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The W boson in the electroweak sector
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• EW sector uniquely determined by fixing 3 parameters ( ) in terms of  3 exp. inputsg, g′￼, ν

➡ other quantities expressed in terms of  them, i.e.  mW = v |g | /2, mZ = v g2 + g′￼2 /2, θW = tan−1(g′￼/g)
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α

∼ 3 × 10−10,
ΔGμ

Gμ
∼ 5 × 10−7,

ΔMZ

MZ
∼ 2 × 10−5

• Well-known  interdependence:  
matching of  muon decay width within Fermi model and in the full SM 

mW − mZ

m2
W (1 −

m2
W

m2
Z ) =

πα

Gμ 2
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Radiative corrections: m2
W =

m2
Z

2
1 + 1 −

4πα

Gμ 2m2
Z

(1 + Δr)
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+ full 2-loop + partial 3- and 4-loop

Tree level

+ …

mW = 80.934 GeV ΔmW = 𝒪(0.5 GeV) ΔmW = 𝒪(50 MeV)

1-loop
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+ full 2-loop + partial 3- and 4-loop

Tree level

+ …

mW = 80.934 GeV ΔmW = 𝒪(0.5 GeV) ΔmW = 𝒪(50 MeV)

1-loop

• Missing h.o. uncertainty: 

•  MeV on-shell scheme [Freitas,Hollik,Walter,Weiglein NPB 632 (2002)]  

•  MeV  scheme [Degrassi,Gambino,Giardino JHEP 05 (2015)] 

δmOS
W = 4

δmMS
W = 3 MS
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+ full 2-loop + partial 3- and 4-loop

Tree level

+ …

mW = 80.934 GeV ΔmW = 𝒪(0.5 GeV) ΔmW = 𝒪(50 MeV)

1-loop

• Missing h.o. uncertainty: 

•  MeV on-shell scheme [Freitas,Hollik,Walter,Weiglein NPB 632 (2002)]  

•  MeV  scheme [Degrassi,Gambino,Giardino JHEP 05 (2015)] 

δmOS
W = 4

δmMS
W = 3 MS

• Parametric uncertainty:  MeV considering  variation of  ( )δmpar
W = 5 1σ α, αs, Gμ, mZ, mH, mt
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Electroweak fit

Indirect determination 

 GeV (Gfitter) [Haller et al. EPJC 78 (2018)] 

 GeV (HEPfit) [De Blas et al. PRD 106 (2022)]

mW = 80.356 ± 0.006

mW = 80.355 ± 0.006
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 GeV (Gfitter) [Haller et al. EPJC 78 (2018)] 

 GeV (HEPfit) [De Blas et al. PRD 106 (2022)]

mW = 80.356 ± 0.006

mW = 80.355 ± 0.006
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χ2 /d . o . f . = 16.6/15
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χ2 /d . o . f . = 62.6/15
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Measuring  at hadron collidersmW
• Measurement performed in leptonic decays only (overwhelming multi-jet bkg) 

• Reconstruction of  the lepton-neutrino invariant mass is not possible 

➡ 2 main observables:   and pℓ
T mT = 2 |pℓ

T | |pν
T | (1 − cos Δϕ)
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• QCD scale variation
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• Non-statistical nature of  Th Sys  not included in  
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• including scale variations in predictions would 
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• QCD scale variation

• set of  equally good templates

•  width x larger than required! 𝒪(1%) → 10

• Non-statistical nature of  Th Sys  not included in  
covariance matrix

→ χ2

• including scale variations in predictions would 
result in an extremely unstable procedure

➡ data-driven approach: MC tuned to NCDY data 
(typically for single QCD scale choice) and used to 
prepare CCDY templates34 36 38 40 42 44
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RadISH + MCFM

S = 13 TeV pℓ
⊥ > 20 GeV, Mℓν

⊥ > 27 GeV, |ηℓ | < 2.5

• Comments on data-driven approach

• MC usually (N)LL+NLO  large reweighing w.r.t. N3LL+NNLO→

• tuning should be done in association to scale variation (different scales  different reweighing functions 
 different propagation to CCDY)

→
→

• underlying differences NCDY-CCDY (masses, charges, acceptances, PDFs, heavy quarks, intrinsic- )kT

• BSM physics possibly reabsorbed in tuning 

• fitted value not necessarily the SM lagrangian parameter
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Non-perturbative uncertainties
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Non-perturbative uncertainties
• PDF: largest uncertainty on , impact on several termsmW

• choice of  different sets

• choice of  different eigenvectors/replica
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Non-perturbative uncertainties
• PDF: largest uncertainty on , impact on several termsmW

• choice of  different sets

• choice of  different eigenvectors/replica

• limited impact on  [Bozzi,Rojo,Vicini, PRD 83 (2011)], relevant on  [Bozzi,Citelli,Vicini PRD 91 (2015)]mT pℓ
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Non-perturbative uncertainties
• PDF: largest uncertainty on , impact on several terms 

• choice of  different sets 

• choice of  different eigenvectors/replica 

• limited impact on  [Bozzi,Rojo,Vicini, PRD 83 (2011)], relevant on  [Bozzi,Citelli,Vicini PRD 91 (2015)] 

• reduction 1: anti-correlation forward/central detectors [Bozzi,Citelli,Vesterinen,Vicini EPJC 975 (2015)]

mW

mT pℓ
T

Fitted  in ATLAS/CMS vs. LHCb mW

Considerable reduction  
of  PDF uncertainty 

when combining measurements!
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Non-perturbative uncertainties
• PDF: largest uncertainty on , impact on several terms 

• choice of  different sets 

• choice of  different eigenvectors/replica 

• limited impact on  [Bozzi,Rojo,Vicini, PRD 83 (2011)], relevant on  [Bozzi,Citelli,Vicini PRD 91 (2015)] 

• reduction 1: anti-correlation forward/central detectors [Bozzi,Citelli,Vesterinen,Vicini EPJC 975 (2015)] 

• reduction 2: bin-to-bin correlation with respect to PDF variation [Bagnaschi,Vicini PRL 126 (2021)]
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Non-perturbative uncertainties
• PDF: largest uncertainty on , impact on several terms 

• choice of  different sets 

• choice of  different eigenvectors/replica 

• limited impact on  [Bozzi,Rojo,Vicini, PRD 83 (2011)], relevant on  [Bozzi,Citelli,Vicini PRD 91 (2015)] 

• reduction 1: anti-correlation forward/central detectors [Bozzi,Citelli,Vesterinen,Vicini EPJC 975 (2015)] 

• reduction 2: bin-to-bin correlation with respect to PDF variation [Bagnaschi,Vicini PRL 126 (2021)] 

• Heavy quarks: 4FS vs. 5FS  

• distortion on  at 1% level (  3-5 MeV shift ) [Bagnaschi,Maltoni,Vicini,Zaro JHEP 07 (2018)]

mW

mT pℓ
T

pZ
T →
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Non-perturbative uncertainties
• PDF: largest uncertainty on , impact on several terms 

• choice of  different sets 

• choice of  different eigenvectors/replica 

• limited impact on  [Bozzi,Rojo,Vicini, PRD 83 (2011)], relevant on  [Bozzi,Citelli,Vicini PRD 91 (2015)] 

• reduction 1: anti-correlation forward/central detectors [Bozzi,Citelli,Vesterinen,Vicini EPJC 975 (2015)] 

• reduction 2: bin-to-bin correlation with respect to PDF variation [Bagnaschi,Vicini PRL 126 (2021)] 

• Heavy quarks: 4FS vs. 5FS  

• distortion on  at 1% level (  3-5 MeV shift ) [Bagnaschi,Maltoni,Vicini,Zaro JHEP 07 (2018)] 

•  Intrinsic-  

• impact of  flavour-dependence comparable to PDF variations 
[Bacchetta,Bozzi,Radici,Ritzmann,Signori PLB 788 (2019) + Bozzi,Signori AHEP 2526897 (2019)] 
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Experimental measurements

ATLAS:  (stat)  (exp syst)  
           (model)  (PDF)

±7 ±11
±14 ±8

LHCb:  (stat)  (exp syst)  
           (model)  (PDF)

±23 ±10
±17 ±9

D0:  (stat)  (exp syst)  
           (model)  (PDF)

±13 ±18
±9 ±11

CDF I :  (stat)  (exp syst)  
           (model)  (PDF)

±12 ±10
±7 ±10

CDF II :  (stat)  (exp syst)  
           (model)  (PDF)

±6 ±5
±3 ±4

very different methods to estimate 
modelling and PDF uncertainties
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Experimental measurements

ATLAS

LHCb

D0

CDF

comparison Wgrad/Zgrad vs. Photos
68% CL template fit CTEQ6.1

NP fit on Z data

propagation of , ,  scale variationμR μF μres

NP fit on Z data

CTEQ6.6 vs. ABMP16, CJ15, CT18, MMHT2014, NNPDF3.1

average of 3 separate fits: CT18, MSHT20, NNPDF3.1

spread of Powheg+Pythia/Herwig, DYTurbo, Pythia/Herwig

comparison of Herwig, Pythia, Photos
 ,  scale variationμR μF

Hessian on CT10 + quadrature with MMHT2014 and CT14
propagation of Pythia parameter uncertainty

 variation: simultaneous (independent) for u,d,s (c,b)μF
variation of mc

variation of LO PDF sets for Parton Shower
propagation of Z data uncertainty
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Future prospects
• New Observables: asymmetry around the  jacobian peak [Rottoli, Torrielli, Vicini - EPJC 83 (2023)]pℓ

T

34 36 38 40 42 44
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Future prospects
• New Observables: asymmetry around the  jacobian peak [Rottoli, Torrielli, Vicini - EPJC 83 (2023)] 

• Flavour-dependent intrinsic- : preliminary study with arbitrary form factors [Bacchetta et al. - 

PLB 788 (2019)]  more realistic study thanks to global fit [Bacchetta et al. (MAP Collaboration - 2405.13833] 
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• Flavour-dependent intrinsic- : preliminary study with arbitrary form factors [Bacchetta et al. - 

PLB 788 (2019)]  more realistic study thanks to global fit [Bacchetta et al. (MAP Collaboration - 2405.13833]  

• Include more differential distributions: 2D template fit ( ) to extract  simultaneously 
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very different dependence on  and, ultimately, on hadronic uncertaintiespW
T
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Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 



Observables and techniques for mW

Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

           Lepton pT: moderate detector smearing effects, high sensitivity to pTW modelling



Observables and techniques for mW

Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

           Lepton pT: moderate detector smearing effects, high sensitivity to pTW modelling
Transverse mass: important detector smearing effects, low  sensitivity to pTW modelling



Observables and techniques for mW

Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

           Lepton pT: moderate detector smearing effects, high sensitivity to pTW modelling
Transverse mass: important detector smearing effects, low  sensitivity to pTW modelling

pTW modelling depends on intrinsic-  and all-order treatment of QCD correctionskT



MW determination at hadron colliders: observables and techniques
MW extracted from the study of the shape of the  MT, pt_lep, ET_miss  distributions  in CC-DY  
thanks to the jacobian peak that enhances the sensitivity to MW

Alessandro Vicini - University of Milano                                                                                                                                                                  Shanghai, May 18th 2017
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Observables and techniques for mW

Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

           Lepton pT: moderate detector smearing effects, high sensitivity to pTW modelling
Transverse mass: important detector smearing effects, low  sensitivity to pTW modelling

pTW modelling depends on intrinsic-  and all-order treatment of QCD correctionskT
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• default samples for predictions: POWHEG + PYTHIA 8
• reweighing to include higher-order effects

•  : DYNNLO  [comparison with Z data  exclusion of  PDF sets]dσ/dy (𝒪(α2
s )) →

•  : (AZ ) [comparison with alt. modelling reduced  fitting range]dσ/dpT kT, αs, pT0 → pTℓ

•  : DYNNLO  [large deviations for   additional source of  uncertainty]Ai (𝒪(α2
s )) A2 →
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• Fixed-order PDF uncertainty: Hessian method on CT10nnlo

• simultaneous variation of   12.0-14.0 MeV dσ/dy and Ai →
• + anti-correlation between   7.4 MeVW+ and W− →
• + quadrature with MMHT2014 and CT14  (8.0, 8.7) MeV →

• Scale variation on  (DYNNLO): negligible (0.1% - 0.3%)dσ/dy
• AZ tune: propagation of   uncertainties  (3.0, 3.4) MeV [flavour blind] kT, αs, pT0 →
• Charm mass:  GeV  (1.2, 1.5) MeV (  variation  negligible)1.5 ± 0.5 → mb →
• PS : variation of    simultaneously for , independently for   

 (5.0, 6.9) MeV [30 MeV if  correlated btw flavours but uncorrelated W,Z prod.]
μF μ2

F = p2
T0 + p2

T q = u, d, s cc̄, bb̄ → Z, cd̄, cs̄ → W
→

• PS PDF: variation of  LO sets
• largest spread among CTEQ6L1, CT14LO, NNPDF2.3LO, MMHT2014LO  3.8-2.5 MeV→
• + anti-correlation between   (1.0, 1.6) MeVW+ and W− →

• Angular coefficients: 
• propagation of  Z-data uncertainty used to measure Ai

• + quadrature with propagation of   data-theory mismatch   (5.8, 5.3) MeV A2 →
• Data-driven check (based on ) among Pythia/POWHEG+Pythia/DYRespTW /pTZ

• DYRes include ( ) variations  would induce not consideredμres, μF, μR → ΔMW ∼ 60 MeV →
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• Pythia, Herwig, POWHEG+Pythia, POWHEG+Herwig, DYTurbo
•  : tune of  NP parameters to  data  best description: POWHEG+Pythiadσ/dpT pTZ →

• default samples for predictions: POWHEG+Pythia 8
• spread from alternative descriptions  11 MeV→

•  : DYTurbo  scale variation (instead of  DYNNLO, because negligible sensitivity to ) Ai (𝒪(α2
s )) A0, A2

•  main source of  uncertainty  10 MeVA3 →
• PDF: separate fits

• NNPDF3.1 (8.3 MeV replica + 2.4  variation  8.6 MeV)αs →
• CT18 (11.5 MeV Hessian + 1.4  variation  11.6 MeV)αs →
• MSHT20 (6.5 MeV Hessian + 2.1  variation  6.8 MeV)αs →
• assumption: fully correlated uncertainties  arithmetic average: 9 MeV→
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• default samples for predictions: RESBOS(1)@NNLL (CTEQ6Mnlo)
• Boson  : NP modelling pT eSNP(b)

• BLNY parameterisation SNP(b) = −g1 − g2 log (
s

2Q0 ) − g1g3 log ( 100 ̂s
s ) b2

• use BLNY fitted values (2003) 
• weak sensitivity to propagate  uncertainty  (2,5,2) MeV for ( )g1, g3 → g2 → mT, pTℓ, pTν

• PDF: Pythia with CTEQ6.1 LO (40 error sets)
• template fit 68% C.L.  (11,11,14) MeV for ( ) → mT, pTℓ, pTν
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• default samples for predictions: RESBOS(1)@NNLL (CTEQ6Mnlo)
•  model : NP modelling pZ

T eSNP(b)

• BLNY parameterisation SNP(b) = −g1 − g2 log (
s

2Q0 ) − g1g3 log ( 100 ̂s
s ) b2

• use BLNY fitted values (2003) for g1, g3
• fit  on Z data ( )g2 Δg2 = 0.007 GeV2

•  from BLNY fit equivalent to an additional  in terms of  Δg3 = 0.03 Δg2 = 0.007 GeV2 ΔMW
• propagate  uncertainty  (0.5,2.2,0.5) MeV for ( )g2, g3 → mT, pTℓ, pTν
•  tuning to Z data  (1.0,3.2,1.2) MeV for ( )αs → mT, pTℓ, pTν

• anti-correlation between  uncertainties  (0.7,2.3,0.9) MeV for ( )αs and g2 → mT, pTℓ, pTν

• scale variation in ResBos ( ): negligible (0.4 MeV shift)μR, μF

•  model: use of  DYqTpW
T /pZ

T

• scale variation ( ) central scale   (3.5,10.1,3.9) MeV for ( )1/4 < (μres, μR, μF)/mW,Z < 1 mZ /2 → mT, pTℓ, pTν

• reduction by factor 4.4 when comparing with  data  (0.8,2.3,0.9) MeV for ( )pW
T → mT, pTℓ, pTν
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CDF

• default samples for predictions: RESBOS(1)@NNLL (CTEQ6Mnlo)
•  model : NP modelling pZ

T eSNP(b)

• BLNY parameterisation SNP(b) = −g1 − g2 log (
s

2Q0 ) − g1g3 log ( 100 ̂s
s ) b2

• use BLNY fitted values (2003) for g1, g3
• fit  on Z data ( )g2 Δg2 = 0.007 GeV2

•  from BLNY fit equivalent to an additional  in terms of  Δg3 = 0.03 Δg2 = 0.007 GeV2 ΔMW
• propagate  uncertainty  (0.5,2.2,0.5) MeV for ( )g2, g3 → mT, pTℓ, pTν
•  tuning to Z data  (1.0,3.2,1.2) MeV for ( )αs → mT, pTℓ, pTν

• anti-correlation between  uncertainties  (0.7,2.3,0.9) MeV for ( )αs and g2 → mT, pTℓ, pTν

• scale variation in ResBos ( ): negligible (0.4 MeV shift)μR, μF

•  model: use of  DYqTpW
T /pZ

T

• scale variation ( ) central scale   (3.5,10.1,3.9) MeV for ( )1/4 < (μres, μR, μF)/mW,Z < 1 mZ /2 → mT, pTℓ, pTν

• reduction by factor 4.4 when comparing with  data  (0.8,2.3,0.9) MeV for ( )pW
T → mT, pTℓ, pTν

• PDF: pseudodata generated with ABMP16, CJ15, CT18, MMHT2014, NNPDF3.1 (NLO & NNLO)
• single PDF uncertainty: 25 symmetric NNPDF3.1(NNLO) eigenvectors  3.9 MeV→
• all other NNLO sets within uncertainty band of  NNPDF3.1
• shift between NNPDF3.1 and CTEQ6m  (3.3,3.6,3.0) MeV for ( ) → mT, pTℓ, pTν
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• generate  spectrum with flavour-independent setpZ
T

• assign CDF and ATLAS uncertainty to each bin

• generate  spectrum with the 50 flavour-dependent setspZ
T

• -select “Z-equivalent“ sets (48 for CDF, 30 for ATLAS)χ2

➡ keep only those fulfilling both criteria
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•Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 

 distributionsmT, pl
T, pν

T

➡ pseudodata

•Take the flavour-independent parameter set and 
compute high-statistics (750M)  
distributions for 30 different values of  MW

mT, pl
T, pν

T

➡ templates

•perform the template fit procedure and 
compute the shifts induced by flavour 
effects

Statistical uncertainty: 2.5 MeV
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FIG. 5: Shifts induced on mW by the choice of di↵erent PDF sets, obtained through a template-fit performed on the
transverse mass mT (left) and the lepton pT (right) observables (figure from Ref. [39]).

In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.

Set uv dv us ds s
1 0.34 0.26 0.46 0.59 0.32
2 0.34 0.46 0.56 0.32 0.51
3 0.55 0.34 0.33 0.55 0.30
4 0.53 0.49 0.37 0.22 0.52
5 0.42 0.38 0.29 0.57 0.27
6 0.40 0.52 0.46 0.54 0.21
7 0.22 0.21 0.40 0.46 0.49
8 0.53 0.31 0.59 0.54 0.33
9 0.46 0.46 0.58 0.40 0.28

TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,

1

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫
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•Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 

 distributionsmT, pl
T, pν

T

➡ pseudodata

•Take the flavour-independent parameter set and 
compute high-statistics (750M)  
distributions for 30 different values of  MW

mT, pl
T, pν

T

➡ templates

•perform the template fit procedure and 
compute the shifts induced by flavour 
effects

•transverse mass: zero or few MeV shifts, 
generally favouring lower values for W- 
(preferred by EW fit)

Statistical uncertainty: 2.5 MeV
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FIG. 5: Shifts induced on mW by the choice of di↵erent PDF sets, obtained through a template-fit performed on the
transverse mass mT (left) and the lepton pT (right) observables (figure from Ref. [39]).

In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.
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6 0.40 0.52 0.46 0.54 0.21
7 0.22 0.21 0.40 0.46 0.49
8 0.53 0.31 0.59 0.54 0.33
9 0.46 0.46 0.58 0.40 0.28

TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,
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•Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 

 distributionsmT, pl
T, pν

T

➡ pseudodata

•Take the flavour-independent parameter set and 
compute high-statistics (750M)  
distributions for 30 different values of  MW

mT, pl
T, pν

T

➡ templates

•perform the template fit procedure and 
compute the shifts induced by flavour 
effects

•transverse mass: zero or few MeV shifts, 
generally favouring lower values for W- 
(preferred by EW fit)

• lepton pt: quite important shifts (envelope up 
to 15 MeV)

Statistical uncertainty: 2.5 MeV
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FIG. 5: Shifts induced on mW by the choice of di↵erent PDF sets, obtained through a template-fit performed on the
transverse mass mT (left) and the lepton pT (right) observables (figure from Ref. [39]).

In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.
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TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,
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•Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 

 distributionsmT, pl
T, pν
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➡ pseudodata

•Take the flavour-independent parameter set and 
compute high-statistics (750M)  
distributions for 30 different values of  MW

mT, pl
T, pν

T

➡ templates

•perform the template fit procedure and 
compute the shifts induced by flavour 
effects

•transverse mass: zero or few MeV shifts, 
generally favouring lower values for W- 
(preferred by EW fit)

• lepton pt: quite important shifts (envelope up 
to 15 MeV)

•neutrino pt: same order of  magnitude (or 
bigger) as lepton pt 

Statistical uncertainty: 2.5 MeV
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FIG. 5: Shifts induced on mW by the choice of di↵erent PDF sets, obtained through a template-fit performed on the
transverse mass mT (left) and the lepton pT (right) observables (figure from Ref. [39]).

In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.
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TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,
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