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Abstract

Abstract

The Standard Model (SM) of particle physics is so far the best theory to describe
the properties and interactions of fundamental particles. It successfully predicted the
existence of the W and Z bosons, discovered in 1983 at CERN’s SPS, and the Higgs
boson, discovered in 2012 by the A Toroidal LHC Apparatus (ATLAS) and the Compact
Muon Solenoid (CMS) experiments at the Large Hadron Collider (LHC). It is however
well known that many questions remain unexplained by the SM, hence physicists have
been for decades searching for new physics evidence, but so far no solid signals have
been established. Improving the precision of Standard Model parameters will constraint
the properties of possible new phenomena, and hence provides a new handle to explore

for new physics.

This thesis presents precise measurements of the Z boson transverse momentum
using a special dataset collected by the ATLAS experiment from proton-proton colli-
sions at 5 TeV and 13 TeV at the Large Hadron Collider. The transverse momentum of
the W boson is then calibrated using this Z boson transverse momentum measurement.
These measurements are key ingredients for the next W mass measurement from the
ATLAS experiment that is planned to be released later. In addition, the thesis covers
work done for the ATLAS detector upgrade, both in the vertex pixel detector (ITk) and
the High Granularity Timing Detector (HGTD), for the High-Luminosity-LHC planned
to startin 2029. These detectors are essential to allow the continuation of these precision

physics measurement in ATLAS in the longer term.

The W boson mass, myy, is one of the most sensitive parameters in the standard
model. Significant deviation between the prediction and measurement of the my, would
be a potential indication of new physics. Recently, the precision measurement from the
CDF II collaboration raised a significant tension between the experimental observations
and the SM theoretical expectations. A key ingredient of the W mass measurement is
the modeling of the W boson transverse momentum, hence its precise measurement is
of the utmost importance and one of the main challenges in the W mass measurement.
Given that the W boson decays into a neutrino, that cannot be directly observed, the

transverse momentum of the W boson is measured through the hadronic recoil produced
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simultaneously with the W The hadronic recoil is calibrated through the measurement
of the Z transverse momentum in the dilepton decay channel. Thus the Z transverse
momentum measurement is a crucial input to the W transverse momentum and W mass
measurements. The Z and W boson transverse momenta measurements are also great
probes to explore parton distribution functions of the proton and quantum chromody-

namics, especially in the low prregion, where QCD physics become non-perturbative.

The W boson recoil measurement, and hence the W mass, is harder to make in
a high instantaneous luminosity environment, where hard collisions occur simultane-
ously. Hence, ATLAS collected the dataset, used in this thesis, with very low instanta-
neous luminosity specifically to perform this measurement. The dataset corresponds to
an integrated luminosity of 335 pb™! at 13 TeV and 257 pb~! at 5 TeV. W and Z boson
events decaying in either electrons or muons are selected. Top and electroweak back-
ground processes are estimated using Monte Carlo, while QCD multi-jet backgrounds
are estimated directly from data. Detector efficiency, acceptance and response are es-
timated using Monte Carlo. The transverse momentum distributions obtained from the
Z boson dilepton decay products and from the Z boson recoil are retrieved from the
corresponding reconstructed measurements using a Bayesian unfolding technique. The
two measurements are compared to each other to validate the recoil calibration, which
in turn, is applied to the W boson sample to extract the W' transverse momentum mea-
surement. The precision of the Z boson transverse momenta measurements is around
1% in the low prregion, dominated by data statistical uncertainty. In turn, W boson
transverse momenta measurements at low py also achieve a precision below 1%, after
the calibration with Z boson events. The precision is dominated by the hadronic re-
coil calibration and unfolding uncertainties. The measurements from the Z transverse
momenta are compared to various theoretical predictions. The agreement between mea-
surements and predictions is better at 5 TeV than 13 TeV, especially for those predictions
that were tuned with 7 TeV Z boson production data.

Starting in 2029, the LHC will be upgraded to much higher luminosities. This
will produce significantly larger datasets that can be used for SM precision physics,
but require an upgraded ATLAS detector. As part of my ATLAS authorship qualifi-
cation task, I worked on the upgrade of the endcap pixel vertex detector, studying as-

sembly techniques at Rutherford-Appleton Laboratory in UK. In addition, I measured
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Abstract

the electronics properties of Low-Gain Avalanche Diode sensors developed at IHEP for
the HGTD. These detectors improve the momenta measurement and suppress pileup
effects, facilitating precision measurements of Standard Model parameters at the High-

Luminosity-LHC.

Key Words: ATLAS, W boson mass, Z boson transverse momentum, hadronic recoil,

precision measurements
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Symbol

HR
HF
X122

Ar

fa/h(x7 M%:)

O-al az—)l3l4

EREETES

Description

Vector boson

Transverse momentum

Transverse momentum of leptons
Transverse momentum of neutrinos
Transverse momentum of Z boson
Transverse mass

Square of center-of-mass energy
Intrinsic transverse momentum of bosons
Momenta of partons or leptons in proton-proton collisons
hadrons in proton-proton collisions
partons in proton-proton collisions

Cross section

Pseudorapidity

Azimuthal angle

Polar angle

Polar angle of leptons

Rapidity

Phase space

Mass

Renormalization factor

Factorization scale

Fraction of energy carried by partons
Higher order corrections to W boson mass
Parton density functions

differential cross sections of partons

XXV

Unit
GeV
GeV
GeV
GeV
GeV
GeV
TeV
GeV
GeV
GeV
GeV
pb™!

GeV
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20

axis

do

x — y plane
dy/o(d)
AR

Y Er

Y Er

Average number of interactions per bunch crossing

Impact parameter of tracks, distance between track to primary vertex in z

mm

Impact parameter of tracks, distance between track to primary vertex in

mm
d, parameter divided by its standard deviation.

Distance between two vectors, AR = 1/ A62 + A¢?

Scalar sum of total energy GeV

Scalar sum of total energy subtract the vectorial sum of transverse mo-

menta in hadronic calorimeter GeV
Myyp Invariant mass of dilepton GeV
Ur Vectorial sum of energy of clusters deposited in hadronic calorimeterGeV
U Projection of uy into the Z boson axis GeV
u Projection of uy into the plane transverse to Z boson axis GeV
Uy Projection of uy into X axis in ATLAS coordinates GeV
Uy Projection of up into Y axis in ATLAS coordinates GeV
b Bias, defined as the sum of U plus pf uy+ pf GeV
E%“iss Missing transverse energy GeV
#"E

ALICE A Large Ion Collider Experiment

ATLAS A Toroidal LHC Apparatus

AZ ATLAS tune of MC to the Z-boson py and ¢* measurements

BLUE Best Linear Unbiased Estimatormethod

CDF The Collider Detector at Fermilab

CERN European Organization for Nuclear Research

CMS Compact Muon Solenoid

cPFO Charged Particle Flow Objects

CSC Cathode Strip Chambers

DAQ Data AcQuisition

XXVI
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dof Degree of Freedom

DYTURBO Fast predictions for transverse-momentum resummation of Drell-Yan pro-

cesses

DO The Dg experiment at the Tevatron Collider at Fermilab
ECal Electro-magnetic Calorimeter

EM Electro-magnetic

EW Electroweak

FCal Forward Calorimeter

FSR Final State Radiation

HERWIG A multi-purpose particle physics event generator
HEC Hadronic Endcap Calorimeter

HGTD High Granularity Timing Detector

HLT High Level Trigger

HL-LHC  High Luminosity Large Hadron Collider

IBL Insertable B-Layer

ID Inner Detector

ISR Initial State Radiation

ITk Inner Tracker

JTE Junction Termination Extension

LAr Cal Liquid Argon Calorimeter
LAr EMCal Liquid Argon Electromagnetic Calorimeter

LGAD Low Gain Avalanche Detector

LHC Large Hardon Collider
LHCb LHC beauty experiment
L1 Level-1 Trigger

L2 Level-2 Trigger

(N)LL (Next) Leading Log
(N)LO (Next) Leading Order

MDT Monitored Drift Tubes

XXVII
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MJ

MS
nPFO
PDF
PFO
PowHEG
PV
PyTHIA
QCD
QED
QT
RaADISH
ROI
RPC
SCT

SHERPA

Multi-jet

Muon Spectrometer

Neutral Particle Flow Objects

Parton Density Functions

Particle Flow Objects

A method for interfacing NLO calculations with parton shower programs
Primary Vertex

A generator to simulate the hadronisation and parton shower

Quantum Chromodynamics

Quantum Electrodynamics

Qualification Task

Formalism for the resummation of transverse observables in direct space
Region of Interest

Resistive Plate Chambers

Semiconductor Tracker

A multi-purpose Monte Carlo with special emphasis on matrix-element/parton-

shower merging

SLC
SM
TFM
TGC
TRT
WP

Stanford Linear Collider
Standard Model

Thermal Figure of Merit
Thin Gap Chambers
Transition Radiation Tracker

Working Point

XXVII
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S NEAL TR B AARHERTAL , SRANIA T B IR AL T A S EATZ [ A AH
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Figure 1-1 Summary of fundamental particles in standard model. Matters are constituted
from quarks and leptons. The Higgs boson gives the mass of particles through Higgs

mechanism.
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Figure 1-2 Feymann diagram of weak interaction, while a W or Z boson decay to a pair of
fermions. Z boson decays to two fermions with opposite charge, W boson decayed leptons
have total charge +1. There are typically two type of final states, one is hadronic qq/ , the

other is leptonic / + I(v).
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mass, including the contributions from masses of Higgs boson, Z boson and top quark.
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level contours of the Higgs mass measurements. !*!
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Figure 1-7 Crucial spectra in 7 TeV W boson mass measurements. The left top plot is the

transverse momentum of lepton decayed from W boson, p,”, which is one of the two fit
parameters to obtain the W boson mass and is sensitive to the modeling of p?’ distribution.
The right top plot is the negative of the sum of p,* and the energy deposited in hadronic

calorimeter, which is the energy of the neutrino, denoted as p;"**. The left bottom plot

is transverse mass m; = \/ 2pr priss(1 — cos(6, . m,-sS)), the other fit parameter to obtain

my,, which is not sensitive to p!” but need good resolution of E}"* measurement. 2"
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Figure 1-9 Feynman diagrams for the production of Z decaying to two leptons. Left top plot
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Figure 1-10 Recoil resolution as a function of x for simulated Z — yu events with two different

calorimeter settings. Recoil resolution increases with pileup, and the dedicated algorithm

improves resolution at the same pileup rates. **!
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Pl 1-11 SFPURIAS ] = 2 - BB S U4k pf SRl LLEk. A Pythia8 y=/k 736 | AZ
PSS, Powheg+Pythia8 = - 3L - AZNLO a5 4L, UL K Sherpa v2.2.1 fil
RadISH " A: T4 . BIP IR R ZERRIUR M A 0E , RAXIRIUKI & Sherpa I
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Figure 1-11 Comparison of the normalized pf distributions predicted by different computa-
tions: Pythia8 with the AZ tune, Powheg+Pythia8 with the AZNLO tune, Sherpa v2.2.1
and RadISH with the Born level combined measurement. The uncertainties of the mea-
surement are shown as vertical bars and uncertainties of the Sherpa and RadISH pre-

dictions are indicated by the coloured bands. !
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B2E XRBFXENFO ATLAS £HU8
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LAS FRMF5 (55— 4 8 B 5 e B 2R Ge i) PRI 4% - (Inner Detector)
i fEss (Belectromagnetic Calorimeter) . 5% 7HafE#s (Hadronic Calorimeter)
PASz— DB T%{Y (Muon Spectrometer) 2H . AsEx 42540 BINZE LA N
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The CERN accelerator complex
Complexe des accélérateurs du CERN

ALICE

MEDICIS
L]

1SOLDE
R
T . B
I%E(;{BE East Area
n TOF & r— Pan

— p)

, T CLEAR

B H (hydrogen anions) B ions

LHC - Large Hadron Collider & SPS - Super Proton Syncheotron

Bectron Accelerator for Research /f AWAKE - Ady ield Experiment /7 1SOLDE - Isotope Separator Online X/HIE-ISOLDE - Radioactive

nergy ISOLDE i MEDICIS /f LEIR - Low Energy lon Ring # INAC - UNear ACcelerator

ExXperiment/High Intensity a

n_TOF - Mestrons Time OF Flight & HiRadMat - High-Radiation to Materials /f Neutrino Platform

Pel 2-1 LHC Jiid 5% 00 A s s B TR B0 £ 6.5 GeV Ji{EA LHC 3, fE
ATLAS. CMS. LHCb fil ALICE YA~ SR AR Al . LHC 364 27 21, i
TRk T W50 CERN [ T 100 X4k, BT

Figure 2-1 Layout of the LHC accelerator complex. The proton beams are accelerated to
6.5 GeV and injected to LHC rings and collide at four experiments: ATLAS, CMS, LHCb
and ALICE. The ring is 27 km long and 100 meters underground at CERN.")

2-2 ATLAS $Z5 R P . ATLAS SRS (S PR IS . iz i fedi i T Geds . 2
TRk RYE. ATLAS BEMIZS T 25 K, K 44 % 1

Figure 2-2 The ATLAS detector consists of the inner detector, electromagnetic calorimeters,
hadronic calorimeter, muon spectrometer and magnet system. The dimensions of the

ATLAS detector are 25 m in height and 44 m in length.!
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ATLAS Online, 13 TeV fl_dt=148.5 fo!
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2016: <u>=25.1
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Total: <u> = 34.2
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Pel 2-3 ATLAS $8JES1E 2015 45 2018 AEMARIR A0 p — p BEAEEAAHEBUAR 53 4. HiEBL
B p PR EATIX SR AR, d5eieiiks 34.2. RSO B i B Ak -1 ARAVC Py e
BT, W ha bR >

Figure 2-3 Pileup distributions for ATLAS data taken in the years from 2015 to 2018. The
average of pileup is very high, up to 34.2 . The data used in the analysis of this thesis is

of low pileup conditions, emphasized in the red circle.*”

22 ZTHRMAS
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r R =1082mm \

L R = 554mm
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SCT
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R = 122.5mm """ __ =

Pixels R =88.5mm ——’///’/'/’: S
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Figure 2-4 The Inner Detector consists of a silicon pixel detector with insertable B-layer inside,

a silicon micro-strip detector and a transition Radiation Tracker.*"!
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[] ()73 8% 60 - 180 pm,

FERURASE RN gs (SCT) {7 ATLAS INERERINEH HHEZ, MR
IR B o BT FRL Tl R BRI SR e Rl 2% P AR L 22455, BRI
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SHHERGLE . HAAREWE i, R SOR T 20 28 DU 2 R 4%
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BROTAR SR ES (TRT) 24N mINETRr . BB MR A R
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25 BHEE
4% (Calorimeter) ) {1 RRWCH W LI TSR R HIF 4 ) S 53K T
Bt ATLAS L9528 5y R LA RS (ECal) RIS TR (HCal) Fh,

i
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PR R R AR, PIAN R REAVARTE IR B B RL BRI SR . 18] 2-5 J/R T ATLAS
RARATIY 2T . RARA IS A B S IR Il < 4.9, 2 Rl il DA
AR T RE R . ATLAS RERESH% I BE IR B D35S (LAr) 5 AE
L NVIREN e i
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LAr hadronic
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Pel 2-5 ATLAS SRR Ul AP . 5 i A sl oy - R s o AL fih o0 IR 53t 1 g
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fidy .

Figure 2-5 Cut-away view of the ATLAS Calorimeters. The barrel includes LAr electromag-
netic calorimeters and tile hadronic calorimeters. The endcaps include LAr electromag-

netic and hadronic calorimeters, and forward calorimeters.*®!
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LAr eleciromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel (EMB)

LAr forward (FCal)

2-6 g RS VI Pl . AN LRI R RE AR B0 1 Il < 3.2 YRB R X . i
WA TR e B 1 1375 < Inl < 3.2. iKW RS B 1o YUl 3.1 £ 4.9,
Pelrb A fa i R TR IR 2 s RS PR AFLE -184°C 1,

Figure 2-6 Cut-away view of the liquid Argon calorimeter. Three Electromagnetic LAr
Calorimeters cover barrel and endcap region with |yl < 3.2. LAr hadronic Calorime-

ter end-cap covers 1.375 < Iyl < 3.2. The LAr Forward Calorimeter covers 7 region from

3.1 to 4.9. The white structure is the cryostat to keep the calorimeter at -184°C. %8
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24 uFERNZF
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Figure 2-7 Cut-away view of the ATLAS Muon system. %!
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Figure 2-8 Scope view of Magnet system of ATLAS. It consists of a Solenoid in the central track
volume and three Toroids surrounds the solenoid. The solenoid provides a 2 Tesla field
in the tracking region. The Toroids provides 3-8 Tesla field that surrounds the ATLAS

detector.®!
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Figure 3-1 An overview of tracking reconstruction. It is done first ”inside out” as in the red

arrow, and then “outside in” as in the blue arrow.“!

track

Pel 3-2 A PR I 25 00 i 15 B A HURE T IR0 TR S B . 3X e S B TR 1~ %0 A
ﬁ o [42]
Figure 3-2 Global track parameters of a charged particle in ITk. These parameters are used

for particle identification and momentum measurement.#?!
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Figure 3-3 Schematic view of the electron reconstruction and identification.
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Figure 3-4 Sketch map displaying the transverse plane of a W/Z + recoil event. (a)l/ + recoil
(b)Z + recoil. Di-lepton decayed from Z is measured by the tracker and EM calorimeter.
The transverse momentum of recoil (u) in both W and Z events is evaluated by vector
sum of energy deposited in Hadronic calorimeter, excluding energy associated with W/Z-

decayed leptons.
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Table 3-2 Values of 7, bin frontiers for energy scale factors for low pile-up runs.
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Figure 3-5 Energy scale factors « for low pile-up runs of 2017 (blue), 2018 (red) and 2017 at 5
TeV (black) using 24 5 bins.
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Figure 3-6 The invariant mass distribution around the Z-mass peak for MC and data in low
pile-up runs for 5 TeV and 13 TeV data. The lower panel shows the data to simulation
ratio, with the systematic uncertainty in blue band. The 13 TeV datasets includes both

2017 and 2018 data
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Figure 3-7 Examples of electron reconstruction SFs with 5+13 TeV combination in # bins as

written in the plot legend. The total uncertainties are shown.
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Figure 3-8 Examples of electron ID SFs at 13 TeV data extracted from the combination of the
Zmass and ZIso methods in four s ranges as indicated in the plot title as a function of p.°.

The total uncertainties are shown.
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Figure 3-9 Examples of electron isolation SFs at 13 TeV data in four # ranges as indicated in

the plot title as a function of p.°. The total uncertainties are shown.
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Figure 3-18 Illustrative recoil distributions in the data and in the simulation, aftera Z — uu

selection at 13 TeV, using 2017 data. No calibration is applied and the true underlying

py is not necessarily similar in data and simulation. u; ~ p;”” follows the distribution of

the Z-boson transverse momentum (broadened by resolution), u is to first order equal to
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positive values. The transverse projection u, is on average equal to zero. The bin size is

not constant and the bins contain simply event entries, leading to shapes that are different

from what one would obtain using the entries divided by the bin width.
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Figure 3-19 Distributions of the recoil transverse momentum u, in different bins of ) E, at

\/_ = 5 TeV. In each subfigure, a comparison of the distributions for each leptonic mode

of the Z boson, Z — ee and Z — upy is shown. Good compatibility is observed between

both channels.
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Figure 3-20 Distributions of the recoil component in the direction orthogonal to the Z boson
axis, u, , in different bins of )’ E, at \/— = 5 TeV. In each subfigure, a comparison of the
distributions for each leptonic mode of the Z boson, Z — ee and Z — uu are shown.

Good compatibility is observed between both channels.
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Figure 3-21 Distributions of the recoil transverse momentum u, in different bins of )’ E, at
\/E = 13 TeV. In each subfigure, a comparison of the distributions for each leptonic mode
of the Z boson, Z — ee and Z — uu are shown. Good compatibility is observed between

both channels.
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Figure 3-22 Distributions of the recoil component in the direction orthogonal to the Z boson

axis, u, in different bins of ) F; at \/E = 13 TeV. In each subfigure, a comparison of

the distributions for each leptonic mode of the Z boson, Z — ee and Z — uu is shown.

Good compatibility is observed between both channels.
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Z — eefll Z — ppu HEAN uy SRS UG RMS (0885) T AR I
AN EASETE SR T RO o HER RO AR, 3R 3-3 F 3-4 S5 T S5 Al 13TeV %
PEET A EIA SR . EAR Y Ey IKIEIN, uy 7 RMS #£ Z — ee
M Z = pp Z BN RXUEE T Z — ee Fl Z — pup FEAT] DALE S PEREDT
R AR . AN Z GEHEET, R G R ES

Syt \/s = 5 TeV

YEF R 0 (Z —ee) o,(Z - up)
(0, 30) GeV 3.05+0.04 3.08+0.03
(30, 40) GeV 385+0.05 3.86+0.04
(40, 50) GeV 426+0.05 429+0.04
(50, 60) GeV 470+0.05 471 +£0.05
(60, 70) GeV 501 +£0.06 4.93+0.05
(70, 80) GeV 521+0.06 5.23+0.05
(80, 90) GeV 559+0.07 5.53+0.06
(90, 110) GeV 6.02+0.06 5.96+0.05
(110, 130) GeV  6.34 +£0.08 6.51 +0.06
(130, 180) GeV  7.19+£0.08 7.09 +0.07
(180, 1000) GeV 8.45+0.14 8.38+0.13

F3316\/s=5TeV T, Z - ee Bl Z — up AR 59K o(u)) G50
Table 3-3 Results for the recoil resolution o(u,) for both Z — ee and Z — puu samples at

s =5 TeV

59



TE ATLAS g LR Z 906 TR s

Recoil resolution \/_ =13 TeV

Y Errange  0,(Z > ee) o(Z— pp)
(0, 40) GeV 3.71+£0.05 3.75+0.04
(40, 60) GeV 482+0.05 4.92+0.04
(60, 80) GeV 563 +0.05 5.62+0.04
(80, 100) GeV  6.16 £0.05 6.13+0.05
(100, 120) GeV ~ 6.58 £0.06  6.65 +0.05
(120, 140) GeV  7.10+0.07 7.18 +0.06
(140, 160) GeV ~ 7.58 +£0.08  7.68 +0.07
(160, 190) GeV ~ 8.05+0.08 8.14 +0.07
(190, 240) GeV ~ 8.90+0.09 8.75+0.07
(240, 1000) GeV  10.7 £ 0.1 10.5+0.1

3416 \s=13TeV W T, Z - ee Hl Z — pup FEARRIR M5 Pek o(u)) 254
Table 3-4 Results for the recoil resolution o(u,) for both Z — ee and Z — puu samples at

\/s =13 TeV
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Figure 3-23 Example Gaussian fits to the u, distributions in 1/s = 5 TeV (top) and \/E =13

TeV (bottom) Z — £ data events. The resolution is obtained as the o parameter of the

fit. No cut on the kinematics of PFOs beyond the basic selection is applied.
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Figure 3-24 5(u,) as a function of ), E; in Z — pu simulated events (top) and data (bottom).
No cut on the PFO kinematics is applied beyond the basic selection. (a) is 5 TeV MC;
(b) is 13 TeV MC; (c) is 5 TeV data; (d) is 13 TeV data.

TERAHPE PFO 1 (pr. In)) B(E B E T BY5RF SO A X 43 388 o (u) )/ (ur)
BE Y Ep (4345 B R e 3-26 1 3-25 o, ApBI%ER 13 TeV #1 5 TeV, 2
5002, WTEERE/D pr BIE, GBS R g B 5 T DA %%K X3
B, X PO JER 2 Y (B 06 5 5 15 I8 25 2R LU ) DIl Mg s %) 5 e )7

R BN TAE S, KFE 3-25 F1 3-26  HARE X 43 B B (1 442 R S D T
wo%@pm@ﬁﬁﬁ (THERED, AR 3-27 i1 3-28 ER. EIHEIRINGS
R, AR AT RE A S (8] 4 PROs, RIS T B & 7 2ok o 7
(m>ﬂmMW)ﬁAﬂASﬁﬁ%%ﬁmﬁ%iﬁﬁdm=Mn*%@EZ%K
FAIEAT BB T, AT ASRAS AR5 1 S - HE

62



B3

WL EE 2

0.43 7

A E T — T
"~ E _ _ ATLAS work-in-progress
i} 0'425 nl<2.5 —ni<2.9 + ++ 7ol sty 3
S 041E M3 Wa7 E
b 0.4 ; Inl<4.1 —Ini<4.5 ﬁ p'r> 0.0GeV é

E —hi<49 E
0.39F E
0.385 ! =
0.37F [ H J#( JrJr—_,
0.36F ++ =
03— F— J—
0345 4'—5
0.335 1l . | . v
10 102 10°
> E -u; [GeV]
A 0430

s E _ — ATLAS work-in-progress
L:’ 0.42E nl<2.5 —In<2.9 i 7o vestoy 1
:3?‘ 0.41F <83 mi<d.7 3
© o 4; Inl<4.1 —Ini<4.5 p,>0.6GeV I
E —hi<49 E
0.39 =
0.38E ‘I‘JUrJ[ ‘I‘ E|
0.37F E‘:_‘ff;
0.36E 4'75
0.35— =
0.34F é
0.330 il Ll o
10 102 03
> E -u [GeV]

T

A 0430 + .

- E _ _ ATLAS work-in-progress
i, 0.42E nl<2.5 —l<2.9 2l otV
S 0418 h<B3-hi<d7 fl»i E|
o E - hi<dd <45 i T p.>1.0GeV 7
04E —hni<4.9 _+ i E
0.39F ]; JrJ[ ¥ E
0.38F T J[ 3
087 ?:|:¥+ —F=
0.36F E
0_35:|: 3
0.34F E
0'33:‘””\ L N | !
10 102 10°
Z E - u; [GeV]
A 0430 — _—

- E i ATLAS work-in-progress
i,’ 0.42E nl<2.5 —ni<2.9 7ol festoy
S 041F <83 <37 3
o o 4é Inl<4.1 —hi<4.5 ﬁ p,>1.6GeV VE
TTE —hi<4.9 E|
0.39F ~‘; * Jf E
0.38F ﬂt E
0.37F Jr -
i —— E
0'35;:': é
0345 E
0.335 il | . .H
10 10? 10°
2 E -ur[GeV)

o(u _Q/<uT>

c(u B/<uT>

o(u B/<uT>

c(u B/<uT>

0430y SRR g
E _ " _ ATLAS work-in-progress.
0.42E nl<2.5 —Inl<2.9 + _I_ Z 5 lve=5Tev 3
041 —M<33 Mi<d7 n 3
O -I— : i p,>0.4GeV 1
E —h<49 jIj + E
0.395 T4 -
038 _E ﬁ +r E
0.375 ++ —
0.36 -
0.355 =
0.34 =
0.335 Ll Ll . L
10 107 10°
Z E - up [GeV]
043y T —
E _ _ ATLAS work-in-progress
0.42E Inl<2.5 —Inl<2.9 + Z > llissTev
0.41F —i<83 <37 :.: :I:”:': E
E <41 —hi<d.5 | p_>0.8GeV 7
0'45 —Ini<4.9 ””""I‘;F T E|
0.395- Jr J[ Jr -
0.38F T J[ 3
0.37F ~|»Jr —
0.36 E
0.35;—'7 =
0.34F E
0.33% Ll Ll e
10 10 10°
> E -u [GeV]
T
043y ey -
E _ _ ATLAS work-in-progress
0.42E i<2.5 —i<2.9 Z o llis5Tev 3
0.41F <33 <37 E
0-4; Inl<4.1 —Inl<4.5 jj: P> 1.2GeV é
E —m<49 E
0.395- i:l: Jr Jr -
0.38- Jr E
0.37F Jr —
S — E
0_35;:': E
0.34F -
0.33E: il | L
10 10°? 10°
> E -u [GeV]
T
0430y g
E _ _ ATLAS work-in-progress
0.42E Inl<2.5 —l<2.9 Z > Ie5Tey 3
0.41F —M<33 Mi<d7 E
0-4; Inl<4.1 —hl<4.5 :l::i:$ p,>2.0GeV é
E —h<49 3
0.39- _I_ E
0.38- E
037t :lj
0.36F —
o.asi ! é
0.34 =
0.335 Ll Ll M- HF
10 10? 0°
S E -y [GeV]
T

Pel 3-25 2017 4 /s = 5 TeV clirl, s M o, )/ Cur) BRI PR 35056 I g e

PR AR A ™ A g . Pelrb ol DA IR R S DR BE BRI (B A it BRI 25 4252 1% )

IRPRL I S T

Figure 3-25 Relative recoil resolution o(u, )/(u;) as a function of ) E for different transverse

momentum and pseudorapidity thresholds on the neutral PFOs with 2017 dataat /s = 5

TeV.
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Figure 3-26 Relative recoil resolution o(u, )/(u;) as a function of ) E for different transverse
momentum and pseudorapidity thresholds on the neutral PFOs at with 2017+2018 data
at /s = 13 TeV.
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Figure 3-27 Relative recoil resolution o (1 )/(u;) as a function of the transverse momentum and

pseudorapidity thresholds for the neutral PFOs at \/E = 5 TeV with data taken in 2017.

Each subfigure shows the data in ranges of ) E;.
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simulated events before (blue) and after (green) calibration at 13 TeV. The lower panel

shows uncorrected and corrected MC to data ratios. The plots show that the agreement

between data and MC are much better after calibration applied.
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Figure 3-34 Impact of statistical uncertainty components from the in-situ resolution and re-
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sponse corrections on the measured u; spectrum in W* — e*v events at 5 TeV.
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Figure 3-36 Recoil distributions in Z — uu events at 5 TeV in the data and in the simulation
after final calibration: (a) bias; (b) u, ; (¢) ur; (d) u;. The uncertainty includes statistical

uncertainties, and recoil systematic uncertainties of statistical nature.
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Figure 3-37 Recoil distributions in Z — yu events at 13 TeVin the data and in the simulation
after final calibration: (a) bias; (b) u, ; (¢) ur; (d) u. The uncertainty includes statistical

uncertainties, and recoil systematic uncertainties of statistical nature.
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Figure 3-39 Recoil distributions in Z — ee events at 13 TeV in the data and in the simulation
after final calibration: (a) bias; (b) u, ; (¢) ur; (d) u. The uncertainty includes statistical

uncertainties, and recoil systematic uncertainties of statistical nature.
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ZZ(qqt?) 363356 SHERPA 2.2.1 0.01556 x 0.141 (10%) 0.0064 0.010
W Z(qqc?) 363358 SHERPA 2.2.1 0.003433 (10%) 0.0063 0.010
WW(qqtv) 363359 SHERPA 2.2.1 0.02472 (10%) 0.0093 0.020
WW(¢vqq) 363360 SHERPA 2.2.1 0.02472 (10%) 0.0093 0.020
WZ(¢vqq) — 363489 SHERPA 2.2.1 0.01142 (10%) 0.0047 0.010

ZZ(4¢) 364250 SHERPA 2.2.2 0.001252 (10%) 0.0057 0.010

W Z(3¢v) 364253 SHERPA 2.2.2 0.004583 (10%) 0.0062 0.010
WWQ2£2v) 364254 SHERPA 2.2.2 0.01250 (10%) 0.0073 0.010
W Z(3v) 364255 SHERPA 2.2.2 0.003235 (10%) 0.0050 0.010

Wt 410013  POWHEGHPYTHIA 0.03582 (10%) 0.0037 0.010
wit 410014  POWHEGHPYTHIA 0.03399 (10%) 0.0037 0.010
tf (nominal) 410470  POWHEG+PYTHIA 0.8318 x 0.544 (7%) 1.2 2.0
t(t — chan.r) 410642  POWHEG+PYTHIA 0.03699 (10%) 0.016 0.030
t(t —chan.f) 410643  POWHEG+PYTHIA 0.02217 (10%) 0.011 0.020
t(s —chan.f) 410644  POWHEG+PYTHIA 0.002027 (10%) 0.0050 0.010
t(s —chan.f) 410645 POWHEG+PYTHIA 0.001268 (10%) 0.0052 0.010
1t (syst.) 410480  POWHEG+PYTHIA 0.8318 x 0.438 (7%) 0.85 1.5
It (syst.) 410482  POWHEG+PYTHIA 0.8318 x 0.105 (7%) 0.40 0.50
It (syst.) 410557 POWHEG+PYTHIA 0.8318 x 0.438 (7%) 0.85 1.5
17 (syst.) 410558  POWHEGHPYTHIA 0.8318 x 0.105 (7%) 0.40 0.50

3-8 /s = 13 TeV 5 F kA .
Table 3-8 \/E = 13 TeV MC samples.
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IR SRmS AT HRIAT X SRR (b] B2 NJE"[10°] Nawh™ [10°)
Wt ety 361100 POWHEGHPYTHIA 4.357 (5%) 11 11
Wt - uty 361101  POWHEGHPyTHIA 4.357 (5%) 11 11
Wt sty 361102 POWHEG+PyYTHIA 4.357 (5%) 0.065 0.94
W™ e v 361103  POWHEG+PYTHIA 2.902 (5%) 7.0 7.0
W™ > uv 361104 POwWHEG+PYTHIA 2.902 (5%) 7.0 7.0
W~ -1tV 361105 POwWHEGH+PYTHIA 2.902 (5%) 0.039 0.59

Z — ee 361106 POWHEG+PYTHIA 0.6600 x 1.025 (5%) 6.3 6.3
Z > pp 361107 POWHEG+PYTHIA 0.6600 x 1.025 (5%) 34 34
Z -t 361108 POWHEG+PYTHIA 0.6600 x 1.025 (5%) 0.039 0.29
Z - ee 364381 SHERPA 2.2.5 0.6600 x 1.12 (5%) 5.0 5.0
Z - up 364382 SHERPA 2.2.5 0.6600 x 1.12 (5%) 5.0 5.0
Z -t 364383 SHERPA 2.2.5 0.6600 x 1.12 (5%) 1.5 1.5

W —ev 364384 SHERPA 2.2.5 7.259 (5%) 25 25

W — uv 364385 SHERPA 2.2.5 7.259 (5%) 25 25

W — v 364386 SHERPA 2.2.5 7.259 (5%) 6.0 6.0

ZZ(470) 361063 SHERPA 2.1 0.004624 (10%) 0.017 0.049

W Z¢¢ vSF) 361064 SHERPA 2.1 0.0005324 (10%) 0.0073 0.015
W Z(¢¢ vOF) 361065 SHERPA 2.1 0.001041 (10%) 0.012 0.030
W Z(¢¢etvSF) 361066 SHERPA 2.1 0.0008433 (10%) 0.010 0.020
W Z(£¢¢*vOF) 361067 SHERPA 2.1 0.001633 (10%) 0.016 0.039
WWQ2£2v) 361068 SHERPA 2.1 0.003356 (10%) 0.068 0.090
WW (qqtv) 361091 SHERPA 2.1 0.006059 (10%) 0.078 0.15
WW (£vqq) 361092 SHERPA 2.1 0.006082 (10%) 0.14 0.26

W Z(¢vqq) 361093 SHERPA 2.1 0.002503 (10%) 0.039 0.075
W Z(qqt’?) 361094 SHERPA 2.1 0.0007518 (10%) 0.017 0.025
ZZ(qqt?t) 361096 SHERPA 2.1 0.003789 x 0.148 (10%) 0.0070 0.010

tt 410470  POWHEG+PYTHIA 0.06890 x 0.544 (7%) 1.8 2.8
t(s — chan.t) 410644  POWHEG+PYTHIA 0.0005400 (10%) 0.028 0.050
t(s — chan.7) 410645 POWHEG+PYTHIA 0.0002751 (10%) 0.028 0.050
wt 410646  POWHEG+PYTHIA 0.002990 (10%) 0.018 0.050
Wt 410647 POWHEG+PYTHIA 0.002983 (10%) 0.019 0.050
t(t — chan.t) 410658  POWHEG+PYTHIA 0.005414 (10%) 0.028 0.050
t(t — chan.r) 410659  POWHEG+PYTHIA 0.002682 (10%) 0.028 0.050
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%3 F KL EEZIE SRR

3.6 FEHIFE

FEME p? Wyt RE s k) Z — ¢ FP T ELE I R Tl %, o b
5F1 13 TeV %kt R AR ) 0 fi & o %o HEL 118 , 26 A fiflt & HLT _e15_lhloose_nod0_L1EM12
, MATREARETRE M HLT_muld filtk, HZORPEAN T A —4 58 Uil
RO A il A FR A “HLT” 454X high level trigger (55 2.6 7)
FHPIBER AL B W R IRAL (isolation) F1%E %] (identification) Z5 4 B L
Tl o AR LI  Z KT 20 GeV 4 i Medium (Loose) %
SIFRER) A - (FF), MR AR . R ZR A f 8l e
MIRE BN AR T 25 GeV, HAEATIHLATAIR , 7 X AR BT B 2R TE 66 <
mgp <116 GeV X[AIN. Z — ¢ FHIFIEFRAFH BLEF1ER 3-10 .

FARE Z — ee Z > uu
21 THEA (WP) Medium LH (likelihood) Medium
dy, 2 dy/o(dy) < 5,Azg X sin(0) < 0.5 dylo(dy) < 3, Az X sin(0) < 0.5
Iyl Inl<2.47, HE K45 (1.37-1.52) Iyl < 2.4
PIRS7 M (isoaltion) ptvarcone20 | pr< 0.1
HiLff (charge) WUf-HLfar A S
wEhE (pr) pr> 25 GeV
AAL & myy 66 GeV < m,, <116 GeV

¢ 3-10 5 f1 13 TeV By Z — ¢ Bl AESRA:.
Table 3-10 Selections for Z — ¢ events for both 5 and 13 TeV datasets.

FEF 3-11F1 3-12 h, RIRT /s = 13 IRMERUREIRI Z — ¢ (5510
FIERIAR ; MY /s = 5 IEERAER 3-13 M1 3-14 plgrRs. 763 3-15 it 1
Ho Xt Z - o FHRIINE-S BRI R RT EE .
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1 ATLAS 5l & Z 36 7 iR sh &

RS SERECHE ZREE Z -t W= - [*y T4 58 WP F Z WL
Tk 56038636 641084.68 + 176.00 86921.61 + 27500 7012291.76 + 933.63 108429.73 + 14518 1453294 + 126.84
FL AL 237221 19694070 + 9672 837.65 + 2458 47955 + 861 230440 + 2006 599.23 + 22.64
WLk 236820 19662493 + 96.64 831.69 + 2449 42545 + 781 230008 + 2004 599.19 + 22.64
{118V 224967 19458591 + 96.15 80890 + 2417 26367 + 614 204771 + 1922 58537 + 2246
X AT A S LA 222256 19214848 + 9555 797.68 + 24.00 19486  + 541 197444  + 1899 551.63 + 2193
P > 25 GeV 172651 16203598 + 87.79  168.62 + 11.11 3765  + 196 140194 £ 1605 42009 + 18.99

66 < m,, < 116 GeV 165027 15800048 + 8670  79.70 + 7.54 1653  + 142 50140 + 991 32393 + 14.65 110 + 68

% 3-11 Z — ee 13 TeV 5 kL . AEdR )G — B HIERTEOR D FRES) KT 15 GeV. &
WA R ZE DU S ARG VB 0% -

Table 3-11 Analysis cut flow for Z — ee 13 TeV signal selection. The minimum lepton p
required before the final p; cut is 15 GeV. Displayed uncertainties on MC background

are MC statistics only.

Cut Data Signal Z 1T W* - %y Top Diboson MultiJet
JeHI 56038636 645948.76 + 178.06 86921.61 =+ 27500 6964694.84 + 931.38 108429.73 + 145.18 1453294 =+ 126.84
WEWAS T 365843 267039.96 + 11435 80157 =+ 24.09 886.54 + 1171 397845 + 2529 789.92 + 26.76
By 362610 26217831 + 11332 78312 + 2381 866.71 + 11.60 389149 + 2497 77030 + 2643
# L 292967 257409.16 + 11230 75572 + 23.40 101.02 + 3.64 241677 + 1972 730.10 + 2584
W XA S LA 292692 257407.03 + 11230 75432 + 23.38 89.65 + 340 2369.76  + 1958 71273 £+ 25.66
pf;. > 25 GeV 223806 21322571 + 10232 16032 =+ 10.86 22.39 + 194 163027 + 1641 52458 + 2171

66 <m,, <116 GeV 214035 207860.18 + 101.04 79.67 + 756 11.92 + 140 553.90 + 922 41420 + 17.34 177 £ 44

K 3-12 Z - pup 13 TeV {5 Ak RR . {ede)n— il RIERTERHL TREZ oK T 15 GeV., &
WA R BRI DU S RAEA I ZE V0%

Table 3-12 Analysis cut flow for Z — pu 13 TeV signal selection. The minimum lepton p;
required before the final p; cut is 15 GeV. Displayed uncertainties on MC background

are MC statistics only.

Cut Data Signal Z -t W=* > ity Top Diboson MultiJet

Tk 11372289 176337.83 + 7197 26629.86 + 140.18 1975838.05 + 597.63 7638.68 + 7.32 3622.07 + 8.83
AT 72037 63253.88 + 41.58 28209 <+ 13.06 116.85 + 479 16593 + 0.88 203.38 + 3.86
il % 71412 63107.73 + 41.53 28035 + 13.02 99.97 + 449 16532 + 0.88 20270 + 3.86
A 69068 62642.62 + 4138 27525 + 1291 61.81 + 317 14351 + 081 19559 =+ 3.69
FRL T AT S LT 68229 61827.51 =+ 41.11 27343 + 1287 45.85 + 288 13765 + 0.78 185.66 =+ 3.67
P >25GeV 53684 52565.65 + 37.89 43.04 + 497 7.83 + 094 9426 + 0.65 13385 =+ 222

66 < m,, < 116 GeV 51772 51309.63 + 3743 2313 +  3.67 3.98 + 063 3547 = 040 109.09 =+ 2.04 Otf?

K 313 Z - ee 5 TeV {5 S HIRLRR . {ed)n—WHIRERGT LRI TREZ i KT 15 GeV. %
WA BRI DUN S RREA I SV 0%

Table 3-13 Analysis cut flow for Z — ee 5 TeV signal selection. The minimum lepton p;
required before the final p; cut is 15 GeV. Displayed uncertainties on MC background

are MC statistics only.
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Cut Data Signal Z >t W* > Ity Top Diboson MultiJet
FoH ik 11372289 170822.37 + 9458 26629.86 + 140.18 1936606.79 + 589.63 7638.68 + 7.32 3622.07 + 8.83
WEPA uF 111874 88643.79 + 68.03 366.66 + 1471 178.02 + 707 34171 + 130 29359 =+ 3.06
u Pk 111000 86936.15 + 6738 360.34 + 14.59 172.17 + 7.02 333.68 + 1.28 28731 + 3.03
u TR 94735 85728.31 + 66.89 35434 + 1446 25.92 + 2.06 17834 + 0.89 257.05 =+ 281
TR R H 94651 85727.80 + 66.89 35434 + 1446 23.23 + 1.95 17250 + 0.87 24995 + 278
p# > 25GeV 73105 71541.14 + 61.10 76.37 + 673 6.20 + 140 11479 + 071 17523 + 228

66 <m,, <116 GeV 70447 69819.41 + 60.35 38.56 + 477 3.70 + 130 4397 = 044 14493 =+ 212 159+79

#3014 Z — S TeV {35 FIRIHRL. AERUT —RUATERT SRl T-HEBN AT 15 GeV. %
AR R DUN S RREAR ISR O -
Table 3-14 Analysis cut flow for Z — puu 5 TeV signal selection. The minimum lepton p

required before the final p; cut is 15 GeV. Displayed uncertainties on MC background

are MC statistics only.

HASH SO 5 Hh LB
13TeV Z > ee 165027 159032 + 112
13TeV Z — up 214035 209097 =+ 112
5TeV Z — ee 51772 51481 + 58
5TeV Z - up 70447 70066 + 61

2 3-15 PiAT Bl M S S BB 5 5 RS bR . R RTINS REEARG R IEM

QCD ZWHEANERIR I -

Table 3-15 Observed and Expected yield comparison for all signal selections. Displayed un-

certainties are MC statistics plus QCD Multijet uncertainties.
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1 ATLAS 5l & Z 36 7 iR sh &

37 EEHESRFRUIEERRE TR

TEVVRRIN ST TR e Y R 22 R AR, PPy DU & ] DA
i AR B r A5 DORF IR o 38 e, W3R 56 O i @ 1 7E W M BT
JERI TSN ) P BIRZS , AFRl born level G BT . Ki ¥ B IF IR T S
I RES AR SRS, (FSR), Bl u TRyt me Bt K
TEIARSHG SRR A bare level (BREEAS) . 7 BT A S ™ Wil 2
SR shE DT mEE ARG T, B DASEE: b kR B I — i O A N Y
RER TR @A b TR ACSHR O . ACSHR S T DA i BRISTHER, AT4DUE S
i B E AR, TR R B E N # bare level (HEE7S) MK F3h&E b, K
4 dressed level (A7) . PA_Ef#i ] POWHEGHPYTHIAS 52 AL A2 i) 1y 3 i
KA truth level (FLIEMH) . FRIMZSAEN R FRESh A 277 R, Tl
SR MY S B BIAFFEZE R SEIn B2 50 o R I 28 A TR A
fhiTH MR, (response) [iRZE, F&id 5 REUYUITE truth level FPRL TR R N5
F (R AH . P BB FR A reconstructed level  (EEEZE5), fHFR reco level

ARATRE/R 5 M 13 TeV $liH) Z — ee fl Z — pp 550 I N ) S 5041
-5 5 RAAUTE BB RN RT EE L SR T A OB E AR T 22 5%, RS
Bl 5 R A3 S EARAH R SR o8 55 RAEEA 1 %
AT () KT, At b (8 FH W T S 8 B R 25 DA S M BT AT 1R 22 U A 52
I 22T %

371 +/s=13 TeV $iR SR X L B

AP RERTE 13TeV ek T, A 2 SR BRARRAE & ) B8 -5 5¢ -0 FL A 4
Ko BrA S RY EE AR 2 AR R R B (20 B ETTRIZOR Z — ee
W Z - pp WEZER; HEETEIIR SIS wh R ER, K22 0
WA ZLOETTEEIR W — v, PARATRES TR0 2 — A B 1 A
HNZ - CHABRHW > elu+v; OHETKEFR Z - vo e EOHEITE
PRI O TR, AR O TR AR Z W 6T, AR TIE
FAS ROEITEFRHEE 4.2 3R QCD ZWIHAR . SEIEE IR (N
FoR, BAETHRZEBRARGEITRE. TANERRGRE, iR T2 %R
Z2. 9T RMZIEERRZE (WLER 3.4 79) FIASRIRZEA GO, HE iR 2 RN
ARRERAR TR ARG RE, UIFEARSE RURREIRZE, QCD LW
AR IRZE VA KBS S FERFEE S AR Z P 0. T Z — ¢ Fle iy
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Figure 3-43 ) E, distribution in the \/E =13TeV Z — ee and Z — puyu analyses.
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Table 4-1 Multi-jet events estimated in the SR with the ABCD method, as well as the number
of (data - MC) events in the B, C and D regions, M]J event fraction, and MC signal con-
tamination in each of the four regions for Z — ee selection at 5 and 13 TeV. Note that
these are the numbers obtained in the off peak region, so the nominal N,,; estimate in

SR must be multiplied by 50./30. to account for the removed Z mass peak region.
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Table 4-2 Multi-jet events estimated in the SR with the ABCD method, as well as the num-
ber of (data - MC) events in the B, C and D regions, MJ event fraction, and MC signal

contamination in each of the four regions for Z — uu selection at 5 and 13 TeV.

WS I, W KR S SR B s A RO AR A LR
(NB, = 6210, 43 Setsiti (5 BRI h 0 Wk PR LA G5 E R 4-3 .

R 155 DX PR EC e i > RAGiE ZWEANE

Z — pup 5 TeV 70447 69804.73 + 60.34 159 7.9

Z - pp 13 TeV 214035 208006.82 + 101.12 177 + 44
Z - ee5TeV 51772 51305.74 + 37.43 0ry’

Z — ee 13 TeV 165027 15821641 +86.83 110 + 68

K 4-3 A Z RBHEAL TPV 2UHEARRBUASS . eI R %
Table 4-3 Summary of estimated number of MJ events in the SR for each Z decay channel.

The quoted uncertainty on the MJ estimate is only statistical.
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at 5 (left) and 13 (right) TeV. The multi-jet yield in 5 TeV Z — ee is zero, top left plot is

upper limit of multi-jet.
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Figure 4-10 Unfolded dilepton transverse momentum differential cross section distribution

120

in the electron (left) and muon (right) Z decay channels for the \/E = 13 TeV dataset.
The bottom plots are unfolded results using hadronic recoil measurements. The cross
section is shown in the upper panel and the lower panel shows the ratio of unfolded data
to the nominal (reweighted) Powheg+Pythia8 MC. The uncertainties in the ratio plot are
split to show the statistical uncertainty (black error bars), and experimental systematic

uncertainties including luminosity (red band).
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Figure 4-11 Comparison between various Monte Carlo generator predictions and the unfolded
dilepton transverse momentum differential cross-section distribution in the electron (left)
and muon (right) Z decay channels for the \/E = 13 TeV dataset. The bottom plots are
unfolded results using hadronic recoil measurements. The differential cross-section has
been normalized by the integrated fiducial cross-section. The unfolded data and MC
distributions are shown in the upper panel and the lower panel shows the ratio of the
various distributions to the data. In the lower panel, the total systematic uncertainties
are shown in light grey, and the total overall uncertainty (stat. plus sys.) is shown in dark

grey.
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Figure 4-12 Unfolded dilepton transverse momentum differential cross-section distribution in
the electron (left) and muon (right) Z decay channels for the \/E = 5 TeV dataset. The
bottom plots are unfolded results using hadronic recoil measurements. The cross section
is shown in the upper panel and the lower panel shows the ratio of unfolded data to the
nominal (non-reweighted) Powheg+Pythia8 MC. The uncertainties in the ratio plot are
split to show the statistical uncertainty (black error bars), and experimental systematic

uncertainties including luminosity (red band).
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Figure 4-13 Comparison between various Monte Carlo generator predictions and the unfolded
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dilepton transverse momentum differential cross-section distribution in the electron (left)
and muon (right) Z decay channels for the \/E = 5 TeV dataset. The bottom plots are
unfolded results using hadronic recoil measurements. The differential cross-section has
been normalized by the integrated fiducial cross-section. The unfolded data and MC
distributions are shown in the upper panel and the lower panel shows the ratio of the
various distributions to the data. In the lower panel, the total systematic uncertainties
are shown in light grey, and the total overall uncertainty (stat. plus sys.) is shown in dark

grey.
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Figure 4-14 Total statistical and systematic uncertainties for reconstructed-level event yields
for the electron and muon channels at 13 TeV. The uncertainties are shown as a percent-
age with respect to the number of reconstructed data events in each bin of p,"* and u;

respectively.
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Figure 4-15 Total statistical and systematic uncertainties for reconstructed-level event yields
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for the electron and muon channels at 5 TeV. The uncertainties are shown as a percent-

age with respect to the number of reconstructed data events in each bin of p”

respectively.
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Figure 4-16 Complete uncertainty breakdown for both Z decay channels and both observables
for the \/E = 13 TeV dataset. The uncertainties are shown as a percentage of the unfolded
data per p; bin. Each uncertainty has been unfolded using Bayesian unfolding with the
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chosen number of iterations: two for the p.*" and ten for the ;. measurements.
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Figure 4-17 Complete uncertainty breakdown for both Z decay channels and both observables
for the \/E = 5 TeV dataset. The uncertainties are shown as a percentage of the unfolded
data per p; bin. Each uncertainty has been unfolded using Bayesian unfolding with the

14

chosen number of iterations: two for both the p;”* and u, measurements.
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Figure 4-18 ”Shape” uncertainty breakdown plots for both Z decay channels and both ob-
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servables for the \/E = 13 TeV dataset. The uncertainties are shown as a percentage of
the unfolded data per p; bin. Each uncertainty has been unfolded using Bayesian un-
folding with the chosen number of iterations: two for the p.** measurement and five for
the u; measurement. All variations are normalized to the nominal p; distribution after

efficiency and acceptance corrections.
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Figure 4-19 ”’Shape’ uncertainty breakdown plots for both Z decay channels and both observ-

ables for the \/E = 13 TeV dataset. The uncertainties are shown as a percentage of the

unfolded data per p; bin. Each uncertainty has been unfolded using Bayesian unfolding

with the chosen number of iterations: two for the p.’* and five for the u, measurements.

All variations are normalized to the nominal p; distribution after efficiency and accep-

tance corrections.
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Figure 4-20 Comparisons of the p7 measurements using the p? (1) and p? (u;) using only
statistical uncertainty without considering the correlations introduced by unfolding the

same data events twice.

RPN AR pf WU RSE R Z R 5 AR e . o, Wikl
FHOFEAGRET MRS EEE, R TARMINERE A, Hik, &
FirFEse g ke, HU, W PIRp SR b ORI R T8 2 2 At

132



54w SRR R R Z 906 T ROBEh B

FRHE, BRIATA B8R IS R T 58 4 6. 1%, (i pr” W
DAL e TR RES AR , ) wp A 7 36 AL S 3 11 RE AT 2
FF DASER TS o o T E AR I R Y R R 260 . 9 — 7T, ph TR
PR A FORS B, U SR S R TR I RS R, BT DA — b 45 SR AE
IR pr B IA] A AR et T AT S M ) P 2 ke i DA
AR . GETHIRZEAR SR T 6 A R 1 B RERE AR5
[ AR 5 1o 2 RS 0 S RV A e T B T X AT R, 3 S AR
A v P 4371 B 8 S0 (R DR TR0 A 95 90 P A A T %
RS R I M 22 R S AR (A toy S B gE ) -

1 . . . .
cr = [(p; (D) = pr(ID) — (pr (ur) — pr(ur))]
J Nioys X (f pr)? zk: P10y Pr Prooy ) = P 4-7)

XI(P oy g (1D = PLUD) = (0 oy 1 tr) = PRY@)]:
For i o pr WK, kAR A G 1 B RERE A . RS
RIS SEOR A, H 7 228 E SCH -

Cij')ﬂ. = ! ) Z[(p'lr,Np[k](”) - PIT(”)) - (p'iI‘,NP[k](uT) - PIT(UT))]X
(/ pT) k (4_8)

[ npiq (1) = PUD) = (P app ) = Pr(up))].

VGRS Iy 25 M K5 T 1) AR G 25 0 01 5 Bk I ) 4 I B M 75
F SR pr(D) A priuy) Z 16 SEBERIMI T 255 M (V8 W TRk 2
L5, AR B AN pr AT TR BRI pr’f Hour. HTX
SRS EER A pr” A up BOIERR, ST pr(D) $EE pr” ROARET
BLER, M prlur) F5A% up BOMRIREIIEEZE S . ) by 20 M R A 2 o
FHEATIT— AL AD B, b AR RS L BB S 1, oy 220 M Ay T 2
LA [ prD % [ prlur)o W pr() 5 pr(ur) B—SHERT AR A0 R TR 2* R

1 = A (pr,up)C™ Apr, uy),
i 1 i i (4-9)
A(pr,ut) = —(p1 —ut’)

/PT
W7 ZE5E M R B ORI SR 22, RO iR AR R ZEM pr B IE MRS IRZE
1E 13 TeV 1, B2 FhrEimze i okt b 35 . XIS B B 25 0 B DL 1] 4-21,
4-22,4-23 F14-24 . MXBONUTTEITORNIIZS R T, HES 51E.

133



TE ATLAS Pl BB Z 37 (6 T ARE 3

dataStat MCsStat recoil

ATLAS work-in-progr
S wo prog ?335

ATLAS work-in-progr
S wo prog ?jgﬁ

ATLAS work-in-progress

=
1)
S
=
5]
S

100

=)
S

() - pi(u ) [GeV]
() - pi(u ) [GeV]
- p2(u) [GeV]

2
pT
@
3
2
L=
.
T

60 80 100

60 80 100

60 80 100

PE(D - p(u,) [GeV] PE(D - p(u,) [GeV] PE(D - p(u,) [GeV]
Generator ATLAS work-in-progress ATLAS work-in-progress bias_MCChoice  ATLAS work-in-progress
x10°° x10°° — x10°°
3 2 bs 3
S 100 2 ) : O 100
= = 04 T
2 2 o
= N 0.2 o
3 S T

p:
p

.

:

0

[

0.2
0.4
06

60 80 100 60 80 100

PE(D - p(u,) [GeV] PE(D - p(u) [GeV] P - p(u) [GeV]

60 80 100

Pel 4-21 512 Z — ee S TeV gAMb 5 ZE M P BRI bR I RSBl SE RAEA I 5%
VHRZE, RS ThR s, TR, pr BIERIEIIS S BINSE REREIR L

Figure 4-21 Covariance matrices for pf ¢t) — pf (ur) in the Z — ee channel at 5 TeV for the
leading uncertainties: data statistics, MC statistics, recoil calibration, generator system-

atics, unfolding fit function choice, unfolding MC choice.
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Figure 4-23 Covariance matrices for pf ¢?) — pf (ur) in the Z — ee channel at 13 TeV for the
leading uncertainties: data statistics, MC statistics, recoil calibration, generator system-

atics, unfolding MC choice, electron calibration.
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Figure 4-24 Covariance matrices for pf ¢t) - pf (ur) in the Z — pup channel at 13 TeV for the
leading uncertainties: data statistics, MC statistics, recoil calibration, generator system-

atics, unfolding MC choice, electron calibration.
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Figure 4-25 Correlation matrices for each uncertainty in the Z — ee channel at 5 TeV. (a) data

statistics; (b) MC statistics; (c) recoil calibration; (d) generator systematics; (e) unfolding

MC choice; (f) electron calibration.
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Figure 4-26 Correlation matrices for each uncertainty in the Z — pu channel at 5 TeV. (a) data

statistics; (b) MC statistics; (c) recoil calibration; (d) generator systematics; (e) unfolding

MC choice; (f) muon calibration.
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Figure 4-27 Correlation matrices for each uncertainty in the Z — ee channel at 13 TeV. (a) data

statistics; (b) MC statistics; (c) recoil calibration; (d) generator systematics; (e) unfolding

MC choice; (f) electron calibration.
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Figure 4-28 Correlation matrices for each uncertainty in the Z — puu channel at 13 TeV.
(a) data statistics; (b) MC statistic; (c) recoil calibration; (d) generator systematics; (e)

unfolding MC choice; (f) muon calibration.
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Figure 4-29 Direct comparisons of pmeasurements using dilepton and hadronic recoil meth-

ods with combined results in Z — ee and Z — uu correlations are taken into account

in the error bars.
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Table 4-5 Simplified description of the correlation model considered when combining channels
and calculating ratios or integrals. Correlations assumptions for W™* vs. W~ and W vs.

Z are listed for a given lepton flavour; e vs. u refers to a given channel.
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Figure 4-30 Correlations between the measurements, including 17" and Z channels at 5 and 13

TeV.
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Figure 4-31 Combination of the normalised Z measurements at 5 TeV (left) and 13 TeV (right).
The error bars of the separate channels include uncorrelated uncertainties across the
channels, whereas those of the combined result include only the correlated uncertainties
across the channels. The error bars in the ratio panel show the relative uncorrelated
uncertainties for the electron and muon channels, while the black boxes show the relative

correlated uncertainties for combined results.
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Figure 4-32 Breakdown of uncertainties for the combined Z measurements at 5 TeV (left) and

13 TeV (right).
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Figure 4-33 Ratio between the W* and Z transverse-momentum distributions at 5 TeV (left)

and 13 TeV (right).
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Table 4-7 Integrated fiducial cross sections for W and Z production in pb as well as the ratio

of cross sections at 13 TeV and 5 TeV.
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Table 4-8 Integrated cross-section ratios.
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Figure 4-35 Measurements of absolute differential cross sections (left) and normalised dif-
ferential distributions (right) at 13 TeV (black points) for Z compared to a set of MC

predictions as described in the text.

441 pf SERAEHIRET ATLAS B RHTLE

AATRHRHERR pf W25 5 0 AR IE ATLAS B0 I S 25 b4 7T o
M TTAS B B 1 T 455 S B IE At . ATLAS SEBGZHAE 2020 4E %3 T 13 TeV fig

151



1 ATLAS 5l & Z 36 7 iR sh &

; T T T T T T 1717 T T T T T 17717 ‘ | ;‘ 1071 :7\\ T T T 11T T T T T T 1717 ‘ 7\:
3 ., “~e-.._  ATLAS Preliminary 7 & E T e, ATLAS Preliminary 3
g 10' =" “le /5=5.02TeV,255pb~ "5 = O e, V5=5.02TeV, 255 pb~'
Ni '-_.A?‘ | '\g 102 ? "'.;;;‘ —
3 L P | = E Pl
5 1 - ° - o
o° E L ER C o,
= - 1 =103 ke —
CZo e o 1 10T E Z e Lo E
10~ = —+— Data L A [ —4— Data "1
E —t+— Powheg+Pythia8 AZNLO e 3 _, | —t— Powheg+Pythia8 AZNLO T
[ i Sherpa2.2.5 4 107" E i Sherpa2.25 = 3
10-2 Powheg+Herwig7 = £ Powheg-+Herwig7 =™ 7
Pythia8 AZ = I Pythiag AZ (2%
M } } }}\\\\‘ ‘ }: 10*5:r‘ | I \\\\H‘ [ ‘ -
E ; ‘ T T T T ‘ T T T ‘ };
= T
E\ L1 ‘ L L L L \ \ 11 ‘ oot ‘ é

‘ L L1
1 10! 102
P 1GeV]

Pl 4-36 5 TeV [ b sr i (Jelel) RUMDR s i (AP ) oAl Pvb OB U e il i
b, HARFBa S TR P or A, AR R T ] S IR bR

Figure 4-36 Measurements of absolute differential cross sections (left) and normalised differen-
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as described in the text.
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improved muon coverage new and upgraded forward
and luminosity detectors

trigger and DAQ
increased readout rates

ITk — the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)

5-1 HL-LHC JHmiH i ATLAS 1880025 00 32 ST Mo R . 2 A0 5 fil & A 2R I
RGBS, A AR RS A 2 A0 e MR EE IR ] B 2 7!

Figure 5-1 Schematic of the major upgrades to the ATLAS detector for the HL-LHC era. It
includes changes to the trigger and data-acquisition systems, a new all-silicon tracker, a

new High-Granularity Timing Detector.”")
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Figure 5-2 Measurement uncertainty for lepton acceptance regions and centre-of-mass ener-
gies, for combined fits to the pr and m, distributions, using 200 pb~' data collected

at each energy in HL-LHC. With the much higher luminosity at HL-LHC, it is easy to

collect enough data to make a better m,, measurement than the current world average.”"!
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1400 ATLAS Simulation
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Figure 5-3 Schematic layout of the ITk for the HL-LHC phase of ATLAS. The horizontal axis
is the axis along the beam line with zero being the interaction point. The vertical axis is

the radius measured from the IP. The outer radius is set by the bore of the solenoid.”!
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Figure 5-4 The resolutions of the x and y components of E}“iss for the || < 2.7 (red) and
|7] < 4.0 (black) Inner Tracker acceptance ranges for samples of Powheg+Pythia 7 events

with < y >= 200, as a function of the number of reconstructed primary vertices.”*
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Efficiency for hard-scatter jets
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Figure 5-5 The efficiency for pile-up jets as a function of the efficiency for hard-scatter jets

with 20 < p; < 40 GeV.!"!
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5-6 HGTD £ ES AL . HGTD H252 3 A6 B AR FL¥E 2§ 120 mm % 640 mm 2 []ff 35
IRDKIRPY, W3 - BMIZS 0T ATLAS Widii z = +£3.5m 4.7

Figure 5-6 Position of the HGTD within the ATLAS Detector. The HGTD acceptance is defined
as the surface covered by the HGTD between a radius of 120 mm and 640 mm at a position

of z = +3.5m along the beamline, on both sides of the detector.’"
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Figure 5-7 Relative pileup jet rate as a function of jet pseudorapidity, for jets with 30 GeV <
pr < 50 GeV.l"8!
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Figure 5-8 Printing a test quad-module glue pattern.
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0Old Glue with Plunger
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Figure 5-9 Relative Flow rates versus time after mixing for SE4445 adhesive
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Figure 5-10 Example of pictures showing the glue patterns for pressing the gluing cover slips
to slides. Group A dispense glue with 8-pointed star pattern of side 18 mm, Groups B

and C dispense use star pattern of side 14 mm.
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FEARAFE SRR (mg) R DIERE (um)

Al 114 95
A2 101 82
A3 107 107
Bl 83 75
B2 86 73
B3 88 73
C1 75 75
C2 76 76
C3 79 79

A 5-1 B DR B M . (A IR] 0 R B SR e g
Table 5-1 Glue joint thicknesses for 3 sets of slides + cover slips, with different glue weight and

pressure.
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2X2 REH K P S ML RS 38.5 x 41.5 22K, JREESA 300 UK 11 9 5
BEHORIEATRY . A SR B e BRI E 2R, anfe 5-11 .

Chuck with feet
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Glue
Module
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Substrate

(a)

Pel S-11 {8 A1 AT SN B0 2 JE LRI m] i VR SR PRI %
Figure 5-11 Illustrative picture showing how the chuck with feet and adjustable cups can mod-

ify the thickness of glue layer.
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52.3 RERHEEHEIL
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B T e 1Y e Y <5 e A R T o7 B R PR BRGS0 | ] 5-12
P .

Pel 5-12 5B SABH R Bloaas i S B3 L. Blvpral WOkt ik , HoBias B
Figure 5-12 Gluing the dummy module to the supporting endcap half-ring after mounting.
Quad glue patterns could be seen in the middle of the half-ring. Good coverage is achieved

for the glue layer.
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(a) Module 1* (b) Module 5" (c) Module 6™ (d) Module 9"

' . . -

(e) 78.867% Covered (f) 71.292% Covered (g) 77.71% Covered (h) 69.968% Covered

Pel 5-13 il e s . KBS R Ew, HEBKIRA T ROIC 554k
Figure 5-13 Finished glue patterns achieved. The coverage is high, but the glue has encroached
on the lanes at the edge of the ROICs
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Figure 5-14 Variation of the module positioning to its designed places.
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Figure 5-15 Basic structure of Low Gain Avalanche Detectors (LGAD). The charge multipli-
cation is enabled by the gain layer colored in blue. And the n* JTE is implemented to

avoid early breakdown at the edge.!”
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Pel 5-16 IHEP-IMEV1 {42545 . PRI A0 f0KE8, 2 x 2 fRIEE8 A1 5 x 5 15 1%
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Figure 5-16 IHEP-IMEv1 sensors structures. The mask is produced with single pad sensors,

2x2 pad sensors and 55 pad sensors. In each sensor, a guard ring surrounds the pad.!”!
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Figure 5-17 Leakage current - bias voltage result for a 5x5 sensor. For most of the measure-
ments, the leakage current - bias voltage performance shows great repeatability. Three
pads breaks down at low bias voltage. For one pad the leakage current is not properly

measured.
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Figure 5-18 Classification of the physical damage type on sensors depending on the positions.
(a) shows damage on the metal ring around pads, (b) shows scratch across the sensor. (c)

shows the cases no damage can be observed.
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Figure 5-19 Intended physical damages on the surfaces of single pads made by tweezer, to test

the effects of those damages on I-V characteristics.
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Figure 5-20 Measurements on leakage current - bias voltage curves before and after physi-
cal damage on the mask of sensors. Four pads from two different wafers were tested.

W7_1V_B3_8 is scratched with less power and its increasing on leakage current is much

less than the other three pads.
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