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Introduction
• Will discuss the consistency and combination of W 

boson mass measurements.

• Based on paper submitted to arXiv [2308.09417] and 
to EPJC.

• Today: summary of key content of paper.

https://arxiv.org/abs/2308.09417
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W boson mass

• Crucial parameter in Standard Model.

• Provides key test of Standard Model.

• Probes new physics at multi-TeV 
scales.

GFitter Group, EPJC 78 (2018) 675
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Existing Measurements

• Challenging measurements – 
typically take multiple years to 
deliver.
• Three recent measurements:
• LHCb (2021) – uses 2016 dataset.
• CDF (2022) – uses Tevatron 

legacy dataset.
• ATLAS (2023) – reanalysis of 2011 

dataset [not used here].
• Clear tension between the existing 

measurements. 
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• LEP – legacy combination from LEP experiments.

Input Measurements for combination
• CDF – 𝑝�̅� collisions @ √𝑠 = 1.96 TeV; fit variables 

are 𝑝!" 	, 𝑝!# 	and 𝑚!. 
• D0 – two separate measurements using 
𝑝�̅� collisions @ √𝑠 = 1.96 TeV; fit variables are 𝑝!$ , 
𝑚! and 𝑝!#.

• ATLAS – 𝑝𝑝 collisions @ √𝑠 = 7 TeV; central region 
at LHC; fit variables are 𝑝!" 	and 𝑚!. 
[Original analysis used following agreement to use published 
results]

• LHCb – 𝑝𝑝 collisions @ √𝑠 = 13 TeV; forward region 
at LHC; fit variable is 𝑞/𝑝!

%.

CDF, Science 376 (2022) 170; D0, PRL 103 (2009) 141801 and PRD 89 (2014) 012005; 
ATLAS, EPJC 78 (2018) 110; LHCb, JHEP 01 (2022) 036; LEP, Phys Rept 532 (2013) 119
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QCD Challenges
• Measurements made over a number of years
• QCD understanding has significantly improved over this time (modelling of PDFs, 

Matrix Element, Soft Radiation).
• Newer measurements typically use an improved QCD model than older 

measurements.

• Seek to ‘update’ measurements to a common QCD framework before 
compatibility assessed and combination.
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QCD Challenges
• Starting point of fits to data therefore crucial.
• D0: RESBOS CP (N2LO, N2LL) with CTEQ66 PDFs (NLO)
• CDF: RESBOS C (NLO, N2LL) with CTEQ6M PDFs (NLO)
• ATLAS: POWHEG + Pythia8 (NLO+PS) with DYTurbo for Angular Distribution (N2LO) 

with CT10 PDFs (NNLO)
• LHCb: POWHEG + Pythia8 (NLO+PS) with DYTurbo for Angular Distribution (N2LO) 

with averaged result from MSHT20, NNPDF31 and CT18 PDFs (NLO)

• Approach taken:
• LHCb measurement “repeated” using same code framework but with PDF updates.
• Effect of updates on other measurements using simulated samples from two 

models.

[CDF publication applied a correction to 
reproduce Resbos2 + NNPDF3.1]
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Fitting Pseudodata
• Impact on mW studied by fitting reference and updated distributions using the 

same model.

• W boson mass varied by using weights drawn from a Breit-Wigner distribution.

• Model (for PDF effects): POWHEG MiNNLOPS generator (NNLO).

• Models (for W boson polarisation effects): RESBOS-C (NLO+approximate NNLL); 
RESBOS-CP (NNLO+NNLL); RESBOS 2 (NLO+NNLL).
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Detector Emulation
• ATLAS, CDF and D0 detectors emulated.
• 𝜂- and 𝑝!-dependent smearing of leptons.
• Recoil modelling includes lepton removal and 

and event activity effects.
• Agreement typically at the percent level 

between full simulation and LHC-TeV MWWG 
emulation.
• Small imperfections in emulation lead to MeV-

level uncertainties on 𝛿𝑚&.
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PDF effects

𝜹𝒎𝑾
𝑷𝑫𝑭

𝝈(𝒎𝑾
𝑷𝑫𝑭)

Using the POWHEG MiNNLO generator to study 
impact of changes in the relevant distribution.

Analysis code rerun

Note Tevatron combination did not consider 
δm!

"#$ CTEQ6, CTEQ6.6 ~17 MeV.

Uncertainties larger here than in some original publications, 
e.g. NNPDF3.1 ~6.6 MeV (CDF) here v 3.9 MeV in original 
publication (which used principal component analysis). 

S. Carraza et al., EPJC 75 (2015) 369
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PDF effects
• Compatibility of PDF sets with Drell-Yan data studied.
• No PDF set provides a good description of the full Tevatron+LHC dataset.
• Best description given by CT18 (which has larger uncertainties).
• CT18 therefore taken as the default PDF set.

Note: CT coverage always rescaled to 68% level.
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W boson polarisation

• ATLAS and LHCb use DYTurbo treatment of 
polarisation – no update made.

• Fits to data using RESBOS-C (CDF) and RESBOS-
CP (D0) ported so that 𝐴3 − 𝐴4 coefficients 
match O(𝛼5) predictions using RESBOS2. 
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W boson polarisation

• ATLAS and LHCb use DYTurbo treatment of 
polarisation – no update made.

• Fits to data using RESBOS-C (CDF) and RESBOS-
CP (D0) ported so that 𝐴3 − 𝐴4 coefficients 
match O(𝛼5) predictions using RESBOS2. 

CDF 𝜹𝒎𝑾
𝒑𝒐𝒍

D0 𝜹𝒎𝑾
𝒑𝒐𝒍
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pT(W) modelling
• Keep each experiment’s approach to pT(W) modelling – unified approach beyond 

scope of this study.
• Treat pT(W) uncertainties as uncorrelated between experiments since the 

different experiments use different generators to evaluate these uncertainties.

Experiment Uncertainty
CDF 2.2 MeV
D0 2.4 MeV
ATLAS 6 MeV
LHCb 11 MeV
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Other ‘updates’ and modelling effects
• Treatment of W boson width
• Experiments use slightly different values for W boson width in fits.
• Default value of 2089.5 MeV used.

• W boson resonance
• Update to RESBOS 2 invariant mass modelling causes a 2 MeV shift in W 

boson mass for CDF.

• Higher-order electroweak effects
• ATLAS and D0 use same shower models to study these effects, so 

uncertainties considered fully correlated in combination. CDF and LHCb are 
considered uncorrelated.
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Combination
• Results combined using BLUE.

• Approach validated by reproducing internal experimental combinations.

• CDF measurement itself contains ~3MeV 𝛿𝑚8 effect (CTEQ6M → NNPDF31; 
mass modelling; polarisation) – this is removed as a first step before combination 
performed.
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• PDF correlations determined in order to provide combination.
• Significantly different correlations reported by different PDF sets.
• Presence of anti-correlation provides stable results with reduced PDF 

dependence. 

Combination: PDF Correlations

CT18 MSHT 20 NNPF40
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Combination
Input measurements with updates applied 

Combinations for different PDF sets

Note: no combination of all measurements 
provides a good 𝜒9 probability, so the full 
combination is disfavoured.
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Sub-combinations

PDF spread reduced compared to input measurements to 
roughly 5 MeV (without ABMP), 10 MeV (with ABMP)
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Sub-combinations
• Combinations with CDF excluded have good compatibility.
• mW = 80369.2±13.3 MeV (CT18) 
    [CDF measurement value (mW = 80433.5±9.4 MeV)].
• Combination without CDF has a 𝜒9 probability of 91%.
• Relative weights: 42% (ATLAS); 23% (D0); 18% (LHCb); 16% (LEP).

• Difference between “All-CDF” combination and the updated CDF value here is 
3.6𝜎 when the CT18 PDF set is used.

CDF, Science 376 (2022) 170



William Barter (Edinburgh) Slide 21mW combination and comparison 23/8/23

Conclusions

• W boson mass is a crucial parameter in the Standard Model.
• Extensive effort to provide common treatment of PDF and W boson polarization 

modelling for W boson mass measurements at hadron colliders.
• Updated treatments unable to solve tension between existing measurements.
• Full combination (mW = 80394.6±𝟏𝟏.5 MeV [CT18]) but is disfavoured due to poor 
𝜒9 probability (0.5%).
• Combination without CDF (mW = 80369.2±13.3 MeV [CT18]) has good 𝜒9 

probability. 
• Paper available on arXiv:2308.09417
• Further measurements essential.

https://arxiv.org/abs/2308.09417
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