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TO DO29

Before group circulation:30

• emulation plots and PDF numbers31

• references32

After group circulation:33

• improve (rebin) pTZ constraint plots34

• compare PDF uncertainties with showered and unshowered evgen35

• add CTEQ6.1 PDF uncertainties to D0 result36

• improve D0 parameterisation. Bug (decreasing resolution)? If not a quick scan by hand?37
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1 Introduction38

The present note describes a combination of the CDF [], D0 [] and ATLAS [] measurements of the W-boson39

mass, mW . At hadron colliders, measurements of mW rely on the interpretation of the kinematic peaks in40

leptonic decays. The final-state distributions carry information about the decaying particle mass, but also41

reflect the W production distributions, in particular the rapidity and transverse momentum distributions,42

and polarization. Predictions for the latter are obtained using event generators and parton distribution43

functions (PDFs) that are state-of-the-art at the time the measurements are performed, and typically differ44

between measurements.45

The Tevatron and LHC measurements discussed here were performed at distant moments in time, and used46

different tools for the theoretical description of W-boson production and decay. Specifically, CDF used the47

ResBos [] event generator for the prediction of the pWT distribution and the CTEQ6.6 PDF set, D0 used48

ResBos and CTEQ6.1, and ATLAS used Powheg [], Pythia [] and CT10 []. Combining both sets of results49

thus involves three steps : first, translate both results to a common reference model, i.e. a common set of50

proton PDFs; secondly, evaluate the correlation of PDF uncertainties at the Tevatron and LHC – while51

both machines are pp colliders, the different center-of-mass energies (2 and 7 TeV for the Tevatron and52

LHC measurements, respectively) and initial states (pp̄ vs. pp) makes this correlation non-trivial; finally,53

evaluate the model dependence of the result by repeating this procedure for a relevant set of current PDF54

sets.55

A proper evaluation of PDF uncertainties and their correlations is numerically relevant, as PDFs constitute56

the dominant source of uncertainty for all measurements. While significant in size, uncertainties related to57

the pWT distribution are evaluated separately in each experiment through a detailed analysis of Z-boson58

production in situ, reducing correlations across experiments. Experimental uncertainties are by nature59

uncorrelated.60

Beyond the interest of improving the overall measurement precision, several arguments motivate this61

project :62

• At least three private, semi-qualitative averages are being used in recent literature []. While these63

numbers are probably numerically close to the actual result, they do not rely on a well established64

methodology that can be used for future averages of this or other hadron collider parameters;65

• the techniques developed to translate published measurements to a common PDF reference can also66

be used to update measurements to newer, more precise PDF sets;67

• PDF uncertainty correlations, discussed here for the first time in the context of electroweak precision68

measurements, will also matter in the joint interpretation of different parameters in electroweak69

or EFT fits. For example, strong PDF uncertainty correlations are expected between mW and70

the effective weak mixing angle, sin2 θeff, when the LHC ultimately dominates the measurement71

precision for these parameters.72

A general discussion of uncertainty correlations in mW measurements is first given in Section 2. Sections 373

and 4 describe the general analysis methodology and the event samples used for the present analysis.74

Section 6.1–6.3 present extrapolations of the published CDF, D0 and ATLAS measurements to different75

PDF sets. Section 6.4 presents the fully combined results and gives PDF uncertainty correlations across76

experiments; finally, conclusions are given in Section 7.77
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2 Correlated and uncorrelated sources of uncertainty78

Experimental uncertainties are by nature uncorrelated across experiments. Modelling uncertainties can79

be categorized as induced by the PDFs, by the pWT distributions or by electroweak corrections and are80

discussed below.81

2.1 Electroweak corrections82

The dominant effect of QED radiation on the W boson mass measurement is the reduction of the measured83

lepton momentum due to final-state radiation. The experiments model this radiation with the PHOTOS84

generator that produces a shower of photons above an energy threshold. Uncertainties on the modelling85

of electroweak corrections include: (1) the difference between the showering model and explicit matrix-86

element calculations; (2) higher-order corrections from final-state e+e− pair production; (3) the energy87

threshold for producing final-state photons; (4) the generator used in the shower model; and (5) higher-order88

electroweak corrections, including initial-state radiation and interference.89

Uncertainty CDF D0 ATLAS Common
ME correction 2 2.5 2
FSR e+e− 1 0.8 0.8
Photon y cutoff 2
Shower model 3
Higher-order EWK
Total 4 2.6 2.2

Table 1: QED uncertainties (in MeV) on the mW measurement using the mT fit.

2.2 W -boson pT distribution90

The prediction of the W-boson pT distribution is a second potential source of uncertainty correlation. In91

the region relevant for mW , the pT distribution is described by a combination of perturbative fixed-order92

QCD, soft-gluon resummation and non-perturbative effects. The Tevatron experiments rely on analytical93

resummation as implemented in ResBos, while ATLAS used the Pythia parton shower.94

Non-perturbative effects influence the very low boson pWT region, typically pWT < 5 GeV and are generally95

assumed universal betweenW and Z production. In absence of precise direct measurements of theW-boson96

pT distribution, all measurements rely on Z-boson data to constrain the corresponding parameters.97

The resulting model is then used for the prediction of the W-boson pT distribution. The associated98

uncertainty originates from the limited precision of the Z-boson data, and from differences between the Z99

and W production mechanisms, in particular related to the different initial-state partoninc configurations.100

ATLAS, CDF and D0 derive the W-boson production model from their respective Z-boson data. Uncer-101

tainties from differences between Z and W production are only considered in ATLAS. Uncertainties related102

to the W-boson pT distribution can thus be considered as uncorrelated between the three experiments.103
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2.3 PDF uncertainties104

PDF uncertainties constitute the main source of correlation between the measurements. In the case of the105

Tevatron-only combination [], the very similar measurement conditions implied full correlation of the PDF106

uncertainties. In contrast, the large gap in energy between the Tevatron and the LHC, as well the different107

initial states are expected to induce only a partial correlation of these uncertainties. Methods to estimate108

this correlation are described below.109

General formulae110

For the Hessian PDF sets considered here, the uncertainty corresponding to a given set is estimated as111

δm+W =

[∑
i

(
δmi

W

)2
]1/2

if δmi
W > 0, δm−W =

[∑
i

(
δmi

W

)2
]1/2

if δmi
W < 0, (1)

where i runs over the uncertainty sets, and δmi
W is the difference between the fitted value for set i and the112

reference PDF set. For CT10 and CT14, the uncertainties are divided by a factor 1.645 to match the 68%113

CL. Only symmetrized uncertainties, δmW = (δm+W + δm−W )/2, are discussed below for simplicity.114

The effect of each PDF eigenset is fully correlated across experiment ormeasurement categories. Accounting115

for all eigensets of a given set, the PDF uncertainty correlation between any two measurements α, β is116

calculated as117

ραβ =

∑
i δmi

Wαδmi
Wβ

δmWαδmWβ
. (2)

In the case of NNPDF, which provides PDF replica sets from fits to fluctuated data, the uncertainty is118

estimated from the spread of the fitted values of mW over the N replicas:119

δmW =

[
1
N

∑
i

(
δmi

W

)2
]1/2

. (3)

ATLAS case : pZT -constrained PDF uncertainties120

Due do their influence on the rate of W, Z-boson production in association with jets, PDFs contribute to121

the uncertainty in the vector boson pT distributions. The ATLAS measurement accounts for the precisely122

measured Z-boson pT distribution at 7 TeV [] by correcting the PDF weight returned by Powheg as123

follows:124

wi→j → wi→j ×

(
1
σZ

dσZ

dpT

)
i

/

(
1
σZ

dσZ

dpT

)
j

(4)

which ensures that the Z-boson pT distribution remains unchanged, and removes the part of the corresponding125

W-boson uncertainty that is correlated to the Z . This is approximately equivalent to re-tuning the Pythia126

parton shower to the Z data for each PDF variation, but simpler in practice. The impact of this correcting127
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weight on the generator-level W+- and W−-boson pT distribution at 7 TeV is illustrated in Figure 1 for128

CT10; the effect on the transverse mass and lepton pT distributions is shown in Figure 10. Other PDFs are129

illustrated in Appendix A.130

Figure 1: Effect of the pTZ constraint on the generator-level W+- and W−-boson pT distributions.

Figure 2: Effect of the pTZ constraint on the generator-level transverse mass and lepton pT distributions.

3 General methodology131

The proposed method relies on an emulation of the existing measurements. The emulation consists of132

simplified parameterizations of the response of the experiments, and a reproduction of the corresponding133

analyses (event selections, fitting procedure, etc). While this approach is obviously not adequate for an134

actual measurement, it is sufficient for a reliable estimation of PDF uncertainties, as shown in Section ??.135

The emulation of the ATLAS, CDF and D0 measurements in described in Sections 6.1–6.3.136

This emulation is applied to particle-level W- and Z-event samples that include event weights allowing to137

reproduce the production and decay distributions expected for an ensemble of PDF sets, including those138

used for the published measurements and a choice of more recent sets. The initial states reproduce the139

measurement conditions, ie pp̄ collisions at 2 TeV for the Tevatron, and pp collisions at 7 TeV for ATLAS.140

Full details are given in Section 4.141
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The Monte Carlo samples are produced using a reference value for theW-boson mass and the corresponding142

Standard Model prediction for ΓW . Kinematic distributions for different values of mW are obtained by143

applying the following event weight:144

w(m,mW,mref
W ) =

(m2 − m2
W )

2 + m4Γ2
w/m

2
W

(m2 − mref
W

2
)2 + m4Γ2

w/mref
W

2 (5)

which represents the ratio of the Breit–Wigner densities corresponding to mW and mref
W , for a given value145

of the final state invariant mass m.146

The shift in the measured value of mW resulting from a change in the assumed PDF set is estimated as147

follows. Considering a set of template distributions obtained for different values of mW and a given reference148

PDF set, and “pseudo-data” distributions obtained for mW = mref
W and an alternate set i (representing the149

difference between the nominal predictions of two PDF sets, or uncertainty variations with respect to150

a given nominal PDF set), the preferred value of mW for this set is determined by minimizing the χ2
151

between the pseudo-data and the templates. The preferred value of mW for this set is denoted mi
W , and the152

corresponding shift is defined as δmi
W = mi

W − mref
W . The statistical uncertainty on the measurement is153

estimated from the half width of the χ2 function one unit above the minimum.154

The shifts are used to extrapolate existing measurements to alternate PDF sets, and to estimate the155

corresponding PDF uncertainty. The procedure is validated by comparing the PDF uncertainties obtained156

using this procedure with the published numbers.157

For a proper evaluation of the PDF uncertainty correlations, theythe latter need to be evaluated for all158

existing measurement channels or categories, and combined. This includes six measurements for CDF (with159

fits to the p`T, mT and Emiss
T distributions in the W → eν, µν channels); two measurements for D0 (fits to160

the p`T and mT distributions in the W → eν channel), and 28 measurement categories for ATLAS (with fits161

to the p`T and mT distributions in the W → eν, and W → µν channels, with three and four pseudorapidity162

categories respectively, separately for W+ and W− events). Combinations are performed using the BLUE163

method [], as was used in all published measurements. Partial combinations, i.e reproducing published164

numbers for the individual CDF, D0 and ATLAS combinations and for the Tevatron combination [] provides165

further validation. Finally, a complete combination can be performed.166

This procedure is repeated for a representative setensemble of current PDF sets, to evaluate the model167

dependence of the PDF correlations. The combined values of mW are then compared for various PDF sets,168

and final prescription is given to define the reference combined value.169

4 Event generation170

The generation ofW → `ν and Z → `` events both for pp collisions at
√

s = 7TeV and pp̄ colissions at
√

s =171

1.96TeV relies on the Powheg V2 event generator [1–3]. The W_ew_bmnnp [4] and Z_ew_BMNNPV [5]172

processes are used without the NLO electroweak corrections. Final-state QED corrections (QED FSR) are173

applied using Photos [6].174

Apart from the collinear photon radition, which can be completely absorbed by “dressing” the leptons with175

all QED FSR photons within a cone of ∆R < 0.1 around the final state lepton, the generated electron and176

muon decays are identical. It is sufficient to generate just the muon decays. For the further analysis, the177
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“bare” lepton kinematics (after QED FSR) is used as basis for muon final states, while the “dressed” lepton178

kinematics is used as basis for electron final states.179

The nominal event generation is performed with the CT10 PDF set [7]. Weights are calculated internally by180

Powheg that allow the samples to be reweighted to several alternate PDF sets including their eigenvectors181

or replicas to estimate the effects of PDF uncertainties and their correlations: CT10 [7], CTEQ6.6 [8],182

CT10nnlo [9], CT14nnlo [10], MSTW2008nlo with both the 68%CL and 90%CL error sets [11],183

MMHT2014nnlo 68%CL [12], NNPDF31_nnlo_as_0118 [13], ABMP16_5_nnlo [14] and CJ15nlo [15].184

A first set of samples was produced interfacing Powheg to the Pythia 8 event generator [16] with185

parameters set according to the AZNLO tune [17]. This gives the best-possible modelling of the full186

final state, including the effects from parton showering, intrinsic kT and underlying event. Although the187

computing requirements of these types of samples are still modest, it involves several steps with large188

intermediate output files to arrive at the final analysis ntuple: first EVNT files are produced from the189

Powheg+Pythia 8+Photos stage; EVNT files are converted to Truth DAOD format; finally TruthDAOD are190

processed with the MiniTree maker to ntuple format.191

However, eventually only the four-vectors of leptons (`±, ν) at bare and dressed QED level are required192

for the analysis. A more efficient way to generate the samples was therefore to directly interface Powheg193

to Photos, apply an empirical algorithm to smear the transverse momentum restricted to be below the194

leading pT emission already generated by Powheg, and directly write-out events in the form of the final195

analysis ntuple. In this processing chain no intermediate files need to be written to disk. 1196

5 Measurement emulation197

5.1 Parameterisation of the ATLAS, CDF and D0 experimental resolutions198

ATLAS, CDF and D0 use different notations and conventions to parameterise the recoil response and199

resolution. Introducing u‖ and u⊥, the projections of the recoil on the axes parallel and perpendicular to200

the W boson line of flight, we compare the experiments in terms of a response function R ≡ −
〈
u‖

〉
/pWT ,201

and resolution functions σu‖ and σu⊥ . R represents the ratio between the reconstructed and true transverse202

momentum of the W boson; the resolution of u‖ , σu‖ , is expected to be slightly larger than σu⊥ due to the203

presence of hard radiation recoiling against the W .204

Resolution effects in lepton reconstruction are also accounted for in the procedure. With a typical relative205

momentum resolution of about 2% for all experiments, these effects are subleading and not discussed206

further.207

The recoil response functions for CDF are parameterised in terms of the recoil magnitude and angular208

resolution. For pWT < pmax
T = 15 GeV:209

R(pWT ) = 0.645 × log(5.1 × pWT + 8.2)/log(5.1 × pmax
T + 8.2), (6)

σuT(p
W
T ) = 0.82 ×

√
pWT GeV, (7)

σuφ (p
W
T ) = 0.306 + 0.021 × (9.4 − pWT ) rad; (8)

1 If necessary, events can still be reweighted to the Powheg+Pythia8 AZNLO prediction of vector boson pT.
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while for pWT > pmax
T the angular resolution becomes210

σuφ (p
W
T ) = 0.144 + 0.0048 × (24.5 − pWT ) rad. (9)

A simplified parameterisation of the recoil response for D0, adequate for the purpose of this study, is []:211

R(pWT ) = 0.46/pWT − 0.55 − 0.0021 × pWT , (10)

σu⊥(p
W
T ) = 3.6 + 0.013 × pWT + 0.00010 × pWT

2 GeV, (11)

σu‖ (p
W
T ) = 3.5 − 0.055 × pWT + 0.00072 × pWT

2 GeV. (12)

Both experiments achieve a typical resolution of 4–5 GeV in the pWT range relevant for the measurement.212

For ATLAS, the recoil response is extracted from profiles of R, σu‖ and σu⊥ as a function of the W-boson213

transverse momentum, obtained from the simulation and corrected for calibration discrepancies. The recoil214

resolution is about 12–16 GeV, mostly depending on the amount of pile-up.215

The performances of ATLAS, CDF and D0 for the recoil response are compared in Figure 3.216
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Figure 3: Comparison of the parameterised recoil response (left) and resolution (right) for ATLAS, CDF and D0.

5.2 Event selections, fit ranges and measurement categories217

Event selections and fitting ranges for the three measurements are summarized in Table 2. CDF and D0218

use very similar analysis configurations. The looser recoil cut and wider mT fit range in ATLAS are a219

consequence of the worse recoil resolution. The multijet background is enhanced in ATLAS due to the220

worse recoil resolution and the higher collision energy; the tighter p`T fit range mitigates this effect.221

CDF performs measurements in the W → eν and W → µν channels, using template fits to the p`T, mT and222

Emiss
T distributions, i.e six measurements. D0 uses the p`T and mT distributions in the W → eν channel only.223

These measurements are performed inclusively in pseudorapidity and summing over W+ and W− decays.224

ATLAS measures W+ and W− events separately, as in pp collisions the final state distributions are different225

for these processes. In addition, the analyzed pseudorapidity range is separated into three categories in the226

electron channel, and four categories in the muon channel, yielding a total of 28 measurements.227

The p`T and mT distributions simulated as above, and obtained after all event selections are compared to the228

published distributions in Figure 4.229
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Figure 4: Comparison of the published and simulated p`T (lefT) and mT (right) distributions, for CDF (top), D0
(centre) and ATLAS (bottom).
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Experiment Event selections Fit ranges

CDF 30 < p`T < 55 GeV, |η` |<1 32 < p`T < 48 GeV
30 < Emiss

T < 55 GeV, 60 < mT < 100 GeV 32 < Emiss
T < 48 GeV

uT < 15 GeV 65 < mT < 90 GeV

D0 p`T > 25 GeV, |η` |<1.05 32 < p`T < 48 GeV
Emiss
T > 25 GeV, mT > 50 GeV 65 < mT < 90 GeV

uT < 15 GeV

ATLAS p`T > 30 GeV, |η` |<2.4 32 < p`T < 45 GeV
Emiss
T > 30 GeV, mT > 60 GeV 66 < mT < 99 GeV

uT < 30 GeV

Table 2: Event selections and fit ranges for CDF, D0 and ATLAS.

6 Results230
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6.1 Results for CDF231

Published Emulated
CTEQ6.6 (best) CTEQ6.6 CT10 CT14 MMHT 2014 NNPDF3.1

MSTW2008 (unc.)
Central value
Stat.
Exp. syst.
QCD, QED
PDF

Table 3: CDF combination results

Figure 5: Measured value of mW in CDF for different PDF sets. The reference PDF set for CDF is CTEQ6.6.
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6.2 Results for D0232

Published Emulated
CTEQ6.6 (best) CTEQ6.6 CT10 CT14 MMHT 2014 NNPDF3.1
CTEQ6.1 (unc.)

Central value
Stat.
Exp. syst.
QCD, QED
PDF

Table 4: D0 combination results

Figure 6: Measured value of mW in D0 for different PDF sets. The reference PDF set for D0 is CTEQ6.6.
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6.3 Results for ATLAS233

Published Emulated
CT10 CT10 CTEQ6.6 CT14 MMHT 2014 NNPDF3.1

Central value
Stat.
Exp. syst.
QCD, QED
PDF

Table 5: ATLAS combination results

Figure 7: Measured value of mW in ALTAS for different PDF sets. The reference PDF set for ATLAS is CT10.
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6.4 Tevatron–LHC combination234

6.5 Full combination results235

Uncertainty CTEQ6.6 CT10 CT14 MMHT2014 NNPDF3.1
Experimental
Boson pT
PDF
Other QCD
Higher-order EWK
Total

Table 6: Combination summary

Figure 8: Combined value of mW for different PDF sets.

6.6 PDF uncertainty correlations236

7 Conclusion237
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Figure 10: Effect of the pTZ constraint on the generator-level transverse mass (left) and lepton pT (right) distributions,
for CTEQ6.6, CT10, CT14 and MMHT2014.
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