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2 Update of the global electroweak fit 9

 [GeV]tm
140 150 160 170 180 190
 [G

eV
]

W
M

80.25

80.3

80.35

80.4

80.45

80.5
68% and 95% CL contours

 measurementst and mWfit w/o M
 measurementsH and Mt, mWfit w/o M

 measurementst and mWdirect M

σ 1± world comb. WM
 0.015 GeV± = 80.385 WM

σ 1± world comb. tm
 = 173.34 GeVtm

 = 0.76 GeVσ
 GeV theo 0.50⊕ = 0.76 σ

 = 125.14 GeV

HM
 = 50 GeV

HM
 = 300 GeV

HM
 = 600 GeV

HM

)eff
lθ(2sin

0.2308 0.231 0.2312 0.2314 0.2316 0.2318 0.232 0.2322

 [G
eV

]
W

M

80.32

80.34

80.36

80.38

80.4

80.42

80.44

80.46

80.48

80.5
68% and 95% CL contours

)  measurementseff
fθ(2 and sinWdirect M

) and Z widths measurementseff
fθ(2, sinWfit w/o M

 measurements
H

) and Meff
fθ(2, sinWfit w/o M

 and Z widths measurements
H

), Meff
fθ(2, sinWfit w/o M

σ 1± world comb. WM

σ 1±) LEP+SLC eff
fθ(2sin

Figure 2: Contours at 68% and 95% CL obtained from scans of MW versus mt (top) and MW versus sin2✓`e↵
(bottom), for the fit including MH (blue) and excluding MH (grey), as compared to the direct measurements
(vertical and horizontal green bands and ellipses). The theoretical uncertainty of 0.5 GeV is added to the
direct top mass measurement. In both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2✓`e↵ , all partial and full Z width measurements are excluded as well (except in
case of the orange prediction), besides the asymmetry measurements.

Introduction
• Motivation for precise W mass 

measurement (‱) 
• Electroweak fit (possible values  

for mW from SM predictions) : 
natural goal of 8 MeV 

• Constraints on new physics 
(NP) : biggest impact on 
indirect searches — target 5 
MeV 

• A lot of efforts from lepton 
colliders, Tevatron…

3

arXiv:1407.3792

Current world average 
(Tevatron): 

mW = 80.385 ± 0.015  GeV
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Introduction
• Strategy : 

• obtain predictions with simulated events for signal and background 
(except data-driven multijet background) 

• to extract the result, compare data and predictions for distributions 
sensitive to mW : 
• lepton transverse momentum (pTl) 

• transverse boson mass (mT) 
• missing transverse momentum, pT

miss (more difficult at LHC)

4

pTlmT
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EXPERIMENTAL 
ASPECTS
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Event selection
• Lepton selection 

• muon : pT > 30 GeV, |η| < 2.4, 
track-based isolation 

• electron : pT > 30 GeV, |η| < 
1.2 or 1.8 < |η| < 2.4, track 
a n d c a l o r i m e t e r - b a s e d 
isolation

6
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Measurement strategy

● Event representation

– Main signature : final state lepton (electron or muon) : 

– Recoil : sum of “everything else” reconstructed in the calorimeters; a measure of pT
W,Z

– Derived quantities : 

+ useful projections (see later). No explicit jet reconstruction!

p⃗T

l

p⃗T

l• Recoil : uT < 30 GeV 
• mT > 60 GeV, pT

miss > 30 GeV
  u⃗T  : vector sum of calorimeter 

deposit excluding lepton deposits

p⃗Tmiss = - (u⃗T + p⃗Tl) mT = √[2 pTl pTmiss (1-cosΔφ)]
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Lepton calibration
• muon momentum scale calibration using Z, 

extrapolation to W using pTl(W) spectrum 

• muon sagitta bias calibration uses W 
events (E/p) and Z events 

• electron calibration uses Z events 
• Overall average relative uncertainty 9.4 

x 10-5 
• φ modulation due to mechanical 

deformation under gravity corrected 
with W and Z events

7

pT (Figure 4). The corresponding uncertainty in mW is estimated by propagating the di↵erence in A2
between the Z-boson measurement and the theoretical prediction to the corresponding coe�cient in W-
boson production. The corresponding uncertainty in the measurement of mW is 1.6 MeV for the extraction
from the p`T distribution. Including this contribution, total uncertainties of 5.8 MeV and 5.3 MeV due to
the modelling of the angular coe�cients are estimated in the determination of the W-boson mass from
the p`T and mT distributions, respectively. The uncertainty is dominated by the experimental uncertainty
of the Z-boson measurement used to validate the theoretical predictions.

7 Calibration of electrons and muons

Any imperfect calibration of the detector response to electrons and muons impacts the measurement of
the W-boson mass, as it a↵ects the position and shape of the Jacobian edges reflecting the value of mW .
In addition, the p`T and mT distributions are broadened by the electron-energy and muon-momentum res-
olutions. Finally, the lepton-selection e�ciencies depend on the lepton pseudorapidity and transverse
momentum, further modifying these distributions. Corrections to the detector response are derived from
the data, and presented below. In most cases, the corrections are applied to the simulation, with the excep-
tion of the muon sagitta bias corrections and electron energy response corrections, which are applied to
the data. Backgrounds to the selected Z ! `` samples are taken into account using the same procedures
as discussed in Section 9. Since the Z samples are used separately for momentum calibration and e�-
ciency measurements, as well as for the recoil response corrections discussed in Section 8, correlations
among the corresponding uncertainties can appear. These correlations were investigated and found to be
negligible.

7.1 Muon momentum calibration

As described in Section 5.1, the kinematic parameters of selected muons are determined from the as-
sociated inner-detector tracks. The accuracy of the momentum measurement is limited by imperfect
knowledge of the detector alignment and resolution, of the magnetic field, and of the amount of passive
material in the detector.

Biases in the reconstructed muon track momenta are classified as radial or sagitta biases. The former
originate from detector movements along the particle trajectory and can be corrected by an ⌘-dependent,
charge-independent momentum-scale correction. The latter typically originate from curl distortions or
linear twists of the detector around the z-axis [111], and can be corrected with ⌘-dependent correction
factors proportional to q ⇥ p`T, where q is the charge of the muon. The overall momentum correction is
parameterised as follows:

pMC,corr
T = pMC

T ⇥ ⇥1 + ↵(⌘, �)
⇤ ⇥
h
1 + �curv(⌘) ·G(0, 1) · pMC

T

i
,

pdata,corr
T =

pdata
T

1 + q · �(⌘, �) · pdata
T

,

where pdata,MC
T is the uncorrected muon transverse momentum in data and simulation, G(0, 1) are normally

distributed random variables with mean zero and unit width, and ↵, �curv, and � represent the momentum

22
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Lepton calibration
• Selection efficiencies for 

reconstruction, 
identification, trigger, 
isolation ~10(8) MeV for 
pTl(mT) fit 

• Total lepton uncertainty ~10 
MeV (muon) and 14 MeV 
(electron)

8
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Hadronic recoil calibration
• Several steps of the correction : 

• Correct pile-up activity 
• Correct ΣET distribution 
• residual response and resolution 

corrections in Z events, 
extrapolated to W 

• 2.6/13.0 MeV uncertainty on pTl/mT fit

9
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Recoil response calibration

● Recoil projections useful for calibration:
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Multijet background
• data-driven technique :  

• 2 different background enriched regions to fit multijet fraction 
• EW and top contamination subtracted with MC 

estimation 
• 3 different observables : mT, pTl/mT, pT

miss
 

• scan in isolation variable 
• linear extrapolation to signal region

10

0.6 - 1.7 % (e channel) 
0.5 - 0.7 % (mu channel)
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MODELING ASPECTS

11
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Introduction to the modeling
• Factorisation of cross-section under 4 terms 

• Approximation checked and valid at 2 MeV level for mW

12

6 Vector-boson production and decay

Samples of inclusive vector-boson production are produced using the Powheg MC generator interfaced
to Pythia 8, henceforth referred to as Powheg+Pythia 8. The W- and Z-boson samples are reweighted to
include the e↵ects of higher-order QCD and electroweak (EW) corrections, as well as the results of fits to
measured distributions which improve the agreement of the simulated lepton kinematic distributions with
the data. The e↵ect of virtual photon production and Z/�⇤ interference is included in both the predictions
and the Powheg+Pythia 8 simulated Z-boson samples. The reweighting procedure used to include the
corrections in the simulated event samples is detailed in Section 6.4.

The correction procedure is based on the factorisation of the fully di↵erential leptonic Drell–Yan cross
section [31] into four terms:

d�
dp1 dp2

=

"
d�(m)

dm

# "
d�(y)

dy

# 2666664
d�(pT, y)

dpT dy

 
d�(y)

dy

!�13777775

2
6666664(1 + cos2 ✓) +

7X

i=0

Ai(pT, y)Pi(cos ✓, �)

3
7777775 , (2)

where p1 and p2 are the lepton and anti-lepton four-momenta; m, pT, and y are the invariant mass,
transverse momentum, and rapidity of the dilepton system; ✓ and � are the polar angle and azimuth of the
lepton1 in any given rest frame of the dilepton system; Ai are numerical coe�cients, and Pi are spherical
harmonics of order zero, one and two.

The di↵erential cross section as a function of the invariant mass, d�(m)/dm, is modelled with a Breit–
Wigner parameterisation according to Eq. (1). In the case of the Z-boson samples, the photon propagator
is included using the running electromagnetic coupling constant; further electroweak corrections are dis-
cussed in Section 6.1. The di↵erential cross section as a function of boson rapidity, d�(y)/dy, and the
coe�cients Ai are modelled with perturbative QCD fixed-order predictions, as described in Section 6.2.
The transverse-momentum spectrum at a given rapidity, d�(pT, y)/(dpT dy) · (d�(y)/dy)�1, is modelled
with predictions based on the Pythia 8 MC generator, as discussed in Section 6.3. An exhaustive review
of available predictions for W- and Z-boson production at the LHC is given in Ref. [70].

Measurements of W- and Z-boson production are used to validate and constrain the modelling of the fully
di↵erential leptonic Drell–Yan cross section. The PDF central values and uncertainties, as well as the
modelling of the di↵erential cross section as a function of boson rapidity, are validated by comparing
to the 7 TeV W- and Z-boson rapidity measurements [41], based on the same data sample. The QCD
parameters of the parton shower model were determined by fits to the transverse-momentum distribution
of the Z boson measured at 7 TeV [44]. The modelling of the Ai coe�cients is validated by comparing the
theoretical predictions to the 8 TeV measurement of the angular coe�cients in Z-boson decays [42].

6.1 Electroweak corrections and uncertainties

The dominant source of electroweak corrections to W- and Z-boson production originates from QED
final-state radiation, and is simulated with Photos. The e↵ect of QED initial-state radiation (ISR) is
also included through the Pythia 8 parton shower. The uncertainty in the modelling of QED FSR is
evaluated by comparing distributions obtained using the default leading-order photon emission matrix
elements with predictions obtained using NLO matrix elements, as well as by comparing Photos with
an alternative implementation based on the Yennie–Frautschi–Suura formalism [71], which is available

1 Here, lepton refers to the negatively charged lepton from a W� or Z boson, and the neutrino from a W+ boson.
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• dσ(m)/dm modeled with Breit Wigner 
• Other terms : reweight MC according to various predictions 

1. dσ(y)/dy : fixed-order NNLO prediction 

2. pT at a given y : Pythia8 AZ 
3. polarisation Ai : fixed-order NNLO prediction

spherical 
harmonics
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Polarisation and rapidity
• Use of DYNNLO (Fixed-order NNLO) 
• Validate against 7 TeV ATLAS W, Z 

cross-section measurements  

• PDF : CT10nnlo (best agreement), 
MMHT14nnlo and CT14nnlo used for 
uncertainties (others disfavoured by the 
data)

13

• ATLAS Z polarisation measurement 
validates fixed-order prediction 

• except for A2 : additional uncertainty 
• uncertainties propagated from Z to W

arXiv:1612.03016 
submitted to EPJC

JHEP 08 (2016) 159
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Boson transverse momentum
• Use Pythia8 AZ tuned on Z pT 

ATLAS data 
• Good agreement for 

• Uncertainties on PS include 
• tune uncertainties 
• c and b masses uncertainties 
• factorisation scale variation 
• LO PS PDF uncertainty

14

JHEP 09 (2014) 145

the kinematic region corresponding to pW
T smaller than 30 GeV, where large logarithmic terms of the

type log(mW/pW
T ) need to be resummed, and non-perturbative e↵ects must be included, either with parton

showers or with predictions based on analytic resummation [86–90]. The modelling of the transverse-
momentum spectrum of vector bosons at a given rapidity, expressed by the term d�(pT, y)/(dpT dy) ·
(d�(y)/dy)�1 in Eq. (2), is based on the Pythia 8 parton shower MC generator. The predictions of vector-
boson production in the Pythia 8 MC generator employ leading-order matrix elements for the qq̄0 ! W,Z
processes and include a reweighting of the first parton shower emission to the leading-order V+jet cross
section [91]. The resulting prediction of the boson pT spectrum is comparable in accuracy to those of
an NLO plus parton shower generator setup such as Powheg+Pythia 8, and of resummed predictions at
next-to-leading logarithmic order [92].

The values of the QCD parameters used in Pythia 8 were determined from fits to the Z-boson trans-
verse momentum distribution measured with the ATLAS detector at a centre-of-mass energy of

p
s =

7 TeV [44]. Three QCD parameters were considered in the fit: the intrinsic transverse momentum of the
incoming partons, the value of the strong coupling constant at the Z-boson mass used for the QCD ISR,
and the value of the ISR infrared cut-o↵. The resulting values of the Pythia 8 parameters constitute the
AZ tune. The Pythia 8 AZ prediction was found to provide a satisfactory description of the pZ

T distri-
bution as a function of rapidity, contrarily to Powheg+Pythia 8 AZNLO; hence the former is chosen to
predict the pW

T distribution.

To illustrate the results of the parameters optimisation, the Pythia 8 AZ and 4C [93] predictions of the pZ
T

distribution are compared in Figure 1(a) to the measurement used to determine the AZ tune. Kinematic
requirements on the decay leptons are applied according to the experimental acceptance. For further
validation, the predicted di↵erential cross-section ratio,

RW/Z(pT) =
 

1
�W
· d�W(pT)

dpT

!  
1
�Z
· d�Z(pT)

dpT

!�1

,

is compared to the corresponding ratio of ATLAS measurements of vector-boson transverse momentum [44,
45]. The comparison is shown in Figure 1(b), where kinematic requirements on the decay leptons are
applied according to the experimental acceptance. The measured Z-boson pT distribution is rebinned
to match the coarser bins of the W-boson pT distribution, which was measured using only 30 pb�1 of
data. The theoretical prediction is in agreement with the experimental measurements for the region with
pT < 30 GeV, which is relevant for the measurement of the W-boson mass.

The predictions of RESBOS [87, 88], DYRES [89] and Powheg MiNLO+Pythia 8 [94, 95] are also
considered. They all predict a harder RW/Z(pT) distribution, and disagree with the u`k distribution ob-
served in the W-boson data, as discussed in Section 11.2. They are therefore not considered further.
Figure 2 illustrates the impact of these predictions on the reconstruction-level p`T and mT distributions.
Reconstruction-level distributions for DYRES, RESBOS and Powheg MiNLO+Pythia 8 are obtained
from the Powheg+Pythia 8 signal sample by reweighting the particle-level pW

T distribution. The e↵ect
of varying the pW

T distribution is largest at high p`T, which explains why the uncertainty due to the pW
T

modelling is reduced when limiting the p`T fitting range as described in Section 11.3.

6.4 Reweighting procedure

The W and Z production and decay model described above is applied to the Powheg+Pythia 8 samples
through an event-by-event reweighting. Equation (3) expresses the factorisation of the cross section into

14
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Electroweak and QCD uncertainties
• QED/EW effects : mainly FSR photons, implemented with Photos 

• NLO EW corrections from Winhac — taken as uncertainty 
• FSR pair production impact checked with Photos and Sanc

15

• PDFs uncer taint ies to 
NNLO predictions are 
dominant : may do better 
in the future with profiled  
sets (incorporating parton 
shower)
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mW extraction

16

• 𝜒2 template fit to the data in each 
category (distribution, charge, 
lepton channel, ηl bin) 

• All categories give consistent 
result —> strength of detector 
calibration and physics modelling 

• combination using BLUE method
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CONCLUSION AND 
SUMMARY

17
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: EPJC CERN-EP-2016-305
26th January 2017

Measurement of the W-boson mass in pp collisions
at
p

s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

A measurement of the mass of the W boson is presented based on proton–proton collision
data recorded in 2011 at a centre-of-mass energy of 7 TeV with the ATLAS detector at the
LHC, and corresponding to 4.6 fb�1 of integrated luminosity. The selected data sample
consists of 7.8 ⇥ 106 candidates in the W ! µ⌫ channel and 5.9 ⇥ 106 candidates in the
W ! e⌫ channel. The W-boson mass is obtained from template fits to the reconstructed
distributions of the charged lepton transverse momentum and of the W boson transverse
mass in the electron and muon decay channels, yielding

mW = 80370 ± 7 (stat.) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental system-
atic uncertainty, and the third to the physics-modelling systematic uncertainty. A meas-
urement of the mass di↵erence between the W+ and W� bosons yields mW+ � mW� =

�29 ± 28 MeV.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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What’s next ?

19

• What can be done to improve the precision in the coming ( <10 ) 
years ? 

• 8 and 13 TeV data analyses : challenging (more pile-up, more 
radiations), but probing different kinematic regions  

• —> e.g. PDF sensitivity differences good for combination 

• More progress on theory side : resummation, better handle 
on PDFs

• Experimental innovations : e.g. pile-up mitigation techniques, 
more and more ancillary measurements like W pT, polarisation… 

• Combinations with existing measurements (e.g Tevatron)
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Thank you for your 
attention!!

20
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BACKUP

21
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pT modeling strategy

22

• Very different prediction of 
pTW/pTZ for DYRES and 
Powheg MiNLO + Pythia8 with 
respect to Pythia 8 AZ 

• Strongly disfavoured by the 
data in u// 
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pT modeling strategy

23

• pT ratios for several 
generators : big difference 
from resummation and MiNLO 
vs Pythia 8 AZ 

• Negligible impact of the PS 
model (Herwig 7)
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fixed-order uncertainty

24

• E x p e r i m e n t a l p o l a r i s a t i o n 
uncertainties from Z measurement 
propagated to W, additional 
uncertainty for A2 (disagreement 
with DYNNLO) 

• CT10nnlo relative variations of pT
W 

and pT
Z are considered
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Parton shower uncertainty

25

• factorisation scale variations correlated between W/Z 
for light quark, uncorrelated for heavy quarks 

• other sources : mC, parton shower LO PDF
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Modeling tests

26

Use NNPDF3 prediction as pseudo-data, perform the 
various reweightings (y, pT, polarisation) to CT10 sample : 
strongly validates the modeling procedure ΔmW =1.5±2.0 MeV
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Recoil calibration

27

after ΣET correction
after ux and uy correction

Validation check 
using 

Powheg+Herwig6 
as pseudo-data
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Recoil calibration

28

Recoil bias vs pTZ Recoil resolution vs ΣET
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Z ee plots after all corrections



F.BALLI — W boson mass measurement with ATLAS — DIS 2017

Z mumu plots after all corrections

30
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Z mass measurement
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Hadronic recoil
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Lepton eta
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Lepton scale uncertainties
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Background fractions
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Full uncertainty table

36
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lepton uncertainty tables
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Weights of all categories

38


