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Precision Measurements at the Large Hadron Collider:
Exploring the Foundations of Particle Physics

The experiments at the Large Hadron Collider (LHC) continue to confirm the Standard
Model (SM) of particle physics with impressive precision, and no conclusive evidence for
new physics at the TeV scale has yet been observed. In this context, precision
measurements of electroweak observables provide a powerful and complementary
approach to exploring physics beyond the SM.

The LHC experiments have delivered a broad and highly precise program of electroweak
measurements, probing the internal consistency of the SM through fundamental quantities
such as the W- and Z-boson masses, the effective weak mixing angle, and related
electroweak parameters. More than forty years after their discovery, the W and Z
bosons remain key laboratories for testing the SM, where even small deviations from
predicted relations could point to new phenomena.

This talk will review recent high-impact ATLAS results in electroweak precision physics,
highlighting both experimental and theoretical challenges and their relevance in the
ongoing LHC physics program. Prospects for the High-Luminosity LHC, as well as the role
of future collider projects, will also be discussed.
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What is everything made of ?
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It’s all made of a handful of particles and forces
Particle physics studies the elementary building blocks of matter

* Particles interact via forces caused by fields

* Forces are being carried by special particles called "force mediators”
(boson)
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The theory of everything: the Standard
Model
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LHC a discovery machine at the energy
frontier

The (LHC) is the world's largest and most powerful particle
accelerator at date @ CERN in Geneva

it was build to reproduce the universe condition after the big-bang to help us
understanding and study the fundamental component of

Particle Data Group, LBNL © 2014 Supported by DOE
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LHC a discovery machine at the energy

frontier

* The Large Hadron Collider (LHC) is the world's largest and most powerful particle
accelerator at date @ CERN in Geneva

* it was build to reproduce the universe condition after the big-bang to help us
understanding and study the fundamental component of matter and their interactions

Superb LHC performance in 2024 and 2025 — on track for a strong Run-3 finish

Total delivered luminosity (ATLAS, CMS): 498 fb!
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The LHC physics program
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The LHC is an everything factory

LHC experiments got the richest

hadron collision data sample

ever recorded

with production rates varying
across an incredible 10 orders of

magnitude!
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Standard Model Total Production Cross Section Measurements

Status: June 2024

ATLAS Preliminary
\s=5,7,8,13,13.6 TeV

Theory
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The success of the SM

» Theory so far agrees
with all measured
cross sections across
widely different
processes

» and across centre-of-
mass energies ...

» Often data precision
challenges the
theory predictions...

Standard Model Production Cross Section Measurements
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Can we consider now the LHC a “precision physics” machine ?
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The success of the SM

i : Status: June 2024
Standard Model Production Cross Section Measurements als: June
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Precision objects enable precision

measurements

arXiv:2308.07216, arXiv:2308.04775, arXiv:2309.05471

arXiv:2402.08713

T ettt
ATLAS e Total Stat. only | Combination
Run1: /s=7-8TeV,25fb~!, Run2: \/s=13 TeV, 140 fb—!

Total (Stat. only)

Run1 H — vy I . | 126.02 + 0.51 (+ 0.43) GeV
Run1 H —» 4/ I b i 124.51 + 0.52 (+ 0.52) GeV
Run2 H — vy e | 125.17 + 0.14 (+ 0.11) GeV
Run2 H —» 4 I—O—II 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — ~y i | 125.22 + 0.14 (+ 0.11) GeV
Run1+2 H — &/ —eo—] 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined I—Ol-i 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined I—l-l 125.11 +£ 0.11 (+ 0.09) GeV

T T T I B I B T

123 124 125 126 127 128
my [GeV]

most precise Higgs mass measurement to

date (0.1%)
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ATLAS+CMS

............ ATLAS+CMS combined

stat uncertalnryy

total uncertain
ATLAS

tot

i

\s=7,8TeV
al

J

stat

m, + total (+ stat + syst) [GeV]

dilepton 7 TeV : 173.79+ 1.42 (+ 0.54 + 1.31)
lepton+jets 7 TeV e 172.33+ 1.28 (+ 0.75+ 1.04)
all-jets 7 TeV P 175.06 + 1.82 (+ 1.35+ 1.21)
dilepton 8 TeV —— 172.99+ 0.84 (+ 0.41+ 0.74)
lepton+jets 8 TeV e 172.08 + 0.91 (+ 0.39+ 0.82)
all-jets 8 TeV L 173.72+ 1.15 (+ 0.55+ 1.02)
combined He=H 172.71+ 0.48 (+ 0.25 + 0.41)
CMS
dilepton 7 TeV e 172.50 + 1.58 (+ 0.43+ 1.52)
lepton+jets 7 TeV E——4-—+—I 173.49+ 1.06 (+ 0.43+ 0.97)
all-jets 7 TeV e 173.49+ 1.41 (+ 0.69+ 1.23)
dilepton 8 TeV e 172.22+ 0.95 (+ 0.18+ 0.94)
lepton+jets 8 TeV sy 172.35+ 0.48 (+ 0.16+ 0.45)
all-jets 8 TeV et 172.32+ 0.62 (+ 0.25+ 0.57)
single top 8 TeV f———r 172.95+ 1.20 (+ 0.77 + 0.93)
Jhy 8 TeV H 173.50+ 3.14 (+ 3.00+ 0.94)
secondary vertex 8 TeV — 173.68+ 1.12 (+ 0.20+ 1.11)
combined HeH 172.52+ 0.42 (+ 0.14 + 0.39)
ATLAS+CMS LHCtopWG
dilepton b 172.30+ 0.59 (+ 0.29+ 0.51)
lepton+jets HiH 172.45+ 0.36 (+ 0.17 + 0.32)
all-jets H*H 172.60+ 0.45 (+ 0.26+ 0.36)
other H 173.53+ 0.77 (+ 0.43+ 0.64)
combined Hll-l 172.52 + 0.33 (+ 0.14 + 0.30)
| | | | | | | I | | : | | | | | | | I | | | |
165 170 175 180
m, [GeV]

185

high-precision top mass measurements (0.2%)
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New observed state

Non-relativistic QCD predicts highly compact, colour-singlet quasi-bound pseudoscalar tt states
(negligible self-annihilation, top decays before)
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heaviest of all elementary particles form a fleeting union.

T
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http://dx.doi.org/10.1088/1361-6633/adf7d3

Measurement of Super Rare process -
longitudinal polarised WW - scattering
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First evidence of production of polarised WW

where at least one of the bosons is longitudinally
polarised (observed significance is 3.3 0 with a
measured cross-section of 0.88 = 0.30 fb

Most stringent limits to date for the fiducial cross-
section of longitudinally polarised WW [ observed
(expected) 95 % CL upper limit of 0.45 (0.70) fb ]

Expected fractions:

61% WZWz

29% Wz W5
39% W; W+

10% Wi W
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40 years after their discovery,
the W,Z bosons are still at the UA2
heart of the LHC physics Linal resculés
programme. FX

Why is this?
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why ?

40 years after their discovery, mwiyr’;’;”fﬁ;’ff: ;
the W,Z bosons are still at the
heart of the LHC physics

Higgs boson

pProgramme. e Broken
. . ) try!
Why is this? ot e
Y polarisation Value of my = (i ;
Higgs field, h mw, Mz

= W,Z properties are related to
fundamental symmetries of
SM theory (ews®)

wE = (Wl +iw?)/v2
I 7 = cos HwVVS — sin GwB
~ = sin O, W3 + cos 6,,B

] [
. '
1 1

N N
\4 \ A 4 Yy Yy

A J

9] W W oz
[.-. e l.g le_q HQY ‘
SU(3) U(1)

COLOR E&M
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why ?

40 years after their discovery,
the W,Z bosons are still at the | ™y Mw, My re lated | ﬁ

heart of the LHC physics

programme. t
Why is this? \/WV\O\N\M
= W,Z properties are related to W b W

fundamental symmetries of
SM theory (ews®)

e
. N
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= Their relations to other

particles provide some of ZIW  ZIW ZIW Z/WN

the muost powerful tests of the

theory — sensttive probes of
possLbLe new ph 5sics
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why ?

40 years after their discovery,
the W,Z bosons are still at the
heart of the LHC physics
programme.

Why is this?
= W,Z properties are related to

fundamental symmetries of
SM theory (ews®)

= Their relations to other
particles provide some of
the muost powerful tests of the

theory — sensttive probes of
possLbLe new ph 5s'ws

@ L. Aperio Bella

li m;, My, My related ! |
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W,Z properties

? The electroweak gauge sector of the
Standard Model is constrained by three

precisely measured parameters PROPERTIES OF THE W,Z BOSONS
REL. UNC. CAN BE EXPRESSED AS:
a = 1/137.035999139(31) 0(10-%0)
Gp = 1.1663787(6) x 107" GeV™> oo m%, = i
mz = 91.1876(21) GeV 0(10-5) \/§GF (]- — %V_)
Z
2
: m
sinfy = — —‘;V
tree level di "z
ree ieveil dlagram ‘
W=
2\/§7r
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W,Z properties

? The electroweak gauge sector of the
Standard Model is constrained by three

precisely measured parameters PROPERTIES OF THE W,Z BOSONS
REL. UNC. CAN BE EXPRESSED AS:
a = 1/137.035999139(31) O(10-10)
Gr = 1.1663787(6) x 107° GeV™?  [o(107) ,
myz = 91.1876(21) GeV 0(105) myy =
Singﬂ» HW —
I'w =

~ Higher order corrections modiﬁd these relations,
and determine sensitivity to other particle masses
| and couq:l,iwgs

——
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_ T P

V2GF (1 —mjy,/m%) (1 @

In SM, Ar correction on my reflects loop

corrections and depends on m:? and
In(my) but can potentially also hide
contributions from new physics

? SM relation between m;, mw, my is the most popular way to test the predictive
power of global fits in high-energy physics.

~ Historically has been used to predict m: and put constraint on the my before they
were discovered!
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_ T .

V2GE (1 —m2, /m2%) (1 Ar)

In SM, Ar correction on my reflects loop

corrections and depends on m:? and
In(my) but can potentially also hide
contributions from new physics

95% CL UA2
o

- UAR My, measurement in 1983 Provide first
| stringent limits on the m, 10 years before the
“ first observation

ol
on?

79

100 200 300
(GeV)

my (GeV)
3
— —
Zvyn ‘IVN ® SSTJL}JEd Z pue M SUF JO AJ9A0DSLQ 9UL
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https://cds.cern.ch/record/2103277/files/9789814644150_0006.pdf

_ yye’ —

V2GE (1 —m2, /m2%) (1 Ar)

-». H
.1 i T Ar ” [n(Mn)
w 1 h .
VAVA\ VAVAL YAVAVAVZ YaVA' 2VAVA In SM, Ar correction on my reflects loop
corrections and depends on m:? and
t Ar ” M2, . .
W In(my) but can potentially also hide
contributions from new physics
b — —
~n 6_
W —--X-\\ i (c) B theory uncertainty
’ S A=
VVRA/ A A% 5 — 0.02758 £ 0.00035
X 7 === 0.02749  0.00012
e et 4 ".‘ ----- incl. low Q2 data
% 3 :
2_
 IN 2005 the Legaog LEP results onn e, i, have B
\‘ p excluded 2,
J; been used to constrain the HHGGS boson mass 0 ——
| 30 100 500 &

| (1) almost a decade before (Ts discovery my (GeV)
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https://cerncourier.com/a/leps-electroweak-leap/

Predictive Power of the SM early 2000

The

6 _March 2012
- .

Higgs Boson

mmm=15.2 G?V

(5)

Ay =
—0.02750+0.00033

=== 0.02749+0.00010
-« incl. low Q° data

The Top Quark
Frrystrlrrrrlrrrrl
200 - ~
— 150 1 -
< ¢ Tevatron
) M SM constraint
< 68% CL
100 - -
: The LEP EWWG,
Phys. Rep. 427,257 (2006) -
Direct search lower limit (95% CL)
50

1990

mw from UA

+ precision EW

from LEP-1|
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1995 2000 2005

Year
W mass
from LEP-II
discovery
Tevatron
1994

pre-discovery situation
(March 2012)

discovery LHC
2012

22



right now...

T T L L T T 71 T T 1 T 71 LI 10_Illlllllllllllllllll]lllllllllll’
NX 10: Indirect Determination of I I ! = Nx - Indirect Determination olf my | | | I
< O B wessirement T\l = < OF [ Weasirement T
8;— ~ EWK Fit (Gfitter) —; 8- - EWKFit (Gfitter)
7k = 7E
6F- E 6F-
51 = 5
L L | [ E 4
3 3 3
oF- = 2
T N E e
:11111111111111 1 1||||11|1|111: 1 ! Lt ce v Lol s b v e b e by a e
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https://indico.cern.ch/event/1562147/contributions/6857627/attachments/3212107/5721699/DawnOfEWP_Aspen_Agenda.pdf
https://indico.cern.ch/event/1562147/contributions/6857627/attachments/3212107/5721699/DawnOfEWP_Aspen_Agenda.pdf
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The custodial symmetry
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https://arxiv.org/pdf/hep-ph/0302058

- The custodial symmetry protects this relation from
large radiative corrections. All corrections to the p
parameter are therefore proportional to terms that
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ADDITIONAL SYMMETRY WHICH BOUND THE
INDIRECT DETERMINATION OF M,y AND SIN20,,
» EW FIT DETERMINATION OF M, AND SIN20,,
MORE PRECISE THAN THE EXPERIMENTAL

MEASUREMENT
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45 years of measurement

This is not the case for the W-boson mass

Situation of my measurements 10 years ago
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45 years of measurement

This is not the case for the W-boson mass

Situation of my measurements 10 years ago

92 . Legend
80.50 PDG World average (2016)
~—~ Global EW fit SM (2024)
90 |
80.
S
S
88 1 < 80.40
: \ Tevatron
B CDF
_ 86- 0.35 - 5o
% Hera
2 80.30 : : : : : A ZEUS
84+ 2000 | 2005 2010 2015 2020 2025 H1
LEP
& ALEPH
Y DELPHI
82 1 L3
{ A & OPAL
_______________ IR S e e = _____’___ — SPS collider
80 - I — - 1 voua
(wolweot determuwatww of my b 5 SM -ﬁt (5t |
78 - | ~ F MeV) was sitgwnifica ntly more precise than
T “
_ Tevatron- e the measurement + a slight temsion between
o HERA - - A
3 o the SM prediction and the measurement
o
~ SPS collider | I call for 66)<me < 10 MeV
1980 1990 2004 = — oo L A———

year

@ L. Aperio Bella (*) arXiv:1608.01509 26



45 years of measurement
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Life and Physics © This article is more than 8 years old

Physics
' From gravity to the Higgs we're still . Legend

waiting for new physics 80.50 PDG World average (2016)
—== Global EW fit SM (2024)

Annual physics jamboree Rencontres de Moriond has a
history of revealing exciting results from colliders, and this 80
year new theories and evidence abound '

§ LHC
® ATLAS

Ben Allanach

Fri 24 Mar 2017 14.11 CET

80.40 A

< Share 71

myy [GEV]

Tevatron
B CDF
DO
) Hera
80.30 : : : : : A ZEUS
2000 2005 2010 2015 2020 2025 H1
LEP

O A new theoretical idea getting quite a bit of attention is A Clockwork Theory, invented by ‘ ALE PH

DELPHI
82 - L3

A & OPAL

_______________ e R ————— - ————N SPS collider
80 A 1M Vv UAl

UA2

G Prefer the Guardian on Google

0.35 A

78 1

T T T Collider timelines

LHC | e SPS collider
Tevatron - S S S LEP

HERA - S [ — =1 HERA

LEP + B Tevatron
SPS collider { IEEEEE——— . LHC

1980 1990 2000 2010 2020
year

@ L. Aperio Bella 27

Colliders




Colliders

(%)

Much better predicted then measured

Situation of my measurements today
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Much better predicted then measured

Shots to prevent cancer show Visualizing a key step in Silk-wrapped food wins
early promise p.126 cytokine signaling pp.139&163 Bl & Science Prize p.146

Legend
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Science > Particle Physics

Surprise W boson measurement could
rewrite particle physics

m By Tereza Pultarova published April 8, 2022 Legend
PDG World average (2024)

A subatomic particle called the W boson may be heavier than === Global EW fit SM (2024)
expe.cted, a surprising finding that might lead to a shakg—up of (i ) o e s
physics' grand model of how the world works on the microscale. '
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2020

Physicists used the Tevatron collider at Fermilab to estimate the mass of the W boson. (Image credit:
Fermilab)
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HIGGS AND ELECTROWEAK | FEATURE
The W boson’s midlife crisis neasu red

24 August 2023

Forty years after its discovery, the W boson continues to intrigue. Chris Hays
describes recent progress in understanding a surprisingly high measurement

of its mass using data from the former CDF experiment. ] Legend

PDG World average (2024)
—== Global EW fit SM (2024)
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——— 31
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The W boson caused a particle mystery —
but scientists have cracked the case

By Keith Cooper published September 26, 2024

Legend
Large Hadron Collider has ended W boson fever. "We have to PDG World average (2024)

search for new physics elsewhere," one researcher says.
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NEWS 17 September 2024

‘The standard modelis not dead’:
ultra-precise particle measurement
thrills physicists — Legend

PDG World average (2024)
—== Global EW fit SM (2024)

icted then measured

CERN'’s calculation of the Wboson’s mass agrees with theory, contradicting a previous
anomaly that had raised the possibility of new physics.
By Elizabeth Gibney : i Y L:.IFLAS
¥ f in  © X ’ ® CMsS
: ® LHCb
Tevatron
B CDF
DO
Hera
ZEUS
H1l
LEP
ALEPH
DELPHI
L3
& OPAL
SPS collider

Vv UAl
UA2

*e »>)>

Collider timelines
B SPS collider
mam LEP

— -1 HERA

Bl Tevatron
B LHC

34




The W mass measurement at LHC @'

W-boson mass measurements

my in MeV
Electroweak fit 80353.0 + 6.0
—a— Electroweak fit (+10)
PRD 110 (2024) 030001
® data measurement
World average 80369.2 + 13.3 .
PDG 2024 (excl. CDF-II)
LEP combination 80376.0 = 33.0 .
Phys. Rep. 532 (2013) 119
Tevatron combination 80387.0 + 16.0 .
arXiv:1204.0042 (2012)
DO 80375.0 = 23.0 .
PRL 108 (2012) 151804
ATLAS 80370.0 + 19.0 .
Eur. Phys. J. C 78, 110 (2018)
CDF 80433.5 + 9.4
Science 376 (2022) 6589
LHCb 80354.0 + 32.0 L
JHEP 01 (2022) 036
ATLAS 80366.5 + 15.9 .
Eur. Phys. J. C 84 (2024) 1309
CMS 80360.2 + 9.9 J
arXiv:2412.13872 (2025)
|| || 1 1
80200 80250 80300 80350 80400 80450

my (MeV)
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The W mass measurement at LHC

W-boson mass measurements

my in MeV
Electroweak fit 80353.0 + 6.0
—— Electroweak fit (+10)
PRD 110 (2024) 030001
® data measurement
World average 80369.2 + 13.3 .
PDG 2024 (excl. CDF-II)

S'Pectacu.Lar !

ﬂ conslstent with each other and on-spot with the SM e)qbectatiows with
precision ~ o (10MeV)

— = m——

—Eur. Phys. J. C 78, 110 (2018) T

CDF 80433.5 + 9.4
/ LHCb 80354.0 + 32.0
.[ JHEP 01 (2022) 036 |
;( ATLAS 80366.5 + 15.9
| Eur. Phys. J. C 84 (2024) 1309

CMS 80360.2 + 9.9

arXiv:2412.13872 (2025)
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The W Boson mass at LHC

The W-boson mass is one of the most challenging measurements in high-energy physics.
At the start of the LHC era, today’s precision seemed unattainable.

g ATLAS, CMS, and LHCb aim for 8mw(10 MeV) = demanding extreme mastery of detector
performance and systematics

O Its ultimate precision was limited by our understanding of QCD.

THE WBOSONPULZILE

CERN’s CMS experiment has made a highly precise measurement of the W boson’s mass.
The result is in line with the prediction made in the standard model of particle physics.

Ten years of LHC data have transformed the field:  experiments

Tevatron | (DO and CDF, 2004)
@ From discovery to precision = Detector control at  ooucon

the sub-%. level using complementary methods CEP (ALEPH, DELPHI

and conditions ATLAS (2018)

LHCb (2022)

@ Huge progress on theory methodologies in the SDF 1 202)

past few years

Standard-model prediction (2018) @A

80,200 80,300 80,400 80,500
Mass (MeV)

what are the challenges of the current W boson mass analyses @LHC ?

L. Aperio Bella 87



W mass analysis check-list

S A3 2R A RE]

Iy How to measure
the mass of the W

Produce W-boson candidate

Select W-boson candidate
Observable sensitive to m,,

Model systematic uncertainty
¢ - Experimental
+

- Theoretical

'@B

w L. ApPErio Bbella

» High-performance software & computing:

huge data-flow and complexity of the fit ( >
103 bins + 104 NP )

? Super-precise detector calibration and

response control

» Robust physics modelling: Percent-level

theoretical precision — Careful treatment of
many uncertainty sources

» Extensive program of ancillary measurements
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W mass analysis check-list

Iy How to measure
the mass of the W

Produce W-boson candidate
Select W-boson candidate
Observable sensitive to m,,

Model systematic uncertainty

¢ - Experimental
.1 - Theoretical

@ L. APErio Bella

High-performance software & computing:
huge data-flow and complexity of the fit ( >
103 bins + 10NP ) — W boson prod. is
~0(1000)x greater than Higgs production
@LHC

Super-precise detector calibration and
response control — Often 1 order of
magnitude better precision that std.
analysis

Robust physics modelling: Percent-level
theoretical precision — Data precision
challenge the progress of the theory
community

Extensive program of ancillary measurements
— Do you believe on what they predict ?
10-20 year in the past nobody would never
believe it.
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Produce W candidate
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How to measure

the mass of the W

\/ Produce W-boson candidate

Select W-boson candidate
Observable sensitive to m,y

Model systematic uncertainty

- Experimental
- Theoretical
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Select W candidate
SRR R ERE R

ﬁ}niss = t{, How to measure
— the mass of the W i
<
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| experimental systematic,
» - Modelling effects
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the mass of the W i
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Model systematic uncertainty
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@ L. Aperio Bella

Eur. Phys. J. C 84 (2024) 1309

Events per GeV™!

Data/fit

Observables sensitive to my

How to measure
the mass of the W

\/ Produce W-boson candidate
\/ Select W-boson candidate

\/ Observable sensitive to m,y

Model systematic uncertainty

¢ - Experimental
¥ - Theoretical
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Software challenges

Requirements

Fast analysis turnaround
— external libraries;

in CMS 13TeV data ~120M of W-events low level critical parts in c++
= Extract mass from fit to (qu, nu, pTH) distribution —> “smart” parallelism
~2000 bins and 4000 nuisance parameters

=Major computational challenge

Our analysis
Increasing amount of data opens new opportunities framework
O Software must stay ahead to exploit data potential Reliable & transparent Fast:i;vel;;:ment
O RDataFrame as efficient and flexible framework . low efror rate : e.XI €
O Optimisation of low-level critical parts [histogram + reproducible low barrier tf) en.try
implementation] _, glt versioning: * easyto rjalntaln
O Single high-performance node with fast SSDs and 100 Gbit/s continuous integration ezl
networking for efficient 1/0. [Future multi-core CPUs (e.g. b —> high level

EPYC Turin) will further improve scalability.] SCrptsinipytaon

Collaboration & Reliability
O GitHub CI/CD pipeline extremely useful
O Early bug detection
O Easy rollback of changes
O Stable implementation across configurations

(4@ :
(2=t ) L. Aperio Bella

\¥ [ ) ‘/
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https://indico.cern.ch/event/1464211/attachments/2948604/5182406/241016_dwalter.pdf

The precision we need
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The precision we need

10 MeV precision in m, need per mille
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Experimental precision

» The mW measurement is the culmination of an extensive program
of performance measurements :

» Lepton:
» Highly granular and precise estimation of lepton
reconstruction/ID/Trigger efficiency

» Calibration of absolute pr scale (electron §Er ~104 = my ~8 MeV)

> x10 better than typical ATLAS/CMS/LHcb analysis
» Calibration of the hadronic-Recoil - pymiss
» challenge of the pile-up = % precision required
» Accurate estimation of backgrounds

» primarily heavy flavour decays and jets mis-ID’d leptons

| | CMS | ATLAS

| Dataset 17 fb-1 @13TeV pu=30 5 fb-1 @7TeV u=9

~ muon performance Z to validate calibration (J/¢, Y(lS)) Z samples for calibration
_electron perFormance X Z samples for calibration
hadmmcreco” .................................................................................. stamP|esforcahbmhon ...........

—0000-6-00

Iy How to measure
the mass of the W o

\/ Produce W-boson candidate
\/ Select W-boson candidate

\/ Observable sensitive to m,,

Model systematic uncertainty

¢. - Experimental
it - Theoretical

q{

e et e e eeeeeeeeaeeaeeaeeaeeaseasaasaatastastnatastntnntntntntnentnenenenentnsenetnstnstnetneaneaneanns

R

48



Lepton performances

JHEP 01 (2022) 036 = Uncertainty in my 6 MeV

6.5F -1 < b < - - o . R ,
Cli=10, ag0<pese  PHCPLTIOT - m<g<-m2: o ; T

sslim%4lsp<ddo Tt . ;; Outstanding expertmental
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o g [iS4275<0<302 oo e
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o ysli=3248<m<275 R

102 10!

1/py [1/GeV] Residual scale differences for charge-independent A’

[magnetic-field-like difference], and charge-dependent W’
comparison [misalignment-like term]

arXiv:2412.13872
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https://iopscience.iop.org/article/10.1088/1748-0221/19/02/P02009
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calibration challenges - muon scale

Kcorr = Ak + qM |

k
1+ ek

5k/k ~ A+ qM/k — ek

13.1 b (13 TeV, 2016)

CMS

Preliminary

Events / GeV

pT~ m/2: ~5 = ~45 GeV

Trigger paths

low mass double muon + track
double muon inclusive

P

1

A |
10 , 10°
u*w invariant mass [GeV]

= Uncertainty in my 4.8 MeV

= final precision scale for Z mass 5x10-5

@ L. Aperio Bella

Calibration from quarkonia and extrapolation to W/Z
momentum range requires precise control over
momentum dependence of the calibration.

Canonical expression for curvature bias 6k/k
Parameterize by small differences in

B-field
Alignment 103 168 fb' (13 TeV)
J . < 2 CMS Preli}ninary | ' S
Energy loss (material) et e e s
0 +*+¢ + - IO L AP +++ .
++ B-field A
T — ‘
S r ]
o B 4
s H+++ H et s i +++ §
Energy loss H
-10— T - L I L P . ] !
- X1‘O_[6 ! | ! L ! ! T
T 50[- . ++ |
z | | “‘Allgnment’ . +++ +++ {
g 0 + + ++ + ”‘.“ ”0 * ++
8y o W
-50F . +++ ‘ | L * e
2 1 0 1 2
nP
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e/y performances

s SgTTTT s T Detailed photon energy calibration enabled most precise
- s=13TeV, 140fb"
108 : ] . .
X 1<l <137 1 Higgs mass measurement to date (90 MeV (0.07%) systematic
5 - o .
- . uncertainty in H — yy)
0 =
5 =
C Pre-fit calibration model -
10: Post-fit calibration model 7 Phys. Lett. B 847 (2023) 138315
— e ¢ Z — eedata .
E ¢ Jy — eedata E N L L L L Y IO O
150 T Ta0 B0 80 100 120 140 _ ] ]
ATLAS Total | |Stat. [|Syst.
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b0.008_"I"'I‘"l"'I"'l"'l"‘l"'l"'l' B B E Total = Stat.  Syst.
-% . 0075 '\{{TLAS —L = Run 1H—yy | B 126.02+0.51 (+ 0.43 + 0.27) GeV
£ VYUW/IE Vs=13TeV = |
() — _] I
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S YYY°E — Converted photon, E; =60 GeV - !
= - - ATLAS +CMSRun1 —fte— 125.09 + 0.24 (+ 0.21+ 0.11) GeV
> 0'005:_ = Hosyy, H—ZZ*—4l |
S 00041 E
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0 ) — ] |
o) - - I
o 0.002— ] '
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https://iopscience.iop.org/article/10.1088/1748-0221/19/02/P02009

W mass sensitivity and pileUp

> 30 B I I I I | I I I I | I I I I | I I I I I I I I I I I I ]
) - ATLAS Simulation Preliminary -
O L5 1s=13TeVZ— e
= — o -
S - o ]
- o _
\D/ - 0O _
20 e _O_'O'_o_ —
B o< ]
B o< -
- 0O -
u o< :
10— o —
L o |
O o —
L _._-.- _|
5 o —=©— High-u Calorimeter settings 7
B —&— Low-u Calorimeter settings ]
: | | | | | | | | | | | | | | | | | | | | | | | | | | | | | :
0 ) 10 15 20 25 30
<u>

Hadronic i?iecoil

» utresolution strongly depends on ZEt (~ total event activity )

Al = Z Et,; > At low ptW, underlying event & pileup <p> contribute to
i

deterioration of the recoil resolution = therefore to the
statistical sensitivity to my
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W mass sensitivity and pileUp

O e L B B L B
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statistical sensitivity to my
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bonus: perfect knowledge of our detectors ?

ATLAS  Dat:
's=7TeV. 4.1 fb'1 — Z—-p*u (before corr.)
S =116V, & B Z—ptu- (after corr.)

80000
/70000
60000
50000
40000
30000
20000
10000

Events / 0.2 rad

1.05 E_ ---------------------------------------------------------------------------------------- e T _E
0.95E -

Data / Pred.
CL) ! I|III
o
I
Ot
N
w III|IIII

In the ideal case of beams coinciding with the z-axis, the physical transverse momentum of W and Z bosons is uniformly

distributed in ¢. However, an offset of the interaction point with respect to the detector centre in the transverse plane, the non-

zero crossing angle between the proton beams, and ¢-dependent response of the calorimeters generate anisotropies in the
reconstructed recoil distribution.

@ L. Aperio Bella

Detector

Poin
7 7) Beam
\ / Line
\ X (Center of LHC)
Y
Detector

Collision 7k

Poin S0
7 - : F —— [) Beam
Line

\ X (Center of LHC)

Yy
A

h=90°
%
< h=180° h=0°, 360° > T
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h=270°
v
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The W physics modelling

—60-0-6-0-66

Py How to measure
the mass of the W

PDF - \/ Produce W-boson candidate
\/ Select W-boson candidate

SEm—
E* / 4 1 \/ Observable sensitive to m,y
- V \/ Model systematic uncertainty
\/\/’ ﬁ - Experimental

\% :. /\N \/_ /\ W .< - Theoretical
S o .
mw - AN (s

dmw< 10 MeV precisions required ~0.1-0.2% control on the kinematics of the
W production, sub-percent accuracy of predictions for PDF ; ptW modelling
and W polarisation (Ai) is extreme challenge for QCD theory!

-
‘oo

—_—
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Theory advancement

Tremendous progress in theory in the past 10 years !

At the level of precision achieved by LHC
experiments, pushing the theory frontier for all
contributors to our predictions essential

[T T T T T T 1 T I T T 1 T I 1 T T 1 T I I I T T T T I 1 T T l_
- ATLAS ] -
" Uncertainties in g—‘; 35:8 TeV. 20.2 fb”

—@— Total
—p— Data stat
MC stat

—4— Central electron

—A— Muon
—a— Forward electron
Background

—4— PDFs

T IIIIIII
| 1 IIIIIII

Relative uncertainty
3
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<
N

T T TTTT]
| 1 IIIIII|
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<
w

|

differential X-section measurement of Z boson
,fi production

| %o Accuracy in the central |Yyz| region below %
'L wncertainties up to |32| <36

—
o
A
]
i
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Theory advancement

Tremendous progress in theory in the past 10 years !

Drell-Yan (y/Z) & Higgs production at hadron colliders
LO NLO NNLOI.......cc.......... ] N3LO

ULABY 03 3Lpad)

S

weie

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

transverse-momentum resummation (DY&Higgs)
LL NLL[...... ] NNLL]J...] N3LL

parton showers (many of today’s widely-used showers only LL@leading-colour)

LL [parts Of NLL.......cco v rrra e e e ]

fixed-order matching of parton showers
LO NLO NNLO [................ ]

1970 1980 1990 2000 2010 2020
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NNLO outdated ¥ N3LO + resummation -
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Eur. Phys. J. C 84 (2024) 315

= —_— —— =

The Z-boson normalised do/dpr wmeasurement compared with different state-of-the-art RCD> |
perturbative caleulations based on qT resummation @ approximate N+LL accuracy.

L S — _— —
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https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w

NNLO outdated @/ N3LO in PDF @l
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The W physics modelling

PDF t} How to measure
QCD the mass of the W i
2% ( . 3
2 / “l \/ Produce W-boson candidate
—

\Qh 4 /‘ﬁ v\~ \/ Select W-boson candidate
AN\ /\.'\/V\‘< \/ Observable sensitive to m,,
: / \ \/ Model systematic uncertainty
- \ 7, ¢ - Experimental
— v - Theoretical

=
A .

» @LHC W mass physics modelling is described using a composite model :

» Start from the NLO/NNLO generators + LL parton-shower (Pythia8) and apply corrections to
reach the state of the art accuracy.

» Using an useful decomposition: factorising the dynamic of the boson production and the
kinematic of the boson decay.

do do(m) do(y) do(pr) , 7
dp.dp, [ ‘ [ ‘ [ dp [(1 EEE e Z(;Ai(pT’ y, m) P(cos0, @)
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QCD itis not identical for W and Z boson

u

M. Boonekamp Strong2020

> : CuTe NLO+NNLL > 0.07; CuTe NLO+NNLL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-015/

Spin correlation

* The angular distributions can be understood in terms of the spin of the particles
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More Info
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-015/
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In pp collision: different cross section for
W+ and W- and different dynamics.

PDF

(a), pp, W production

do*/dpr;+ [nb/GeV]

. — standard | — i
0.8 \ --- purely sea - 06
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Eur. Phys. J. C 69 (2010) 379-397

(b), pp, W~ production

— standard
--- purely sea

0.0k

0.70 bx

10 20 30 40 50 60
pri [Ge\"]

2 Difference between u,d valence and the see distributions determine the W-boson rapidity
distributions — affects acceptance and fiducial volume

2 kinematic distributions & signal yields in the different categories have additional constraining power on the

PDFs unc. (tn sttu constraint)

2 Profiling of PDF uncertainty:

2 reduction of Amy PDFs envelope

2 reduction impact of PDF uncertainties

(previous measurement §PDF) mw = 9-10 MeV)

2 CT18 PDF set baseline: seun mw = 7.7 Mev [ATLAS] , 4.4 Mev [CMS]

@ L. Aperio Bella
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The W physics modelling

ATLAS/LHCb

> start Powheg+Pythia8 [ NLO+LL (PS) ] and apply
corrections = NNLO pQCD accuracy

- Use ancillary measurements of Drell-Yan
processes to validate (and tune) the model and

assess systematic uncertainties.
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How to measure
the mass of the W

A

Select W-boson candidate

roduce W-boson candidate

Observable sensitive to m,,

Model systematic uncertainty

- Experimental
- Theoretical

e-print arXiv:2509.13759

-« [ ATLAS

C {s=13 TeV, 338 pb™
- W > lv
| —e—Data
Powheg+Pythia8 AZNLO

Sherpa 2.2.1
—— DYTurbo NNLO CT18NNLO
g8 Scale unc.
—— PDF unc.

i
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o F
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Incredible set of new extremely precise measurement of W boson production



https://link.springer.com/article/10.1140/epjc/s10052-025-14178-x
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https://arxiv.org/abs/2509.13759

The W physics modellin

CMS strategy

Fully simulated MC samples with MiNNLOPS+Pythia8 O(as?) accuracy

> ptW not directly measured but same procedure applied on W =»
Validate with Z boson measurements
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The W physics modelling

Y Y Y Y.Y I

t{, How to measure
CMS strategy the mass of the W &
Fully simulated MC samples with MiNNLOPS+Pythia8 O(as?) accuracy V/ Produce W-boson candidate

> ptW not directly measured but same procedure applied on W =» V Select W-boson candidate

Validate with Z boson measurements V/ Observable sensitive to my

\/ Model systematic uncertainty
¢, - Experimental
+

- Theoretical

16.8 fo~! (13 TeV)
T T T T ]

{  Unfolded data k‘
AL |
— mz (pr,n*,q") |
— Prefit .
S S S wrararacer o Rely on theory [ SCETLIB prediction matched to fixed
."9: RIS order DYTurbo prediction (N3LL + NNLO)] and on
L e o ey ﬁ the constraining power of the very high statistic of the
nt.q¥) T Prefit ] data samples
’—#——‘;ji. ..... —f———
| EDIIID E
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A quantitative exam

X— offset fit Profiled Likelihood fit
reenlity | / Reality §
S p Shift °§
&
g
Observable Observable
ATLAS legacy T T T [ T T T ] T 1 ATLAS improved
measurement 2018 ATLAS measurement 2024
Vs=7TeV, 4.6/4.11b™,, e-/u-channel, single- and multi-p? -fits
= P|_H, total unc. === y?2, total unc.
-------------------- S ST
Combination| | T:*-' 80357*{2 80373*

80200 80400 80600
m,, [MeV]

PLH allows simultaneous determination of PO together with NP taking account
corvelation tn each category

expected allowed shift m, 16 (£23) MeV for p—'T ()
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https://indico.in2p3.fr/event/29681/contributions/122546/attachments/76643/111219/06-MSchott_Upload.pdf

Events / GeV

Data/ Pred.

A quantitative exam

Profiled Likelihood fit
Model Assumption
Assumption after Profiling Q
\ \ Reality 3
, ]
sShift 2
v
x10° ’ g
T T T T ] T 1 — 1 T T ] T T T T 2 { %
500 _ ATLAS -~ Data =%~ Post-fit ratio__] J J »
e - Bl W'>ptv, 4 Prefitratio
- ﬁ-EZaTn?/éf;of;-m Wy, 4/ Stat ®Syst - Observable
400 ’ Backgrounds - , Shift in m,,, [MeV]
- - -0
- ] Bsht —-10 -5 0 > 10
300_ _ LN L L O [ L L B L B B L I
= ] ATLAS
- 7 Vs=7TeV, 4.6/4.11b™, e-/u-channel, combined pf-fit
200 —
— PS charm modelling
1 OO _: CT18 PDF EV 1
- Muon extrapolation
1.4<n|<2.0
1.02— 07 L + * + CT18 PDF EV 29
— El I
A 4 4 A A 4 A A A A i% Lzeggionn scale
1 |G s /(yxy//l,‘/ﬂ%/!//mxﬁxé‘///;@‘/fy//y//)!//ry///// /// /f/
[ CT18 PDF EV 2
[ M trapolati
098_ L1 L | I L1 l L L1 L1 2.321:1|e<>(2!'2p0a|on
30 35 45 y 50 CT18 PDF EV 20
pT [Gev] EW FSR lepton pairs
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@ L. Aperio Bella

A quantitative example

Events/GeV

Data/Pred.

«106 16.8 fb~! (13 TeV)

! I ! ! ! ! | | ! | ! ! | ! ! | ! ! | I ! | |
| l | | I I

CMS Pgefit f Data
Preliminary X é’;‘/jso (0= 24%) W S pv
Nonprompt
ZIy* - hu/tt
W* - 1tv
Rare

1 I 1 I | I 1 1

I I | | ! I ! | I | ! | I ! | I ! I | I ! | I | ! | |

— === mw+100MeV Pred. unc. .

———————————————————————————————

1 L 1 | 1 L L | l ] L | ! l L | 1 | I L L | | I L L | | |

30 35 40 45 50 55
u
pr (GeV)
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A quantitative example

 ox107 16.8 fo=! (13 TeV)
> __|||||III|"'.'|""|'|I|||III|_
8 . CMS Postfit { Data
2 08l x¥ndf=35.4/30 CE T CTIVE
(2 - (p=23%) '
c1C> : B Nonprompt
> 06} A ad AN
W= - 1v |

0.4

0.2

0.0=—

. B L
B1-0025F — m,, +9.9MeV Model unc. 4 -
] PSS S Sn v BRENK Jl _
o ' 't e R *"F +“-T—+- - -‘F
)] : :
00.9975 | | | | _
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Uncertamty decompcsﬂlcn

gpl0® | | 168fb1 13TeV
X E 7 CM-S- P 4 Da ] Impact (MeV)
CM S 2 == Wiobv 1 Source of uncertainty P
g N c 6 W= Nonprompt Nominal Global
> * ]
— \ @ s = oy d "Muon momentum scale 48 44
v | 4 == Rare Muon reco. efficiency 3.0 2.3
—— 3 W and Z angular coeffs. 3.3 3.0
2 Higher-order EW 2.0 1.9
1 pY modeling 2.0 0.8
-  PDF 4.4 2.8
§1.002'—: fmiw:9.9MeV Pred. unc. + 1  Nonprompt background 3.2 1.7
S 1.000 +—-U ﬁﬁ*i RS e Integrated luminosity 0.1 0.1
a 0.998|- * ¥ MC sample size 1.5 3.8
o4 Data sample size 24 6.0
%103 (Gev)  Total uncertainty 9.9 99
> [ T T T T I T T T T T T I T T T T ]
) T ATLAS -o- Data =%~ Post-fit ratio_]
S SO e a1 = oy e
C p-channel, post-fit ackarourds .
£ 4001-" P Background =
2 onnk -
[ 300~ =
200 s
100 s ATL
groa L R EXPERIMENT
& 1;ey jvy‘/A/y’v:‘y//s’/‘//!’%/’//-)Z‘/A/Y-/“//7’4//ﬁé‘y//*//;?’/‘////}/////ﬁ’/%
© L
8 0'98__ | 1 | | | | 1 | | | | 1 | | I | 1 | .
30 35 40 45 50
prlGeVl [MeV ]| Total Stat. Syst. | PDF A; Backe. EW e g wur Lumi Ty PS
pf} 162 11.1 11.8 | 49 3.5 1.7 56 59 54 09 1.1 01 15
mr 244 114 216 | 11.7 4.7 4.1 49 6.7 60 114 25 02 7.0
Combined 159 98 125 | 57 3.7 2.0 54 60 54 23 1.3 01 23
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Bonus: W width measurement

Overview of I, measurements

"""""""""""""""" l [
DELPH| e | ATLAS - o | =
T,, = 2404 + 173 MeV E.;—:?Tev, 4.6 fo” FW — 2202 i 47 I\/lev
gféhl;s J. C 47 (2006) 309 b .
lE_?r.Ph s. J. C 47 (2006) 309 - - - I - - 7 D |
- Flrst LHC measurement of W width also
ALEPH - - “w ,
cur P T 2009 | the wmost precise one |
oy S o ¢ = ' wT observable has best sewsitivitg to
Do  mess width I,
Ly = 2028+ 72 MeV @ Measuremen :
CDF o eromen: | stat Unc. | _. | Mass of the W treated as NP
W ry-feserraMev .TotalUnc _________ M SM = Q0355 *+ & MeV
I ATLAS [ SM Prediction — ,
B romeawer | | | the measurement agrees with the sm
1500 2000 2500 ot f FoSM = 2022 + 1 MeV
r,, [MeV] expectation o WS = +
within 2.40
Unc. [MeV | | Total Stat. Syst. | PDF A; Backg. EW e u wur Lumi mwy PS
ps 7227 66 | 21 14 10 5 13 12 12 10 6 55
mr 48 36 32 5 7 10 3 13 9 18 9 6 12
Combined 47 32 34 7 8 9 3 13 9 17 9 6 18
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Large Electron Positron collider LEP (1989 —

2000 @ CERN)

e ete- collider, tuned to Z resonance~ 17
million Z bosons

» Access via energy scan

The LEP legacy
mz = 91187.6 £ 2.1 MeV

* uncertainty dominated by Beam-energy

calibration.

D | T T T T
) - . o
= : o
., 40 T 2
-g ™ :i E “‘.‘ 2
= ALEPH { § \
DELPHI ;} 11
! L3 ; \
30 + OPAL ]

Bonus: The Z mass

’
. ¢ measurements, error bars

increased by factor 10 /

10 — o from fit ¥
[ s QED unfolded .~

".‘wlﬂ'—."..’ ik o b o § VMZI e
86 88 90 92 94

Phys. Rept. 427 (2006) 257 Eem LG€V]

Reminder Indirect measurement mz = 91201.7 + 8.9 MeV [Phys. Rev D. 106.033003]

% L. Aperio Bella
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LHCb weighs up the Z

New measurement of the mass of the Z boson showcases the Large Hadron Collider’s

growing role in precision physics

6 JUNE, 2025 | ByAna Lopes
Recent LHCb measurements (2025)

The LHCb detector in 2018. (Image: CERN)
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https://home.cern/news/news/physics/lhcb-weighs-z

Di-muon mass spectrum

@13TeV 1.7 fb-li  LHCb Candidates

» At Hadron collider the mass of the Z is extracted from final

state kinematics. Y(lS)%p’fp' ................. 1 9OX103 _______________
> The di-muon mass spectrum become the key observable e | 48108
Z— M- 170x103
10 LHCb ' :P Jhp(1S) o 'prom}')t-lik'e S?;m}')le' I
. /5 = 13Tﬁv p,Ww w(2S) Y(1YS()ZS) pr(p) > 1GeV,p(p) > 20 GeV 7
10° | vEs) I

B

2

Candidates / o[m(pup)|/ 2
2, 2

10° 10* 10°
Phys. Rev. Lett. 120 (2018) 061801 m(pup) [MeV |

Standard muon momentum calibration for LHCb achieves a relative uncertainty of 3x10-4
For the Z mass analysis muon momentum calibration uncertainty reached 4x10-5 (dominated by the
detector material description in the simulation) = 8mz = 3.6 MeV
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https://indico.cern.ch/event/1525997/attachments/3033397/5357664/mZ_CernSeminar_small_v2.pdf

LHCb m> measurement

Rev. Lett. 135 (2025) 161802

]

’>'\ - L] LHCb 1.7 fb_l - Z-boson mass measurements

) 6000 - — Fitresult ' T my in MeV
o B } Data . LEP binati PDG avg £10

combination

l(r\]? - - 91,187.6 + 2.1 MeV —— ® Measurements
o = -1 Phys. Rept. 427 (2006) 257

N—'

= 4000 |- -

B - CDF Il [x-check] N

8 91,192.0 = 7.5 MeV : e :

— i T _ I [ H

CU L n Science 376 (2022) 170-176
o)
;_5 2000 — ] CMS [x-check] P

= ¥ T 91,185.3 + 4.8 MeV ——

< B _ L_J

U arXiv:2412.13872

0 L L L I L L L I 1 1 1 I 1 1 1 I 1 L L
LHCb (2025) T T

91,185.7 *+ 9.2 MeV : °
1

1 2 B ' ' ' | ' ' ' | ' ' ' | ' ' ' | ' ' ' CERN-EP-2025-111 / arXiv:2505.15582 B | (A !
- i mz=91.0GeV mz=91.4 Ge
C: L I i EW fit w/o exp. input
B I e Lo } 91,201.7 + 8.9 MeV -
E 1 O iy & l Phys. Rev D.106.033003

91140 91150 91160 91170 91180 91190 91200 91210

86 88 90 92 94 96 mz (MeV)
Dimuon mass [GeV]

The resulting measurement of the Z-boson mass is mz = 91185.7 + 8.3 (stat) = 3.9 (sys) MeV

@ L. Aperio Bella 76


https://arxiv.org/pdf/2505.15582

... tO summarise

=The mW measurement is the culmination of an extensive precision physics program

» LHC experiments are reaching unprecedented precisions on the measurement of
fundamental parameter of the SM

> Individual experiments now approach — or even surpass — the precision of the
combined LEP, SLD, and Tevatron electroweak results.

What Makes It Possible ?
> Incredible understanding of detector response across energies and pileup conditions.
» The measurement relies on extremely complex, multi-differential analyses.

» almost CO data statistic is used to test and constrain state of the art prediction:

» PDF uncertainties

> ptW modelling

@ L. Aperio Bella 77
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Precision Experiments: Revealing New
Frontiers

Expected Val
——
—
e
—
—

—
Expected Vall
H

=

aaaaaaaaaaaa

% Ruling Out Theories
(1860°) Mercury's precession measured at
1.56° per century—Newtonian physics
explained most of it but missed 0.01194°.
This gap led to the triumph of General
Relativity!

% Confirming Theories

Mercury at
perihelion

Precision measurements of the (1990’)
confirmed the existence of 3 families of
neutrinos (3%o), pushing the boundaries of
established facts of the SM.

% Paving the Way for Discoveries
First precise measurement of the W boson
mass in the 1990s paved the way for the
discovery of the top quark.

@ L. Aperio Bella
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LHC experimental data

Now — after an outstanding Run 2 — the LHC experiments have in their hands the richest hadron collision
data sample ever recorded

F’.
Particle Produced in 140 fb-! pp at Vs = 13 TeV - -
Higgs boson 7.8 million
Top quark 275 million (115 million tt)
Z boson 8 billion (— #£, 270 million per flavour)
W boson 26 billion (— #v, 2.8 billion per flavour) I | I |
Bottom quark ~160 trillion (significantly reduced by acceptance)

The LHC is an everything factory

credit to A. Hoecker

Vast and reach program at High energy frontier.
» Probing with high-precision Standard Model processes self consistency of the SM

» detecting very rare processes
» exploring new physics via direct and indirect measurements
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The SM of particle physics @LHC

i i Status: June 2024
Standard Model Production Cross Section Measurements e

EI 1 OAQ total (x2) ATLAS P I' . Theory
inelastic re |m|nar B
Q. 10" Fase Y » Theory so far
incl
pt>100 GeV
5 o \s=5,7,8,13,13.6 TeV .
105 F " o : agrees with all
» o .
A Y LHC pp Vs =13 TeV .
ijets E7> .
0 f T EE o ooon A measured cross
W LHC pp V5= 8 TeV : sections across
10* £ o0 4:0 A Data 20.2 - 20.3fb! 3
= o - M M
- [ LHC pp Vs =7 TeV i Wldely dlﬁerent
3 30.GV -1
10° F Eow Fay el emyeo om BBl a2 45491 .
E . i o o 3
F o v : rocesses
2 i A 222 36)TGEV Ao d t-chan WﬂW ’ p
10° £ R ot - . T »and
3 A mzs  pr> we wz ota E ? and across centre-
C ma2 Bg 1062 s YL G540 - ]
101 e & mz4 a © p-|—>25Ge\/u 7z 7z aad - .
S N P So g § of-mass energies ...
: nj>5 nj; ° o nj 205 s-chan Zy o H_; M,/:l)/V» n A u i
A . }
1 E A n nj>4 nj>6 5 Zoy H—bb AI:I o WVDVWtot. - ,
E o i o E 4
E i = >5 “'>°7 g % HHTf A E>?O%€ 5 t_tzn o WWZ tot. Wjj E ' Often data
B AI a ni 5 ooy 00D 029 Hﬁww(»A N a 2 Bg - o o
101 F o By e - 3 precision
3 R n=4 n>6 g N o .
C o B H— nH . Zjj n Wyy Wyij ]
o2k i " |5 s mea e ] challenges the
n Hovy - 7YY oo -
3 - . A (x0,5)y RN goww B ] theory
10 E /ﬁ H—at n [ G4 = R wz
: o o 708 redictions
- wwr (x0.2) p oo

PP Jets 4 w y4 tt t vV H Hji VH ttv ttH _ wwv vy Vyy  yy-WW
tty Vjj  tttt Vyii VVijj
tot. tot. VBF tot. EWK " tot. EWK EWK

Can we consider now the LHC a “precision physics” machine 7
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The EW sector: m: mw and mu

T T T T ] T T T T I T T T T ] !I T T T [ T T T T ] T 1,

;‘ il m, comb. + 1o ]
8 - 68% and 95% CL contours g m = 172.47 GeV 7]
9 ive’ — 80.5 — Fit w/o M, and m measurements -- o’: 0.46 GeV o ]
frnW — E; = Fit w/o M, m and M, measurements i1l — =046 ©0.50,,, GEV -
_ 2 2 — r : Direct M, and m measurements H -
F myy, /My I 80.45 W : E
80.4 A A
In SM, Ar reflects Ioop Correctlons it e .1‘ a:j////' ........ o ,:
2 80.35 M, comb. + 15 - : ( - ]
and depends on m¢= and In(mH) P e W SEEETRIUORY % ]
. - I _
VN o B 80.3 — ]
b L ]
Y B il
" ” 80.25 [— ]
L L B ’I/, | | | £ I: | 1 | l | | | | I 1 l—
140 150 160 170 180 190
m, [GeV]

» mt, mW, mH interrelation is the most popular way to test the predictive power of global fits in
high-energy physics.
- Historically, SM relation between fundamental parameters has been used to predict mt and
put constraint on the mH before they were discovered!

mt and mH are now so well- measured (dmt ~0.5/0.4 GeV; dmH ~ 0.2 GeV) that higher precision has
minimal impact on the indirect determination of the others, however mW. is more precisely determined
by SM fit 8ttmw 7 MeV ...
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The custodial symmetry

https://arxiv.org/pdf/hep-ph/0302058

80.5 —

M,, [GeV]

80.45

I / |

fit w/o M,

80.4

T T

68% and 95% GCL contours
direct M, and sin®(6]

W fit wio M,,,
fit w/o M,,,,

sinZ(B;911
sin*(e, .
sin®(6'

el
a
a
(eﬂr

)
)
),

T I T

) measfurements
nd Z widths meas
nd MH mfeasurem
./1H and Z;widths n

urements
ents

neasurements

TEST OF THE CONSISTENCY OF THE
EW SECTOR IN THE SM THROUGH
PRECISION MEASUREMENTS OF (TS
FUNDAMENTAL PARAMETERS IS
ONE OF THE GOAL OF LHC PHYSICS

PROGRAM.

80.35

80.3 R—

+0.00016

sin®(6],) = 0.23153

M,, = 80.379 +£ 0.013 GeV

 Indirect determination of both my and sin26,,
more precise than the experimental

0.231

@ L. Aperio Bella

measurement

sin’(6.,,)

- The custodial symmetry protects this relation from large
radiative corrections. All corrections to the p parameter are
therefore proportional to terms that break the custodial
symmetry (thought radiative correction H,topmass)

PDG, LEP legacy

My,

= 2/\2/\,
Mzczp

PO
po = 1.00031 £ 0.00019 ,
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https://arxiv.org/pdf/hep-ph/0302058
https://pdg.lbl.gov/2024/web/viewer.html?file=../reviews/rpp2024-rev-standard-model.pdf
https://arxiv.org/abs/hep-ex/0509008

EW radiative correction

Electroweak parameters
2 2

_ myy _ 2 _ my
= = | st =1 — —2~ (=sin%0
e m? cos? Oy =D w m2 ( ")
Physical quantities -
p=1+4+Ap
MI%V —_— m%v (]_ — Afr) and Sin2 H%f/f — S%V(l + A/{J) the electroweak
radiative
. 2 correction
with Ar,Ap, Ak = f(m*, In(mg),...) Darameters
are of the order of
t the percent
WW\ONWW Apt ~ 0.01 x [mt/(175 GeV)]2 and involve
W b W contributions
from top quark
H M

and Higgs boson
loops

;-9 S App ~ —0.0015 x log(mz /My )
ZIW ZW  ZIW Z/W

The electroweak theory predicts relations between experimentally measurable quantities

Observables can be calculated in the SM in term of a finite number of parameters to be
determined experimentally (coupling constants, masses of fermions, CKM and M)
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Update of the Global EW Fit (2026) @l

2
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o
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Update of the Global b

Electroweak Fit with Gfitter
https://project-
gfitter.web.cern.ch/

Ay

—  EWK Fit (Gfitter)

Indirect predictions for

main observables :
mW: 80353i56 |\/|eV 8032 8033 8034 80.35 80.36 80.37 80%8 [88(;33] 80
mz = 91195+7 MeV
mt = 174.3+1.6 GeV 3
mu = 102.7+16 GeV

sin2Bw = 0.231544+0.000056
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Overall consistency of the

SM Global Electroweak Fit
x2/ndf=17.1/14 (p-value 0.25)
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https://indico.cern.ch/event/1562147/contributions/6857627/attachments/3212107/5721699/DawnOfEWP_Aspen_Agenda.pdf
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https://arxiv.org/pdf/1803.01853

—— Gfitter incl. direct searches

o
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that higher precision has minimal meao’c ow the Lwdweot
determination of the others parameters
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The Standard Model of Particle Physics
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coupling Q=Y-+1, coupling Q=Y+T, coupling [:]
4§> 1st 2nd 3rd éb
~
s ° ° 0 */3 SU(3)COLOR SU(Z)LEFT u(1 )HYPERCHARGE
1 ® u ° c ° t D
/2 o0 o0 [ O 0
Su(2) Left handed SN0 | SEEE0 | SEEE0 S
<
doublet SU(2) doublet \ 1/ do ; IO) S E % B
1 ® (] o Y
2 Smmo \fmmo \Semso ) 0 ) ! ' k
' ’ ' H
iy [0 0 ° o : ,- : !
1/, Ve Y B Y \%: 0 o ' H " ,:
Left handed EEm o @Em o @Emo = ' ! ' !
SU(2) doublet \ -1/, 0 0 °o ) 8 ' ! ' !
/> € “ 1 0 ? : ‘ : {
246 GeV S5 ]w O EEn O ( A
’ WE = Ww!+iw?)/v2
Unbroken Symmetr :
y y Z = cos HwW3 — sin 6, B
Broken Symmetry
1= 2 3 v = sin HwW?’ + cos 60,,B
(00023 Y 1275 Y 173.07 ) \ )
t ] ] ' ]
2 I Y I ST v v
(0EE0 | SEEn0 | eEEs0 ) ' ' ' '
(" 0.0048 0.095 418 ) " H " /
b L] Lo}
So sl &0 T sl S U3 Vo ‘L Voo
(0@ 0 \ BmE0 \ s@Es0 )
(m, M1\fm2 Mz\fm3 Ms\ V y v V V OV
Ve | Vu,| Ve, Y
(= oD cos iy Q
(0.000511 | 0.105658 | 1.77682 )
C 1 !"l_l 1 -1 SU(3)COLOR U(1)E&M
( @30 \ B0 )\ =m0 )

N

L. Aperio Bella

90




SU2); x U(1)y

SU(3)0.0n SU(2) ., U(1),,vpercrance

/>

1/2

SuU(2)
doublet 1/, -
B
1/, z
246 GeV r: : : : A
. .S t wE =W +iw?)/V2
nbroken Symmetry Z = cosOpyW? —sinf,B |——
Broken Symmetry
’Y — Sin H'U)W3 + CcOS ewB

\ J

SU(3) o0

@ L. Aperio Bella o1



longitudinal polarised WW - scattering

W'W.S —> W'W. with modified Higgs couplings
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Higgs mechanism ( eg. EW symmetry breaking ) result in
longitudinal polarised vector bosons:

WrW: — WFW; scatter would violate unitarity if Higgs

coupling deviates from SM prediction
= is a unique opportunity to probe electroweak symmetry-
breaking
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https://arxiv.org/pdf/1412.8367

The W Boson mass at LHC

W boson signature: Incomplete kinematics ( missing
neutrino ) no invariant mass: rely on measured quantities
(pIl, uT) and exploit momentum conservation in the

transverse plane (|oniSS , mJ)
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Hadronic recoil
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Experimental challenge: W boson signature

Incomplete kinematics ( missing neutrino ):
* no invariant mass

e measured quantities

* Prompt and isolated lepton (e or p)

» Hadronic-Recoil (uI): sum of “everything
else” reconstructed in the calorimeters:

Underlying
Event

* exploit momentum conservation in the
transverse plane to reconstruct pI™s and
transverse mass (m1)

Hadronic if{ecoil

i Z b, mr = \/Zp{,p%‘i“(l — Cos A¢)
l
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W boson signature

Incomplete kinematics ( missing neutrino ):
* no invariant mass
e measured quantities
* Prompt and isolated lepton (e or )
* Hadronic-Recoil (uI): sum of “everything
else” reconstructed in the calorimeters:
* exploit momentum conservation in the
transverse plane to reconstruct pI™s and
transverse mass (m1)

+ Pileup ...

Hadronic Recoﬂ

Ut = E ET;
3
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Hadronic recoil calibration with Z events

In Z-events

* exploit momentum conservation in the transverse
plane to measure in data the ut response using the
pZt balance in Z events

Underlying
Event

lladfé)ili_c R;:coil

hadronic recoil

>
Uur

ut scale and resolution are characterise by the
I and L projection of the recoil into the p4r axis /7
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Underlying event and Pileup contribution to the recoil
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underlying events grows with Vs

9 additional reconstructed vertices
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Status: February 2022
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L ow-p dataset

In Run-2 ATLAS collected ~ 500 pb1 at <p> ~ 2
fantastic opportunity for W precision physics!

s “0 pT(W) /s = 13TeV

ul <yu> = 20
% ul <u> = 2

..--.

Transverse momenka

Leptons performance

accuracy Limetted bg the Z

sample statistic

T—
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» Unique recoil resolution

Recorded Luminosity [pb "/0.1]
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500F
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300(

> Benefit from super precise luminosity uncertainty

» Dedicated set of detector calibration and performances
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dedicated in-situ calibrations
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https://atlas.cern/updates/briefing/run2-luminosity

Hadronic recoil performances

A) Particle flow objects (PFOs) L A i g L A .
3 . O 11 ATLAS Preliminary = O, " ATLAS Preliminary ]
for recoil reconstruction wp to ~, 10& f5=13TeV, 338 ob” . ~, 10 15 = 5.02 TeV, 255 pb” -
o 0 ’ 2 F LU = 2 r £up 7
5% mprovement tn resolution ° % E ° g -
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L R o o P fion B) in-situ in Z—=#£ events used to Calibrate the recoil response:
; 0.4F--22= v EM+JES 3
& R e st . 2 Modelling of underlying activity from data
P a—— WP .+ & Correcting response non-uniformity in the calorimeter ( beam
GeV . . .
PERF-2015-09 Pr 1G] displacement, beam-crossing angle. azimuthal angle)

» Equalising response and resolution differences between data/MC

» Correcting for residual non-Gaussian tails in the response

Hadronte-recoll uncertainties have sub-percent Level impact on prv < 50 Gev
(@ 5Tev Limited stat of the Z samples is the dominant source )
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-09/fig_33.png
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The pWt measurement
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https://link.springer.com/article/10.1140/epjc/s10052-024-13414-0
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9 additional reconstructed vertices

5.02 TeVE 13 TeV
| 255+1% 338£0.92%
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Mean Number of Interactions per Crossing

ATLAS

EXPERIMENT

2 additional reconstructed vertices
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https://atlas.cern/updates/briefing/run2-luminosity

lepton pI > 25 GeV
lepton n| <2.5
Detector level distributions unfolded at particle level in fiducial volume: W : pT >25 GeV ; mT> 50 GeV

Z:66 <m¢f< 116 GeV
» Bayesian unfolding of ul (W) ; pT (Z) , separately for e/p channels
» Bin width/iterations optimise to reduce uncertainty of unfolding prior bias
> 9 (25) iterations, —7GeV— bin at low pT" at 5.02 (13) TeV
> 2 iterations, —2GeV— bin width at low pT?

» electron and muon channels combined with BLUE, all giving good x2

Most precise integrated fiducial measurement of the Wz and Z boson @ 5.02 and 13 TeV:

Process Cross section at /s = 5.02 TeV [pb] Cross section at /s = 13 TeV [pb]

W~ — v 1385 + 2 (stat.) £ 5 (sys.) £ 15 (lumi.) 3486 + 3 (stat.) £ 18 (sys.) + 34 (lumi.)
Wt — v 2228 + 3 (stat.) £ 8 (sys.) + 23 (lumi.) 4571 £ 3 (stat.) £ 21 (sys.) £ 44 (lumi.)
Z =00 333.0 £ 1.2 (stat.) £ 2.2 (sys.) & 3.3 (lumi.) 780.3 £ 2.6 (stat.) & 7.1 (sys.) £ 7.1 (lumi.)

e)q:erimewtm accuracy 0.4 - 0.5 % with 1% Lumal
then Previous W X-sectlon at 5.02 (123TeV)
good agreement with DYTURBO [NNLO+NNLLUI prediction with 2 different PDF sets
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resummation effects, but
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Complexﬂy of the physics modelling

1.01——— ,

W]

£ %;1 oosi— _.r“i[:;::: _ » < 10 MeV precisions required ~0.1-0.2% control on

& S 1.006F —  +Detectoreftects 5 the kinematics of the W production

é gj 1004 - E » sub-percent accuracy of predictions for PDF ; ptW

| = P e S modelling and W polarisation (Ai) is extreme challenge

e ° 0-99;;_ ] / 1T0.2% for QCD theory! -
0.996] = : ‘oo

25 T30 85 40 45 B0 n
p; [GeV]

» @LHC W mass physics modelling is described using a composite model :

» Start from the NLO/NNLO generators + LL parton-shower (Powheg+Pythia8) and apply
corrections to reach the state of the art accuracy.

» The Drell-Yan cross-section can be decomposed by factorising the dynamic of the boson
production and the kinematic of the boson decay.

7
(1 + cos®0) + Z A/(pt,y,m) P(cos0, ¢)
i=0

do [da(m)] [dU(Y)] [dU(PT)
dpdp, dpy

Use ancillary measurements of Drell-Yan processes to validate (and tune) the model and assess systematic
uncertainties.

A
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Complexity of the physics modelling

PDF

» < 10 MeV precisions required ~0.1-0.2% control on
ﬂ; ) the kinematics of the W production
\ s b
—— - vV A/</\/\r » sub-percent accuracy of predictions for PDF ; ptW
AV SWVAANN modelling and W polarisation (Ai) is extreme challenge
// %/V\Né for QCD theory!
— AN &
mw AN (s i

» @LHC W mass physics modelling is described using a composite model :

» Start from the NLO/NNLO generators + LL parton-shower (Powheg+Pythia8) and apply
corrections to reach the state of the art accuracy.

» The Drell-Yan cross-section can be decomposed by factorising the dynamic of the boson
production and the kinematic of the boson decay.

do do (m) da(y) do(pr) ) 7

Use ancillary measurements of Drell-Yan processes to validate (and tune) the model and assess systematic

uncertainties.
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The ptW modelling

» pTW modelling is a challenge for QCD
theory ( resummation, heavy flavour,
multiple scale, no pQCD )

1 daw(pT))( 1 dcrz(m))‘l

Rwyz(pt) = (
WIZ\PT ow  dpr oz dpr

> Experimentally very precise pT“
measurement (W limited by recoil

resolution )
» Approach: adjust model parameters using
Z events — extrapolate to W production
g r IR : ' "I ATLAS Simulation |
= Is=7TeV,4.1-46 " ] ° - s=7 TeV, pp— W +X, pp— Z+X
8 W* > Iy . >
o - ]
;v = Pythia 8 AZ i 1.05
B —s— Powheg MINLO + Pythia 8 |
B DYRes (W _,puZ _corr) | +
102 _ Qcd’ Fach . 0.95F-
. 095_=Pythia8Az
I Y e e ""F — DyRes 1.0
e 085__ —— Resbos
| - - — CuTe
0'9_Illl_lIlll_llllllllllllllllllll :IIII|IIII|IIII|IIII|IIII|IIII|IIII|II||
830 20 10 0 10 20 30 0'80 5 10 15 20 25 30 35 40
U [GeV] AW.Z [Rav
@time of the first measurement: analytic resummed predictions @time of the first measurement: low pI W/Z ratio very different between
were strongly disfavoured by the recoil distribution in data. analytic resummed predictions and PS model tuned with Z data
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Addressing the difficulties of pt" modelling

» pTW modelling is a challenge for QCD
theory ( resummation, heavy flavour,
multiple scale, no pQCD )

1 .dcrw(pr))( 1 dcrz(m))‘l

Rwz(p1) = (
WIZ\PT ow  dpr oz dpr

> Experimentally very precise pT“
measurement (W limited by recoil

resolution )

» Approach: adjust model parameters using
Z events — extrapolate to W production

N 1.04
ATLAS mW da/dpT modelling uses Pythia parton < | oo ATLAS Simulation

© UL Vs=7 TeV, pp— WX, pp— Z+X
shower 1.02E

> PS parameters tune on 7TeV ptZ data (AZ tune) 101 |
15

> Fairly good modelling of the W-data, but hard

: . L. 0.99F |
to improve on uncertainties (mostly related to :

0.98L

model limitations ) = —u_ - LOPDFW'  —Total W'
0.97¢ m. - LOPDFW  —Total W
— — :I L1 1 | L1 1 1 | 11 1 1 | | I I | | L1 1 1 | L1 1 1 l 11 1 1 | 1 1 1 |
0960590 15 20 25 30 35 40
p."* [GeV]
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CMS

CMS modelling strategy

@ Overall strategy: construct the best possible theoretical model for the
W and constrain in-situ directly with the W data

@ / data is “only” used for validation A Qe
: - |
@ Nominal Theory uncertainties: Yt | v N
AV, ANV
@ Perturbative QCD +9// et \\w
similar o PDFs )
decompos

e Additional non-perturbative QCD (e.g. transverse momentum of
partons within proton)
o Electroweak effects

Ition as
ATLAS

@ In addition: Helicity cross section fit is used as a cross-check which
augments or replaces the theory uncertainties by directly varying the
different components of the angular decomposition

e Reduced theory/model-dependence at the cost of increased
statistical uncertainty
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W mass: pWt modelling ml

N .
o . . . . o @) . .
» QCD Initial state radiation involves large corrections : ATLAS Simulation

=1.15 _
: : ° = Vs=7 TeV, pp—> W +X, pp— Z+X
(perturbative and non-perturbative). pp— WX, pp— 2+ ‘oo

» Experimental measurement limited by the resolution of 1.05
the recoil...
» Approach: adjust model parameters using Z events ( can be 0.95f
: . - == Pythia 8 AZ _'-_._____
measured precisely) extrapolate to W production 0.9F ™ biRes 1.0 =
0.85:— — Resbos
u e- E __cuTe Eur. Phys. J. C 78 (2018) 110
0.8'||||||||||||||I||||I||||I||||I| L

IIIIIII
0 S 10 15 20 25 30 35 40
Py [GeV]

courtesy of S. Camarda from public talk
M. Boonekamp Strong2020 DYTurbo

e} - 13 TeV, pp — W, Z/y*
; . § B my4<u, u, Q<m;1/2 = /u, w/Q, u/Q =2
current days several improvements done on analytic 5105 NLL
. . ANER -NL\ILL
resummation programs ( improved treatment of HF " NLL
production, higher orders etc) ;
NEW era of analytic resummation models 0.95
able to preodict/be flexible enough to fit B
20.99 . , , ,
g

20 25 30
a, [GeV]

o
&)
—
o
—
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https://indico.cern.ch/event/1194218/#3-the-ptwptz-ratio-and-the-mw
https://doi.org/10.1140/epjc/s10052-017-5475-4

W mass: p"; modelling

» QCD Initial state radiation involves large corrections (perturbative and
non-perturbative).

» Experimental measurement limited by the resolution of the
recoil...

» Approach: adjust model parameters using Z events ( can be measured
precisely) extrapolate to W production

u v,

M. Boonekamp Strong2020

> Current mW physics modelling uses Pythia parton shower for da/dpT

> pZT data are used to tune the parameters of the model (AZ tune)

> Fairly good modelling of the W-data, but hard to improve on
uncertainties, which are mostly related to theory limitations :
» Based on parton shower which is only (N)LL accurate
> Limited to LO PDFs
» No scale variations (meaningless at LL)
» No handles on heavy-flavour initiated production
> at the time of the measurement analytic resummed predictions
( Resbos, Cute, and DyRes) are strongly disfavoured by the recoil
distribution in data.

@ L. Aperio Bella

Pred. / Data

!

JHEP 01 (2022) 036

x10°
200 o= v y
W~ i LHCb wE T
fit region fitregion |
2 150} : | ---- POWHEGPYTHIA(ref) | f -
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e 100 PYTHIANNPDF3 |
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S 1
2 095} . . .
M09 : : I
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Eur. Phys. J. C 78 (2018) 110
1 T T | 1 T 1 T | T 1 T 1 | T T 1
1.08k ATLAS -
\s=7TeV,41-461f" ]
W* > v .
1.068 _
| S Pythia 8 AZ i
1.04- —+— Powheg MiNLO + Pythia 8
_v_
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W mass: p

v modelling ml

» QCD Initial state radiation involves large corrections (perturbative and non-

perturbative).

> Experimental measurement limited by the resolution of the recoil...

> Approach: adjust model parameters using Z events ( can be measured precisely)

extrapolate to W production

u V.

A measurement able to resolve W pr
in bins of 5 GeV with 1% uncertainty
would provide a direct probe of the

W/Z prratio and a crucial
experimental input to understand this

Issue.

M. Boonekamp Strong2020

N 1.2
° ATLAS Simulation
s 1.15

1.1

Vs=7 TeV, pp— W +X, pp— Z+X oo

Eur. Phys. J.
I R

C 78 (2018) 110

) 0.95
¢ 0.9f- == Pythia 8 AZ
F — DyRes 1.0
0.85F — Resbos
- — CuTe
_I 11 I | I I - I 11 1
0.80 5 10
p—+-

30 [ T T T T | T T T T | T T T T | T T T ]
- ATLAS Simulation Preliminary -
o5 {s=13TeV Z— uu {}Od
C 50 -
N 0O ]
20— —Q—-O__O_ _—
C PRt N
C P Run-2 7
15— oA —
e O T 2011 .
10— o —
g ]
L +—t ]
5 —_++ ——6— High-u Calorimeter settings T
E T I OW'” run Low-u Calorimeter settings E
C | | | | | | | | | | | | | | | | 1 | | | | | | | | | | | ]

0 5 10 15 20 25 30
<u>

ATL-PHYS-PUB- 2017-021

> NB n order to resolve W Prat 5 Gev we need to achieve a e)q:erimewtaL resolution of

the Hadrontic recotl of the same order.
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Recorded Luminosity [pb "/0.1]

PR B
20 25 30 35 40
py“ [GeV]

) e
400> ATLAS Online, 13 TeV |Ldt=108.3 b

- 2015: cu>=134 -
850= Bl 2016:<p> =251 ~
Bl 2017:<p>=378 —
Bl 2018:<u>=383 =
B Total <p>=333 —

300
250=
200=
150
100 =,

£

40

Mean Number of Interactions per Crossing

Both ATLAS and CMS
collected ~500(200)
pb-! of data with low-p
| fantastic opportunity
for W precision
physics!
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proof of principle - LHCb

[arXiv:2509.18817]
w+ w=
LLHCb, 100 Bb", Vs =5.02 TeV LHCb, 100 Eb_', Vs =5.02 TeV
~ 25F ] = [ j
(QD) : '—juj | : é) i ' ’ = =L 7
2 ol o 1 S 15F Ly _
o 20 —— - o - I 1
ag b . | -
A5 | ] sk
SE A 1 wf + :
10| = : | .
i | ] Fitresult : §|:] Fit result —}-
S| |fed mw+ 300 Mev == - SE my+500MeV | ’
|00 my = 500 MeV ] Y e =500 MeV 1 ]
i g -+ Data - : [ § s gzllvta © —I_‘—:p‘-‘—'l:l_._ ]
",3,,,|,,,|,,,|,,,|“,|,,,|,,,|,,,|,,,|,,,::::i:::!l'“ o ]
pr [GeV] pr [GeV]
LHCb, 100 pb~!, V5 =5.02 TeV
= 35F° L T L B LN BRI BRI
. . . 3 :l: 1 Prefit 1
LHcb extract the differential cross-section of W boson decays s 30F [ ) postt
as a function of the muon pT 88,5k T4 ;
: ] Ll“ + LHCD data from
e Can later fit the W boson mass (model-independent way) e g HEPO2(2024)070]
. : 15F — J
* Ensures long-term reusability of the cross-section : = ]
. 1.0 -
measurement for evolving models : g :
0.5 -
e More power to the community (particularly theorists) A A
' 0 5 10 15 20 25 30 35
PT [GCV]

Z boson auxiliary measurement crucial the to constrain QCD

modelling (as and g parameters)
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proof of principle - LHCb

The final my,, result is a simple average of the ~ Steisicl uncorainty

results from using the 3 PDF sets: e e 570 2000
PDF set \Q/Ildf myy Orhm’)l‘y OPDF LlEPcor;lbmatlon
NNPDF3.1 25.6/21 80366+ 130MeV  25MeV  28MeV 2 | ™
MSHT20  27.2/21 80380 £120MeV 25MeV  15MeV 2 | @ -
CT18 23.9/21 80362+ 130MeV  25MeV  23MeV &5 wo

R LHCb do/dpr
myy = 80371 i 1305tat+syst i 32theo* N
(~100 MeV stat)
° Submitted to JHEP 80100 80150 80200 80250 8030(2nw [Mevli}0350 80400 80450 80500 80550

* Now onto full Run 2 analysis!

(at /s = 13 TeV)

*The theory uncertainty is the combination of the PDF members uncertainty and other variations
(namely, varying a,+ QED FSR radiation + the 7-point variation of the DYTurbo QCD scale factors )
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Theory advancement

Tremendous progress in theory in the past 10 years !

At the level of precision achieved by LHC
experiments, pushing the theory frontier for all
contributors to our predictions essential

https://arxiv.org/pdf/2411.18606

DYTurbo

5 10 15 20 25 30
https://arxiv.org/pdf/2303.12781 4, [GeV]

OII

15 LU S S B B S S S B B B BN S B S NN B B B B (L B S %‘ 60 B 13 TeV, pp N Z/Y* - I*I" p!r > 25 Gev’ m|l < 25
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L B 4
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q 5 :p ............... '—_
I 3 0090 N s - B
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https://arxiv.org/pdf/2411.18606

NNLO outdated @ N3LO

Tremendous progress in theory In the past 5~10 years !

At the level of precision achieved by LHC
experiments, pushing the theory frontier for all

contributors to our predictions essential
theory & model uncertainties already now limiting factor for
many LHC analyses

+ -
SCET+NNLOJET pp->W=(-L%v) + X VS =13 TeVv
LO NNLO Charge Asymmetry of W+ _
0.200 NLD N3LO NNPDF31 nnlo CMS 35.9 fb” (13 TeV)
31 scale variations > 1E o - . 3
0.1751 UF = Lp = My = = Uncertainties in unpolarized charge asymmetry forW —1v =
© ~ —¥— Efficiency stat. —— QCD bkg. o, —— PDFs @ a,g ]
—~ 0.1501 g F R FR
= 8 I~ —6— Statistical —8— MC statistical —4— Total uncertainty ]
ﬁ 0.1251 (- 10—1 T L LR R IERCIERE —
= o = 3
< 0.100] = -
0.075 - —
0.050 107 - =
Y L} mm— , , , - .
Q 1.051 B .
= S . |
Z 1.00 107 E =
(@) P ey 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
o 0.95 1 0 . . 25
p e
i - ‘ Phys. Rev. D 102 (2020) 092012
Crr‘B' 0.90 — i Y
0.0 0.5 1.0 1.5 2.0 2.5 3.0
h ://arxiv.or £/2205.1142 lywl
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-012
https://arxiv.org/pdf/2205.11426

NNLO outdated @ N3LO

Tremendous progress in theory in the past 10 years !

At the level of precision achieved by LHC
experiments, pushing the theory frontier for all

Interpretation relies on theory:

calculations of Higgs boson production H
via gluon fusion versus time contributors to our predictions essential
E =13 TeV * From iHixs
T C
* . Wilce : E
Lo I : glils, :\(ﬂ.K. Gaillard, D.V. Nanopoulos, C.T . Sachrajda : 1 977 = 1 980 X oYTrbo
:F(‘Siez:;gi,s. Glashow, M. Machacek, D.V. Nanopoulos . s .;. 0.8 ;y T T[T T[T TIT[TTT]T .I|—1|’ L ——— LIL y\./,;j %. r 13Tev, op —>Z/y* - I"T, p'T>25 GeV. h1'|<2,5
CO’D g QQ—EFT—W’YUI?; (0; \2; S oof m2<p,u,2Q<2m; 12 u/u, u/Q u/Qs2
* — r ,my = 125 GeV— S — FUR T TF
NLO - QCD | 1991 - 1995 o SCET NSLL/ANLO T8 T
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas 2 0.6 — 3 B o B NLL+NLO resummed
— E == N°LL+NNLO . S 40 NNLL+NNLO resummed
: g 0.5 - ‘ ----- NNLL+NLO = “-.’b - \ I N°LL+N’LO resummed
NNLO+NNLL QCD - NLO EW I E 2002 - 2012 3 0 4i + ATLAS Preliminary _f © i
S‘Catgni, D. de Flo_rian, M. Grazzini and 'P. Nason . ::: . - N\ (139 fb 1) . 20 -
S. Actis, G. f-‘assanno, C. St.urm, S. l.!ccnratl b C — |
Harlander,Kilgore; Anastasiou, Melnikov = 0,3 H N X 4 : |
Ravindran, Smith, van Neerven : — H N = |
N°LO - NLO EW | 2016 c 0.2 k E o QCD a.PPrO.aCh 1
C. Anastasiou et al. s m I SR —4 1 j E
: = 0 | bt 2 113
ATLAS Collaboration Run 2 -—H—-: — 0.0 2 1
Nature 607, 52-59 (2022) E 2022 0 10 20 30 40 50 60 70 80100 150 200 -(% 6 5 10 5 55 55 30
CMS Collaboration Run 2 -—i-—- qr [GeV] q, [GeV]
Predictions for m,= 125 Gy Nature 607, 60-68 (2022) : Billis, Denhadi, Ebert, Michel, Tackmann(2021) Camarda, Cieri, Ferrera (2021)
1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 : l 1 1 1 1 I 1 1
10 20 30 40 50 60 ’ - c
Ogqr (PP — H4X) [pb] N3LL resummation + N3LO N3LL resummation + N3LO
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* The angular distributions can be understood in terms of the spin of the particles

W - Polarisation
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W production at LHC

Measuring the polarisation of particles is crucial for

understanding their production mechanisms.

e At hadron colliders, W bosons with small
transverse momentum are mainly produced by
ud = wt and dix = W~
eg. leading order electroweak processes and
decay governed by V-A structure of weak
interaction ~ (A4)

 production depends on quark kinematics —

- parton distribution functions (PDFs)
g Qco | » interesting at LHC (pp): anti-quark must
_)_U\qh , /V/v;\:l be a sea quark
AV SN « we will see: lepton kinematics carry
_(_[\// %M/\Né \\ information about the PDFs!
aael h At high transverse momenta the production

mechanism are :

ud = Wtg , gd— Wtix or ug = wtd
* higher QCD order are needed and full

Helicity decomposition is needed ( because
of the vector nature of the gluon )

\ﬁ do dO'(m) dO'(y) do'(pT) ) \
dpldpz [ ] [ ‘ [ dpt [(1 +cos"0) + %A (pr,y, m) P{cos0, ¢)]
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reminder polarisation

* The angular distributions can be understood in terms of the spin of the particles

« W decays: governed by V-A couplings
— angular distributions of W decay products: not random, but correlated with W

dN
d cos Oy,

o (1 4+ sgn(h; X hy ) cos oz*,w)2 = (1 £ cos eik,w)2 @ leading order!

 sign determined by product of W boson and lepton helicities

« W helicity depends on the incoming quarks:
1) leading x quark/anti-quark determines the (longitudinal) W boost direction
2) W(-) spin direction is fixed to direction of motion of incoming anti-quark
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Vector boson polarisation

Feature w Z
No Longitudinal polarisation at LO Ao ~ longitudinal fraction Ao ~ longitudinal fraction
Purely transverse V [J+]
Coupling structure Pure V-A Vector + axial
Parity violation Maximal (V-A) Partial (V+A mix)

A4 — parity violation
Forward-backward asymmetry sensitive to PDF [different for W+ W] A4 = proportional to sin26,,

Ao-Az 0 = higher-order QCD Ap-Az # 0 = higher-order QCD

Lam-Tung holds at O(as) offects effects

pr¥ = 0 — No orbital angular momentum — Both W and Z are purely transverse
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W mass: Angular coefficients

<¢O-25_""'| T T T T T TTT T T T T TTT T T T T
- ATLAS JHEP 08 (2016) 159 -
N _1 .
» The DY cross section can be reorganised by 0.2~ 8 TeV, 20310 -
factorising the dynamic of the boson production, and - T DYNNLO (NNLO) | .
the kinematic of the boson decay 0'15:_ T POVHEGHINEO = E
J 73 0.1~ —
o o - — e, .
= Ai(y, pT, m)P;(cos 0, i * -
doda ~ dprdydm 2 1LY+ PTomIPi(c0s0.0) o5 e,
N * g
B a%$;$;——é—{
0_ _____________________________________________________________________ |
M L] L] /|
» Current mw physics modelling has the angular 1 10 102
coefficients (Ai) modelled with fixed order perturbative pZ [GeV]
QCD at NNLO V3], mmm—rT 1
. : : M t + Uncertaint
> Al predictions are validated by comparisons to the Z 0.25F A3 ; Pg?;’:reeg‘:,ny;m:ce any =
measurement 02k m Pythia8, LHCb tune -
v DYTurbo
> Suboptimal for A4: fixed order prediction down () |5k + ResBos -
to low pT ? 0.1k LHCb -
> Nowadays A4 can be predicted including ' Vs=13TeV,5.1fb" n® 7 » - .
resummation effects 0.05F ey X + S -
e e S
» LHCb mw measurement accounts for A3 data/ O VX Y -
prediction discrepancy [ ¢f. Recent LHCD — ),
0 20 40 60 80 100

measurement of Al in Z 1]
PRL 129 (2022) 091801
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https://link.springer.com/article/10.1007/JHEP08(2016)159

The analysis motivation

Measure W angular coefficients in 340 pb-: @ 13TeV ATLAS low-u
data

° Precise measurements of DY production dynamics through the measurement of
the angular distributions - connected with the W polarisation

° Stringent test of OCD and physics modelling for m,
e NEW measurement never exploited before in W events!

* Analysis strategy follow the Moments Method from Eur. Phys. J. C 84
(2024) 315 + Dedicated set of lepton&hadronic recoil performances
correction from the WpT/ZpT measurement and low mu-W mass effort
(more info)

e For the first time extraction of the W-boson angular
coefficient (A’- A') & at the same full phasespace

differential cross-section vs pr¥
e More challenging wrt Z boson (JHEP08(2016)159) due to the

missing neutrino and the poor MET resolution (ambiguity sign
of cosO solved using my kinematic constraint requirement)

° Benefit from new techniques / low-u environment to have 0O(5)
better hadronic recoil reconstruction
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-05/
https://indico.cern.ch/event/1501208/contributions/6320278/attachments/2998186/5282627/AB_SecondEB%20MeetingWAiAnalysis_20250117.pdf
https://link.springer.com/article/10.1007/JHEP08(2016)159

A convenient decomposition

A convenient way of expressing the radiation-inclusive DY cross section is through the
factorisation of the production dynamic and the decay kinematic properties of the dilepton
system.

L
&
The unpolarised cross sections do not Measuring the angular coefficients
depend on lepton variables, they are correspond to building a synthetic
defined in “full-lepton phase space”, only “quantized” representation of the
by cuts (or bins) in pT,y,m of the boson (cosB,9) kinematic space decompose

in helicity cross sections

Smart idea: Exploit the angular variables decomposition to perform a simultaneous pT

measurement of unpolarised full-lepton phase space cross sections + extraction of angular

coefficients

> Very powerful: trade systematics for statistics

-~ Very useful: provides analytic extrapolation of lepton cuts and enables a rich interpretation
programme
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Angular coefficients

d 3 doV+L I |
ol l {5(1 + cOS? 9) -

dpY dmW dyW d cos 9d¢ 167 dp]v,va’mwdyw

T

- - - - en en en s - e o)

Non-zero at LO
Non-zero at NLO
Non-zero at NNLO S £ S P P

Collins Soper Frame

‘x w X

e 4 .

S o Yo- w <>(Pcs
““““““ N"""""" > 4 CcS
B N »

P P GL___,_ 7’7\\ ga

.. £=227p
Lab Frame CS Frame

Special W boson rest frame where angles are defined by lepton and proton kinematics.
Both incoming partons share the same transverse momentum (ie. maximally symmetric)
Define using “negative” lepton, so for W* case this is the neutrino
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— Missing neutrino pz information —> results in a sign ambiguity in the determination of cos©
How to infer the Neutrino pZ information?

Solving for the Neutrino Pz:

W mass constraint: quadratic equation

miss _
ET =

pr* = - (dr + pr°)

for A = (b2 -4ac) :

NO solution A < O :

—b+ vV b? — 4ac
Iz py2 — — .A=0— i
(p + q ) — mW = qz(1’2) — 2 A A 0] 1 solution
d B. A >0 — 2 solutions
C. A <0 — no real solution

Al Z<'1 '0'3 """ I -4 QN z<'1 '0? I e —

S A oy, J T — Any Soluion S 0Ty T — Any Soluton -

£ I Powheg+Pythia8 ST antp, ROt 00s6es Sign 1 B I Powheg+Pythia8 "omant e, Right 080gg sign

g 40__W eV rong p,, Right cosf.4 sign 7 q>) 40__W Sty rong p,, Right cos6g sign
when we can not infer the neutrino pTz o o

. . . . . 30— - 30 -]
information we keep the sign ambiguity - i

in cosB definition 20 ElE E

NB. when mTreco > mW = A <0 and 10 ERS E
. . ol (0

this appears more often at high pTW S0k 15, of :

because of bad recoil resolution < P 2 T £

802 ﬁ go.zg— :

3 o G0 1T 2 a2 YSmT o Ho 1 2 3
yW, Truth yW, Truth
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about the ambiguity in sign

— Missing neutrino pz information —> results in a sign ambiguity in the determination of cos©
How to infer the Neutrino pZ information?

2 solution A > 0 : I (LR o)
mt’f\/”‘%ﬂ’?;

I* = E + p,for the lepton/neutrino

when we have 2 solution pick one at random

T— ——

I"=E+ p.for the antilepton/antineutrino

Choosing a solution at random can result in ambiguity in the sign of 11n<E+Pz)
. « e . Yy=5 T

cosds, but with enough statistic we can overcome this to solve the 2

sign ambiguity. There are 3 cases :

E—p,

1. Both solutions change sign to cosd.. and y. (50% chance to get the
right solution)

—
N

L
” ATLAS Simulation S
- {s=13 TeV, 338 pb" -~W-ev
—Powheg+Pythia8 = W'—e'v
L Woetv

2. Only y. have sign ambiguity the sign ambiguity of the 2 solutions
in cosd., cancels

—

o
o))

3. One solution is unphysical (s > 1) R et

Solution fraction / 5 GeV
(@]
(o¢]

o
~

I\|)|||.§

-
R
3
-
-
L T |
L ol |
-
Ll dee S L L L

— — —
TTT[TTTT[TTTTI[TT

o

W' s etv/ Woev

@ L. Aperio Bella 133



Likelihood FIT

: : . Ai parameters Polynomial
Likelihood Fit Cross-section Templates
parameters

f b: / / bkgds Bkgd

[ gxp (A, 0, 9)]: \ Z oj X L TSnJ ) + ZA” X T” X,yn_FZ:m Templates

\ ,

Expected Events

= H"{P (NanVe (A 7, ODP (Ney" N} H[G (0/5™. 1)}

w m
/ MC Stat Syst NPs
Observed Events

Product of all Poisson probabilities for each pTW, cos0 bin and NP constraints

CSs’ ¢CS

Minimized using binned NLL to calculate first and second derivatives to calculate Hessian, H = V2(-InL) to
find a solution for V(-InL) =0
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First measurement of full set of angular coefficient in W

production
o0 T T T TTTT T T T TTTT
< 1.2 ATLAS ~ 1.2~ ATLAS 1 e-print arXiv:2509.13759
 {s=13 TeV, 338 pb Z _ {s=13 TeV, 338 pb" ]
TCw sy E TEw Sy E
- —e-Data N | —e—Data ]
0.8 = — Powheg+Pythia8 AZNLO - 0.8 = — Powheg+Pythia8 AZNLO
- Sherpa 2.2.1 - - Sherpa 2.2.1 # .
~ —— DYTurbo NNLO CT18NNLO ~ —— DYTurbo NNLO CT18NNLO I
0.6 | # Scale unc. 0.6 | B Scale unc. ——— ]
B —— PDF unc. C —— PDF unc. _ ]
04— 0.4 = ]
0.2 - 0.2 {
0[F 0 .
B 11 I| B L1 I| 11 I|
1 10 1 10 10?
py [GeV] (13 TeV)
-t | pTT T T T T T T
g o CMS Prefit . Wiospy o
B - Preliminary q¥ = +1 B Nonprompt
% 4 N Z/y* - ppitt
* For the first time extraction of the full set of W-boson 1S - ‘F’{"**“’
are
angular coefficient (A- A)) .
. . 1
 First direct measurement of AO and A4 vs ptW N
- . 1.008 ——T———T———T——
* Improvement for A2 and A3 Precision exceeds that of B | Pytnia showor kr Up
. et
any previous measurement 1% Alp
: R
* Measurement of prW spectra in full phase space for W+ g1oo1p
: ; 10 MeV on
and W- at 13 TeV with %level accuracy 1.000} 0 MeV.o
o.999f '
R T IS R T [N TS S A AT TSN SN SN SN M NNNTH ST WA R
30 35 40 45 50 55
p¥ (GeV)
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https://arxiv.org/abs/2509.13759

The improvement of the analysis

x2 offset, fit Profiled Likelihood fit
Model Model Assumption
Assumption after Profiling o
, Reality S
Reality \ \ =
. 3
bmmmmm y | shift | Z
wn
| | ‘9
| j 2
| } ~
» »
Observable Observable
%) .
2 140 ATLAS Preliminary —e— My Toy Measurements % 140 ATLAS Preliminary _e— My, Toy Measurements
t - Fits based on p-distributions  Mean = 80358 MeV — Fits based on m-distributions ~ Mean = 80376 MeV
O 120~ RMS =16 MeV T S 120 RMS =23 MeV T
2 - _ @ - -
£ 100 € 1o0f
3 s
80— Z 80— +
60F 60— +
401~ 40
200 20 +
: L L L I L L L I L L L | L L L : -‘-l 1 1 I 1 1 1 l 1 1 1 | 1 1 1 I 1 1 1 l
80.32 80.34 80.36 80.38 80.4 80.42 80.32 80.34 80.36 80.38 80.4 80.42
MC Toy study of sys. spread using CT10 PDFs m,, [GeV]

PLH allows simultaneous determination of PO together with NP taking account
corvelatiow in each category

expected allowed shift mW *+16 (£23) Mev for pT (mI)

— —
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https://indico.in2p3.fr/event/29681/contributions/122546/attachments/76643/111219/06-MSchott_Upload.pdf

Overview of m,, measurements

. ! B E !
LEP Combination | ATLAS = e =
(s=7TeV,46 " | ’

m,, = 80376 + 33 MeV
___________________________________________________________ N R S

DO (Run 2)
Phys. Rev. Lett. 108 (2012) 151804
m,, = 80375 + 23 MeV

CDF (Run 2)

Science 376 (2022) 6589
m,, = 80434 + 9 MeV

LHCb 2021 ;
JHEP 01 (2022) 036 : L
m,, = 80354 + 32 MeV :

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110 ® Measurement

m,, = 80370 + 19 MeV
|:|Stat. Unc.

ATLAS 2024 Bl Total Unc.
rTnh:VS!v 80367 + 16 MeV . SM Prediction

j
80200 80300

a
80400
m,, [MeV]

W mass re-analysi
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» pT and mT measurement are compatible at 1.20 level

» correlation between the 2 measurements p = 0.63

Unc. [MeV | | Total Stat. Syst. | PDF A; Backg.

pooour

Lumi I'w PS

p'ﬁ, 16.2 11.1 118 | 49 3.5 1.7
mr 244 114 216 | 11.7 4.7 4.1
Combined 159 98 125 | 5.7 3.7 2.0

EW e
56 5.9
49 6.7

54 6.0

54 09
6.0 114
54 23

1.1 0.1 1.5
25 02 70
1.3 0.1 2.3

BLUE Combination for pT and mT results
» The pPT fit largely dominates the final result ( 95% weight

M,y = 02360 * 5(stat.) * 15(sgst.) = 0360 * 16
MeV

LEP Combination
Phys. Rep. 532 (2013) 119
m,, = 80376 + 33 MeV

DO (Run 2)
Phys. Rev. Lett. 108 (2012) 151804
m, = 80375 + 23 MeV

CDF (Run 2)
Science 376 (2022) 6589
m,, = 80434 + 9 MeV

LHCb 2021
JHEP 01 (2022) 036
m,, = 80354 + 32 MeV

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110
m,, = 80370 + 19 MeV

ATLAS 2024

This work
m,, = 80367 + 16 MeV

Overview of m,, measurements

ATLAS

® Measurement
|:|Stat. Unc.
[l Total Unc.
% sM Prediction

!

80200

i
80300
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Fraction of events Var. / Norm. Fraction of events

Var./ Norm.

simultaneously extracting Mass and width

I I I I I
80320 80340 80360 80380 80400
m,, MeV]

0.02

0.12_' | I. T l.' L DAL LA L L B l. L
- ATLAS Simulation £ Nominal . !
- AMmyy=+60 MeV Contrary to mW, the fitted value of Ny depends
0.1= {s=7 TeV, pp— W +X A 60 Moy 3
L - W=- p—
0.08F- AT y=+200 MeV more strongly on the assumed value of the
- ---AT',,=-200 MeV -
0.06 - mass Al'w = —-1.25 Amy
0.04 _; ;' [ I I I [
0.02 - 2 ATLAS A Bestfit p=-0.30
-—-- - - .- . = Vs=7TeV,4.6fb" ¥ SM prediction
K]S - _
— 2300 —
2200 —
0.12._' L L L | " T : LA L L B L B " L
- ATLAS Simulation & Nominal ]
01 5=7 TeV, pp— WX ey
0.08|— -+ AT, =+200 MeV 95% CL
0.062_ "**ATy=-200 MeV —f 2100 x (80355, 2088) N
0.04— —f

1 01_ ........................................................................................................................................ :_:

For the CT18 PDF set, the combination
I r— yields values of mw = 80354.8 + 16.1 MeV

65 70 75 80 8 90 mis[Ge\IIJO [[w=2198 =49 |\/|eV,
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Uncertainty decomposition

arXiv:2307.04007

Interpreting Uncertainties in Profile-Likelihood Fits
* The usual separation into “statistical” and “systematic” components can be misleading.

e Statistical-only fits underestimate the true statistical uncertainty when systematics
are included.

* Systematic impacts overestimate the genuine systematic contribution.
e Impact plots should not be used directly for combinations or interpretation fits.

e The Gaussian approximation [Global in the CMS decomposition] give a consistent split of
uncertainties consistent with other method.

Example ATLAS :
* The statistical uncertainty on final mw analysis is “10 MeV in the full profile-likelihood
fit

e Larger than the 6 MeV from statistical-only fits (with nuisance parameters fixed)

1/

e The genuine systematic uncertainty is “13 MeV — smaller than conventional “impact
estimates.
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https://arxiv.org/abs/2307.04007

Test consistency PLH fit

PLH fit validation using CT10 PDFs

» PLH fit mW = 80355.1 + 15.6 MeV
(CT10nnlo PDF)

2 Amw = -14.4 MeV (mw ?V = 80369.5
+ 18.5 MeV)

» Profiling of systematic uncertainties
reduce smW by 15%

A (mW) well within the expectation from. Toys
stuoies.

T— —

T ®E T & v &

U, m|<0.8, g=—1
U, m|<0.8, g=+1

, 0.8<In|<1.4, g=—1
, 0.8<n|<1.4, g=+1
, 1.4<m|<2.0, g=—1
, 1.4<n|<2.0, g=+1
, 2.0<n|<2.4, g=—1
, 2.0<n|<2.4, g=+1
e, n|<0.6, g=—1

e, M|<0.6, q=+1

, 0.6<n|<1.2, g=—1
, 0.6<Mm|<1.2, g=+1
, 1.8<n|<2.4, g=—1
, 1.8<m|<2.4, g=+1
Combination

ATLAS Preliminary

Vs=7TeV, 4.6/4.1fo™", e-/u-channel, single- and muIti-p’T-fits

=== PLH, total unc. === y2, total unc.
== PLH, stat. unc. === y?2, stat. unc.

80200 80300 80400 80500
m,, [MeV]
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The precision we need

= 500 .
S, LATLAS Woey E
= ~ . ]
£ [ Vs=7TeV,46fb" ep. oM ]
<] 300__ .................................................................................................. |+ ....................... + .............. —
= Apy  Amy; .
Q[ s o —
- YPr oym .
1O [ —
- A ]
L FRR: 2 S E
- b v - PR B &
QI —
D —
B o —
PR S :
................................................................................................ —400 :_4t¢ _:
L ; 7] LHCb
F ..... 1 ............. 500 ;\ma\‘\o e — — 1o @131-ev .....................................
Dd"’dsef 17 b @l \,99\0“ \’epo ?\300\\0 on \15'\0‘5 \\I\\)\‘.\.\e‘ba Pileup) 2016 only

 simultaneous fit to Z—JM events

TNP ( theoretical nusciance
parameters ) binned in ¢*=pr/M

....................................................................................................................................................................................................................................................................................................................................................................................................................................................................................

Z<W extrapolation of the model



in ATLAS - Zs

amples

EXPERIMENT
EsooooiA'lrlLlAé o """ibété;'_"'f ESOOOOEA-',-'L'A'Q”"""""'"""ibété'+""g
ot = \s=7TeV, 461" Bz ete - i = is=7TeV,4.1fb" Wz =
o 25000 []Background - S 50000 []Background =
@ 20000 = 2 40000 E
= - = ® - =
g 15000 E £ 300005 .
10000/ = 20000 =
soooi— —i 10000 3
-GOJ. 1.05:1.' ...... .I. ......... ] i i i i i by _i 8 (OB R _f
DL_ 132-H:|-+-|-++'I+ ++ = _H_+++ ey o +-|-H-+++ ++++++++++‘|'|‘_ nt 1 ++++++'|"-|"|'+++++'l“-l-+ ST SR, +++ +'{“H'+++:E
E 0.95E o 'I' ............ e o e e e E E DosE s o e = S Sl =
S g0 82 84 86 88 90 92 94 96 98 100 S g0 82 84 86 88 90 92 94 96 98 100
m, [GeV] m, [GeV]
-/ boson events are used to derive
10° . )
> X_,Data """" T detector calibrations.
$ 100- ATLAS . ]
§ o Fys=7TeV, 41 —_ 27w (oefore com) - - Experimental precision :
- 80— r B Z-utu (after corr.)  — p p .
0 C _
& ol - * Lepton performances at sub-%o
] : ]
o 40:_ _: |eve| = 5mﬂ -~ 7’—10 M8V
20 E « Hadronic Recoil calibration at %
S ooE T level = smw ~ 12 Mev
Hadronic Recoil Dt 1 ?*#&+++m%*ﬁm***%++# ...... :l: :H»:{:;
| — —— R L s B e H
The response of uT is £ 50 40 80 20 10 0 10 20 30 40 50
measured in data using = ui [GeV] : T C.
the pT balance in Z — S, often objecte-calibration precigion i trade of
events between clean environment and  samples
. atatigtic [particularly true for low-
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LHC-TeV MWWG

—8— ABMP16 —— CT14 —— CT18
—¥— MMHT2014 —¥— MSHT20 —— NNPDF3.1
—— NNPDF4.0
- - I
DO —
—
ATLAS f -
F i
@
LHCb v
—_—
CDF AL
P
—
I I | I
80300 80350 80400 80450
m,, [MeV]

Eur. Phys. J. C (2024) 84: 451

LHC-EW WG

W mass combination
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https://link.springer.com/article/10.1140/epjc/s10052-024-12532-z

Tevatron/LHC W-mass combination

[LHCB-FIGURE-2022-003]

— Total uncertainty

Stat. uncertainty

Tevatron I combination
PRD 70 (2004) 092008

DO II
PRL 108 (2012) 151804

LEP combination
Phys. Rept. 532 (2013) 119

ATLAS
EPJC 78 (2018) 110

LHCb
JHEP 01 (2022) 036

CDF 11
Science 376 (2022) 170

Electroweak Fit (J. Haller et al.)

30100

EPJC 78 (2018) 675 b’)
Electroweak Fit (J. de Blas et al.) =
arXiv:2112.07274 ||
80200 80300 80400 80500
my, [MeV]
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R.Kogler ICHEP2022

~ T T T T T T T T T T T T T T
S C | | T | 15
8 - 68% and 95% CL contours i ™ f:m_b;;; cov .
— 805 — Fit w/o M,, and m measurements | - 5=0.46 Gev P —
E; - Direct M,, and m measurements i —o0=046©050,,, GeV d
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» Measuring mW at the LHC (pp) is
more challenging than at the
Tevatron (pp-bar)

© PDF-induced polarisation
uncertainty

2 2nd generation quarks

» 3(2) sigma tension between CDF and
ATLAS(LHCDb)
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https://agenda.infn.it/event/28874/contributions/168907/attachments/94109/128601/EW_fit_Gfitter_ICHEP2022.pdf

Tevatron/LHC W-mass combination

» Ongoing LHC/TeVatron Electroweak WG effort towards combination

» Crucial to understand theoretical correlations between measurements: prime examples
PDFs and lepton angular correlations (Ai)

new __ re CD /& SmEPF correction to reference PDF
my " =m S — 5mlP — W

%4 4
5mV%CD correction to QCD modelling
published Improved beyond quoted uncertainties
value predictions extrapolation

» PDFs main source of correction and

uncertainty correlations Mw">r My M4
y CTEQ6M CTEQG6.6 CT10nnlo +LHCb, CMS

» Other sources very small (EW corrections) i l i

or mostly decorrelated (pT W/Z)

6meDF 6mWD0 6mWATLAS
» Correction applied in a two-step procedure: Target PDF
1. Correct all measurements to a i
common PDF/QCD o 4 .
myycombined ... and repeat, for different PDFs

2. Combine them properly including
correlations

CERN-LPCC-2022-06
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https://cds.cern.ch/record/2815187?ln=en

Tevatron/LHC W-mass combination

» Ongoing LHC/TeVatron Electroweak WG effort towards combination

L\ 4

» Crucial to understand theoretical correlations between measurements: prime examples
PDFs and lepton angular correlations (Ai)

new ref
m = m
4 woNOW
published Improved
value predictions

(5mQP ) smEPF

PDF
extrapolation

PDF
omyy

correction to reference PDF

6mv%CD correction to QCD modelling
beyond quoted uncertainties

> Boson polarisation in legacy Resbos different from Resbos2 and other codes: E.g. description of W A

in legacy Resbos codes not ideal, motivates of O(10 MeV) correction of Tevatron measurements
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difference 1-2% level for
high boson rapidity

very few events at detector-
level ~

CDF Resbos1, CTEQ6M, NLO
—— Resbos2, CTEQ6M, NLO
——— DO Resbos1, CTEQ6.6, NNLO
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LHC-TeV MWWG Preliminary

Effect of up to 1% on

Distributions become
harder, mW in data
expected to decrease
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detector-level distributions
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The W mass combination

W-boson mass measurements

mw in MeV
Electroweak fit 80353.0 + 6.0
—— Electroweak fit (+10)
PRD 110 (2024) 030001
@® data measurement
World average 80369.2 + 13.3
PDG 2024 (excl. CDF-I)
LEP combination 80376.0 + 33.0
Phys. Rep. 532 (2013) 119
Tevatron combination 80387.0 + 16.0
arXiv:1204.0042 (2012)
DO 80375.0 + 23.0
PRL 108 (2012) 151804
ATLAS 80370.0 + 19.0
Eur. Phys. J. C 78, 110 (2018)
CDF 80433.5 + 9.4
Science 376 (2022) 6589
LHCb 80354.0 + 32.0 L
JHEP 01 (2022) 036
ATLAS 80366.5 + 15.9 i
Eur. Phys. J. C 84 (2024) 1309
CMS 80360.2 = 9.9 J
arXiv:2412.13872 (2025)
| 1 | |
80200 80250 80300 80350 80400 8045(
my (MeV)
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LHC-TeV MWWG

—&— ABMP16
—¥— MMHT2014
—<— NNPDF4.0

—— CT14
—¥— MSHT20

—&— CT18
—— NNPDF3.1

Excluding ATLAS

Excluding LHCb

Excluding CDF

Excluding DO

Excluding LEP

80300

80350

80400

80450

m,, [MeV]

https://arxiv.ora/pdf/2308.09417
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SM is restored

CMS Preliminary
T T T T I T T T T I T T T T I l T T T I T T T T I T l . bymfit
Y - o Y comb. = 1o A = 190 [— 68% and 95% confidence level
& [~ 68% and 95% CL contours 5;1 - m, = 17247 GeV ] ) | [ CMS, CMS-PAS-SMP-23-002
=~ 80.5 — I Fitw/o M, and m measurements | -~ 0=046Gev — Q) | (510 CMs, Eur. Phys. J. C 83 (2023) 963
E; L Direct M,, and m, measurements i — ©=046©050,, G‘ev — ~—" 68%, 95%, 99% credibility regions
u CDF Il M,,, CMS TOP-20-008 m, ’ . E"‘ — [OCIM deBlas et al.,
80.45 [— 1 — B Phys. Rev. Lett. 129 (2022) 27
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- . 180 —
80.4 — -] |
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‘ Tlne CDF muwresult stands tn tenston with the Standard Model ... Latest ATLAS, CMS
| results restore agreement with the Sm
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Experimental
challenges

L. Aperio Bella

CMS Experiment at the LHC, CERN
Data recorded: 2016-Oct-16 01:43:09.638976 GMT
h‘; ! Run/Event/LS: 283307 / 557119493 / 306

EXPERIMENT

Run: 183081
Event: 101291517
2011-06-05 17:09:02 CES
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challenges of tracking calibration

- Knowing location and quantity of material, and relative alignment of 12k tracker /
modules also crucial i
- Need to know material traversed—not just silicon, but electronics, cables, _
support structure. .. - 1
=5 MeV of bias equivalent to ~A5 mm of iron in the tracker volume |
- Relative shifts from gravity, opening of the detector, modify alignment & .
=5 MeV uncertainty is a ~0.4 ym misalignment \
AEEEEEEN 2 oo i W
EEEEEENE e Moo Mannree

If the tracker is misaligned ...the track will be reconstructed as
and we don’t know it... if the tracker was aligned
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CMS

- Refit muon hits using custom “Continuous Variable Helix” fit

- Model material in helix fit with Geant4+additional params for B-field
- Increase Geant precision wrt standard CMS reco.

- Use of high-precision B-field map (lower speed wrt standard reco.)

= Extract and apply per-module parameter corrections

x10-4 (13 TeV x10-4 (13 TeV)
2 N L L L L 9 L D L e
T [}
8 gl CMS - 3 8| CMS
x| Simulation Preliminary : w | Simulation Preliminary
sl 11 4 o 60| _ -
- Kalman filter . CVH refit
i, _
t A —23<nP¢-2.2 _ _23¢nF¢-22
40} t o a0l ]
_ # , i

2o;+ 4 i

-+ Simulated muon data [ <+ Simulated muon data

20} 3 -20

I } Z
w0 S et | |
[ ZEER + + ¥ T 4
or i or i
| | | W+ |
f

= Calibration model

~ == Calibration model |
P N B | | PR BN B | 1 PP BRI B R S |

L - L PR
150 -100 50 0 50 100 150
qpr (GeV)

CVH refit

150 100 -50 0 50 100 150
qpr (GeV)

CMS standard reco.

x10-4 (13 TeV)
P i
()
3 so| CMS
x| Simulation Preliminary
60 ) ]
Global corrections |
-23¢n¥¢-22 |
40} -
20l ]
o " :
of gty M
1 t ]
- <+ Simulated muon data 1
20| Calibration model
N M B e B BT P
-150 -100 -50 0 50 100 150
qpf (GeV)

CVH refit+corr.
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/ boson mass

Final validation of calibration uncertainties by extracting mz from the di-muon spectra — 2D profile-likelihood fit in my.:n

Since J/Y vs Z closure was used to tune calibration and enters the uncertainty model, not (yet) a fully independent
measurement for inclusion in world average.

CMS 16.8 fb~1 (13 TeV)

| , el 1681 (13TeV
1" Inclusive 8 | CMS toDaa
Both |,7“| > 09 — r |- —— =i — "2 1.0: P;efit (normalized) : (Z)/t\:]er s
- Measurement AL S A -
Calib. unc. .
) A T —
= X i t o0 t + =
Both In¥l < 0.9} X /ndf=3.6/2 - _| =t oo s
7l < D=17% — grob b Bk
| l 098__. .+| PR T ST [N T T TN T [N TN TN TN T [T Y ST N M N R .;
_40 _20 O '-'60 70 80 90 100 rr:::) (Ge\;)ZO
Amz (MeV) -8 1.01F == m,+4.8MeV Model unc. 13
o i lwn
) : - % 1.00} |L T Tt T PLF """ 1‘%
mz —m5°¢ =-224+48MeV = —22+10 (stat) +4.7 (syst)yMev | © (" " L 1]
- 60 70 80 90 100 110 120
— | Muy (GeV)
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W-like sample with Z boson events

The measurement strategy is tested using Z-boson events to get a measurement of Mz,

One of the charged leptons from Z-decay is treated as a neutrino

The precision of this validation is limited by the Z-boson statistics, 10 times smaller than for W-boson

——

| . e m, (Fit)
Pr ‘oee ATLAS @ . Stzat. Uncertainty
Vs=7TeV, 4.1-4.6 fb — Full Uncertainty
P, Z— u'n w== m, (LEP Comb.)
T + Full Uncertainty
p'T, Z— Il @
my, Z— e'e” ®
My, Z— W'
My, Z— Il ®
1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1
91120 91140 91160 91180 91200 91220 91240
m, [MeV]
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Summary of sin? 8%; determinations

LEP: A% 0.230990 * 0.000530 . sin? B,
Phys. Rept. 427 (2006)
LEP: A,(P;) 0.231590 + 0.000410 8 EW fit £1o0
Phys. Rept. 427 (2006) ® Measurements

LD: A; (A? 0.230980 + 0.000260
PShys. Rep[t.(42L§2 ?2006) ——
LEP: A" 0.232210 + 0.000290
Phys. Rept. 427 (2006)
LEP: A%C 0.232200 + 0.000810 .
Phys. Rept. 427 (2006)
LEP: QPg¢ 0.232400 * 0.001200 .
Phys. Rept. 427 (2006)
LEP+SLD (avg) 0.231530 + 0.000160 L
Phys. Rept. 427 (2006)
ATLAS 7 TeV (2011) 0.230800 + 0.001192 m=———- Nintalntel
JHEP 09 (2015) 049 [EEE )
LHCb 7+8 TeV 0.231420 + 0.001057 pmm—————- ah--—---- ,
JHEP 11 (2015) 190 P p——. . | ~ p—— |

. 0.231480 + 0.000330
Livigoli ke vl ——
CMS 8 TeV 0.231010 + 0.000533 e ettt
EPJC 78 (2018) 701 [Epp— gy -
ATLAS 8 TeV (prel.) 0.231400 + 0.000357 it o/
ATLAS-CONF-2018-037 [
LHCb 13 TeV 0.231470 + 0.000499 it~ sinteiete
JHEP 12 (2024) 026 [Ep—— Ep—
CMS 13 TeV 0.231520 * 0.000334 — k1
Phys. Lett. B 866 (2025) 139526 o
EW fit 0.231512 + 0.000057 &
PRD 106 (2022) 033003
| | | | | | |
0.226 0.227 0.228 0.229 0.230 0.231 0.232 0.233 0.234
sin? Ol

weak mixing angle
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The weak mixing angle @LHC

k¢ are EW loop
corrections

? + 20x10-5 error in sineff26w corresponds to +10MeV error in mw

~ another extremely powerful test of the EW sector of the SM.

~ another measurement quite challenging @_LHC

Eur. Phys. J. C 78 (2018) 701

m ||||||||||||||||||||||||
o
< 02— //:
0
02 —
POWHEG
----------------- T 1T T T T
3sin?6., = £0.0004, +0.0008, £0.0012 .~~~ -]
- NNPDF3.0 uncertainty ey
0005 v NNPDF3.0 replicas
m
™ .
S e i e e et e S LT L T T
< 0

~0.005 "

> sineff2By extracted from forward-background asymmetry in DY

events: AFB,A4 (extraction is done in mll,yll bins)

» Challenge: strongly depends on PDF uncertainty.

~ At the LHC the colliding proton beams are FB symmetric =

the asymmetry vanishes at central rapidity, and grows as
a function of rapidity

© Asymmetry largest at high yZ where valence quark PDFs
dominate at large x = ATLAS benefit from extending
the acceptance of electron reconstruction for Inl>2.5.

» also depend on quark flavour, so on relative
contributions of u and d PDFs
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-007/index.html

unique acceptance of LHCb

1 x

The x value of interacting partons is correlated with the boson rapidity Rapidity y = Eln—1
X2

 Large rapidity: either very large x or very small x

LHC parton kinematics

ATLAS/CMS and LHCb: complementary to each other R N

[ x1.2=(M/14 TeV) exp(zy) ]
1o°§— Q=M M=10TeV 3

L DY lepton pair production at LHCb

10 3

a 10° F
>
3
i s ~ 10'F  M=100GeV
‘b E
B Tracking 10° |
Bl ECAL 3
BN HCAL 10?
B Muon
T T T 1.
8% =& - 8 =¥ #8 1 ¥ ® & & 10'F
100 Laaaas A aaaa P L aaaa L aaa L aaaa Laaa
107 10° 10° 10* 10® 10* 10" 10°

~ NB: PPF uncertainty are largely uncorrelated or
| anti-correlated between ATLAS-CMS and LHCH —
h] highly beneficial for combination

arXiv:0808.1847
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JHEP 13 (2024) 026

50.10_'
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O cos@* ~ tanh(|4n|/2),An=n" —n* 050

O small |cosB™ | mostly dilute the measurement

LLHCb simulation
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(}’

-0.50

~0.75 20000

-1.00 0

An

 sinatw 0. 23147 + 0. 00044 (stat.) |

+ 0. 00005 (syst. ) £ 0. 00023
(theory)
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e

CMS

New analysis techniques, including in-situ PDF profiling* and

categorisation statistical and systematic uncertainties are significantly
reduced relative to previous CMS and ATLAS measurements.

Approaching precision of Tevatron combination

«
<
1
-1
=
L 0.05
!
© 0
5-0.05
L. Aperio Bella

CMS

| - Fit (CT182)
L —— Data

138 fb™' (2016-2018, 13 TeV)

¢ .
L]
| —
€ L2
L
&
| ﬁllll

1 I 1

OIIIIIII

20

40

60
lY1-M bin

LEP AY e T o 0.23099 = 0.00053
LEPP, | — - | 0.23159 = 0.00041
LEP A2 | — | 0.23221 = 0.00029

LEP A% | = | 0.23220 = 0.00081

LEP Q' | | 0.2324 +0.0012
SIDA’, [ — " | 0.23098 + 0.00026
o sgapey [ T s DR
DO 1.96TeV | — . | 0.23095 = 0.00040

s L S R
LHCb 7+8TeV | o | 0.23142 = 0.00106
CMS8TeV | S — " | 0.23101 = 0.00053
I S e s aa1om - 0.00001

0.229 0.23 0.231 0.232 0.233 0.234
sin’6’ .

Phys. Lett. B 866 (2025) 139526

(*) PDF uncertainties are constrained in the interpretation exploiting their different dependence on mll, yll
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https://arxiv.org/abs/2408.07622

ATLAS Preliminary

' I ' ' ’ 0.11 T T T T 1T 1771 L T 1T T 1771 L T 17
LEP-1 and SLD: Z-pole e 0.23152+0.00016 < [ ' T RV
Opb B B < - ATLAS Simulation Preliminary -
LEP-1 and SLD: A’ —e— | 0.23221+0.00029 o1 (s=8TeV,Z/y* (NLOQCD) -
— ] B I 7]
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- — :‘ A Effective Born i
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ATLAS: ee, —ro—— 0.23166 + 0.00043 - Ay, 1
— ] B Al
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@ L. Aperio Bella 160


https://arxiv.org/abs/1803.01853
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/

Precision X 10°

sin20y prospects studies

————— . . CMS Phase-2 Simulation Preliminary 14 TeV
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LEP-1 and SLD: Z-pole average
ATLAS Preliminary: 8 TeV

HL-LHC ATLAS CT14: 14 TeV

HL-LHC ATLAS PDF4LHC15,, ,.: 14 TeV
HL-LHC ATLAS PDFLHeC: 14 TeV

ATLAS Simulation Preliminary

ATL-PHYS-PUB-2018-037

——

— new DIS ep data

( ) would provide
needed factor of 5 — 10
in PDF improvement

0.23152 = 0.00016
0.23140 = 0.00036
0.23153 = 0.00018
0.23153 = 0.00015
0.23153 = 0.00008

0.231

s 2nl
sin Geﬁ

0.23

0.232

2 LHC experiments
officially entered the
precision electroweak
race: current
measurement limited by
PDF uncertainty

2 PDFs and their
uncertainties can not any
longer be treated as a
black box, need similar or
even bigger scrutiny, in
terms of uncertainty
decomposition and
correlations, as exp.
uncertainties.

Towards LHC combination : Including LHCb acceptance (low dilution in forward region) offers a crucial handle by
examining at precision a region where the PDF uncertainty is intrinsically small.

Work ongoing in LHC-EW working group and PDF4LHC forum to investigate:

 EW/QED NLO+h.o. accuracy corrections, benchmark NNLO and resummed calculations and uncertainties

e PDF differences and correlations
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https://cds.cern.ch/record/2294888?ln=fr
https://cds.cern.ch/record/2647836/files/LHCb-PUB-2018-013.pdf
https://cds.cern.ch/record/2649330/files/ATL-PHYS-PUB-2018-037.pdf

Weak mixing angle @HL-LHC

LHC experiments entered the precision electroweak race: New analysis techniques,
including in-situ PDF protiling and event categorisation substantially reduced statistical and
systematic uncertainties wrt previous LHC measurements.
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https://cds.cern.ch/record/2294888?ln=fr
https://cds.cern.ch/record/2647836/files/LHCb-PUB-2018-013.pdf

sin?0,, extraction with LHeC data

LEP-1 and SLD: Z-pole average
LEP-1 and SLD: Alx

SLD: A,

Tevatron

LHCb: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV

ATLAS Preliminary: 8 TeV
HL-LHC ATLAS CT14: 14 TeV

HL-LHC ATLAS PDF4LHC15,, ,: 14 TeV
HL-LHC ATLAS PDFLHeC: 14 TeV

dxd, fed,

V7 Q° = 8317 GeV* 7
é‘.PDMLHCiS_nnIo_hIIhc_
s LHeC_pdf
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g HL-LHC data/PDF sets. |

in PDF improvement to exceed LEP FTECLSLOV\
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Tevatron
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Science 374 (2021) 6568
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CDF has advantages from pp,
lower E, PU

- PDFs better understood
(valence quarks)

- Less hadronic activity (simpler
recoll calibration)

- Low tracking material aids
lepton calibration
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