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Standard Model as a Gauge Theory derived from symmetry principles
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GF = 1.1663787(6) × 10−5 GeV−2

SU(2)L ⊗ U(1)Y ⊗ SU(3)C
g2 (sin θW) g1 (α) g3 (αs)

GF =
1

2 v2
=

2 g2

8 M2
W

+ vacuum expectation value

+ fermion masses and their mixings

α−1 = 137.035999150(33)

MZ = (91.1876 ± 0.0021) GeV

All EW parameters/observables can be 
expressed by three accurately measured 

independent parameters:

Mass of electroweak gauge bosons and interaction strength predicted precisely

mW =
gv
2 mZ =

g2 + g′￼2v

2

sin2 θW =
g2

g2 + g′￼2
= (1 −

M2
W

M2
Z )

At tree level:



Motivation for precision electroweak physics
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MW =
M2

Z

2
1 + 1 −

8πα(1 + Δr)
GFM2

Z

sin2 θl
eff = sin2 θW (1 + Δκ)

At higher orders

= (1 −
M2

W

M2
Z )(1 + Δκ), Δκ ∼ 1.037

Radiative corrections

Δr ∼ f (m2
top, log(mh))

Gfitter，Y. Fischer et al., EPS 2023

Test self-consistency of Standard Model 
• Electroweak sector is over-constrained 

• Identify tensions between direct & indirect measurements 

• Deviations may be due to new physics

https://pos.sissa.it/449/304/


Top Mass Prediction from Precision Electroweak data
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Top mass in the electroweak theory

15

D0 experiment
CDF experiment

Electroweak fit

Limit from electroweak fit

Tevatron Combination

Chris Quigg, private communication

Top discovery at Tevatron

Mtop = 175 —> 173 GeV

World average:
mtop = 173.1 ± 0.6 GeV 

           (0.35%)
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Overnight update
Updated with EPS’01 results 

Excludes direct searches from ATLAS and CMS from EPS
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mH (minimum)= 94.5 GeV,    Range mH = [71, 124],    mH < 166.5 GeV @ 95%
Standard Fit

mH (minimum)= 125.2 GeV,   Range mH = [116, 133],    mH < 153.9 GeV @ 95%
Complete Fit

Thanks to Matthias Schott from the GFitter group 
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Experimental data
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Tevatron (Fermilab)

SLC (SLAC)

LEP (CERN) LHC (CERN)

Experiments for today:



Overview of Standard Model measurements at LHC
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CMS has similar plots (see)
and explored similar phase space

15 orders
of magnitude

Publication list

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/fig_01b.png


Drell-Yan process and measurement of SM parameters
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The pT of the W, Z bosons comes from 
from higher order corrections to the 
leading order Drell–Yan processes…

P
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Ignite

s

PITHER

The Drell-Yan process is a standard candle for precision measurements at the LHC 

peart
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• W-boson mass	
• sin2(θW)	
• PDFs	
• αs(mZ) 

Used to measure: {

….. and from non-perturbative effects 
such as the primordial kT of the 
incoming partons.



Z Mass Reconstruction
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d ̂σ
dm2

ll
≈

ΓZMZ

(m2
ll − m2

Z)2 + Γ2
ZM2

Z
×

d ̂σ
d cos2

θ

m2
ll = (pl+ + pl−)2 ≈ 2pl+ ⋅ pl− ≈ 2El+El−(1 − cos θl+l−)

Only depending on direct measurements of 
energy and/or momentum of particles
plus
the angle between them
 
Map out mZ & ΓZ in the Breit-Wigner resonance

Errors determined by experimental resolutions.



Production properties of the Z-boson in the full phase space of the decay leptons
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ATLAS-CONF-2023-013

Stefano Camarda 4

Anatomy of Drell-Yan differential cross sections

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

Decomposition of (cosq,f) into 9 helicity cross 
sections → basis of spherical harmonics

Spin 0 (Higgs) Spin 1 (W,Z,g*) Spin 2

l = 0
n = 1

l ≤ 2
n = 1+3+5 = 9

l ≤ 4
n = 1+3+5+7+9 = 25

ds/dpT: transverse dynamics

ds/dy: longitudinal dynamics (PDFs) 

Rich physics program of perturbative 
and non-perturbative QCD

l denotes the degree of the spherical harmonics

Why 9?

Factorize the production dynamic and the decay kinematic properties of the dilepton system

lepton angular cos 𝜃 and 𝜙 
distributions in the Collins-Soper frame 

𝐴𝑖 angular coefficients: dynamics 
Fiducial cuts removed by analytic integration of (cos θ, 𝜙) in the full 
phase space of the decay leptons through the measured Ai coefficients 

negligible theoretical 
uncertainties for all 

measurements 

Stefano Camarda 9

Full-lepton phase space rapidity cross section

Exquisite permille level precision in the 
central region

Subpercent uncertainties up to |y| < 3.6 
thanks to dedicated forward electron 
calibration

First comparison to N3LO QCD 
predictions

Enables precise and unambiguous PDF 
interpretation with QCD scale variations 
now smaller than PDF uncertainties

Run-1 8 TeV data only

First comparison to N3LO 
QCD predictions 

and N4LL resummation

Rapidity Transverse Momentum

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/


W boson mass measurement
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W mass reconstruction challenge
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m2
lν = (El + Eν)2 − ( ⃗pe,T + ⃗pν,T)2 − (pe,z + pν,z)2

m2
lν,T = (El,T + Eν,T)2 − ( ⃗pe,T + ⃗pν,T)2

≈ 2 ⃗pl,T ⋅ ⃗pν,T ≈ 2El,TEmiss
T (1 − cos θlν)

ET = m2 + p2
T ≈ pT

⃗pmiss
T = − ∑ ⃗pT(observed)

Transverse mass

 UA1: 40 years ago
MW = 83 ± 4 GeV
ΓW < 6.5 GeV



CDF W Mass Measurement
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High-precision measurement of the W boson mass 
with the CDF II detector

Science Vol 376, Issue 6589, pp. 170–176 (2022)

8 April 2022

CDF II old    80387 ± 19 MeV



The CDF Experiment
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About CDF: https://cdf.fnal.gov

https://cdf.fnal.gov


The Central Outer Tracker (COT)
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30,000 high-voltage of Gold-plated Tungsten wires in Argon-Ethane gas

~ 3 m

~ 3 m

Alignment with cosmic rays specifically updated for this W mass measurement 
Calibrate with Z,   (Blind Z mass: (PDG: ))J/ψ, Υ(1S) MZ = 91192.0 ± 6.4stat ± 4.0sys 91187 ± 2.1

Detector essential to the W mass measurement precision



W mass extraction

• Binned maximum likelihood fits to the templates 

of  ,  ,   with W mass [80, 81] GeVpl
T mT pv

T

16

Consistency in two channels and three kinematic fits

MuonElectron



Comparison with ATLAS measurement

• CDF 

• proton - anti-proton collisions 

• larger statistics uncertainty 

• PDF: valence quark(~80%), less theoretical 
uncertainty 

• ATLAS → LHC 

• W events statistics by more than one order 
of magnitude 

• gluon and sea quark are important, less 

precise than valence quark PDF, more 

sensitive to proton PDF

17

CDF ATLAS (7 TeV)
Stat 6.4 6.8
PDF 3.9 9.2
Bkg 3.3 4.5
EW 2.7 5.5
e 3.3

6.4
mu 6.6

recoil 2.5 2.9
QCD 2.2 8.3
Total 9 19

W mass uncertainty (MeV)

First ATLAS
measurement

< μ > = 9.1



Updated W mass measurement from ATLAS
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Determine the W boson mass from the dependence of the leptonic transverse momentum 
(pT) and the transverse mass (mT)

Revisited measurement from 2017, using the same data, but with more advanced physics 
model and profile likelihood fitting:
▪  Advantage: Reduce systematic uncertainties during the fit 
▪  Disadvantage: Computational expensive, challenging to investigate systematics 

MW shift = ± 60 MeV, width shift = ± 200 MeV

arXiv:2403.15085

https://arxiv.org/abs/2403.15085


W mass: physics modeling and analysis improvements

• Baseline: Pythia AZ tune (based on Z boson) 
• Z Boson Data, Parton Shower Variations 

• New Verifications: 
• AZ tune describes hadronic recoil spectrum of W’s 

in low-pileup data at 5 TeV within  

experimental uncertainties 

• DYTurbo (resumed calculation) also agrees with AZ 

Tune.  

• Treatment of angular coefficients unchanged 

• Parton Distribution Functions:  
• Studied full set of available PDF Sets at  

NNLO: CT10, CT14, CT18, MMHT2014,  
MSHT20, NNPDF3.1, NNPDF4.0  

• New Baseline CT18
19

• Multijet Background Estimation 

• Systematic shape variations using PCA 

• New transfer function from CR to SR  

• Reduction of uncertainty by 2 MeV  

• EWK uncertainty evaluated at detector level 
• increase uncertainty by 1-2 MeV 

• Recovering data in the electron channel 
• Increased statistics by 1.5% 

• Add W width as NP parameter  

• Improving random generator setup for the 

electron energy calibration 

Physics modeling Analysis improvements



W mass and width measurements from ATLAS
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mW = 80366.5 ± 15.9 MeV

Previous measurement from 2017:  m
W 
= 80370 ± 19 MeV  

(0.02% uncertainty)

arXiv:2403.15085

ΓW = 2202 ± 47 MeV
Most precise single-experiment measurement of ΓW

https://arxiv.org/abs/2403.15085


W mass measurements at LHCb
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Strongly suppresses the PDF uncertainty in an LHC 
mW average due to complementary geometry

JHEP 01 (2022) 036

mW = 80364 ± 32 MeV

W mass determination in the forward acceptance

Only a 2016 dataset analysis, with a full Run 2 analysis still possibly coming

https://link.springer.com/article/10.1007/JHEP01(2022)036
http://www.apple.com


Combination of W mass measurements: ATLAS, LHCb, CDF, DØ
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EPJ C (2024) 84:451

Measurements performed at different times, using different baseline PDFs and QCD tools 

existing results extrapolated to a common baseline

Two-step procedure  
correct to common theory and modeling 

combine including correlations (e.g. proton structure)

M. Boonekamp, LHC EW WG General Meeting, July 2024

Tension between combination and CDF W mass is of 3.6 σ

ATLAS, LHCb, DØ Combination : mW = 80369.2 ± 13.3 MeV

PDF uncertainty correlation matrices for the CT18 PDF set

https://link.springer.com/article/10.1140/epjc/s10052-024-12532-z
https://indico.cern.ch/event/1400204/contributions/6033505/attachments/2894441/5074653/mw_ewwg_110724.pdf


First W mass measurement at CMS
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CMS-PAS-SMP-23-002
J. Bendavid, CMS CERN seminar

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-002/index.html
https://indico.cern.ch/event/1441575/


First W mass measurement at CMS
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▪ Measured with uncertainty of 9.9 MeV 
▪ Precision comparable to CDF, but consistent with SM 
▪ Uses a well-understood portion of 13 TeV data 
▪ 16.8 fb-1 from 2016 run (~ 30 pileup)
▪ Large sample (>100M) of W→μν
▪ Theoretical modelling
▪ Use most accurate model & uncertainties available 
▪ Rely on in-situ constraints from the W data itself 

▪ Muon calibration: from J/ψ, validated with the Z 
▪ Fit to granular distribution of pTμ x ημ x charge 

CMS-PAS-SMP-23-002
J. Bendavid, CMS CERN seminar

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-002/index.html
https://indico.cern.ch/event/1441575/


First W mass measurement at CMS
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ATLAS, 7 TeV re-analysis CMS

Stat 9.8 7.1

PDF 5.7 2.8

Bkg 2.0 1.7

EW 5.4 1.9

e 6.0 -

mu 5.4 5.0

recoil 2.3 -

QCD 4.4 3.1

Total 16 MeV 9.9 MeV

W mass uncertainty (MeV)

Exploit state-of-the-art improvements in theoretical 
QCD & EW calculations & uncertainty modeling, 
in-situ constraints from data… 

Measurement is performed with ~10% of Run 2 data

mW = 80360.2 ± 9.9 MeV



W boson measurements in low-pileup dataset from ATLAS
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Precise measurements of W and Z transverse momentum spectra at 5 and 13 TeV

27

0 10 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing

0

100

200

300

400

500

/0
.1

]
-1

R
ec

or
de

d 
Lu

m
in

os
ity

 [p
b

Online, 13 TeVATLAS -1Ldt=148.5 fb∫
> = 13.4µ2015: <
> = 25.1µ2016: <
> = 37.8µ2017: <
> = 37.0µ2018: <
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Initial 2018 calibration

ATLAS-CONF-2023-028

W, Z

Pile-up events add energy to the recoil and hinder the experimental extraction of W pT

+ pile-up

Take dataset with very low multiple hard interactions per bunch crossing 
ATLAS collected such dataset at √s = 5  and 13 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028


Precise measurements of W and Z transverse momentum spectra at 5 and 13 TeV
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Precise measurements and predictions of the spectra for pT < ~30 GeV are particularly 
interesting for future measurement of the W-boson mass at LHC 

Compared to DYTURBO predictions
with different PDF sets Compared with different MC predictions 

DYTURBO resummed predictions show the best agreement and generally match the data at the percent level 

√s = 5 TeV

Eur. Phys. J. C 84 (2024) 1126

https://arxiv.org/pdf/2404.06204


Precise measurements of W and Z transverse momentum spectra at 5 and 13 TeV
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Precise measurements and predictions of the spectra for pT < ~30 GeV are particularly 
interesting for future measurement of the W-boson mass at LHC 

Compared to DYTURBO predictions
with different PDF sets Compared with different MC predictions 

DYTURBO resummed predictions show the best agreement and generally match the data at the percent level 

√s = 13 TeV

Eur. Phys. J. C 84 (2024) 1126

https://arxiv.org/pdf/2404.06204


• Measurement will use both pT and mT information 

• Profile likelihood 

• Less sensitive to pile-up effects 

• Better lepton reconstruction 

• Smaller uncertainties for W recoil  → better mT measurement 
• Improved theoretical uncertainties: 

• Updated PDF distribution  

• Updated QCD modeling 

• Updated Electroweak modeling   

• Limited by statistical uncertainty 

• 5 TeV: 255 pb-1 

• 13 TeV: 338 pb-1

Expectations for W mass measurement with low-pileup dataset

30

Uncertainty low-pileup analysis: ~ 15 MeV
Combination with 7 TeV: ~ 10 MeV



Anomalous magnetic moment g-2 of the tau lepton
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aτ =
g − 2

2
≈

α
2π

Sensitive to new physics in the γττ vertex Tau (g-2) in the Standard Model

τ τ

γ



0.1− 0.05− 0 0.05
τa

CMS

ATLAS

DELPHI

L3

OPAL

CMS

 from Pb)γ (ττ → γγ

 from Pb)γ (ττ → γγ

 from e)γ (ττ → γγ

γττ → Z →ee 

γττ → Z →ee 

 from p)γ (ττ → γγ

PRL 131 (2023) 151803

PRL 131 (2023) 151802

EPJC 35 (2004) 159

PLB 434 (1998) 169

PLB 434 (1998) 188

This result

SM

Observed 68% CL 95% CL
 (13 TeV)1−138 fbCMS

g-2 of tau lepton: γγ → ττ  

32

Detailed overview by Dayong Wang, Friday Plenary 

First observation of γγ → ττ in pp collisions 
5.3σ observed

Rep. Prog. Phys. 87 (2024) 107801

NTracks = 0 or 1

SM:

Observed: aτ = 0.9+3.2
−3.1 × 10−3

aτ = 1.2 × 10−3

https://indico.ihep.ac.cn/event/22941/contributions/171094/attachments/84743/108184/20241115_CLHCP2024_ATLASCMStaug-2HF.pdf
http://dx.doi.org/10.1088/1361-6633/ad6fcb


Top quark mass
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Top quark mass measurements
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Measured in different channels with 
different techniques

Uncertainty reached ~ 0.2%

Best single measurement is from
CMS, lepton+jets profile likelihood 

new result with 13 TeV data

mtop = 171.77 ± 0.37 GeV

ATL-PHYS-PUB-2023-015

CMS-TOP-20-008

40% improvement relative to previous measurement

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-015/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-008/index.html


Top quark mass: Run 1 combination
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A combination of fifteen top-quark mass 
measurements performed by the ATLAS 

and CMS experiments at the LHC

Precision < 0.2%

mtop = 172.52 ± 0.33 GeV

31% improvement over most 
precise single improvement

LHCTopWGSummaryPlots
Phys. Rev. Lett. 132, 26190



Closing remarks
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The LHC has produced exceptionally precise results

Still the Standard Model as we know it stands strong

Looking forward to the HL-LHC data
and

Future electron colliders such as the CEPC or FCC-ee



Extra Slides
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Compare with previous CDFII measurements
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New CDF results (8.8 )fb−1Previous CDF results (2.2 )fb−1

More statistics

Higher order QED

Recoil model

Close
Close

NNPDF3.1 NNLO, more inputs

New constrains added
CTEQ6.6 NLO

New PDF and beam-constraining in upsilon events caused the shifts of central value.

Uncertainty

Central value

Improved COT alignment 
and drift model



Overview of Standard Model measurements in ATLAS

39ht
tp

s:
//a

tla
s.

w
eb

.c
er

n.
ch

/A
tla

s/
G

R
O

U
PS

/P
H

YS
IC

S/
PU

B
N

O
TE

S/
AT

L-
PH

YS
-P

U
B

-2
02

2-
00

9/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/


Overview of CMS cross section results
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Overview of CMS X+jets cross section results
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Cross checks of W mass measurement 
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Appendix

Figure 9 compares the PLH fit results of the individual measurement categories as well as the combination
of all between the PDF set CT10 and CT18.
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Figure 9: Overview of the mW fit results in all categories for the p
`
T (left) and the mT (right) distributions, with the

CT10nnlo and CT18 PDF set. Also shown is the result when using all categories simultaneously.

Figure 10 shows the ten nuisance parameters with the largest post-fit impact on mW in the combined PLH
fits with the CT18 PDF set.

Figure 11 shows the post-fit normalization factors for the signal sample for di�erent PDF sets including
their postfit uncertainties. The central values of the normalization factors without PDF profiling in the
combined PLH fit are also indicated.

Figures 12, 13 and 14 show W ! µ⌫ candidate events.
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Comparison of the PLH fit results of the individual measurement categories as well as the 
combination of all between the PDF set CT10 and CT18 



Cross checks of W mass measurement 
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Results are determined using a PLH approach and in comparison with a χ2-minimization 
approach using statistical uncertainties only 
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