown in figure The systematic uncertainty is defined as a
uniform 11% scaling of the prefiring probability in each || bin, and a single nuisance parameter correlated
across all bins is assigned.

The total impact from the efficiency corrections on my; is 3.0 MeV, with approximately equal contri-
butions from the statistical and systematic sources. The uncertainties on the corrections on the muon
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Figure 7.59: Systematic uncertainties on muon isolation Scale Factors (top) and efficiencies in data (bot-
tom) inclusively in probe charge, for change in signal model (red), tag pr (blue), or tag isolation (green).

veto efficiencies have an impact on myy of less than 0.5 MeV. The prefiring corrections have an impact of
0.7 MeV.

7.5 Muon scale and resolution calibration

As discussed in section for the pf. range of interest for the my; analysis, the muon kinematic
information is extracted entirely from the information in CMS silicon tracker, while the muon spectrometer
is used for muon identification. The inner track is reconstructed using the standard CMS iterative tracking
algorithm based on the Kalman filter [92]. However, it was found that the Kalman filter fit introduced biases
in the reconstructed p/. with respect to the true p/. in simulated events, of order 0(1%). In standard CMS
analyses, this is reduced to 0(10~3) by applying the Rochester corrections [251] to data and Monte Carlo
events, which is not sufficient to reach the 0(10~%) precision requirement for a my; measurement with an
uncertainty of 10 MeV, so this approach is not useful for this measurement.

After the standard track reconstruction is completed, muon tracks are refitted using a so-called "con-
tinuous variable helix” (CVH) fit, a global x? fit that extends the generalized broken-line fit [252, 253 to
incorporate continuous energy loss and multiple scattering from finite material elements. The material
model of the CMS detector includes both the initial design of the tracker material and its support struc-
tures and the information from in situ measurements [254], and the starting point for alignment is the one
used in the standard CMS reconstruction [255,256]. This information is implemented in the CVH track fit
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using the GEANT4e propagator [198] 257,(258]. The magnetic field is modelled using a parameterization
of the detailed three-dimensional solenoidal field map based on measurements made in the ground-level
assembly hall without the CMS tracker [259]. Additional quality criteria to select pixel hits and a refined
parameterization of the local hit position in trapezoidal strip modules in the endcaps of the strip detector
are implemented in the CVH track refit.

Muon momentum corrections are derived to take into account biases arising from:

+ magnetic field model, for example due to the absence of the CMS tracker in the measurements to
build the three-dimensional map;

+ energy loss, for example due to differences in the amount of material or due to the Gaussian model
in the description of energy loss;

- and alignment, both due to intrinsic biases of the procedure and to the so-called "weak modes” (mis-
alignment patterns that can bias the parameter extraction from the track without having an impact
the overall x? of the track fits [256]).

They are corrected in a two-step procedure. First, J/¥ — pu decays are used to derive correction
parameters for the three sources of bias indicated at the level of the individual modules of the CMS tracker,
imposing that the muons from the decay are produced from a common vertex and have invariant mass con-
sistent with that of the .7/ I meson. The parameters derived in this first step correspond to three translation
and three rotation degrees of freedom for each tracker module, and additional parameters to correct for the
z—component of the magnetic field and amount of material in the proximity of each module.

However, this set of corrections has reduced sensitivity to weak modes, residual biases resulting from
limitations in the J/¥ meson mass constraint, convolution effects from the detector resolution and for final-
state radiation, and background contributions. Residual biases are then taken into account in the second
step of the calibration procedure, where fits to the invariant masses of dimuon pairs of .J/¥ decays are
used to derive correction factors on the measured mass that are finely binned in the space of the p/. and *
of the muons. The signal model is based on templates from simulation, convoluted with a Gaussian whose
mean and standard deviation account for the residual scale and resolution difference, and an exponential
shape is added to describe the combinatorial background. These correction factors are then converted into
calibration factors for each individual muon, as a function of »* and charge.

Indicating the curvature of the muon k£ = 1/pp, the calibration factors to the muon momenta derived
in this second step are parameterized as:

ok M;

T = Aiy — ek + 1 -
where 77 is the index representing the individual 7 bin (the corrections are extracted in the same 48 7 bins
used in the analysis to measure myy), A;, represents the correction term for differences in the magnetic
field, €;, represents the correction to the energy loss, and M;, represents the bias in the track sagitta
resulting from a misalignment of the tracker in the plane transverse to the magnetic field. The relationship

between the fitted values of m,,,(J/¥) and the coefficients in equation is:

(7.13)

mReconstructed 2 Mz M.
WW e (]. + Ai77+ - 6i77+,1€+ + J) (1 + Aj777 - Ejn— kK~ — k‘]n) s (714)
o

where 4, jnT is the index of the positive or negative muon from the decay of the .7/¥. The calibration
coefficients are derived via a minimum 2 fit using formula(7.14]to the muon scale correction factors derived
from the J/ W invariant mass fits as a function of the pr and » of the two muons.
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In the following, it is explained briefly how the formula in equation([7.13]is derived: the bias in curvature
due to differences in the magnetic field is:

1 1 1 B
_ - _ ) = 1) = kA 7.1
ok QR (Bcorr. B) g <Bcorr. > g ’ ( 5)

where the relation between the reconstructed radius in the transverse plane R, the charge ¢, pr and mag-
netic field B (B.o.,. indicates the actual magnitude of the magnetic field)

pr =g¢BR (7.16)
has been used.
The correction in energy loss results in a difference in the energy of the muon:
Ecorr. = E + ¢, (7.17)

and, in the ultrarelavistic limit where the energy and the momentum can be considered the same, this is
related to the transverse momentum through p = E sin 6, with 8 the polar angle with respect to the beam
line. Therefore, the correction in energy loss is related to the curvature through:

1 1 k

ok = — = — k= —esink? = —k? 7.18
(E+¢€)sinf Esinf 1+ kesin6 esm e (7.18)
where the approximation
ok k(1 — kesin0) (7.19)
1+ kesinf €s ’ )

valid for || < F, has been used and ¢ = esin 6 is defined (the corrections are derived as a function of 7
regardless, so that reabsorbing sin € into € does not lead to biases in the corrections).

Residual misalignment due to weak modes and localized detector effects such as the differences in
simulation of the Lorentz angle, i.e. the angle with respect to the orientation of tracker modules of the drift
of the electrons, due to the relative directions of the electric field in the silicon modules and the external
magnetic field with respect to one another, can still be present after the corrections in the first step. These
biases are charge dependent; in particular they have the opposite effect on positive and negative charge,
and are independent of the curvature, as they only affect the relative position of the measured points used
in the determination of the sagitta. The effect of the misalignment of the modules on track reconstruction
is shown in figure[7.60] In the assumption that the shifts due to the misalignment are small, this bias is
parameterized as an additive term in the corrected curvature, with a charge dependence:

Sk = gM. (7.20)

In Monte Carlo simulations, the geometry, magnetic field and material for both the generation of events
and the reconstruction are the design ones, and it was verified that the p. reconstructed by the CVH al-
gorithm (after the application of the modular corrections in the first step), agrees on average with the true
one.

It was tested in Monte Carlo simulations that the formula in equation[7.13]is able to model the biases in
the muon reconstruction: this was done by generating events using the design configurations of the geome-
try, magnetic field, and material, and then reconstructing p. assuming that the geometry, magnetic field and
material are those determined in data, as, for example, determined in [254}|255]. This can in principle result
in differences in the tracker configuration of magnitude similar to that of the residual differences corrected
by the muon scale calibration procedure. The relative difference between the true and the reconstructed
pl7. is evaluated in each 7 bin as a function of gp/., where ¢ is the charge of the muon, and this is then
fitted using the model in equation[7.13] This is shown in figure[7.67 for two representative n bins, for the
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Figure 7.60: Effect of the misalignment of the modules. Left: actual position of the modules and real track,
for positive and negative muon. Right: positions of the modules as implemented in the track reconstruc-
tion and reconstructed track, compared to the real tracks. From: https://indico.cern.ch/event/
1441575/

standard CMS reconstruction, after the CVH refit is run and after the modular corrections are applied. It can
be seen that the model does not reproduce the bias on p if the standard CMS reconstruction is used. The
model works better if the CVH refit is used, and agreement is reached after the application of the modular
corrections described above.

The final corrections for the magnetic field, energy loss, and alignment extracted in data from the proce-
dure described above are shown, and used to correct the reconstructed muon p in data, in ﬁgure The
magnitude of the A term, due to biases in the magnetic field, is approximately 5 x 102 (which would result
in a 40 MeV shift in myy, if uncorrected), mostly flat in the barrel. The energy loss term e, relevant mainly
for muons at low pr, is in most cases around 4 MeV. The alignment term is between +50 GeV! with a trend
in 7). As previously mentioned, for Monte Carlo simulations only the modular corrections are applied, as the
detector geometry used in the simulation and CVH refit are consistent, so that no other scale correction
needs to be applied.

The calibration procedure, in particular the model used to parameterize the bias as a function of p,
was validated using T(1S) — pp and Z — pp events. After all the corrections are applied, fits to the
invariant mass distributions for Y'(1.5) and Z are run to extract the mass scale as a function of the p, and
n of the muons from the decay, and additional correction terms for the magnetic field and the alignment are
extracted using the relationship in formula[7.14] These terms are expected to be compatible with 0 within
statistical uncertainties if the calibration procedure corrects for the biases in the reconstructed pr.

The results of this comparison are shown in figure for the charge-independent term A’, which
parameterizes the same dependence on the magnetic field as in equation and the charge-dependent
term M, which parameterizes the same dependence on the alignment as in equation for J/W (in
green), Y(15) (inred) and Z (in blue). The values for this closure test are extracted in 24 bins in ), compared
to the 48 for the standard corrections, so that small differences, compatible with 0, are present also for the
J/W. The yellow band in the figure shows the statistical uncertainty on the A and M terms from the nominal
corrections, properly correlated across different 7 bins.

For YT (1.5), the additional corrections are compatible with 0 with the combined uncertainties from the
Y (1S) sample and the .J/ ¥, but are not available at high || values, due to the trigger selection applied in
CMS to select T (1.5) events and resolution effects that cause the reconstructed Y'(1.5) mass distributions
to merge with those from Y'(25) and Y'(3.5). The charge-independent corrections extracted in Z data are
compatible with 0 within statistical uncertainties, and this can also be seen from the x? value reported
in the top right, which properly incorporates the correlations across bins for Z and J/¥ events and the
uncertainty in the world average value of the Z mass. Instead, the charge-dependent corrections extracted
in Z events seem to exhibit a trend in 7, and this is reflected in the 2 in the top right of the figure. This must
be due to effects that might not have been taken into full account by the calibration procedure, for example,
weak modes with different sensitivities to the Z and the .J/ ¥, or the trigger selection in .J/¥ events. To
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Figure 7.61: Validation of the formula in equation First row: p/. scale evaluated using the standard
CMS reconstruction. Second row: p. scale evaluated using p/. from the CVH refit. Third row: p/. scale
evaluated using the p’7. from the CVH refit after the modular corrections described in the text are applied.
Each plot is shown for the two 7 bins indicated in the figure, and a fit using the model in equation|/7.13]is

superimposed. From [1].
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Figure 7.62: Correction terms in equationderived from data. From [1].

account for these differences, the statistical uncertainty in the .J/¥ calibration parameters is scaled by a
factor 2.1, determined so that the x? in the right of figure[7.63is equal to the number of degrees of freedom.
Biases in the alignment should cancel out when both 1 and W~ are considered together, as they have
opposite contributions to the reconstructed pr, as per[7.13] so that a negligible bias in the measured value
of myy should be induced. This is studied in more detail in section[7.10]

The muon momentum resolution is calibrated using both J/¥ — uu and Z — pp decays, by fitting
their invariant mass distributions as a function of the p and 7 of the positive and negative muon from the
decay, after the corrections to the muon momentum scale are applied. The resolution is parameterized as:

2
%in

k2

2
+ogt

by,
1+ d; K’

2
i

(7.21)

for 24 uniform 7 bins from -2.4 to 2.4, where the parameters a;,, ciy, bi,, and d;, parameterize the con-
tributions to the curvature resolution from multiple scattering, hit resolution, and the correlations between
them induced by the track fit. These resolution corrections are applied to simulation by smearing the recon-
structed curvature of the simulated reconstructed muons with a Gaussian distribution of width given by the
difference in quadrature between the resolution measured in data and simulation. The relative agreement
between the measured and simulated samples is mostly affected by the different number of pixel hits in
the data and simulation after the quality requirements imposed by the CVH fit. A systematic uncertainty
is evaluated by reweighting the pixel hit multiplicity distribution in Monte Carlo to match the one observed
in data in each 7 bin, taking the full difference as an uncertainty. This also affects the nominal resolution
corrections that are derived: their statistical uncertainty is inflated by a factor of 10 to cover the observed
differences.
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Figure 7.63: Charge-independent (A’, left) and charge-dependent (M, right) residual scale differences
using J/¥ — pp, Y(1S) — up, and Z — pp events. The points with error bars represent the scale pa-
rameters and statistical uncertainties associated with the closure test performed with .7/ ¥ (green), Y (15)
(red), and Z (blue) events. The yellow band represents the corresponding statistical uncertainty in the
calibration parameters derived from the .J/ ¥ calibration sample. The gray band shows the statistical un-
certainty scaled by a factor of 2.1. The 2 values correspond to the compatibility of the additional scale
parameters with zero for the closure test performed with Z — events and take into account the statistical
uncertainties for these parameters, as well as for the calibration parameters derived from the .J /¥ sample,
without additional scaling. From [1].

Table summarizes the muon scale and resolution calibration model and impact of the various
groups on myy. The largest source of uncertainty comes from the statistical uncertainty on the coefficients
in[7.13| due to the finite statistics of the .7/ ¥ sample, scaled as explained above. This is implemented as
a total of 144 nuisance parameters, which corresponds to three nuisance parameters per n bin, by diago-
nalizing the covariance matrix, so that each nuisance parameter corresponds to a statistically independent
variation of the p; — ) templates. A similar strategy is implemented for the statistical uncertainty on the
closure test on Z — uu events: since the additional term for energy loss is not determined, and since
the validation was done on 24 7 bins instead of 48, a total of 48 nuisance parameters is assigned, each
corresponding to an independent variation as in the .J/¥ case. One fully correlated nuisance parameter
to take into account the finite uncertainty on the measured Z boson mass is also assigned. When the Z
information is used to define the uncertainties, the central value of the Z boson mass is not used. A similar
procedure is followed for the statistical uncertainty in the resolution. 49 nuisance parameters (48 uncor-
related and fully correlated across 7) are assigned to the impact on the resolution of the pixel multiplicity.
The total impact on myy is 4.8 MeV, if the nominal breakdown of uncertainties is used.

7.6 Recoil calibration

The recoil is only used in the analysis to define the event selection and sidebands to estimate the
nonprompt background (described in section through a m7 cut. As already mentioned, p22i*s is re-
constructed using the DeepMET algorithm [216,|217] that uses machine-learning techniques to improve the
resolution on the reconstructed p2i, particularly in determining the contribution from the neutral PF can-
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Source of uncertainty Nuisance parameters Impact on myy [MeV]
J /W calibration stat. (scaled x2.1) 144 3.7
Z closure stat. 48 1.0
Z closure (LEP measurement) 1 1.7
Resolution stat. 72 1.4
Pixel multiplicity 49 0.7
Total 314 4.8

Table 7.10: Breakdown of muon scale and resolution calibration uncertainties. From [1].
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Figure 7.64: Measured and predicted m distributions in W' — pv events, after calibrating the hadronic
recoil. The total uncertainties (statistical and systematic) are represented by the gray band and the simu-
lation is scaled to the measured distribution in data. From [1].

didates.

The recoil has been calibrated with a procedure similar to that used by the ATLAS experiment from
Z — upu events: the templates for the parallel and perpendicular components of the hadronic recoil are
parameterized as a function of the reconstructed dimuon transverse momentum (p‘), and a new missing
transverse momentum value (p'**s) is calculated by applying an inverse cumulative distribution function
transformation that maps the simulated templates onto the data. Corrections obtained from Z — uu
events are then applied to simulated W — puv events by using the generator-level W boson transverse
momentum (p!¥'). Any differences in recoil modelling between 1 and Z bosons are incorporated as sys-
tematic uncertainties. Statistical uncertainties in the template parameterization are included, but they are
found to have a negligible effect on the my;; measurement, since is based on pf., and m only affects the
amount of events passing or failing the selection, so that uncertainties on it have a second-order effect on
Pp-

Figure[7.64] shows the m distribution for data and Monte Carlo events that pass the W — uv selec-
tion, where the Monte Carlo is normalized to the data. A good agreement within the uncertainties is found,
indicating that the recoil scale and resolution are corrected with subpercent precision.

The uncertainty in the corrections is determined from the statistical uncertainties of the fits that param-
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eterize the correction. Their effect on myy is assessed in terms of the eigenvectors of the covariance matrix
of the fit to the recoil distributions. It was verified that these variations contribute less than 0.3 MeV to the
overall uncertainty in myy . Since assessing these variations requires significant computational resources
and their impact on myy is negligible, they were not included in the nominal fit configuration.

7.7 Background estimate

Several electroweak backgrounds give small contributions to the my analysis. The amount of events
that pass the final analysis selection are determined from Monte Carlo simulations:

« W or Z decays to T leptons: generated using POWHEG MINNLOps interfaced to PYTHIA8, with the
same theory corrections on the boson production kinematic distributions as those applied in the
muon decays.

+ EW production of lepton pairs or of a 1¥” boson in association with a quark through photon-photon or
photon-quark scattering. Simulated at leading order using PYTHIA 8.240

+ top quark production: simulated at next-to-leading order QCD accuracy using MADGRAPH5_aMC@NLO
v2.6.5[260], interfaced to PYTHIA 8.240

+ diboson production: simulated at next-to-leading order QCD accuracy using POWHEG-BOX-V2, inter-
faced with PYTHIA 8.240

« quarkonia production: simulated using PyTHIA 8 interfaced with PHOTOS++ v3.61 for final-state photon
radiation (only used for the muon scale and resolution calibration).

For each of these processes, all the experimental and theoretical corrections, described in the previous
sections, are applied, and the relevant uncertainties are propagated accordingly.

Another important source of background, the contribution of which cannot be easily modelled via Monte
Carlo simulations, is the nonprompt background where muons originate from decays of heavy-flavor hadrons.
Although suppressed by the requirements on the impact parameter with respect to the beamspot and iso-
lation variable (and m.), there is still a significant component that passes the final analysis selection. This
contribution is evaluated by defining sidebands enriched in events from nonprompt background. This is
done by inverting the requirement on the transverse mass mr, the relative isolation defined in{5.1} or both.

The QCD background is estimated using a refined version of the ABC' D method: defining D the signal
region, i.e. the one in which events pass the standard analysis selection, and B and C' sidebands obtained
by reversing the requirements on one of the two variables considered to define regions enriched in the
background of interest, and A the sideband obtained by reversing the requirements on both variables, the
amount of background in the signal region D is obtained as:

B

NB
Nitg = Nikg (7.22)
bkg

where N{;kg is the number of events due to the background of interest in the region 4. For the my; measure-
ment by CMS, the two variables are the relative isolation computed from PF candidates used in the analysis
and the transverse mass m . In estimating these numbers, the contamination of processes different from
the background of interest need to be subtracted from data (which is the reason why it was necessary to
derive the anti-Isolation efficiency corrections as described in[7.4).

This implementation of the ABC' D method gives a reliable estimate of the background contamination
in the signal region D only if the two variables used to define the sideband are independent. The refined
approach used by CMS is called "extended ABC D method” [261]: in this case, the region of events with
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Figure 7.65: Sketch that shows the different sidebands and the signal region used in the "extended ABC D
method”. https://indico.cern.ch/event/1441575/.

mr < 40 GeV is divided in two bins with events with m+ < 20 GeV and 20 GeV< mt < 40 GeV, while the
same splitting regarding the relative isolation is used as in the standard ABC D method. The number of
background events in the signal region D isthen estimated through:

2
NB Z\an:
N3y = N | | bhe, (7.23)
& & Né{g N]ﬁ;’é

where the regions are defined as in figure Equation differs from equation for the extra

B Bz
(g‘j‘g> / (%‘j‘j) (7.24)
bkg bkg
term, which is used to correct for the correlation between the two variables used in the background estima-
tion. This is done independently in bins of pr —  — q.

To suppress statistical fluctuations in the background estimation, the QCD nonprompt background con-
tribution in the signal region is fitted with an analytic function of p/.,, chosen to be an exponential of a
third-order Chebyshev polynomial, independently for each bin of ) and charge. The statistical uncertainties
of the data are accounted for by propagating the uncertainties in the function parameters in the signal re-
gion. This procedure results in 384 variations, reflecting the four coefficients of the polynomials, the two
charges, and the 48 »* bins. Since the contributions from the prompt processes to the sideband regions
are evaluated from simulation with all the experimental and theoretical corrections properly applied, their
uncertainties are propagated to the sideband regions by repeating the subtraction of the prompt component
and the determination of the smoothing parameters in the sideband regions for each variation.

This procedure has been validated on a QCD Monte Carlo simulation (simulated muons from b or ¢
hadron decays) and in an enriched region in data obtained by requiring that the muons originate from a
secondary vertex. The background estimation obtained using the extended ABC' D method is compared
with the actual number of events in the signal region: in both the QCD Monte Carlo simulation and the data
control region, an additional scaling factor of 0.85 was necessary to reproduce the number of observed
events in the signal region. Residual shape differences are accounted for by varying the coefficients of the
smoothing polynomials. These two additional variations are fully correlated across n* and charge.

As a validation of the procedure to evaluate the QCD nonprompt background, figure [7.66] shows the
pre-fit pf. and n* distribution for events that pass the full my; analysis selection and the additional require-
ment that the muon originates from a secondary vertex. It can be seen that the data and the background
prediction (together with a small contamination from prompt processes) agree within uncertainties, within
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Figure 7.66: The observed data and the pre-fit prediction of the extended ABC'D method, for the pf;. (left)
and n* (right) distributions, in a region obtained by selecting muons compatible with being produced in a
secondary vertex. Small contributions from events with a prompt muon are shown by the red histogram.
The total uncertainties (statistical and systematic) are represented by the gray bands. From .

an agreement at 2% between the number of events in data and background prediction: a normalization un-
certainty of 5% is assigned to cover for this difference. A likelihood fit with the uncertainty model used in
the myy analysis was performed, leading to a good agreement between data and prediction and a p—value
of 98%, serving as a validation of the QCD nonprompt background model.

The total impact on my, from the QCD nonprompt background estimate is 3.2 MeV, in which 2.5 MeV are
due to the normalization uncertainty and systematic variations of the coefficients to cover for differences
in shape, and 1.9 MeV are due to the finite amount of statistics. This uncertainty does not include the
contribution on the QCD nonprompt estimate from the theoretical and experimental correction uncertainties,
that are included in the corresponding uncertainties in my;, from the respective sources.

7.8 Ancillary measurements

The muon scale and resolution calibration procedure and the uncertainty model described in|7.5 are
validated by performing a likelihood fit to the m,,, distribution on Z — pu events to extract mz, where
all the systematic uncertainties that enter in the WW-like fit of m are considered. The pre-fit and post-fit
distributions are shown in figure [7.67] The post-fit distribution in simulation is in agreement with data. In
the pre-fit distribution, the effect of the different resolution in data and simulation can be seen, in particular
the effect of the pixel multiplicity in the tails.

The m value extracted from this fit is:

mZMS —mPPS = —2.2 4 4.8 MeV, (7.25)

where the total uncertainty is dominated by scale and resolution calibration (4.6 MeV). The agreement with
m value from PDG serves as a validation of the calibration procedure. However, this result cannot be
interpreted as an independent measurement of the mass of the Z boson, as the Z — uu data have been
used to tune the scale calibration uncertainty model. In addition to this, the standard CMS alignment proce-
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Figure 7.67: Measured and simulated Z — uu dimuon mass distributions, after applying the muon mo-
mentum scale and resolution corrections, before (left) and after (right) the fit to extract m to validate the
calibration procedure. For the pre-fit distribution, the simulated predictions and uncertainties are scaled to
match the number of observed data events. From [1].

dure already uses Z — pu data and the measurement of m 7, so that also our calibration procedure might
depend, at least in part, on m .

As a validation of the theory model described in section[7.3]and the procedure to tune it from data, m
is extracted in the WW-like fit described in section|7.2] where m  is extracted together with all other nuisance
parameters from the p/, — n* — ¢* distribution.

The post-fit nuisance parameters relative to the theory model and their uncertainties are used to deter-
mine the postFSR generator level pZ distribution. This is compared to the measured p/* spectrum unfolded
at the postFSR generator level, and to the postFSR generator level pZ distribution as determined from post-
fit values of the nuisance parameters as determined from the fit to the p/* — y## distribution. The results
of this comparison are shown in figure where the pre-fit predictions are also shown. The post-fit pre-
dictions are in agreement with the unfolded data in both fits. The uncertainties at low pr, the region most
impacting on the p/. spectrum, are significantly reduced in both cases, particularly for the p/;* — y*# spec-
trum. This gives us confidence that the model is accurate enough to reproduce the p¥. distribution and that
p¥ can be accurately determined likewise. The total impact on myy from the p¥. modelling is 2.0 MeV.

As a cross-check, my, was also extracted from the simultaneous n* — p%. spectrum on W — pv
events and the p/* — y## spectrum on Z — pu events: the shift with respect to the nominal myy value
is +0.6 MeV, with a decrease in the total uncertainty of 0.3 MeV. The nominal result, however, does not use
the information from Z — uu events, to avoid the choice of a correlation scheme between the Z and W
bosons.

The difference between the value of m , extracted from the 1/-like fit and the experimental world aver-
age determined by PDG is:

mEV-like _ ml;DG = —6 £ Tgtat £ 123yst MeV

(7.26)
= —6 + 14 MeV,

providing further validation of the theoretical model and experimental calibrations used in the analysis.
Since events are split into according to their parity, the fit was also repeated by reversing the splitting logic,
obtaining a value of Amy; = 8 + 14 MeV. Figuremshows the post-fit p/. distribution from the W-like fit,
with all the uncertainties and a 14 MeV variation superimposed in the ratio plot, showing that the agreement
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Figure 7.68: Validation of the theory model. Unfolded measured pZ distribution (points) compared with
the generator-level SCETLIB+MINNLOpg predictions before (pre-fit, gray) and after adjusting the nuisance
parameters to the best fit values obtained from the 1W-like m  fit (magenta) or from the fit to the p///* — y##
distribution (blue). The center panel shows the ratio of the post-fit predictions and the unfolded data to
the pre-fit prediction, while the bottom panel shows the ratio of the predictions and unfolded data to the
prediction adjusted to the best fit values obtained from the fit to the p* — y#* distribution. The uncertainty
in the pre-fit prediction is shown by the shaded gray area. The uncertainties in the predictions after the
maximum likelihood fits are shown in the shaded magenta (W -like fit) and blue (p;* — y*#) bands. From

[1].

between data and simulation is good, as also indicated by the x? and p—value shown.

7.9 Fitto the pr — 1 spectrum

The pr — n spectrum is fitted minimizing the negative log-likelihood given the data spectrum. Both
myy and the nuisance parameters relative to the systematic uncertainties are extracted simultaneously.
The function being minimized is:

Nbins - 1

—Inl <mw,§\ﬁ> = Z (,ui <mw,§> —n;ln <Mi (mw,g)))
=0
Nnuisances - 1 é — 0. 2
. % ; (;(jj;) (7.27)
Nbins - 1
LY (g, — o 6.
=0

The first term comes from the product of the Poisson distributions of mean p; for each of the p; — 7 bins
in the analysis (the n; are the number of events in each bin). The second term contains all the nuisance
parameters to be determined from the fit 6; and their best estimation 6, and the uncertainty on their estima-
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Figure 7.69: Post-fit measured and simulated p/. distributions from the maximum likelihood fit of the -
like m analysis. The solid and dashed purple lines represent, respectively, the relative impact of a change
in myz by 14 MeV. The uncertainties in the predictions, after the systematic uncertainty profiling in the
maximum likelihood fit, are shown by the shaded band. From .

tion o;. The 6; estimates are obtained from dedicated external measurements in the case of experimental
systematic uncertainties™} or from variations in the theoretical calculations in the case of the theoretical
uncertainties. The & vector, which contains all the nuisance parameters in the second term, has been in-
troduced to shorten the notation. The third term implements the statistical uncertainty due to the finite
size of the Monte Carlo sample used, in the Barlow-Beeston method [224], as simplified by Conway [225),
with pMCstat — %75%2 where w is the event weight, and 3; is the parameter fit to model the statistical
fluctuations on Monte Carld®]

In the second term, the nuisance parameters are redefined so that §; = 0 corresponds to the nominal
template (with the nominal configuration for the source of systematic uncertainty considered) and 6; = +1
corresponds to a 1o variation, so that in practice the second term can be simplified to z?;gisances -1 9J2-.
With this simplification, the relationship between the expected number of events 1.; and the systematic vari-
ations expressed in terms of the nuisance parameters 6, is the following:

Nprocess - 1 Nsyst - 1
5 pr . y " h ngvj + Vijk
pi (mw,0) = E Bin; ; H Kijk Where x; j r = 0 (7.28)
j=0 k=0 ,J

with n?] corresponding to the number of events in the —th bin for the j—th process, v; ; ;, corresponding
to a 1o the variation in the number of events of the j—th process in the i—th bin due to the k-th systematic
uncertainty™]

"2|n the case of experimental uncertainties, 6, is the maximum likelihood estimator from 6; from a dedicated set of measure-
ments, and o; is the standard deviation obtained in the estimation. In principle, the second term in[7.27|could be replaced with the
equivalent of the first one for the measurements to determine 6, and this would result in a direct simultaneous estimation of the
nuisance parameter 6;.

830 is the parameter corresponding to the nominal template. /3; are normalized so that 3; = 1 corresponds to having the
nominal event yield, and 89 = 1 in most cases, it can be different when Monte Carlo toys are generated

“A +10 variation in a single systematic uncertainty & corresponds to y; = Z?jgocess ! Bin? ki j,k, While a — 1o variation

corresponds to y1; = NP T g 1

Jj=0 Ki .k
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The v; ;  values are derived by producing alternate p/.—n* histograms for each variation corresponding
to a 1o variation and then taking the difference with respect to the nominal histogram, while equation|7.28
is used to interpolate and extrapolate for 6, # +1.

All variations are symmetrized assuming that the logarithm of the yield for the original asymmetric
variation varies quadratically as a function of the nuisance parameter for the up and down variations at
values of +1, and then two symmetric variations are computed: one is the average of the up and down
variations, and the second is a residual contribution needed to produce the equivalent variance for the
yields as the original asymmetric variation. This is done to avoid spurious contributions to the Hessian
matrix that would otherwise degrade the accuracy of the Hessian approximation for determining statistical
uncertainties. In cases in which the variations are approximately (or exactly) symmetrical, the second term
is not evaluated.

The results, particularly the extracted value of myy, are also cross-checked by modifying the relation
in equation [7.28]to be purely linear as a function of 6, and by running a minimum 2 fit (using this linear
parameterization).

myy is fitted together with the other parameters, and the impact of changes in my;, on the spectrum are
implemented using the same formalism as in equation[7.28] but no quadratic term as those for the nuisance
parameters is present in the total likelihood in equation[7.27] In this case, the 10 variations corresponding
to varying my by £100 MeV: the stability and accuracy of this procedure was checked by running fits on
pseudodata obtained by varying my;, by specified amounts, obtaining post-fit values of 7y in agreement
with the input values within 0.1 MeV.

The construction and minimization of the likelihood is implemented using the COMBINETF framework
(now RABBIT [262]) based on the TENSORFLOW software package [248|, which allows the my and WW-like
m likelihood fits to be computationally feasible and numerically stable with the number of bins and pa-
rameters in this analysis. Table 7.1 summarizes all the systematic uncertainties, with the total number
of nuisance parameters associated to them, for the W-like m, and myy fits, the majority of which have
already been discussed in the previous sections. Other uncertainties come from the integrated luminos-
ity (one nuisance parameter fully correlated across all processes, properly propagated to the nonprompt
background), uncertainties on the cross-sections for prompt background processeslf] described in the
widths of the 1% and Z boson, the mass of the Z boson (only for the my analysis).

7.10 my extraction

Figure shows the p/;. distributions in data and simulation after the fit on the pf. — n* — ¢# spectrum
described in 7.9/ has been run (the parameters of the simulation are tuned to the post-fit values, and the
post-fit covariance matrix is used to evaluated the uncertainties). The value of myy extracted by the CMS
experiment is:

m$MS = 80360.2 & 9.9 MeV, (7.29)

in agreement with the Standard Model prediction and the other experimental measurements, except for the
one from CDF. This is summarized in figure[7.71]

Table[7.12] summarizes the impacts on my; and m (in the 1W-like presented in[7.8) in both the nominal
and global definitions discussed when presenting the ATLAS measurement in[6.3.2] The measurements are
dominated by statistics, as can be seen in the global impacts, particularly for the 1¥-like m, measurement.

Concerning theoretical uncertainties, it can seen that the PDFs have the largest impact on my, with
an impact of 4.4 MeV in the nominal definition, while this decreases to 2.8 MeV when the global definition

Some conservative assumptions are made, and different groups of backgrounds are considered together, for the top back-
ground here actually includes ¢ or single top production, but since the contaminations from these backgrounds are small this
choice of uncertainties should have only a small impact on my or mz.
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Systematic uncertainties W-likemyz mw
Muon efficiency 3127 3658
Muon eff. veto - 531
Muon eff. syst. 343
Muon eff. stat. 2784
Nonprompt background - 387
Prompt background 2 3
Muon momentum scale 314
L1 prefiring 14
Integrated luminosity 1
PDF (CT182) 60
Angular coefficients 177 353
W MINNLO pup, pr - 176
Z MINNLO WE, UR 176
PYTHIA shower kr 1
py. modeling 22 32
Non-perturbative 4 10
Perturbative 4 8
Theory nuisance parameters 10
ger @ quark mass 4
Higher-order EW 6 7
Z boson width 1
Z hoson mass - 1
W boson width - 1
Sin2 ‘9W 1
Total 3725 4833

Table 7.11: Number of nuisance parameters for the main groups of systematic uncertainties, for the -like
myz and myy fits. Subgroups of parameters are also reported as indented labels for a few groups.

is used. This is a consequence of the fact that the nuisance parameters related to the PDFs are being
determined in data with an uncertainty that is smaller than the pre-fit one, in agreement with the conclusions
made in the CMS measurement of the helicity and rapidity of the W boson [212].

The p¥. modelling has an impact of 2.0 MeV at most. Regarding the experimental uncertainties, the main
source is the determination of the muon momentum scale: the impact is 4.8 MeV in the nominal definition
and 4.4 MeV in the global definition. The similarity of the impact between the two definitions suggests that
this source of uncertainty is not being significantly constrained in data, and this is to be expected given
that this source of uncertainty modifies the pZ. — n* — ¢* distribution similarly to a myy variation. The
uncertainties in the estimate of the nonprompt background have an impact of 3.2 MeV on myy .

Multiple tests were run to check the consistency of the extracted value of .y, under different variations.
my Was also extracted for each of the PDF sets mentioned in[7.3.2} both with and without the inflation of
their uncertainties. The results are shown in table[7.13|and figure[7.72] When the uncertainties are inflated,
all of the extracted values of myy are compatible with the PDF uncertainties indicated in table[7.4] With the
standard uncertainties, the extracted value when NNPDF4.0 is incompatible within PDF uncertainties with
the other values (although the shift is still within the total uncertainty on myy). This does not necessarily
indicate that the PDF uncertainties on NNPDF4.0 are underestimated, but simply that they do not cover the
differences in the extracted myy value with the other PDF sets. It is also interesting to note that when the
NNPDF4.0 set is used both the contribution from the PDFs and the total uncertainty are the smallest when
the uncertainties are not inflated and are the largest when they are.
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Figure 7.70: The TW boson mass measurement. Measured and post-fit predicted p/. distributions. The
predicted W — uwv contribution is shown in red, while the background contributions are shown in blue,
purple, and yellow (with additional backgrounds giving much smaller contributions, not visible in the figure).
The lines in magenta in the ratio plot shows the impact on the p/. distribution of a variation of my; of
9.9 MeV. The total contribution of all theoretical and experimental uncertainties in the predictions, after the
systematic uncertainty profiling in the maximum likelihood fit, is shown by the gray band. From .

The W-like mz and my, measurements were repeated using predictions from SCETLIB matched to
DYTurBo with the different approaches to incorporate the TNPs described in When using N3*1LL and
N4*OLL predictions and uncertainties, the measured value of myy is shifted by less than 0.5 MeV, within
the 2.0 MeV p¥¥ —modeling uncertainty of the nominal result.

Z — ppu data has also been incorporated in the my for cross-checks. As a first test, the p!¥" predic-
tions from SCETLIB+DYTURBO are corrected using the ratio between the unfolded p%** and fitted pZ spectra,
and no change is made on the uncertainty model. This results in a shift in myy of less than 0.5 MeV. As a
second test, myy is extracted from the simultaneous fit to the pf. — n# — ¢* spectrum from W — pv events
and the p! — y#* spectrum in Z — py events. In this fit, the TNPs and the CS anomalous rapidity are
correlated, while the otherp¥ uncertainties are treated as uncorrelated. This results in a shift of +0.6 MeV
in myy, with a moderate reduction in the total uncertainty. However, this is not used as the nominal result as
assumptions in the correlation between W and Z processes are made, and the nominal result is expected
to be more robust with respect to them (this is true also for the first test, in which it is assumed that the
ph!" /pZ ratio can be used directly to correct p}¥', assuming an even larger degree of correlation, but since
these tests are only used as cross-checks, their results should still hold).

Figureshows the comparison between the pre-fit and post-fit generator level p’!" spectra, extracted
from the standard fit to extract my from the p%. — n* — ¢* spectrum and from the simultaneous fit to
P —n* —¢"in W — pv events and p4* — y#* in Z — pp; agreement between the two post-fit spectra
is found within uncertainties. The results of these comparisons are summarized in figure 7.74]

To further cross-check the theoretical modelling, an alternative fit has been developed and performed,
with the aim of reducing the dependence on external theoretical models (that heavily rely on QCD, and in
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Figure 7.71: Comparison with other experiments and the EW fit prediction [9] (in gray). The my;; measure-
ment from CMS (in red) is compared with the combined measurement of experiments at LEP [60], and with
the measurements performed by the D0 [74,166], CDF |3|, LHCb [38], and ATLAS [37] experiments. From [1].
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Figure 7.72: Difference in my; values for the PDF sets mentioned in when using the original uncer-
tainty for the given set (left) and when the uncertainties are scaled to accommodate the central prediction
of the other sets (right). The inner bar shows the uncertainty from the PDF, and the outer bar shows the
total uncertainty. The nominal result, using CT18Z, is shown by the black line, with the CT18Z PDF and total

uncertainty shown in dark and light gray, respectively. From [1].
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Figure 7.73: Pre-fit and post-fit generator-level p}¥’ distribution. The distribution and uncertainties obtained
from the simultaneous fit to the p/. — n** — ¢* and p4* — y#* distributions is shown in red, while the purple
band shows the distribution obtained from the nominal fit to extract myy that uses only the p. — n* — ¢*.
The ratio of the post-fit predictions to the pre-fit prediction (in gray), as well as their uncertainties, are shown
by the shaded bands in the lower panel. From [1].
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Figure 7.74: Difference between the my; value extracted when the SCETLIB+DYTURBO predictions at
N3LL+NNLO (used in the nominal result) and alternative approaches to the p}’ modeling and uncertainty
are used. The p'¥ modeling uncertainties are shown as the inner bars while the outer bars denote the total
uncertainty. From [1].
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Impact (MeV)
Source of uncertainty Nominal Global
inmyz inmwy inmyz inmpy

Muon momentum scale 5.6 4.8 5.3 4.4
Muon reco. efficiency 3.8 3.0 3.0 2.3
W and Z angular coeffs. 4.9 3.3 4.5 3.0
Higher-order EW 2.2 2.0 2.2 1.9
pY. modeling 1.7 2.0 1.0 0.8
PDF 2.4 4.4 1.9 2.8
Nonprompt background - 3.2 - 1.7
Integrated luminosity 0.3 0.1 0.2 0.1
MC sample size 2.5 1.5 3.6 3.8
Data sample size 6.9 2.4 10.1 6.0
Total uncertainty 13.5 9.9 13.5 9.9

Table 7.12: Uncertainties in the W-like m; and my;, measurements, with contributions to the total uncer-
tainty from individual sources separated according to the "nominal” [212] and "global” [200] definitions of
the impacts.

Extracted my, (MeV)

PDF set Original oppr Inflated oppr
CT18Z 80360.2 +9.9

CT18 80361.8 £10.0
PDF4LHC21 80363.2+9.9

MSHT20 80361.44+10.0 80361.7+10.4
MSHT20aN3LO0 80359.9+9.9 80359.8 + 10.3
NNPDF3.1 80359.3+9.5 80361.3+104
NNPDF4.0 80355.14+£9.3 80357.04+10.8

Table 7.13: The myy values measured for different PDF sets indicated in with both inflated and un-
scaled uncertainties.

principle might not capture effects from physics beyond the Standard Model in the production mechanism).
This is referred to as "helicity cross-section fit": in this fit, the predictions on pY¥., 4" and angular coefficients
in equation|6.13[are replaced with parameters of interest that are extracted together with my;, and the other
sources of uncertainty. In this way, the theoretical uncertainties are traded for statistical uncertainties. As
was discussed in section[6.3]and shown in figure [6.10] variations in my, and angular coefficients modify
the p/;. — n# — ¢* spectrum very differently, in a way that can be disentangled by the fit, and it was discussed
how this approach can reduce the PDF uncertainties. The "helicity cross-section fit" can be considered a
less theory dependent approach compared to the one used in the nominal result. The helicity cross-sections
o;, corresponding to the product of the A; coefficients in equation[6.13]and the unpolarized cross-sections
are fitted to have a set of parameters that is linear (so that the total cross-section is given by the sum of
all the cross-section, while instead using the A; coefficients directly leads to having to fit the product of
multiple parameters). Terms with i > 4 are neglected, as no selection in ¢* in equation[6.13|is applied,
so that those terms go to zero when integrated over ¢*. The parameters are fitted in the phase space of
py. < 64GeV and |yV'| < 3, separately for the positive and negative charges, and this phase space is
divided into 7 bins in |y"'| and 8 bins in pY., corresponding to a total of 864 parameters (the 5 helicity cross-
sections for i < 4 and the unpolarized cross-section are fitted for each p¥. — |y"'| bin and charge). As
the amount of statistics is not enough to sustain a fit in which the helicity cross-section parameters are
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Figure 7.75: The W boson mass measured with the helicity cross-section fit for different pre-fit helicity cross
section uncertainty configurations, separated for the o3 and the other components, respectively. From [1).

allowed to float freely and to reduce the impact of issues due to the finite amount of Monte Carlo statistics,
for example discussed in [226], the nuisance parameters are constrained around the theoretical predictions
with uncertainties that are relaxed with respect to the values used for the nominal result. The ¢V*% and
o parameters have pre-fit uncertainties of £50% and +100% of the predicted cross sections, respectively,
but these are also varied to check how the extracted value of myy changes. To cover for all the possible
correlated variations allowed by the theory model used for the nominal result, the uncertainties on the PDFs
and missing higher-order terms, as well as the primordial— &7 smearing and non-perturbative uncertainties
in the angular coefficients, are included in the fit, with the latter also retained for the unpolarized cross-
section, due to their impact at low pY¥.. Uncertainties in the unpolarized cross section from resummation,
matching, and missing higher orders are not included as the variations induced by them should already be
captured by the explicit oV 1 variations. The results of the helicity cross-section fits, for several set of initial
constraints on the helicity cross-sections, compared to the nominal result, are shown in figure[7.75 Using
this approach, it was noticed that the uncertainty in my; is only mildly dependent on the uncertainties on
the helicity cross-sections, except for o3: this is reflected by the uncertainty configurations shown in figure
where the constraints on o3 are typically tighter than those of the other 5 cross-sections (grouped
as Ogthers)- The results from the helicity cross-section fit are in agreement with the nominal result, with the
larger deviations corresponding to the results with the looser constraints (that also have larger uncertainties
due to the helicity cross-sections themselves).

In order to test the experimental inputs, my;, was also fitted separately in each 7 bin, and no particular
trend was seen within uncertainties (mostly dominated by the finite amount of statistics). For the standard
fit, the W-like mz and myy analyses were also performed splitting events by the sign of n*, for each half of
the CMS detector separately, and also by splitting events to separate between muons in the central region,
In*| < 0.9, or in the forward region, [n*| > 0.9 (for the TW-like this was done for both muons from the
Z — pp decay). The myy analysis was also performed reducing the p. range considered. The alternative
ranges 26 GeV< pf. < 52GeV, 30 GeV< pf. < 56 GeV and 30 GeV< pf. < 52 GeV were considered. myy
was also fitted together with a scaling factor that multiplies the normalization for the 17 signal process,
obtaining a scaling factor of 0.979 4 0.026. In all cases only a negligible shift in the extracted value of my;
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was obtained.

The mass difference between W and W~ was also fitted to validate the experimental and theoretical
model, to validate the sources of uncertainty that behave differently for the two charges, the impact of
which might be reduced when both charges are considered. This was done by replacing the parameter
corresponding to variations in my; with two separate parameters, one corresponding to the average value
of myy for the positive and negative 1 boson:

mE = W (7.30)
and the other one corresponding to the difference between the masses of the positive and negative W
boson:

Amy = myr+ — myy - (7.31)

In this way, both the shift in the average value and the difference can be determined properly taking into
account the correlation of uncertainties across channels and parameters. The value obtained is:

my+ — my— = 57.0 + 30.3 MeV, (7.32)

compatible with 0 within two standard deviations, with a p—value for the compatibility with 0 of 6%, with
a negligible difference between m%,) and the nominal value of myy in The correlation between m&)

and Amyy is 0.02. As a cross-check, the same test was repeated for the W-like analysis:

my+ —my- = 30.9 + 32.5 MeV (7.33)

for the nominal splitting of events, and:

My+ —My- = 6.4 £+ 32.3 MeV (734)

for the alternate splitting, compatible in both cases with 0.

For both W and Z, a significant increase in the uncertainty in the mass differences compared to the
mass average can be observed, related directly to the negative correlation of some uncertainties between
the positive and negative charge. Table[7.74 summarizes the impacts, in both the nominal and global def-
initions, for the mass difference and average for both the my; and W-like m analyses: the increase in
uncertainties can be linked to the increase in the statistical uncertainty, the uncertainty in the muon momen-
tum scale, particularly in the corrections in the alignment, that are expected to have an opposite contribution
to positive and negative charges, the angular coefficients, particularly A3 for myy, and the PDFs (although
they are expected to be less relevant for these measurements). These anticorrelations can also explain the
relatively small correlation between mass average and difference. The increase in the impact of statistical
uncertainty is particularly relevant for the 1W-like m extraction, as it can be seen in the difference of val-
ues extracted by changing the splitting of events, and this can in principle dilute the impact on the mass
difference from systematic differences between the positive and negative muon. Because of this, several
additional checks were performed to verify that the differences from zero in Amyy does not reflect a bias
or an underestimation of uncertainties that would impact result of this analysis.

Mass difference measurements were repeated after varying the central value of these parameters by
one standard deviation to reduce the mass difference, without changing their relative uncertainty. When
both are varied in such a way as to maximally reduce the mass difference, this moves by 1.25. An extreme
configuration in which only the alignment term is varied by 3¢, to exclude that potential biases in the muon
scale calibratiorff]not covered by the uncertainty model of this analysis might induce biases in the extracted

1®Some of these potential biases were already discussed in section and might be related to the non-closure in the charge-
dependent term (that should behave like the alignment term in equation|7.13) shown in figure
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value of myy . This variation of the alignment term results in my,+ — my— & 0, and in a shift of 0.6 MeV
in the extracted value of myy (shifts of similar or smaller order were obtained when other variations of A3
and alignment were tested).

Source of uncertainty Nominal impact (MeV)

Mmz+ —Myg- mz mw+ —mwy- Mmw
Muon momentum scale 23.1 5.6 21.6 4.8
Muon reco. efficiency 7.1 3.8 7.2 3.0
W and Z angular coeffs. 14.5 4.9 18.7 3.3
Higher-order EW 0.2 2.2 1.5 2.0
pY. modeling 0.6 1.7 7.4 2.0
PDF 0.9 2.4 11.8 4.4
Nonprompt background - - 7.5 3.2
Integrated luminosity <0.1 0.3 0.1 0.1
MC sample size 4.9 2.5 3.0 1.5
Data sample size 13.9 6.9 4.7 2.4
Total uncertainty 32.5 13.5 30.3 9.9

Global impact (MeV)

Source of uncertainty
My+ — My- my mwy+ — My - mw

Muon momentum scale 21.2 5.3 20.0 4.4
Muon reco. efficiency 6.5 3.0 5.8 2.3
W and Z angular coeffs. 13.9 4.5 13.7 3.0
Higher-order EW 0.2 2.2 1.5 1.9
py. modeling 0.4 1.0 2.7 0.8
PDF 0.7 1.9 4.2 2.8
Nonprompt background - - 4.8 1.7
Integrated luminosity <0.1 0.2 0.1 0.1
MC sample size 6.4 3.6 8.4 3.8
Data sample size 18.1 10.1 13.4 6.0
Total uncertainty 32.5 13.5 30.3 9.9

Table 7.14: Uncertainties in the W-like mz and my, measurements, comparing the mass difference be-
tween charges and the nominal charge combination, using nominal (upper) and global (lower) impacts.
From [1].

Further ongoing tests include splitting the dataset used in this analysis in different data-taking periods
or in bins of instantaneous luminosity.

The myy result presented here is in agreement with the Standard Model and has an uncertainty that
is comparable with the most precise measurement by CDF in 2022. This result could help disentangle the
W boson mass puzzle that arose after the publication of the latest CDF measurement. The methodology
employed in this measurement relies on the most precise theoretical predictions and uncertainty model,
particularly regarding the uncertainties for the non-perturbative and resummation uncertainties in the pY.
modelling, out of all the measurements at hadron colliders, as well as a novel approach in the extraction
of my, and the theoretical model itself, as this is constrained by data and does not require inputs from
Z — pu events, which was only used for validation purposes as described in section 7.8} so that no as-
sumption about the degree of similarity and correlation between p!'" and pZ needs to be made. The new
CVH refitting algorithm, specifically developed for this analysis, has been deployed and it was verified to
improve the accuracy with which the muon momenta can be reconstructed, and the residual differences
between true and reconstructed momenta are traced back to differences in the magnetic field, alignment
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and material budget within the tracker volume, account for by deriving the corrections as described in[7.5]
The corrections are parameterized in terms of a physics-driven model, the robustness of which has been
thoroughly tested. The multiple tests that have been presented seem to confirm that the result is robust
under changes in the theoretical model (e.g. the PDF set chosen, the order up to which TNPs are included,
other modifications of the p¥. spectrum) or in possible missing sources of experimental uncertainties (as
for example those that might account for the 2 tension in myy+ — my-).



Chapter 8

Future prospects

The analysis presented in this thesis can be relatively easily extended to use the full Run 2 dataset col-
lected by the CMS experiment. As seen in the previous chapter, the precision in the new CMS measurement
of myy is limited by statistics (6.0 MeV), and the dataset used in the analysis corresponds to roughly 10%
of the total Run 2, so that a lot of information can be extracted from the remaining data. One of the possible
challenges comes from the fact that the tracker geometry is different for 2017 and 2018, because of the
installation of the new Phase-1 pixel detector shown in figure[3.6] Preliminary tests have been run, and the
new CVH refit algorithm seems to converge successfully for the Pixel-1 geometry, and a preliminary version
of the comparisons shown in figure seems to indicate that the model in equation holds also for
the new geometry.

| have been involved in porting the CVH algorithm to the central CMSSW framework, so that it can be
employed for other analysis or as part of the tracking effort, for example, it could be employed in the stan-
dard CMS alignment procedure. The CVH algorithm is being restudied to understand if there are possible
improvements: it was found that the dip in event counts seen in data with respect to Monte Carlo observed
around n = 0.2 in figure is due to a non-negligible fraction of muon for which the CVH refit does
not convergence successfully. Figureshows the probability (measured using the same tag-and-probe
procedure described in[5.2.7) that the CVH refit is successful for global muons (with all the analysis require-
ments) for 2016 (a similar situation was observed for 2018). A clear dip in efficiency around = 0.2 can be
observed, mostly flat in . The implementation of this requirement in the Tracking efficiency derivation is
being developed: it was left out because the efficiencies computed using the standard CMS reconstruction
and the CVH refit are expected to be very similar, as the difference in p between the two reconstruction
should be O(10~2), and the inclusion of the momenta reconstructed with the CVH algorithm in the nTuples
to derive the efficiency corrections (see[5.2.4|for more details) is not trivial and would result in an increase
in the time required to produce the nTuples. However, since this inefficiency is restricted to a few 7 bins,
and it does not induce a variation in p7, no bias on myy is expected by neglecting this correction.

Assuming there are no changes in the muon definition and in the event selection in the analysis, muon
reconstruction and identification efficiencies have been derived for both 2017 and 2018. As of this thesis,
the additional muon scale and resolution and recoil corrections have not been derived yet, and no changes
have been made to the estimation of the backgrounds. With this in mind, ﬂgur shows a preliminary p’.
spectrum for 2018. To define a reference point for comparisons, ﬁgureshows the p/.. spectrum without
the corrections on the muon scale and resolution for 2016.

As already discussed, the resolution on piss does not allow CMS to measure m7 with enough precision
to provide a competitive measurement of myy, at least for the luminosity conditions of Run 2. Preliminary
estimates have been made on the integrated luminosity needed to have a competitive measurement of
myy on so-called "low pileup data”, i.e. a dataset in which the instantaneous luminosity is reduced so that
the average number of interactions per bunch-crossing (1) ~ 1 — 3: it was estimated that about 1fb
could be sufficient for a measurement with a 10 MeV uncertainty. However, possible improvements in the
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Figure 8.1: Probability that the CVH refit is successful for global muons (with all the analysis requirements),
separately for positive (left) and negative (right) muons.
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Figure 8.2: Preliminary p. on 2018 data. No recoil, momentum scale and resolution corrections are applied
/. is reconstructed using the CVH algorithm).

DeepMET algorithm used to reconstruct m could also lead to a competitive measurement of my; also
under standard Run 2 (or even Run 3) pileup conditions. For example, ﬁgureshows a comparison in m
distribution when m is reconstructed using the Particle Flow MET algorithm, the standard algorithm used
to reconstruct pis in Run 2, and DeepMET (which has actually become the standard algorithm for Run 3).
A significant improvement in the resolution can be observed when DeepMET is used, so that even larger
improvements could be expected in future updates. The m variable is also sensitive to the width of the W/
boson I'yy, another electroweak precision observable (see section , as shown for example by the latest
my measurement by the ATLAS experiment [37]. This is another a potential target for CMS. New myy
measurements might also benefit from improvements in the theoretical uncertainties, for example related
to the choice of future PDF sets that include new data on the theoretical accuracy, but also from increases
in geometrical acceptance: the acceptance of both the inner tracker and the muon spectrometer will be
extended when LHC moves to its High-Luminosity phase.

As of this thesis, work is ongoing to perform a new measurement of m, such as the one reported in
section[7.8] fully independent from the measurement at LEP and with improvements in the muon calibration
with respect to this analysis. Another line of research that could be pursued using the data and analysis
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Figure 8.3: Same spectrum as in figure but for 2016.
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Figure 8.4: Comparison between the m distribution reconstructed using the Particle Flow MET algorithm
used for standard Run 2 analyses or the DeepMET algorithm used in the my;, measurement by CMS.

framework developed for myy is the measurement of the strong coupling constant a5 from the p4/* — y##
spectrum in Z — pu data, similar to the one presented by the ATLAS experiment |263], that could benefit
from all the improvements in the theoretical modelling and uncertainties described in this thesis.
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