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until recently, all direct measurements agreed with the SM prediction ….
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Overview of W mass measurements
Within the Standard Model, measurements of a subset of its parameters can be 

used to predict the values of others such as the W boson mass

``global electroweak fit’’

CDF-II, Science (2022)
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the new CDF-II result reduces the CDF-I error by almost a factor 10 (same central value)
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Overview of W mass measurements
Within the Standard Model, measurements of a subset of its parameters can be 

used to predict the values of others such as the W boson mass
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Clearly 
inconsistent with 
SM prediction!

Tevatron



Overview of W mass measurements

Explanation A: New Physics!

Jordy’s talk



Overview of W mass measurements

Explanation B: Mismodeling 
of SM predictions

some possible explanations 
considered in this talk
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Overview of W mass measurements

Explanation C: issues with 
the experimental analysis

local ATLAS & LHCb experts!



As opposed to other SM parameters, measurements of the W boson mass at 
hadron colliders rely heavily on theoretical modelling (of the Drell-Yan process)

The mass of the W boson can be extracted from data by means of template fits
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Template fits for the W mass

Why this is the case?

Start from a baseline theoretical model of final-state distributions sensitive to MW

Produce theory templates of this distribution with a given binning and a range of MW values

Measure the same distributions, and compare them with your templates

The template that agrees better with data corresponds to your central MW value

Repeat the process for additional templates generated by varying experimental systematic 
errors or theory parameters to estimate the systematic (theory+exp) error on MW

challenge: small variations in the templates
can propagate into large shifts in MW
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Template fits for the W mass

same for any other experimental or 
theory systematic variation

Identify observables maximally sensitive 
to MW  while less sensitive to exp/th 
uncertainties

Ensure that the templates have negligible 
stat fluctuations and that all relevant 
variations are covered

Propagate model, parameter & theory 
uncertainties from the template 
calculation to the final measurement

The name of the game:



The MW  measurement is sensitive to the shape of the distribution: often normalised distributions are used
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Template fits for the W mass
Two of the most frequently used distributions in MW  measurements are pTl and the transverse mass MWT

MW
T = 2pℓ

T pν
T (1 − cos(ϕℓ − ϕν))

e.g. PDF uncertainties markedly reduced in normalised distributions
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Template fits for the W mass
How sensitive is the measurement to variations in the theory modelling of the experimental distributions?

10 MeV shift in MW 

corresponds to a per-mille 
distortion of the shape

Shifts induced by the 
inclusion of QED radiation 

and EW corrections

Many small effects can 
affect the measurement!
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Template fits for the W mass

 left: electrons, right: 
muons

arrows indicate fitting 
ranges

shaded area indicates 
backgrounds

These are the 
distributions for which 
theory templates need to 
be generated

CDF-II, Science (2022)
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The CDF measurement
dominated by statistics

PDFs are the dominant source of systematic error

mT on the muon channel has the lowest uncertainty
(and highest central value …)

Note that in this categorisation one 
cannot easily separate theory from 

experimental systematics, since these 
are intertwined (e.g. modelling pTV)

Where QCD errors are classified?



 Hard-scattering matrix element (transverse momentum resummation)

 QCD and QED parton showers and extra radiation

 Electroweak corrections

 …..
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Template fits for the W mass
From a theoretical point of view, which components of the modelling should we pay attention to?

 Parton Distribution Functions (PDFs) and the associated uncertainties

 Hard-scattering matrix element (fixed-order) and the associated uncertainties

σW±(M, s) ∝ ∑
ij

∫
s

M2

d ̂s ℒij( ̂s, s) σ̃ij( ̂s, αs(M)) , i, j = u, d, s, g, …
partonic 

luminosities
partonic cross-

section

σ̃(αs, α) = σ̃(0)(αs, α)(1 + c1,0αs + c0,1α + c2,0α2
s + c3,0α3

s + c1,1αsα + c0,2α2)
Born (tree-level) NLO QCD

correction
NLO EW

correction
NNLO QCD
correction

N3LO QCD
correction

NNLO mixed 
correction

NNLO EW 
correction

αs ∼ 0.1, α ∼ 0.01
n.b. naive power counting often poor predictor of the size of HOs
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Drell-Yan at N3LO QCD
Several key LHC processes are now available with N3LO QCD corrections (inclusive and/or differential)

Duhr et al, 2111.10379

Duhr et al, 2007.13313

e.g. inclusive charged and neural-current Drell-Yan

Perturbative convergence not ideal: 
for both W and Z/ɣ* production the 

NNLO and N3LO bands do not overlap

nb  all ``N3LO’’ calculations rely on 
NNLO PDFs, hence one cannot 

claim N3LO accuracy yet

Impact for W mass 
measurement?

Q = MW
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Drell-Yan is also available at N3LO at the fiducial level, where realistic kinematic cuts can be applied

Chen at al, 
2203.01565

perturbative stability can be optimised 
with tailored kinematic cuts

precision does not necessarily 
improve at N3LO ….

Impact for W mass 
determinations!
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Drell-Yan at N3LO QCD
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Drell-Yan measurements are mostly sensitive to the quark and antiquark PDFs at intermediate x

Parton Distributions and MW

σW+(M, s) ∝ ∫
s

M2

d ̂s ℒud̄( ̂s, s) σ̃ud̄( ̂s, αs(M)) + …

ℒud̄(Q, s) =
1
s ∫

1

Q2/s

dx
x

fu ( Q2

sx
, Q) fd̄ (x, Q)

large contributions from subleading partonic channels

x1 =
MW

s
e+yW , x2 =

MW

s
e−yW
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Drell-Yan measurements are mostly sensitive to the quark and antiquark PDFs at intermediate x

Parton Distributions and MW

x1 =
MW

s
e+yW , x2 =

MW

s
e−yW

LHC ATLAS/CMS Tevatron

Tevatron is sensitive to larger-x PDFs than LHC
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Parton Distributions and MW

CDF-II, Science (2022)

Estimated shifts in MW from modern PDF sets, arXiv:2205.03942

The CDF measurements quotes 4 MeV as PDF error

not enough info to reproduce their extraction

Spread in size of PDF errors accounted for?

Specific selection of PDF sets?

PDF correlations accounted for?
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Modelling differential distributions

CDF-II, Science (2022)

Templates for the differential distributions 
are produced with ResBos at 

NLO+NNLL, complemented with a data-
driven determination of input parameters

arXiv:2205.027

PDF uncertainties from CDF 
measurement reproduced

A similar extraction of MW with pseudo-data 
and ResBos2 (NNLO+N3LL) finds at most a 
downward shift of 10 MeV, unable to 
explain the discrepancy with the SM 

modelling of non-perturbative parameters?



CDF vs ATLAS/LHCb
CDF-II ATLAS

LHCb

PDF errors halved in CDF compared to ATLAS/LHCb

Statistical error the same in ATLAS and CDF

Theory (excl. PDF) errors is 11 MeV and 17 MeV in 
ATLAS/LHCb, what about CDF?

explained by different kinematics? Data-driven theory 
calibration? Different definition of uncertainties?



Some points for discussion
 From a theoretical perspective, a measurement of MW at hadron colliders with O(few 

MeV) precision is extremely challenging. Some points for the discussion

How to define the PDF systematic 
error? Which PDF sets to 

include? How to combine them? 

Treatment of missing higher-order 
uncertainties and resummation 
parameters? Dependence with 

the generator? Impact of N3LO? 

Modelling of the correlations 
between the pTZ and pTW 

distributions?

Impact of higher order 
electroweak and mixed QED/QCD 

corrections?

Why the CDF-II measurement is 
more precise than ATLAS/LHCb? 

What about CMS?

What would have happened if different MC 
generators other than ResBos had been used?

What is the most appropriate definition of 
theory uncertainties in this measurement?


