
XXVII International 
Workshop on Deep 
Inelastic Scattering and 
Related Subjects 

Local Organizing Committee 
Mariaelena Boglione (University and INFN Torino) 
Michela Chiosso (University and INFN Torino) 
Riccardo Longo (University of Illinois at Urbana Champaign) 
Maria Margherita Obertino (University and INFN Torino) 
Daniele Panzieri (University of Eastern Piedmont and INFN Torino) 
Marta Ruspa [chair] (University of Eastern Piedmont and INFN Torino) 
Ada Solano (University and INFN Torino) 

2019DIS
TORINOTORINO

8 - 12April 2019, Torino, Italy

International Advisory 
Committee 

Halina Abramowicz (Tel Aviv) 
Barbara Badelek (Warsaw) 

Olaf Behnke (DESY) 
Sergio Bertolucci (CERN / INFN) 

Ian Brock (Bonn) 
Allen Caldwell (MPI Munich) 

Amanda Cooper-Sarkar (Oxford) 
John Dainton (Lancaster) 
Cristi Diaconu (Marseille) 

Eckhard Elsen (CERN / DESY) 
Rolf Ent (JLAB) 

Joel Feltesse (Saclay) 
Stefano Forte (Milano) 

Elisabetta Gallo (DESY) 
Robert Klanner (Hamburg) 

Max Klein (Liverpool) 
Aharon Levy [chair] (Tel Aviv) 

Robert D. McKeown (JLAB) 
Joachim Mnich (DESY) 
Berndt Mueller (BNL) 

Rosario Nania (Bologna) 
Paul Newman (Birmingham) 

Fred Olness (SMU Dallas) 
Juan Terron (Madrid) 

Robert Thorne (UCL London) 
Katsuo Tokushuku (KEK) 

Matthew Wing (DESY/UCL London) 
Yuji Yamazaki (Kobe)

Working Groups:  
WG1: Structure Functions and Parton 
Densities 
WG2: Small-x and Diffraction 
WG3: Higgs and BSM Physics in Hadron 
Collisions 
WG4: Hadronic and Electroweak 
Observables 
WG5: Physics with Heavy Flavours 
WG6: Spin and 3D structure 
WG7: Future of DIS

DIS 2019 is supported by: 

 dis2019@unito.it  
 http://dis2019.to.infn.it 
 https://indico.cern.ch/e/DIS2019 
@DIS2019 

 1

Effect of flavor-dependent  
partonic transverse momentum 

on the determination of the 
W mass at hadron colliders 

Marco Radici 
INFN - Pavia

In collaboration with
A. Bacchetta 
G. Bozzi 
A. Signori

Univ. Pavia

Argonne Nat. Lab.
}



 2

Our  findings 

quark intrinsic transverse momentum can be flavor dependent
→ additional uncertainty on mW ,  not considered so far. 

-15 ≤ ΔmW+ ≤ 9 MeV
 -10 ≤ ΔmW− ≤ 10 MeV

Physics Letters B 788 (2019) 542–545

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Effect of flavor-dependent partonic transverse momentum on the 

determination of the W boson mass in hadronic collisions

Alessandro Bacchetta a,b,∗, Giuseppe Bozzi a,b, Marco Radici b, Mathias Ritzmann c, 
Andrea Signori d

a Dipartimento di Fisica, Università di Pavia, via Bassi 6, I-27100 Pavia, Italy
b INFN, Sezione di Pavia, via Bassi 6, I-27100 Pavia, Italy
c Nikhef, Science Park 105, NL-1098  XG Amsterdam, the Netherlands
d Theory Center, Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue, Newport News, VA 23606, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 31 October 2018
Accepted 1 November 2018
Available online 5 November 2018
Editor: A. Ringwald

Within the framework of transverse-momentum-dependent factorization, we investigate for the first time 
the impact of a flavor-dependent intrinsic transverse momentum of quarks on the production of W ±

bosons in proton–proton collisions at √s = 7 TeV. We estimate the shift in the extracted value of the 
W boson mass MW induced by different choices of flavor-dependent parameters for the intrinsic quark 
transverse momentum by means of a template fit to the transverse-mass and the lepton transverse-
momentum distributions of the W -decay products. We obtain −6 ≤ !MW + ≤ 9 MeV and −4 ≤ !MW − ≤
3 MeV with a statistical uncertainty of ±2.5 MeV. Our findings call for more detailed investigations of 
flavor-dependent nonperturbative effects linked to the proton structure at hadron colliders.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction and motivation

Nonperturbative effects in transverse-momentum-dependent 
(TMD) phenomena are a central topic in the hadronic physics 
community with potentially important applications to high-energy 
physics. The study of nonperturbative corrections originates from 
the work of Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale of the process 
compared to the infrared scale of QCD. TMD factorization and 
evolution have been extensively studied in the literature [3–6], 
together with the matching to collinear factorization [2,7–12]. De-
spite the limited amount of data available and the many open 
theoretical questions, in the past years we started gaining phe-
nomenological information about TMD parton distribution func-
tions (TMD PDFs) with increasing level of accuracy. Recently, the 
unpolarized quark TMD PDF was extracted for the first time from 
a global fit of data for semi-inclusive deep-inelastic scattering 
(SIDIS) and production of Drell–Yan lepton pairs and Z bosons [13]. 
Nonetheless, we need a deeper understanding of many theoretical 
and phenomenological aspects [14].

* Corresponding author.
E-mail addresses: alessandro.bacchetta@unipv.it (A. Bacchetta), 

giuseppe.bozzi@unipv.it (G. Bozzi), marco.radici@pv.infn.it (M. Radici), 
mathias.ritzmann@gmail.com (M. Ritzmann), asignori@jlab.org (A. Signori).

In this paper, we demonstrate that if we want to determine the 
free parameters of the Standard Model with very high precision, 
then the effects of a possible flavor dependence of the intrinsic 
partonic transverse momentum should not be neglected even in 
the kinematic region where nonperturbative effects are expected 
to be small [9,13,15–19] ("QCD ≪ Q ≪ √

s: W boson production 
at the LHC lies in this kinematic region). In particular, we focus on 
the impact of the simplest TMD PDF, the unpolarized one, on the 
determination of the W boson mass at hadron colliders.

2. Experimental measurements and uncertainties

The determination of the W boson mass, MW , from the global 
electroweak fit (MW = 80.356 ± 0.008 GeV) [20] features a very 
small uncertainty that sets a goal for the precision of the experi-
mental measurements at hadron colliders.

Precise determinations of MW have been extracted from pp̄
collisions at D0 [21] and at CDF [22], and from pp collisions 
at ATLAS [23] with a total uncertainty of 23 MeV, 19 MeV 
and 19 MeV, respectively. The current world average, based on 
these measurements and the ones performed at LEP, is MW =
80.379 ± 0.012 GeV [24]. The experimental analyses are based on 
a template-fit procedure on the differential distributions of the de-
cay products: in particular, the transverse momentum of the final 
lepton, pT ℓ , the transverse momentum of the neutrino pTν (only 

https://doi.org/10.1016/j.physletb.2018.11.002
0370-2693/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.

arXiv:1807.02101
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The  state  of  the  art



The  W  mass  ( in  numbers )

110 Page 44 of 61 Eur. Phys. J. C (2018) 78 :110

Table 13 Results of the mW+ − mW− measurements in the electron
and muon decay channels, and of the combination. The table shows
the statistical uncertainties; the experimental uncertainties, divided into
muon-, electron-, recoil- and background-uncertainties; and the mod-

elling uncertainties, separately for QCD modelling including scale vari-
ations, parton shower and angular coefficients, electroweak corrections,
and PDFs. All uncertainties are given in MeV

Channel mW+ − mW−
[MeV]

Stat. Unc. Muon Unc. Elec. Unc. Recoil Unc. Bckg. Unc. QCD Unc. EW Unc. PDF Unc. Total Unc.

W → eν −29.7 17.5 0.0 4.9 0.9 5.4 0.5 0.0 24.1 30.7

W → µν −28.6 16.3 11.7 0.0 1.1 5.0 0.4 0.0 26.0 33.2

Combined −29.2 12.8 3.3 4.1 1.0 4.5 0.4 0.0 23.9 28.0

 [MeV]Wm
80250 80300 80350 80400 80450 80500

ALEPH

DELPHI

L3

OPAL

CDF

D0

+ATLAS W

−ATLAS W

±ATLAS W

ATLAS

Measurement
Stat. Uncertainty
Full Uncertainty

Fig. 28 The measured value of mW is compared to other published
results, including measurements from the LEP experiments ALEPH,
DELPHI, L3 and OPAL [25–28], and from the Tevatron collider exper-
iments CDF and D0 [22,23]. The vertical bands show the statistical
and total uncertainties of the ATLAS measurement, and the horizontal
bands and lines show the statistical and total uncertainties of the other
published results. Measured values of mW for positively and negatively
charged W bosons are also shown

In this process, uncertainties that are anti-correlated
betweenW+ andW− and largely cancel for themW measure-
ment become dominant when measuringmW+−mW− . On the
physics-modelling side, the fixed-order PDF uncertainty and
the parton shower PDF uncertainty give the largest contribu-
tions, while other sources of uncertainty only weakly depend
on charge and tend to cancel. Among the sources of uncer-
tainty related to lepton calibration, the track sagitta correc-
tion dominates in the muon channel, whereas several residual
uncertainties contribute in the electron channel. Most lep-
ton and recoil calibration uncertainties tend to cancel. Back-
ground systematic uncertainties contribute as the Z and mul-
tijet background fractions differ in the W+ and W− channels.
The dominant statistical uncertainties arise from the size of
the data and Monte Carlo signal samples, and of the control
samples used to derive the multijet background.

The mW+ − mW− measurement results are shown in
Table 13 for the electron and muon decay channels, and for
the combination. The electron channel measurement com-
bines six categories (pℓ

T and mT fits in three |ηℓ| bins), while

 [MeV]Wm
80320 80340 80360 80380 80400 80420

LEP Comb. 33 MeV±80376

Tevatron Comb. 16 MeV±80387

LEP+Tevatron 15 MeV±80385

ATLAS 19 MeV±80370

Electroweak Fit 8 MeV±80356

Wm
Stat. Uncertainty
Full Uncertainty

ATLAS

Fig. 29 The present measurement of mW is compared to the SM pre-
diction from the global electroweak fit [16] updated using recent mea-
surements of the top-quark and Higgs-boson masses, mt = 172.84 ±
0.70 GeV [122] and mH = 125.09 ± 0.24 GeV [123], and to the com-
bined values of mW measured at LEP [124] and at the Tevatron col-
lider [24]

the muon channel has four |ηℓ| bins and eight categories in
total. The fully combined result is

mW+ − mW− = −29.2 ± 12.8(stat.)

± 7.0(exp. syst.)

± 23.9(mod. syst.) MeV

= −29.2 ± 28.0 MeV,

where the first uncertainty is statistical, the second corre-
sponds to the experimental systematic uncertainty, and the
third to the physics-modelling systematic uncertainty.

12 Discussion and conclusions

This paper reports a measurement of the W -boson mass with
the ATLAS detector, obtained through template fits to the
kinematic properties of decay leptons in the electron and
muon decay channels. The measurement is based on proton–
proton collision data recorded in 2011 at a centre-of-mass
energy of

√
s = 7 TeV at the LHC, and corresponding to an

integrated luminosity of 4.6 fb−1. The measurement relies

123

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

mW+ − mW− = −29 ± 28  MeV

ATLAS Collaboration,  
EPJ C78 (18) 110 
arXiv:1701.07240
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How  is  the  W  mass  determined  ?

proton

proton

quark

antiquark’

W
lepton

neutrino

4-momentum of neutrino difficult to determine 
→ extract mW from studying the shape of :

• lepton transverse mom.  pTl

• missing transverse mom.  pTmiss

• transverse mass  mT =
q
2 plT p⌫T (1� cos(�l � �⌫) )
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How  is  the  W  mass  determined  ?

proton

proton

quark

antiquark’

W
lepton

neutrino

4-momentum of neutrino difficult to determine 
→ extract mW from studying the shape of :

• lepton transverse mom.  pTl

• missing transverse mom.  pTmiss

• transverse mass  mT

(ATLAS does not  
reconstruct it)

(only 16% of  
ATLAS sample)

difficult

difficult

=
q
2 plT p⌫T (1� cos(�l � �⌫) )



The  template - fit  technique 

• using Monte Carlo generators with the best of theoretical 
accuracy and of realism in detector simulation, produce 
several high-statistics histograms (“templates”) with 
different mW

• the template that best fits the measured pTl (and mT) shapes 
selects the preferred value for mW

• hypotheses used to build templates (choice of PDFs, scales, 
nonperturbative parameters, prescriptions,…) are treated as 
theoretical systematic errors (“mod syst”)



Challenging  measurement
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Bozzi, Rojo, Vicini, PRD 83 (11)   arXiv:1104.2056 
       ….

R =
m0

W = 80.398

m0
W + 0.020

R =
m0

W = 80.398

m0
W + 0.010

R =
m0

W = 80.398

m0
W + 0.002a distortion at the per mille level of 

the pTl distribution induces 
a shift of O(10 MeV) in the W mass mW !



How to estimate systematic uncertainties 

• use Monte Carlo generators to produce pseudodata with 
known fixed mW0 and different PDF sets

Example:  the current largest uncertainty comes from PDFs

• using the same generator, create templates with fixed PDF 
set and varying mW  around mW0

• apply template-fit on pseudodata: the [(best mW)− mW0] 
gives the uncertainty δmW coming from PDFs only



Sensitivity  to  W  transverse  momentum
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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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 '� 

if pTW=0 ,  
the pTl distribution  

would look like this

if pTW≠0 is included,  
the pTl distribution  

gets modified like this

detector effects 
cause  

minor changes

(mT distribution 
much more sensitive)

ATLAS Collaboration,  
EPJ C78 (18) 110 
arXiv:1701.07240

pTl  (lepton 
transv. mom.)   
distribution



Uncertainty  on  mW  due to  pTW

W-boson charge W+ W� Combined
Kinematic distribution p`T mT p`T mT p`T mT

�mW [MeV]
Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7
AZ tune 3.0 3.4 3.0 3.4 3.0 3.4
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coe�cients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

Table 3: Systematic uncertainties in the mW measurement due to QCD modelling, for the di↵erent kinematic dis-
tributions and W-boson charges. Except for the case of PDFs, the same uncertainties apply to W+ and W�. The
fixed-order PDF uncertainty given for the separate W+ and W� final states corresponds to the quadrature sum of
the CT10nnlo uncertainty variations; the charge-combined uncertainty also contains a 3.8 MeV contribution from
comparing CT10nnlo to CT14 and MMHT2014.

6.5 Uncertainties in the QCD modelling

Several sources of uncertainty related to the perturbative and non-perturbative modelling of the strong
interaction a↵ect the dynamics of the vector-boson production and decay [33, 100–102]. Their impact
on the measurement of mW is assessed through variations of the model parameters of the predictions
for the di↵erential cross sections as functions of the boson rapidity, transverse-momentum spectrum at
a given rapidity, and angular coe�cients, which correspond to the second, third, and fourth terms of
the decomposition of Eq. (2), respectively. The parameter variations used to estimate the uncertainties
are propagated to the simulated event samples by means of the reweighting procedure described in Sec-
tion 6.4. Table 3 shows an overview of the uncertainties due to the QCD modelling which are discussed
below.

6.5.1 Uncertainties in the fixed-order predictions

The imperfect knowledge of the PDFs a↵ects the di↵erential cross section as a function of boson rapidity,
the angular coe�cients, and the pW

T distribution. The PDF contribution to the prediction uncertainty is
estimated with the CT10nnlo PDF set by using the Hessian method [103]. There are 25 error eigenvectors,
and a pair of PDF variations associated with each eigenvector. Each pair corresponds to positive and
negative 90% CL excursions along the corresponding eigenvector. Symmetric PDF uncertainties are
defined as the mean value of the absolute positive and negative excursions corresponding to each pair of
PDF variations. The overall uncertainty of the CT10nnlo PDF set is scaled to 68% CL by applying a
multiplicative factor of 1/1.645.

The e↵ect of PDF variations on the rapidity distributions and angular coe�cients are evaluated with
DYNNLO, while their impact on the W-boson pT distribution is evaluated using Pythia 8 and by re-
weighting event-by-event the PDFs of the hard-scattering process, which are convolved with the LO
matrix elements. Similarly to other uncertainties which a↵ect the pW

T distribution (Section 6.5.2), only

18

intrinsic 
quark kT

assumed universal
and flavor-independent

Monte Carlo generators are tuned to describe Z-boson data …

QCD 
radiation

pTW  distribution

pTl  distribution
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Z and W 
production 
involve 
different flavor 
combinations



Flavor   contributions 

16 10

Z W+

uū  and  dƌ  are the  
most important channels

uƌ  is the  
most important channel
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Our   work



Monte Carlo   generator

• we use a modified version of  DYRes 
Catani, De Florian, 
Ferrera, Grazzini (2015)

• we implement into the cross section an explicit dependence on 
quark intrinsic kT through Transverse Momentum Distributions 
(TMD)

fq
1 (x, kT ;µ

2) =
1

2⇡

Z
d2bT e�ibT ·kT efq

1 (x, bT ;µ
2)

efq
1 (x, bT ;µ

2) =
X

i

⇣
eCq/i ⌦ f i

1

⌘
(x, b⇤;µ

2
b) e

eS(b⇤;µb,µ) fq
1NP(x, bT )

µb /
1

b⇤
, b⇤(bT )            smoothly connects between 

perturbative (low bT) and nonperturbative 
(large bT) domains

Collins, “Foundations of Perturbative QCD” 
(Cambridge, 2011)

perturbative parts computed 
at order αS - NLL

nonperturbative part



Nonperturbative  part

fq
1NP(x, bT ) ⇡ fq

1NP(bT ) / e�[gevo log(Q2/Q2
0)+ gq] b2T

flavor-independent 
(gluon radiation)

flavor-dependent

from fit of SIDIS / Drell-Yan / Z-boson data 
it turns out ~ [0.2 - 0.4] GeV2
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Bacchetta, Delcarro, Pisano, Radici, Signori, JHEP1706 (17) 081 
                                                                     arXiv:1703.10157

fit of SIDIS data 
lot of room for flavor dependence

Signori, Bacchetta, Radici, Schnell, JHEP1311 (13) 194 
                                                            arXiv:1309.3507

see also  Guzzi, Nadolsky, Wang, PRD90 (14) 014030

gqNP



Choice of  “Z-equivalent”  parameters

• we first select 50 flavor-dep. sets 
and 1 flavor-indep. set 

gqNP =
n
guv
NP , g

dv
NP , g

usea
NP , gdsea

NP , gsNP

o
2 [0.2÷ 0.4]

gqNP = 0.4

• we generate the pTZ spectrum with flavor-indep. set and 
we assign CDF / ATLAS uncertainties to each bin 

• we generate the pTZ spectrum with 50 flavor-dep. sets 
for CDF / ATLAS and we compare with flavor-indep. one

• we keep only those flavor-dep. sets with χ2/dof < 1.1 (CDF) 
and χ2/dof < 2 (ATLAS) → 48 for CDF and 30 for ATLAS

• we keep flavor-dep. sets that fulfill both criteria 
→ overall χ2/dof < 1.3

20 40 60 80

500

1000

1500

2000



Template  fit  →  shift  of  W  mass

• using “Z-equivalent” flavor-dep. sets, generate pTl / mT / pTmiss 
distributions at mW0 = 80.370 GeV → pseudodata

• using flavor-indep. set, generate pTl / mT / pTmiss distributions 
at high statistics for 30 different mW in (mW0 ± 0.015 GeV)           
→ templates

• apply template-fit on pseudodata → get the W mass shift 
(δmW)i =[(best mW)i− mW0] for each  flavor-dep. set i

for each flavor-dep. set i, keep those templates for which 
(χ2 - χmin2) < 1  →  (δmW)i ± 2.5 MeV (stat)
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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,

valence sea
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it’s harder, but rewarding…


