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Outline of the talk
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1) hadron structure and TMDs


2)  predictive power of TMDs


3)  impact on W mass determination



TMDs
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TMD PDFs
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extraction of a parton 
whose momentum has  

longitudinal and  
transverse components 

with respect to the 
parent hadron momentum 

richer structure  
than collinear PDFs 

hadron 
momentum

probe

courtesy A. Bacchetta



Hadron tomography
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“The aim of science is not to open the door to infinite wisdom, but to set a limit to infinite error”

B. Brecht, The life of Galileo

Nucleon tomography in momentum space: 
to understand how hadrons are built in terms of 
the elementary degrees of freedom of QCD 

High-energy phenomenology:  
to improve our understanding of  

high-energy scattering experiments and  
their potential to explore BSM physics



Quark TMD PDFs
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TABLE I. Twist-2 quark transverse-momentum-dependent distribution functions. U,L,T correspond to unpolarized, longi-
tudinally polarized and transversely polarized nucleons (rows) and quarks (columns). Blue and black functions are T-even.
Functions in black survive transverse momentum integration (rank-0 in pT ). Functions in red are T-odd.

gluon pol.

U circ. lin.

n
u
cl
eo
n
p
ol
.

U f
g
1 h

?g
1

L g
g
1 h

?g
1L

T f
?g
1T g

g
1T h

g
1, h

?g
1T

TABLE II. Twist-2 gluon transverse-momentum-dependent distribution functions. U,L,T correspond to unpolarized, longitu-
dinally polarized and transversely polarized nucleons. U, circ., lin. correspond to unpolarized, circularly polarized and linearly
polarized gluons. Functions in blue are T-even. Functions in black are T-even and survive integration over pT . Functions in
red are T-odd.
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TABLE III. An overview of the leading-twist quark TMD PDFs for unpolarized (U), vector polarized (L or T), and tensor
polarized (LL, LT, or TT) hadrons. The functions indicated in boldface also occur as collinear PDFs, and the ones in red
are T -odd. The Dirac structures �+, �+

�
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i]�5 correspond to unpolarized, longitudinally polarized, and
transversely polarized quarks respectively.

similar table for gluons and for fragmentation functions 

bold : also collinear 
red : time-reversal odd (universality properties)

encode all the possible 
spin-spin and spin-momentum 

correlations  
between the proton  
and its constituentsunpolarized TMD PDF

Sivers TMD PDF

extraction of a quark 
not collinear with the proton

xP
P kT

U L T



The transversity PDF
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M. Radici - INT 17-3 program



The transversity PDF
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M. Radici - INT 17-3 program

Also connected to CP violation 

Measurements of hadronic EDMs 
+ tensor charge = 

quark EDMs

CKM only accounts for  
extremely small EDM  

for light quarks



The Sivers function
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The Sivers function
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Collins, PLB 536 (02) fa? [+]
1T (x, k2T ) = �fa? [�]

1T (x, k2T )



The Sivers function
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FIG. 4. [Color online] Transverse single-spin asymmetry amplitude for W+ (left plot) and W− (right plot) versus yW compared
with the non TMD-evolved KQ [11] model, assuming (solid line) or excluding (dashed line) a sign change in the Sivers function.
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S. Bültmann et al., Phys. Lett. B 647 98 (2007);
G. G. Ohlsen and P. W. Keaton Jr, Nucl. Instr. Meth.
109 41 (1973).

[25] S. M. Aybat, A. Prokudin, and T. C. Rogers, Phys. Rev.
Lett. 108, 242003 (2012);
M. Anselmino, M. Boglione, S. Melis, Phys. Rev. D 86,
014028 (2012);
P. Sun and F. Yuan, Phys. Rev. D 88, 114012 (2013).

[26] G. Altarelli and G. Parisi., Nucl. Phys. B 126, 298
(1977);
Yu. L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977);
V. N. Gribov, L. N. Lipatov, Sov. J. Nucl. Phys. 15, 438
(1972).

[27] J. Collins, EPJ Web of Conferences 85, 01002 (2015).

STAR Collab. arXiv:1511.06003

)s/
T

    (= 2pTJet x
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Su
bp

ro
ce

ss
 F

ra
ct

io
n

0

0.1

0.2

0.3

0.4

0.5

0.6

jet+X→pp
NLO CTEQ6M
Anti-kT R=0.6

|<1η|

gg qg

qq+qq'

=200 GeVsSolid:    
=500 GeVsDotted: 

 

Z.)Chang,)DNP)2013)

 [GeV/c]
T

Particle-jet p
5 6 7 8 9 10 11 12 13

U
T

) Sq
si

n(
A

-0.05

0

0.05

 > 0Fx
 < 0Fx

 = 500 GeVs jet + X at A + p Bp
| < 1

jet
d, R = 0.6     |TAnti-k

Sivers!Asymmetries!at!500!GeV)

16)Recent)Spin)Results)from)STAR)6)Drachenberg)

No)sign)of)sizable)azimuthal)asymmetry)
in)jet)produc:on)at)√s = 500)GeV)

6  Consistent*with*expectaEon*from*
measurements*at*√s = 200*GeV*

6  Consistent*with*theory*predicEons*
e.g.,*Kanazawa*and*Koike*PLB*720,*161*(2013)*

Asymmetries!shown!as!
func0on!of!par0cle?jet!pT!
Corresponding*parton-jet*
pT*lower*by*0.6-1.4*GeV/c*

)
Horizontal)errors)include)

uncertain:es)from)
sta:s:cs,)calorimeter)
gains,)efficiencies,)track)
momentum,)and)tracking)

efficiency)

J.)Drachenberg,)MENU)2013)

first evidence  
of sign change?

prediction with TMD  
evolution equations

fa? [+]
1T (x, k2T ) = �fa? [�]

1T (x, k2T )



 11

TMD factorization

Quark-induced processes : 
- Collins, Soper (1981)  -  e+e- —> h1h2X                                   [NPB 193 (1981) 381] 

- Collins, Soper, Sterman (1985)  -  Drell-Yan, W/Z                   [NPB 250 (1985) 199]                   

- Ji, Ma, Yuan (2004)  -  SIDIS                                                   [PLB 597 (2004) 299]

- Ji, Ma, Yuan (2005)  -  Drell-Yan                                              [PRD 71 (2005) 034005]

- Collins (2011)  -  Foundations of perturbative QCD                [Cambridge U. Press]

- Echevarria, Idilbi, Scimemi (2012)  -  SCET Drell-Yan             [JHEP 1207 (2012) 002]

- Echevarria, Idilbi, Scimemi (2014)  -  SCET SIDIS                  [PRD 90 (2014) 014003]


Gluon-induced processes : 
- Mantry, Petriello (2010)  -  Higgs boson production               [PRD81 (2010) 093007]

- Sun, Xiao, Yuan (2011)  -  Higgs boson production                [PRD 84 (2011) 094005]

- Ma, Wang, Zhao (2012)  -  \eta_b,c production                      [PRD 88 (2013) 014027]

A non-exhaustive list

http://inspirehep.net/record/164211
http://inspirehep.net/record/203059


W boson production
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proton
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(TMD) parton distribution functions 

(TMD) parton distribution functions 

Q = mW
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Qp
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Kinematics (W) 
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rapidity

Transverse 
momentum
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Transverse 
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Collinear momentum fractions
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Scimemi, Vladimirov [Eur.Phys.J. C78 2018 89] + Scimemi, Vladimirov, Bertone (1902.08474)

d�

dqT
⇠ H f1(xa, kT a, Q) f1(xb, kT b, Q) �(2)(qT � kT a � kT b) +O(qT /Q) +O(m/Q)

Schematically :

Low transverse momentum (TMD) region

qT ⌧ Q
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d�

dqT
⇠ H f1(xa, kT a, Q) f1(xb, kT b, Q) �(2)(qT � kT a � kT b) +O(qT /Q) +O(m/Q)

Schematically :

Low transverse momentum (TMD) region

qT ⌧ Q Matching to fixed-order calculations  
in coll. factorization

Scimemi, Vladimirov [Eur.Phys.J. C78 2018 89] + Scimemi, Vladimirov, Bertone (1902.08474)
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A fact we have to face: the bulk of the data lies at low Q 

1) it is possible to perform an almost global fit of SIDIS data, fixed-target DY, Z production : 
1703.10157 



Combining SIDIS, DY, Z production

 16

A fact we have to face: the bulk of the data lies at low Q 

1) it is possible to perform an almost global fit of SIDIS data, fixed-target DY, Z production : 
1703.10157 

But … :  

2)  the perturbative accuracy is low (LO/NLL), and trying to add higher orders to the fits is very 
problematic 



Combining SIDIS, DY, Z production

 17

A fact we have to face: the bulk of the data lies at low Q 

1) it is possible to perform an almost global fit of SIDIS data, fixed-target DY, Z production : 
1703.10157 

But … :  

2)  the perturbative accuracy is low (LO/NLL), and trying to add higher orders to the fits is very 
problematic 

3) recently: perturbative calculations available (up to NNLO), but describing the low energy data is 
still problematic, also at large transverse momentum: 



Combining SIDIS, DY, Z production

 18

A fact we have to face: the bulk of the data lies at low Q 

1) it is possible to perform an almost global fit of SIDIS data, fixed-target DY, Z production : 
1703.10157 

But … :  

2)  the perturbative accuracy is low (LO/NLL), and trying to add higher orders to the fits is very 
problematic 

3) recently: perturbative calculations available (up to NNLO), but describing the low energy data is 
still problematic, also at large transverse momentum: 

- Semi-Inclusive DIS : 1808.04396 

- Drell-Yan : 1901.06916  

- Semi-Inclusive Annihilation : in preparation 



Combining SIDIS, DY, Z production

 19

A fact we have to face: the bulk of the data lies at low Q 

1) it is possible to perform an almost global fit of SIDIS data, fixed-target DY, Z production : 
1703.10157 

But … :  

2)  the perturbative accuracy is low (LO/NLL), and trying to add higher orders to the fits is very 
problematic 

3) recently: perturbative calculations available (up to NNLO), but describing the low energy data is 
still problematic, also at large transverse momentum: 

- Semi-Inclusive DIS : 1808.04396 

- Drell-Yan : 1901.06916  

- Semi-Inclusive Annihilation : in preparation 

Possible solutions: higher-orders, threshold effects, higher-twist, collinear PDFs and FFs … ? 
 
Definitely a long way to go before achieving NNLO global fits of TMDs!
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A sensible choice is to set the  
initial and final scale as:
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f = Q2
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Picture from O. Eyser - CIPANP 2018

W-boson production at 
RHIC probes TMDs in 

the high Q - high x 
region

High Q : TMD 
factorization under 

control

High x : enhanced 
sensitivity to 

nonperturbative effects

Interesting combination
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No non-perturbative parameters 
the formalism is predictive

Comparison theory (NNLO-NNLL) to data  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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
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The fact that quark intrinsic transverse momentum can be flavor-dependent leads 
to an additional uncertainty on MW, not considered so far:

- The four-loop QCD corrections generates a shift of -2.2 MeV

- The expectation from missing higher orders is 4 MeV

�6  MW+  9 MeV

Eur.Phys.J. C74 (2014) 3046 (“Global EW fit at NNLO”)

ATLAS - 7 TeV

�4  MW�  7 MeV
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CDF Collab. arXiv:1311.0894

Uncertainties from qT modeling  
determined by fitting to Z data  

the g2, g3 parameters in the BNLY model  
in ResBos and !S(mZ) 

Uncertainties from qT modeling  
and collinear PDFs are comparable

https://arxiv.org/pdf/1311.0894.pdf


Systematic uncertainties @ ATLAS

 37

ATLAS Collab. arXiv:1701.07240

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.

ar
X

iv
:1

70
1.

07
24

0v
1 

 [h
ep

-e
x]

  2
5 

Ja
n 

20
17

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

Pythia tune to Z boson data 
7 TeV

assuming no differences in flavor

https://arxiv.org/abs/1701.07240
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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

This contribution is determined fitting:  
- the intrinsic transverse momentum of partons 
- !S(mZ)  
- IR cutoff for ISR

Pythia tune to Z boson data 
7 TeV

assuming no differences in flavor

https://arxiv.org/abs/1701.07240
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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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Impact of the parton distribution function uncertainties on themeasurement of theW bosonmass
at the Tevatron and the LHC

G. Bozzi,* J. Rojo,† and A. Vicini‡

(Received 14 April 2011; published 20 June 2011)

We study at a quantitative level the impact of the uncertainties on the value of the W boson mass

measured at hadron colliders due to: i) the proton parton distribution functions (PDFs), ii) the value of the

strong coupling constant !s and iii) the value of the charm mass used in the PDF determination. The value

of the W boson mass is extracted, by means of a template fit technique, from the lepton-pair transverse

mass distribution measured in the charged current Drell-Yan process. We study the determination ofmW at

the Tevatron and at the LHC with 7 and 14 TeVof center-of-mass energy in a realistic experimental setup.

The analysis has been done at the Born level using the event generator HORACE and at NLO-QCD using

the event generators DYNNLO and RESBOS. We consider the three global PDF sets, CTEQ6.6, MSTW2008, and

NNPDF2.1. We estimate that the total PDF uncertainty on mW is below 10 MeV both at the Tevatron and at

the LHC for all energies and final states. We conclude that PDF uncertainties do not challenge a

measurement of the W boson mass at the level of 10 MeV accuracy.

DOI: 10.1103/PhysRevD.83.113008 PACS numbers: 14.70.Fm

I. INTRODUCTION

The measurement of theW boson mass represents a very
important test of the standard model and of its extensions,
like e.g. the minimal supersymmetric standard model, and
provides indirect bounds on the mass of the Higgs boson
[1–3]. This measurement has reached a very high level of
accuracy: the current world average is mW ¼ 80:398"
0:023 GeV [4] and the best single experiment measure-
ments have been obtained by D0 [5] and CDF [6,7] at the
Fermilab Tevatron with mW ¼ 80:401" 0:043 GeV and
mW ¼ 80:413" 0:048 GeV respectively. The prospects
for the combined measurements at the end of the
Tevatron run, with 4 fb#1 of total collected luminosity,
are of a final error of roughly 15 MeV [8]. The prospects
for the measurement at the CERN LHC are at
the level of 15 MeV, or even 10 MeV [9,10]. At this level
of accuracy, it becomes necessary to quantify in detail the
various sources of theoretical uncertainties that contribute
to the final systematic error.

The mass of theW boson is measured at hadron colliders
in the charged current Drell-Yan (DY) process by studying
the charged lepton transverse momentum pl

t distribution,
the missing transverse momentum p"

t distribution, or the
lepton pair transverse mass distribution, defined as

MW
? ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

tp
"
t ð1# cosð#l ##"ÞÞ

q
; (1)

where the neutrino four-momentum p"
t and angle #" are

inferred from the transverse momentum imbalance in the
event. The mass of the W boson is obtained by fitting the

experimental distributions with the corresponding theoreti-
cal predictions, where mW is kept as a free parameter.
A measurement of mW at the 10 MeV level is not only a

very ambitious goal from the experimental side, but it is
also very challenging from the theoretical point of view due
to the careful modelling of the production mechanism that
is required. We can illustrate these difficulties with the
following example. It is known that the result of a fit of
mW to a given theory template is very sensitive to the shape
of the distributions. In Fig. 1, we consider two transverse
mass distributions at the Born level obtained with two
values ofmW which differ by 10 MeV. If one takes the ratio
bin by bin of the histograms, one sees that a small shift of
10 MeV in mW induces a non trivial distortion of the shape
at the permille level. Therefore, if we aim at measuringmW

at the 10–20 MeV level, we should, from the theoretical
side, have the control on all the perturbative and nonpertur-
bative corrections which can change the shape of the rele-
vant kinematic distributions at this level of precision.
On the other hand, the total integrated cross section is

not significantly affected by changing mW . As shown in
Table I, a shift by 10 MeV of mW yields a change of the
cross section at the 0.04% level. Thus, it is important to
disentangle the normalization effects, which are very
weakly related to the precise value of mW , from the effects
that modify instead the shape of the distributions, which
have a larger impact on the measurement of mW .
The Drell-Yan cross section is given by the convolution

of the parton distribution functions (PDFs) of the two
incoming hadrons with the partonic cross section. The
crucial role of QCD corrections to the partonic processes
has been widely discussed in the literature [11,12]. The
very important role of the Oð!Þ EW corrections in the
precision study of the charged current DY process is also
well known (for a complete list of references, see [13]). It
is the aim of the present paper to study three different
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† Juan.Rojo@mi.infn.it
‡ Alessandro.Vicini@mi.infn.it
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If the W were exactly collinear (pTW=0, no TMD effects), the distribution of 
events would look like this

If TMDs are taken into consideration,  
the distribution gets modified like this 

Detector effects cause  
further changes 
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the key: nonperturbative TMD effects can have an impact  
at this level of precision
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• Using Monte Carlo generators that include several known corrections,  
the high-statistics “templates” are produced with different MW 

• The template that fits data best determines the value of MW
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• DYRes code (arXiv:1507.06937)
• LHC 7 TeV + ATLAS cuts  or  13 TeV + LHCb cuts
• The cross section involves Transverse Momentum Distributions (TMDs)

Perturbative parts at order αS — NLL
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Flavor dependent intrinsic transverse momentum FNP

Matching to collinear factorization at high qT at O(!S)

Not using the highest theoretical accuracy available in DYRes :  
essentially a matter of computing time
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trum of the W transverse momentum, qWT , subsequently
inducing a nonnegligible shift in the extracted value of
MW .

The three experimental collaborations D0, CDF, and
ATLAS tipically fit the Z data to obtain an estimate for
the nonperturbative parameters. Then, assuming the pa-
rameters to be flavor independent, they use these esti-
mates to predict the qWT distribution. The uncertainty
on MW due to the modelling of qWT via template fits
for the distributions in (mT , pT `, pT⌫) are, respectively,
�MW = (3,9,4) MeV for CDF [22], �MW = (2,5,2) MeV
for D0 [21] and �MW = (3,3) MeV for ATLAS [23] (the
ATLAS analysis did not include pT⌫ in the template fit).

It is well known that one of the largest sources of er-
ror in determining MW comes from the uncertainty in
the choice of the collinear PDFs [26–29]. Nevertheless,
one can see that the uncertainty propagating from the
qWT spectrum via pT ` can be likewise comparably large
(except for ATLAS, because of the narrow range used for
the pT ` fit with respect to the mT one). This does not
come as a surprise, since the pT ` distribution is extremely
sensitive to the modelling of qWT , i.e., the pT ` shape gets
more distorted by all-order resummation and nonpertur-
bative contributions than the mT shape (which, in turn,
is dominated by detector resolution).

At present, neither analyses at the Tevatron and at
the LHC included information on the flavor dependence
of the intrinsic transverse momentum of the incoming
partons participating in the hard scattering. Here, it is
our aim to study its impact onto the determination of
MW in hadronic collisions, taking inspiration from the
phenomenological extraction of the unpolarized TMD
PDF from low-energy data [30].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan and
Higgs production has been extensively investigated (see,
e.g., [13, 18, 19, 31–34] for available calculations and fit-
ting codes).

Di↵erent implementations of the nonperturbative con-
tributions have been presented in the literature (see e.g.
Refs. [13, 19] and references therein). In order to take
into account possible di↵erences between the valence and
the sea quarks (and among di↵erent flavors in general),
a flavor- and kinematic-dependent implementation of the
nonperturbative part of the quark Sudakov exponent has
been suggested in Refs. [30, 35]. In the present work, we
choose a Gaussian functional form for the intrinsic trans-
verse momentum distribution of the unpolarized TMD
PDF. Its Fourier-conjugate expression reads

faNP
1 (b2T ) / e�ga

NP b2T , (1)

where gaNP is related to the average intrinsic transverse
momentum squared of a parton with flavor a. In general,
the latter may also depend on kinematics, but here we
will neglect this dependence.

We implemented the above ansatz in two publicly
available tools for computing Drell-Yan di↵erential cross
sections: DYqT [36, 37] and DYRes [36, 38]. The DYqT pro-
gram computes the qT spectrum of an electroweak boson
V (V = �⇤,W±, Z) produced in hadronic collisions. The
calculation combines the pure fixed-order QCD result up
to O(↵2

s) at high qT (qT ⇠ MV ) with the resummation
of the logarithmically-enhanced contributions at small
transverse-momenta (qT ⌧ MV ) up to next-to-next-to-
leading logarithmic (NNLL) accuracy. The rapidity of
the vector boson and the leptonic kinematical variables
are integrated over the entire kinematical range. At the
same perturbative accuracy, the DYRes code also provides
the full kinematics of the vector boson and of its decay
products. It thus allows for the application of arbitrary
cuts on the final-state kinematical variables and gives dif-
ferential distributions in form of bin histograms, directly
comparable to experimental measurements.
The original codes implement the nonperturbative

TMD e↵ects as a flavor- and kinematic-independent
Gaussian exponential e�gNP b2T whose strength is gov-
erned by a single parameter gNP tuned at the electroweak
scale. This factor incorporates the nonperturbative ef-
fects from both the TMD PDFs entering the cross
section, including their evolution. In order to mimic a
flavor dependence in each partonic intrinsic transverse
momentum, we modify this simple implementation by
decomposing gNP into the sum gaNP + ga

0

NP , where the
flavor indices span the range a, a0 = uv, us, dv, ds, s, c, b, g
(the subscripts referring to the valence and sea com-
ponents, respectively). For each parton with flavor a,
the nonperturbative contribution faNP

1 of Eq. (1) is
included in the corresponding term in the flavor sum of
the TMD factorization formula [3]. In the following, we
assume gsNP = gcNP = gbNP = ggNP , i.e., we assume that
in total the intrinsic transverse-momentum depends on
five flavors.

Analysis strategy.

The phenomenological extraction of Ref. [30] is based
on about 1500 data points, however the nonperturbative
parameters gaNP in Eq. (1) are not tightly constrained. A
fit to Z/�⇤ data from Tevatron produces the value gNP ⇠

0.8 GeV2 for the universal nonperturbative factor [32].
We recall that this value refers to the convolution of two
TMD PDFs inside the cross section; hence, each parton
should equally contribute with a nonperturbative width
of ⇡ 0.4 GeV2. When we introduce the corresponding
parameter gaNP for a single TMD PDF with flavor a, we
split it as follows:

exp(�gaNP b
2
T ) �! exp[�[gevo ln(Q

2/Q2
0) + ga] b

2
T ] , (2)

where the first term in the right hand side is the non-
perturbative correction due the TMD PDF evolution,
which is flavor independent (but, in principle, di↵erent

see, e.g., Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157
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ATLAS analysis did not include pT⌫ in the template fit).

It is well known that one of the largest sources of er-
ror in determining MW comes from the uncertainty in
the choice of the collinear PDFs [26–29]. Nevertheless,
one can see that the uncertainty propagating from the
qWT spectrum via pT ` can be likewise comparably large
(except for ATLAS, because of the narrow range used for
the pT ` fit with respect to the mT one). This does not
come as a surprise, since the pT ` distribution is extremely
sensitive to the modelling of qWT , i.e., the pT ` shape gets
more distorted by all-order resummation and nonpertur-
bative contributions than the mT shape (which, in turn,
is dominated by detector resolution).

At present, neither analyses at the Tevatron and at
the LHC included information on the flavor dependence
of the intrinsic transverse momentum of the incoming
partons participating in the hard scattering. Here, it is
our aim to study its impact onto the determination of
MW in hadronic collisions, taking inspiration from the
phenomenological extraction of the unpolarized TMD
PDF from low-energy data [30].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan and
Higgs production has been extensively investigated (see,
e.g., [13, 18, 19, 31–34] for available calculations and fit-
ting codes).

Di↵erent implementations of the nonperturbative con-
tributions have been presented in the literature (see e.g.
Refs. [13, 19] and references therein). In order to take
into account possible di↵erences between the valence and
the sea quarks (and among di↵erent flavors in general),
a flavor- and kinematic-dependent implementation of the
nonperturbative part of the quark Sudakov exponent has
been suggested in Refs. [30, 35]. In the present work, we
choose a Gaussian functional form for the intrinsic trans-
verse momentum distribution of the unpolarized TMD
PDF. Its Fourier-conjugate expression reads

faNP
1 (b2T ) / e�ga

NP b2T , (1)

where gaNP is related to the average intrinsic transverse
momentum squared of a parton with flavor a. In general,
the latter may also depend on kinematics, but here we
will neglect this dependence.

We implemented the above ansatz in two publicly
available tools for computing Drell-Yan di↵erential cross
sections: DYqT [36, 37] and DYRes [36, 38]. The DYqT pro-
gram computes the qT spectrum of an electroweak boson
V (V = �⇤,W±, Z) produced in hadronic collisions. The
calculation combines the pure fixed-order QCD result up
to O(↵2

s) at high qT (qT ⇠ MV ) with the resummation
of the logarithmically-enhanced contributions at small
transverse-momenta (qT ⌧ MV ) up to next-to-next-to-
leading logarithmic (NNLL) accuracy. The rapidity of
the vector boson and the leptonic kinematical variables
are integrated over the entire kinematical range. At the
same perturbative accuracy, the DYRes code also provides
the full kinematics of the vector boson and of its decay
products. It thus allows for the application of arbitrary
cuts on the final-state kinematical variables and gives dif-
ferential distributions in form of bin histograms, directly
comparable to experimental measurements.
The original codes implement the nonperturbative

TMD e↵ects as a flavor- and kinematic-independent
Gaussian exponential e�gNP b2T whose strength is gov-
erned by a single parameter gNP tuned at the electroweak
scale. This factor incorporates the nonperturbative ef-
fects from both the TMD PDFs entering the cross
section, including their evolution. In order to mimic a
flavor dependence in each partonic intrinsic transverse
momentum, we modify this simple implementation by
decomposing gNP into the sum gaNP + ga

0

NP , where the
flavor indices span the range a, a0 = uv, us, dv, ds, s, c, b, g
(the subscripts referring to the valence and sea com-
ponents, respectively). For each parton with flavor a,
the nonperturbative contribution faNP

1 of Eq. (1) is
included in the corresponding term in the flavor sum of
the TMD factorization formula [3]. In the following, we
assume gsNP = gcNP = gbNP = ggNP , i.e., we assume that
in total the intrinsic transverse-momentum depends on
five flavors.

Analysis strategy.

The phenomenological extraction of Ref. [30] is based
on about 1500 data points, however the nonperturbative
parameters gaNP in Eq. (1) are not tightly constrained. A
fit to Z/�⇤ data from Tevatron produces the value gNP ⇠

0.8 GeV2 for the universal nonperturbative factor [32].
We recall that this value refers to the convolution of two
TMD PDFs inside the cross section; hence, each parton
should equally contribute with a nonperturbative width
of ⇡ 0.4 GeV2. When we introduce the corresponding
parameter gaNP for a single TMD PDF with flavor a, we
split it as follows:

exp(�gaNP b
2
T ) �! exp[�[gevo ln(Q

2/Q2
0) + ga] b

2
T ] , (2)

where the first term in the right hand side is the non-
perturbative correction due the TMD PDF evolution,
which is flavor independent (but, in principle, di↵erentthis component is  

flavor-independent  
(gluon radiation)

see, e.g., Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157

F a
NP ⇠ e�ga

NP b2T
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trum of the W transverse momentum, qWT , subsequently
inducing a nonnegligible shift in the extracted value of
MW .
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for the distributions in (mT , pT `, pT⌫) are, respectively,
�MW = (3,9,4) MeV for CDF [22], �MW = (2,5,2) MeV
for D0 [21] and �MW = (3,3) MeV for ATLAS [23] (the
ATLAS analysis did not include pT⌫ in the template fit).

It is well known that one of the largest sources of er-
ror in determining MW comes from the uncertainty in
the choice of the collinear PDFs [26–29]. Nevertheless,
one can see that the uncertainty propagating from the
qWT spectrum via pT ` can be likewise comparably large
(except for ATLAS, because of the narrow range used for
the pT ` fit with respect to the mT one). This does not
come as a surprise, since the pT ` distribution is extremely
sensitive to the modelling of qWT , i.e., the pT ` shape gets
more distorted by all-order resummation and nonpertur-
bative contributions than the mT shape (which, in turn,
is dominated by detector resolution).

At present, neither analyses at the Tevatron and at
the LHC included information on the flavor dependence
of the intrinsic transverse momentum of the incoming
partons participating in the hard scattering. Here, it is
our aim to study its impact onto the determination of
MW in hadronic collisions, taking inspiration from the
phenomenological extraction of the unpolarized TMD
PDF from low-energy data [30].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan and
Higgs production has been extensively investigated (see,
e.g., [13, 18, 19, 31–34] for available calculations and fit-
ting codes).

Di↵erent implementations of the nonperturbative con-
tributions have been presented in the literature (see e.g.
Refs. [13, 19] and references therein). In order to take
into account possible di↵erences between the valence and
the sea quarks (and among di↵erent flavors in general),
a flavor- and kinematic-dependent implementation of the
nonperturbative part of the quark Sudakov exponent has
been suggested in Refs. [30, 35]. In the present work, we
choose a Gaussian functional form for the intrinsic trans-
verse momentum distribution of the unpolarized TMD
PDF. Its Fourier-conjugate expression reads

faNP
1 (b2T ) / e�ga

NP b2T , (1)

where gaNP is related to the average intrinsic transverse
momentum squared of a parton with flavor a. In general,
the latter may also depend on kinematics, but here we
will neglect this dependence.

We implemented the above ansatz in two publicly
available tools for computing Drell-Yan di↵erential cross
sections: DYqT [36, 37] and DYRes [36, 38]. The DYqT pro-
gram computes the qT spectrum of an electroweak boson
V (V = �⇤,W±, Z) produced in hadronic collisions. The
calculation combines the pure fixed-order QCD result up
to O(↵2

s) at high qT (qT ⇠ MV ) with the resummation
of the logarithmically-enhanced contributions at small
transverse-momenta (qT ⌧ MV ) up to next-to-next-to-
leading logarithmic (NNLL) accuracy. The rapidity of
the vector boson and the leptonic kinematical variables
are integrated over the entire kinematical range. At the
same perturbative accuracy, the DYRes code also provides
the full kinematics of the vector boson and of its decay
products. It thus allows for the application of arbitrary
cuts on the final-state kinematical variables and gives dif-
ferential distributions in form of bin histograms, directly
comparable to experimental measurements.
The original codes implement the nonperturbative

TMD e↵ects as a flavor- and kinematic-independent
Gaussian exponential e�gNP b2T whose strength is gov-
erned by a single parameter gNP tuned at the electroweak
scale. This factor incorporates the nonperturbative ef-
fects from both the TMD PDFs entering the cross
section, including their evolution. In order to mimic a
flavor dependence in each partonic intrinsic transverse
momentum, we modify this simple implementation by
decomposing gNP into the sum gaNP + ga

0

NP , where the
flavor indices span the range a, a0 = uv, us, dv, ds, s, c, b, g
(the subscripts referring to the valence and sea com-
ponents, respectively). For each parton with flavor a,
the nonperturbative contribution faNP

1 of Eq. (1) is
included in the corresponding term in the flavor sum of
the TMD factorization formula [3]. In the following, we
assume gsNP = gcNP = gbNP = ggNP , i.e., we assume that
in total the intrinsic transverse-momentum depends on
five flavors.

Analysis strategy.

The phenomenological extraction of Ref. [30] is based
on about 1500 data points, however the nonperturbative
parameters gaNP in Eq. (1) are not tightly constrained. A
fit to Z/�⇤ data from Tevatron produces the value gNP ⇠

0.8 GeV2 for the universal nonperturbative factor [32].
We recall that this value refers to the convolution of two
TMD PDFs inside the cross section; hence, each parton
should equally contribute with a nonperturbative width
of ⇡ 0.4 GeV2. When we introduce the corresponding
parameter gaNP for a single TMD PDF with flavor a, we
split it as follows:

exp(�gaNP b
2
T ) �! exp[�[gevo ln(Q

2/Q2
0) + ga] b

2
T ] , (2)

where the first term in the right hand side is the non-
perturbative correction due the TMD PDF evolution,
which is flavor independent (but, in principle, di↵erentthis component is  

flavor-independent  
(gluon radiation)

this component can be  
flavor-dependent
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We considered initially:

We selected the sets that give a description of Z boson data equivalent to the flavor-
independent set (“Z-equivalent”)  
 
We then chose a few sets with interesting characteristics
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distributions with different MW masses in the range 80.370 GeV  MW  80.400 GeV, using the
flavor-independent set for the nonperturbative parameters. Then, for each “Z-equivalent” flavor-
dependent set we generate pseudodata with lower statistics (135 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV. Finally, for each pseudodata set we compute
the c2 of the various templates and we identify the template with minimum c2 in order to establish
how large is the shift in MW induced by a particular choice of flavor-dependent nonperturbative
parameters. The statistical uncertainty of the template-fit procedure is estimated by considering
statistically equivalent those templates for which Dc2 = (c2 � c2

min)  1. Consequently, we quote
an uncertainty of 2.5 MeV for each of the obtained MW shifts [8].
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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 ga
NP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV

2
.

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⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 -4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 -1 -5 7 -1 -3 8

2 -1 -15 6 0 5 10

3 -1 1 8 -1 -7 5

4 -1 -15 6 0 -4 5

5 -1 -4 6 -1 -7 5

6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5

8 -1 0 8 0 3 10

9 -1 -7 7 0 4 10

TABLE II: LHCb 13 TeV
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Set mT pT ` pT⌫ mT pT ` pT⌫

1 -1 -5 7 -1 -3 8

2 -1 -15 6 0 5 10

3 -1 1 8 -1 -7 5

4 -1 -15 6 0 -4 5

5 -1 -4 6 -1 -7 5

6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5

8 -1 0 8 0 3 10

9 -1 -7 7 0 4 10

TABLE II: LHCb 13 TeVFigure 1: Left panel: some selected values of the ga
NP parameter for the flavors a = uv,dv,us,ds,s = c = b =

g; units are in GeV2. Central panel: shifts in MW± (in MeV) induced by the corresponding flavor-dependent
parameters from the mT , pT `, pT n distributions at the ATLAS kinematics with

p
s = 7 TeV. Right panel: same

at the LHCb kinematics at
p

s = 13 TeV.

3. Results

In Fig. 1, we show in the left panel some selected sets of the ga
NP parameters (in GeV2) for

the flavor a = uv,dv,us,ds,s = c = b = g, out of the 30 “Z-equivalent” sets. In the central panel,
we show the corresponding shifts induced in MW± (in MeV) when applying our analysis to the
mT , pT `, pT n distributions of the final-state products at the ATLAS kinematics with

p
s = 7 TeV.

The right panel contains the same information at the LHCb kinematics with
p

s = 13 TeV.
The shifts induced by the analysis performed on pT ` are generally larger than for the mT and

pT n cases, since it is known that the former case is the most sensitive to qW
T -modelling effects. In

the pT ` analysis at the ATLAS kinematics (central panel), the set 3 produces a shift on MW+ of 9
MeV, namely with a size particularly large if compared to the corresponding uncertainty quoted by
ATLAS (3 MeV). Taking also into account the statistical uncertainty of our analysis, the absolute
value of the shifts induced in these conditions could exceed 10 MeV. At the LHCb kinematics (right
panel), the sets 2, 4, 7 produce even larger shifts. On the contrary, for MW� the shifts are in general
less significant and fall within a 2-s interval around zero.

As a final comment, we can attempt to identify a systematic trend in the above results. In the
kinematic conditions under consideration, W+ bosons are dominantly produced by a ud̄ partonic
process, with the u coming from the valence region. Correspondingly, we observe that sets charac-
terized by a larger value of the combination guv

NP + gds
NP (sets 3 and 5) lead to positive shifts in the

value of MW+ , while sets with a smaller value of guv
NP +gds

NP (set 2) lead to negative shifts. For W�

the situation is less clear.

3
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distributions with different MW masses in the range 80.370 GeV  MW  80.400 GeV, using the
flavor-independent set for the nonperturbative parameters. Then, for each “Z-equivalent” flavor-
dependent set we generate pseudodata with lower statistics (135 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV. Finally, for each pseudodata set we compute
the c2 of the various templates and we identify the template with minimum c2 in order to establish
how large is the shift in MW induced by a particular choice of flavor-dependent nonperturbative
parameters. The statistical uncertainty of the template-fit procedure is estimated by considering
statistically equivalent those templates for which Dc2 = (c2 � c2

min)  1. Consequently, we quote
an uncertainty of 2.5 MeV for each of the obtained MW shifts [8].
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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 ga
NP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV

2
.

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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TABLE II: LHCb 13 TeVFigure 1: Left panel: some selected values of the ga
NP parameter for the flavors a = uv,dv,us,ds,s = c = b =

g; units are in GeV2. Central panel: shifts in MW± (in MeV) induced by the corresponding flavor-dependent
parameters from the mT , pT `, pT n distributions at the ATLAS kinematics with

p
s = 7 TeV. Right panel: same

at the LHCb kinematics at
p

s = 13 TeV.

3. Results

In Fig. 1, we show in the left panel some selected sets of the ga
NP parameters (in GeV2) for

the flavor a = uv,dv,us,ds,s = c = b = g, out of the 30 “Z-equivalent” sets. In the central panel,
we show the corresponding shifts induced in MW± (in MeV) when applying our analysis to the
mT , pT `, pT n distributions of the final-state products at the ATLAS kinematics with

p
s = 7 TeV.

The right panel contains the same information at the LHCb kinematics with
p

s = 13 TeV.
The shifts induced by the analysis performed on pT ` are generally larger than for the mT and

pT n cases, since it is known that the former case is the most sensitive to qW
T -modelling effects. In

the pT ` analysis at the ATLAS kinematics (central panel), the set 3 produces a shift on MW+ of 9
MeV, namely with a size particularly large if compared to the corresponding uncertainty quoted by
ATLAS (3 MeV). Taking also into account the statistical uncertainty of our analysis, the absolute
value of the shifts induced in these conditions could exceed 10 MeV. At the LHCb kinematics (right
panel), the sets 2, 4, 7 produce even larger shifts. On the contrary, for MW� the shifts are in general
less significant and fall within a 2-s interval around zero.

As a final comment, we can attempt to identify a systematic trend in the above results. In the
kinematic conditions under consideration, W+ bosons are dominantly produced by a ud̄ partonic
process, with the u coming from the valence region. Correspondingly, we observe that sets charac-
terized by a larger value of the combination guv

NP + gds
NP (sets 3 and 5) lead to positive shifts in the

value of MW+ , while sets with a smaller value of guv
NP +gds

NP (set 2) lead to negative shifts. For W�

the situation is less clear.

3

Values for the parameters
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distributions with different MW masses in the range 80.370 GeV  MW  80.400 GeV, using the
flavor-independent set for the nonperturbative parameters. Then, for each “Z-equivalent” flavor-
dependent set we generate pseudodata with lower statistics (135 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV. Finally, for each pseudodata set we compute
the c2 of the various templates and we identify the template with minimum c2 in order to establish
how large is the shift in MW induced by a particular choice of flavor-dependent nonperturbative
parameters. The statistical uncertainty of the template-fit procedure is estimated by considering
statistically equivalent those templates for which Dc2 = (c2 � c2

min)  1. Consequently, we quote
an uncertainty of 2.5 MeV for each of the obtained MW shifts [8].
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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 ga
NP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV

2
.

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⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 -4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 -1 -5 7 -1 -3 8

2 -1 -15 6 0 5 10

3 -1 1 8 -1 -7 5

4 -1 -15 6 0 -4 5

5 -1 -4 6 -1 -7 5

6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5

8 -1 0 8 0 3 10

9 -1 -7 7 0 4 10
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Set mT pT ` pT⌫ mT pT ` pT⌫
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2 -1 -15 6 0 5 10

3 -1 1 8 -1 -7 5

4 -1 -15 6 0 -4 5

5 -1 -4 6 -1 -7 5

6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5

8 -1 0 8 0 3 10

9 -1 -7 7 0 4 10

TABLE II: LHCb 13 TeVFigure 1: Left panel: some selected values of the ga
NP parameter for the flavors a = uv,dv,us,ds,s = c = b =

g; units are in GeV2. Central panel: shifts in MW± (in MeV) induced by the corresponding flavor-dependent
parameters from the mT , pT `, pT n distributions at the ATLAS kinematics with

p
s = 7 TeV. Right panel: same

at the LHCb kinematics at
p

s = 13 TeV.

3. Results

In Fig. 1, we show in the left panel some selected sets of the ga
NP parameters (in GeV2) for

the flavor a = uv,dv,us,ds,s = c = b = g, out of the 30 “Z-equivalent” sets. In the central panel,
we show the corresponding shifts induced in MW± (in MeV) when applying our analysis to the
mT , pT `, pT n distributions of the final-state products at the ATLAS kinematics with

p
s = 7 TeV.

The right panel contains the same information at the LHCb kinematics with
p

s = 13 TeV.
The shifts induced by the analysis performed on pT ` are generally larger than for the mT and

pT n cases, since it is known that the former case is the most sensitive to qW
T -modelling effects. In

the pT ` analysis at the ATLAS kinematics (central panel), the set 3 produces a shift on MW+ of 9
MeV, namely with a size particularly large if compared to the corresponding uncertainty quoted by
ATLAS (3 MeV). Taking also into account the statistical uncertainty of our analysis, the absolute
value of the shifts induced in these conditions could exceed 10 MeV. At the LHCb kinematics (right
panel), the sets 2, 4, 7 produce even larger shifts. On the contrary, for MW� the shifts are in general
less significant and fall within a 2-s interval around zero.

As a final comment, we can attempt to identify a systematic trend in the above results. In the
kinematic conditions under consideration, W+ bosons are dominantly produced by a ud̄ partonic
process, with the u coming from the valence region. Correspondingly, we observe that sets charac-
terized by a larger value of the combination guv

NP + gds
NP (sets 3 and 5) lead to positive shifts in the

value of MW+ , while sets with a smaller value of guv
NP +gds

NP (set 2) lead to negative shifts. For W�

the situation is less clear.
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2

trum of the W transverse momentum, qWT , subsequently
inducing a nonnegligible shift in the extracted value of
MW .

The three experimental collaborations D0, CDF, and
ATLAS tipically fit the Z data to obtain an estimate for
the nonperturbative parameters. Then, assuming the pa-
rameters to be flavor independent, they use these esti-
mates to predict the qWT distribution. The uncertainty
on MW due to the modelling of qWT via template fits
for the distributions in (mT , pT `, pT⌫) are, respectively,
�MW = (3,9,4) MeV for CDF [22], �MW = (2,5,2) MeV
for D0 [21] and �MW = (3,3) MeV for ATLAS [23] (the
ATLAS analysis did not include pT⌫ in the template fit).

It is well known that one of the largest sources of er-
ror in determining MW comes from the uncertainty in
the choice of the collinear PDFs [26–29]. Nevertheless,
one can see that the uncertainty propagating from the
qWT spectrum via pT ` can be likewise comparably large
(except for ATLAS, because of the narrow range used for
the pT ` fit with respect to the mT one). This does not
come as a surprise, since the pT ` distribution is extremely
sensitive to the modelling of qWT , i.e., the pT ` shape gets
more distorted by all-order resummation and nonpertur-
bative contributions than the mT shape (which, in turn,
is dominated by detector resolution).

At present, neither analyses at the Tevatron and at
the LHC included information on the flavor dependence
of the intrinsic transverse momentum of the incoming
partons participating in the hard scattering. Here, it is
our aim to study its impact onto the determination of
MW in hadronic collisions, taking inspiration from the
phenomenological extraction of the unpolarized TMD
PDF from low-energy data [30].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan and
Higgs production has been extensively investigated (see,
e.g., [13, 18, 19, 31–34] for available calculations and fit-
ting codes).

Di↵erent implementations of the nonperturbative con-
tributions have been presented in the literature (see e.g.
Refs. [13, 19] and references therein). In order to take
into account possible di↵erences between the valence and
the sea quarks (and among di↵erent flavors in general),
a flavor- and kinematic-dependent implementation of the
nonperturbative part of the quark Sudakov exponent has
been suggested in Refs. [30, 35]. In the present work, we
choose a Gaussian functional form for the intrinsic trans-
verse momentum distribution of the unpolarized TMD
PDF. Its Fourier-conjugate expression reads

faNP
1 (b2T ) / e�ga

NP b2T , (1)

where gaNP is related to the average intrinsic transverse
momentum squared of a parton with flavor a. In general,
the latter may also depend on kinematics, but here we
will neglect this dependence.

We implemented the above ansatz in two publicly
available tools for computing Drell-Yan di↵erential cross
sections: DYqT [36, 37] and DYRes [36, 38]. The DYqT pro-
gram computes the qT spectrum of an electroweak boson
V (V = �⇤,W±, Z) produced in hadronic collisions. The
calculation combines the pure fixed-order QCD result up
to O(↵2

s) at high qT (qT ⇠ MV ) with the resummation
of the logarithmically-enhanced contributions at small
transverse-momenta (qT ⌧ MV ) up to next-to-next-to-
leading logarithmic (NNLL) accuracy. The rapidity of
the vector boson and the leptonic kinematical variables
are integrated over the entire kinematical range. At the
same perturbative accuracy, the DYRes code also provides
the full kinematics of the vector boson and of its decay
products. It thus allows for the application of arbitrary
cuts on the final-state kinematical variables and gives dif-
ferential distributions in form of bin histograms, directly
comparable to experimental measurements.
The original codes implement the nonperturbative

TMD e↵ects as a flavor- and kinematic-independent
Gaussian exponential e�gNP b2T whose strength is gov-
erned by a single parameter gNP tuned at the electroweak
scale. This factor incorporates the nonperturbative ef-
fects from both the TMD PDFs entering the cross
section, including their evolution. In order to mimic a
flavor dependence in each partonic intrinsic transverse
momentum, we modify this simple implementation by
decomposing gNP into the sum gaNP + ga

0

NP , where the
flavor indices span the range a, a0 = uv, us, dv, ds, s, c, b, g
(the subscripts referring to the valence and sea com-
ponents, respectively). For each parton with flavor a,
the nonperturbative contribution faNP

1 of Eq. (1) is
included in the corresponding term in the flavor sum of
the TMD factorization formula [3]. In the following, we
assume gsNP = gcNP = gbNP = ggNP , i.e., we assume that
in total the intrinsic transverse-momentum depends on
five flavors.

Analysis strategy.

The phenomenological extraction of Ref. [30] is based
on about 1500 data points, however the nonperturbative
parameters gaNP in Eq. (1) are not tightly constrained. A
fit to Z/�⇤ data from Tevatron produces the value gNP ⇠

0.8 GeV2 for the universal nonperturbative factor [32].
We recall that this value refers to the convolution of two
TMD PDFs inside the cross section; hence, each parton
should equally contribute with a nonperturbative width
of ⇡ 0.4 GeV2. When we introduce the corresponding
parameter gaNP for a single TMD PDF with flavor a, we
split it as follows:

exp(�gaNP b
2
T ) �! exp[�[gevo ln(Q

2/Q2
0) + ga] b

2
T ] , (2)

where the first term in the right hand side is the non-
perturbative correction due the TMD PDF evolution,
which is flavor independent (but, in principle, di↵erent



Templates vs pseudodata

 50

TEMPLATES

• high statistics (750M events)  
• different values of MW  
ΔMW = −15 MeV to +15 MeV 

• no flavor-dependent intrinsic transverse 
momentum



Templates vs pseudodata

 50

TEMPLATES

• high statistics (750M events)  
• different values of MW  
ΔMW = −15 MeV to +15 MeV 

• no flavor-dependent intrinsic transverse 
momentum

PSEUDODATA

• “low” statistics (135M events)  
• central value  

MW = 80.385 GeV  
• flavor-dependent intrinsic transverse 

momentum
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We compute the chi2 between templates and pseudo data, find which template gives  
the best description, and determine ΔMW

Statistical uncertainty: ±2.5 MeV

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

min  1

Flavor and W mass Marco Radici

distributions with different MW masses in the range 80.370 GeV  MW  80.400 GeV, using the
flavor-independent set for the nonperturbative parameters. Then, for each “Z-equivalent” flavor-
dependent set we generate pseudodata with lower statistics (135 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV. Finally, for each pseudodata set we compute
the c2 of the various templates and we identify the template with minimum c2 in order to establish
how large is the shift in MW induced by a particular choice of flavor-dependent nonperturbative
parameters. The statistical uncertainty of the template-fit procedure is estimated by considering
statistically equivalent those templates for which Dc2 = (c2 � c2

min)  1. Consequently, we quote
an uncertainty of 2.5 MeV for each of the obtained MW shifts [8].
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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 ga
NP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV

2
.

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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Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 -4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV
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3 -1 1 8 -1 -7 5

4 -1 -15 6 0 -4 5

5 -1 -4 6 -1 -7 5

6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5

8 -1 0 8 0 3 10

9 -1 -7 7 0 4 10

TABLE II: LHCb 13 TeV
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6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV
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Set mT pT ` pT⌫ mT pT ` pT⌫

1 -1 -5 7 -1 -3 8

2 -1 -15 6 0 5 10

3 -1 1 8 -1 -7 5

4 -1 -15 6 0 -4 5

5 -1 -4 6 -1 -7 5

6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5

8 -1 0 8 0 3 10

9 -1 -7 7 0 4 10

TABLE II: LHCb 13 TeVFigure 1: Left panel: some selected values of the ga
NP parameter for the flavors a = uv,dv,us,ds,s = c = b =

g; units are in GeV2. Central panel: shifts in MW± (in MeV) induced by the corresponding flavor-dependent
parameters from the mT , pT `, pT n distributions at the ATLAS kinematics with

p
s = 7 TeV. Right panel: same

at the LHCb kinematics at
p

s = 13 TeV.

3. Results

In Fig. 1, we show in the left panel some selected sets of the ga
NP parameters (in GeV2) for

the flavor a = uv,dv,us,ds,s = c = b = g, out of the 30 “Z-equivalent” sets. In the central panel,
we show the corresponding shifts induced in MW± (in MeV) when applying our analysis to the
mT , pT `, pT n distributions of the final-state products at the ATLAS kinematics with

p
s = 7 TeV.

The right panel contains the same information at the LHCb kinematics with
p

s = 13 TeV.
The shifts induced by the analysis performed on pT ` are generally larger than for the mT and

pT n cases, since it is known that the former case is the most sensitive to qW
T -modelling effects. In

the pT ` analysis at the ATLAS kinematics (central panel), the set 3 produces a shift on MW+ of 9
MeV, namely with a size particularly large if compared to the corresponding uncertainty quoted by
ATLAS (3 MeV). Taking also into account the statistical uncertainty of our analysis, the absolute
value of the shifts induced in these conditions could exceed 10 MeV. At the LHCb kinematics (right
panel), the sets 2, 4, 7 produce even larger shifts. On the contrary, for MW� the shifts are in general
less significant and fall within a 2-s interval around zero.

As a final comment, we can attempt to identify a systematic trend in the above results. In the
kinematic conditions under consideration, W+ bosons are dominantly produced by a ud̄ partonic
process, with the u coming from the valence region. Correspondingly, we observe that sets charac-
terized by a larger value of the combination guv

NP + gds
NP (sets 3 and 5) lead to positive shifts in the

value of MW+ , while sets with a smaller value of guv
NP +gds

NP (set 2) lead to negative shifts. For W�

the situation is less clear.

3

ATLAS - 7 TeV
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We compute the chi2 between templates and pseudo data, find which template gives  
the best description, and determine ΔMW

Statistical uncertainty: ±2.5 MeV

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

min  1

LHCb - 13 TeV

Flavor and W mass Marco Radici

distributions with different MW masses in the range 80.370 GeV  MW  80.400 GeV, using the
flavor-independent set for the nonperturbative parameters. Then, for each “Z-equivalent” flavor-
dependent set we generate pseudodata with lower statistics (135 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV. Finally, for each pseudodata set we compute
the c2 of the various templates and we identify the template with minimum c2 in order to establish
how large is the shift in MW induced by a particular choice of flavor-dependent nonperturbative
parameters. The statistical uncertainty of the template-fit procedure is estimated by considering
statistically equivalent those templates for which Dc2 = (c2 � c2

min)  1. Consequently, we quote
an uncertainty of 2.5 MeV for each of the obtained MW shifts [8].
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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 ga
NP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV

2
.

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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TABLE II: LHCb 13 TeVFigure 1: Left panel: some selected values of the ga
NP parameter for the flavors a = uv,dv,us,ds,s = c = b =

g; units are in GeV2. Central panel: shifts in MW± (in MeV) induced by the corresponding flavor-dependent
parameters from the mT , pT `, pT n distributions at the ATLAS kinematics with

p
s = 7 TeV. Right panel: same

at the LHCb kinematics at
p

s = 13 TeV.

3. Results

In Fig. 1, we show in the left panel some selected sets of the ga
NP parameters (in GeV2) for

the flavor a = uv,dv,us,ds,s = c = b = g, out of the 30 “Z-equivalent” sets. In the central panel,
we show the corresponding shifts induced in MW± (in MeV) when applying our analysis to the
mT , pT `, pT n distributions of the final-state products at the ATLAS kinematics with

p
s = 7 TeV.

The right panel contains the same information at the LHCb kinematics with
p

s = 13 TeV.
The shifts induced by the analysis performed on pT ` are generally larger than for the mT and

pT n cases, since it is known that the former case is the most sensitive to qW
T -modelling effects. In

the pT ` analysis at the ATLAS kinematics (central panel), the set 3 produces a shift on MW+ of 9
MeV, namely with a size particularly large if compared to the corresponding uncertainty quoted by
ATLAS (3 MeV). Taking also into account the statistical uncertainty of our analysis, the absolute
value of the shifts induced in these conditions could exceed 10 MeV. At the LHCb kinematics (right
panel), the sets 2, 4, 7 produce even larger shifts. On the contrary, for MW� the shifts are in general
less significant and fall within a 2-s interval around zero.

As a final comment, we can attempt to identify a systematic trend in the above results. In the
kinematic conditions under consideration, W+ bosons are dominantly produced by a ud̄ partonic
process, with the u coming from the valence region. Correspondingly, we observe that sets charac-
terized by a larger value of the combination guv

NP + gds
NP (sets 3 and 5) lead to positive shifts in the

value of MW+ , while sets with a smaller value of guv
NP +gds

NP (set 2) lead to negative shifts. For W�

the situation is less clear.
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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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ATLAS finding : 

Part of the discrepancy between the mass of the W+ and the W- can be artificially induced 
by not considering the flavor structure in transverse momentum.

ATLAS Collab. arXiv:1701.07240

For example, sets 1 and 2 imply 
(both ATLAS and LHCb) 

mW� > mW+

�mW� > �mW+

This implies that building templates with sets 1,2, instead of  
flavor-independent values, the difference would be reduced.

Flavor and W mass Marco Radici

distributions with different MW masses in the range 80.370 GeV  MW  80.400 GeV, using the
flavor-independent set for the nonperturbative parameters. Then, for each “Z-equivalent” flavor-
dependent set we generate pseudodata with lower statistics (135 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV. Finally, for each pseudodata set we compute
the c2 of the various templates and we identify the template with minimum c2 in order to establish
how large is the shift in MW induced by a particular choice of flavor-dependent nonperturbative
parameters. The statistical uncertainty of the template-fit procedure is estimated by considering
statistically equivalent those templates for which Dc2 = (c2 � c2

min)  1. Consequently, we quote
an uncertainty of 2.5 MeV for each of the obtained MW shifts [8].
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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 ga
NP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV

2
.

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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6 -1 -5 7 0 2 9

7 -1 -15 6 -1 -6 5
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9 -1 -7 7 0 4 10

TABLE II: LHCb 13 TeVFigure 1: Left panel: some selected values of the ga
NP parameter for the flavors a = uv,dv,us,ds,s = c = b =

g; units are in GeV2. Central panel: shifts in MW± (in MeV) induced by the corresponding flavor-dependent
parameters from the mT , pT `, pT n distributions at the ATLAS kinematics with

p
s = 7 TeV. Right panel: same

at the LHCb kinematics at
p

s = 13 TeV.

3. Results

In Fig. 1, we show in the left panel some selected sets of the ga
NP parameters (in GeV2) for

the flavor a = uv,dv,us,ds,s = c = b = g, out of the 30 “Z-equivalent” sets. In the central panel,
we show the corresponding shifts induced in MW± (in MeV) when applying our analysis to the
mT , pT `, pT n distributions of the final-state products at the ATLAS kinematics with

p
s = 7 TeV.

The right panel contains the same information at the LHCb kinematics with
p

s = 13 TeV.
The shifts induced by the analysis performed on pT ` are generally larger than for the mT and

pT n cases, since it is known that the former case is the most sensitive to qW
T -modelling effects. In

the pT ` analysis at the ATLAS kinematics (central panel), the set 3 produces a shift on MW+ of 9
MeV, namely with a size particularly large if compared to the corresponding uncertainty quoted by
ATLAS (3 MeV). Taking also into account the statistical uncertainty of our analysis, the absolute
value of the shifts induced in these conditions could exceed 10 MeV. At the LHCb kinematics (right
panel), the sets 2, 4, 7 produce even larger shifts. On the contrary, for MW� the shifts are in general
less significant and fall within a 2-s interval around zero.

As a final comment, we can attempt to identify a systematic trend in the above results. In the
kinematic conditions under consideration, W+ bosons are dominantly produced by a ud̄ partonic
process, with the u coming from the valence region. Correspondingly, we observe that sets charac-
terized by a larger value of the combination guv

NP + gds
NP (sets 3 and 5) lead to positive shifts in the

value of MW+ , while sets with a smaller value of guv
NP +gds

NP (set 2) lead to negative shifts. For W�

the situation is less clear.

3

ATLAS - 7 TeV

https://arxiv.org/abs/1701.07240
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It’s an example of the connection between  
hadron structure studies beyond the collinear picture and HEP.

The generated mass shifts are different for W+ and W- and they are more evident looking at 
the lepton transverse momentum (rather than the transverse mass)

We need more flavor-sensitive data (e.g. SIDIS) to constrain the flavor-dependence of the 
unpolarized TMD PDFs (Electron-Ion Collider).

As for collinear PDFs, also the transverse structure and its flavor-dependence can have an 
impact on precision studies at high-energies.

The predictive power of TMDs is driven by the kinematics of the process AND by the precision 
of the observable under consideration.

There is a lot of room to improve this exercise:  
accuracy, statistics, kinematic regions, model dependence, other observables, etc.
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TMD factorization
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In certain processes 
the cross section can be factorized 

in contributions characterized by a specific  
scaling of the momenta

renormalized TMD PDF :  

IR div. : long-distance physics 
UV div. and rapidity div. cancelled  

by UV-renormalization and soft factor S

f1(x, k
2
T ;µ, ⇣)

credit picture: M. Buffing

d� ⇠ H f bare
1 f bare

1 S

⇠ H f1 f1

Evolution with respect to two scales

p p ! ` ¯̀X
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A non-exhaustive list

Transverse momentum resummation : 
- Qiu, Zhang (2001)  -  Z production                                   [PRL 86 (2001) 2724-2727]

- Bozzi, Catani, Cieri, Ferrera, de Florian, Grazzini             DyqT, DyRes, HqT

- CTEQ collaboration                                                          ResBos

- Becher, Neubert                                                               CuTe

- Berger, Qiu (2003)  -  Higgs production                            [PRL 91 (2003) 222003]

- Berger, Qiu, Wang (2005)  -  \Upsilon production             [PRD 71 (2005) 034007]


One can also consider V+jet(s) … 
- Boughezal et al. : W + 1jet at NNLO                                 [PRL 115 (2015) 062002]

- Boughezal et al. : Z + 1jet at NNLO                                  [PRL 116 (2016) 152001]

- Boughezal et al. : H + 1jet at NNLO                                  [PRL 115 (2015) 082003]

(needed for many LHC applications, including the determination of the gluon PDF)


… and combine QCD and EW effects (photon collinear and TMD PDF) : 
- Boughezal, Li, Petriello (2013)  -  high mass DY @ LHC   [JHEP 1707 (2017) 130]

- Gavin, Li, Petriello, Quackenbush                                     FEWZ

- Bacchetta, Echevarria                                                       1810.02297
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Data: kinematic coverage
Unpolarized PDFs
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data sets available: 

collinear PDFs 
vs  

TMD PDFs
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Given a generic function

I(x0, A) =

Z b

a
dx eAf(x) = eAf(x0)

s
2⇡

A(�f 00(x0))

✓
1 +O

✓
1

A

◆◆

f 2 C2(a, b) and a positive constant A

Given x0, maximum in (a,b) for f :
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Given a generic function

I(x0, A) =

Z b

a
dx eAf(x) = eAf(x0)

s
2⇡

A(�f 00(x0))

✓
1 +O

✓
1

A

◆◆

Let’s apply this to a TMD PDF evaluated at kT = 0:

fa
1 (x, kT = 0;µf , ⇣f ) =

1

4⇡

Z +1

�1
d(ln b2T ) exp

⇢Z µf

µi

dµ

µ
�F


↵s(µ),

⇣f
µ2

�

�K(bT , µi) ln
⇣f
⇣i

+ ln b2T + ln

X

b

Ca/b ⌦ fb

��

fa
1 (x, kT ;µf , ⇣f ) = F.T.

⇥
fa
1 (x, bT ;µf , ⇣f )

⇤

f 2 C2(a, b) and a positive constant A

Given x0, maximum in (a,b) for f :

Saddle point of the TMD PDF :  
stationary point of the exponent
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Conclusion : the predictive power 
is governed by both Q and x

d

dbT

⇢Z µf

µi

dµ

µ
�F


↵s(µ),

⇣f
µ2

�

�K(bT , µi) ln
⇣f
⇣i

+ ln b2T

+ ln

X

b

Ca/b(x, b
2
T , µi, ⇣i)⌦ fb(x, µi)

��

bT=bspT

= 0

bspT =
c

⇤

✓
Q

⇤

◆��cusp
1 /

⇥
�cusp
1 +8⇡b0

�
1�X (x,µ?

b )
�⇤

X (x, µ) =
d

d lnµ2
ln fa(x, µ)

µ?
b = 2e��E/bspT Requires iterative solution

Working at LL the solution is :

Generate the scale-dependence of 
the saddle point

Generates the x-dependence of the 
saddle point

⇣ = µ2 = Q2
The sign of the derivative of the 
collinear PDF determines the 

behavior in x
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3

⌘i=� ln
⇥
tan( 12✓i)

⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2

 
1�

M2
Q

M2
?

!

⇥


H

qq̄(x1, x2, q
2
T ) +H

q̄q(x1, x2, q
2
T )

�
,

B
gg!QQ̄ =

N

N2 � 1
B1 H

gg(x1, x2, q
2
T ) , (8)

±1

±1

⌥1

±1

h? g
1

fg
1

±1 ⌥1

±1 ⌥1

h? g
1

FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.

gluon TMD

±1

±1 ∓1

∓1

h⊥ g
1

h⊥ g
1

±1

±1 ±1

fg
1

±1

fg
1

e p ! e jet jet X p p ! ⌘c Xp p ! J/ � X

gluon TMD
gluon TMD

gluon TMD

gluon TMD

EIC !

- factorization properties in effective theories  
- no extractions beyond parton model yet
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blue band: uncertainty from matching

grey band: scale uncertainty

red band: uncertainty associated 
to the nonperturbative evolution 

and  
intrinsic transverse momenta

preliminary

full transverse momentum spectrum: inverse-error weighting :

the formalism is in good shape 
we need the data at low qT

Echevarria, Kasemets, Lansberg, AS, Pisano  
Phys.Lett. B781 (2018) 161-168

http://inspirehep.net/record/1646273
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Eur.Phys.J. C74 (2014) 3046

- tension between direct measurements and indirect 
determinations/global EW fit

- larger uncertainty in direct determinations
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16 10

uval-dbar is the most important channel 
uval-ubar and d-dbar  

are the most important channels 

W+Z
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6

way to respect the values of ⇤NP fitted on the Z data, generating at the same time di↵erent values ⇤i,j to be used
in the calculation of the di↵erential cross section for W± (we refer the reader to Ref. [11] for the precise values of
⇤i,j used in the study).

The shifts (quantified in GeV) induced by di↵erent perturbative and non-perturbative contributions are summa-
rized in Tab. I. The renormalisation scale is varied between 1/2µc and 2µc, with µc = qT + q?, where q? is a cuto↵
introduced in the SCET formalism to avoid the Landau pole [10]. The scale in the hard part has not been varied.
Regarding the impact of the collinear PDFs, the result shown in the table is the smallest interval which contains
68% or 90% of peak positions, computed for every member of the NNPDF3.0 set [35]. The strong coupling is varied
by ±0.003 from the central value of 0.118.

TABLE I: Summary of the shifts in GeV induced on the peak position in qT spectra of W±/Z, generated by di↵erent e↵ects.
“f.i.” stands for flavour-independent, whereas “f.d.” for flavour-dependent. “Max W±” e↵ect indicates the maximum shift
induced on the peak position of the W± qT spectrum by flavour-dependent variations of hk2

T i that keep the peak of the Z qT
spectrum unchanged. For the values of the flavour-dependent non-perturbative parameters we refer the reader to Ref. [11].

W+ W� Z
µR = µc/2, 2µc +0.30 �0.09 +0.29 �0.06 +0.23 �0.05
pdf (68% cl) +0.03 +0.03 +0.04 +0.00 +0.03 �0.02
pdf (90% cl) +0.03 �0.05 +0.06 �0.02 +0.05 �0.02
↵s = 0.118± 0.003 +0.14 �0.12 +0.14 �0.14 +0.15 �0.15
f.i. hk2

T i = 1.0, 1.96 +0.16 �0.16 +0.16 �0.14 +0.16 �0.15
f.d. hk2

T i (max W+ e↵ect) +0.09 �0.06 ±0
f.d. hk2

T i (max W� e↵ect) �0.03 +0.05 ±0

The shift induced in the peak position from flavour-dependent hk2
T i is smaller than that induced by scale variation,

↵s variation and flavour-independent hk2
T i, but comparable in magnitude. It is also bigger than the uncertainty

from the PDF set, which is the only other uncertainty where the shifts are not almost perfectly correlated between
the three vector bosons. With flavour-dependent variations of hk2

T i, the peaks of the W
+ and W� distributions shift

in di↵erent directions. Since the hk2
T i parameters are selected under the constraint that the Z qT -distribution is left

unchanged (see Tab. I), the channels for W+ and W� move in di↵erent directions. The anticorrelation of the shifts
between W+ and W� is a peculiarity of the uncertainty generated by flavour-dependent variations of the intrinsic
kT . This means that the uncertainty stemming from the non-perturbative hadron structure in the transverse plane
can a↵ect the determination of mW+ and mW� in di↵erent ways. Indeed, this feature nicely emerges in the analysis
summarized in Sec. IV.

The analysis in Ref. [11] thus shows that the uncertainty on the peak position for W± bosons arising from the
flavour dependence of the intrinsic transverse momentum is not negligible with respect to the other sources of
theoretical uncertainties and comparable in magnitude with the uncertainties due to the collinear PDFs.

We now analyse the ratios of the qT -di↵erential cross section calculated with a flavour-independent set of non-
perturbative parameters in efa

NP(bT ;�
0) over the same cross section calculated with flavour-dependent parameters.

The results are presented in Fig. 3 for Z, W+, W�. The calculation has been performed by means of a flavour-
dependent modification of DyqT, where the non-perturbative contributions in Eq. (1) have been coded as:

exp{�gaNP } = exp{�[gevo ln(Q
2/Q2

0) + ga]b
2
T} . (6)

The values for gevo, Q0, ga are taken from Ref. [22] and the flavour-dependence in ga is inspired to the flavour ratios
in Ref. [33]. The curves in Fig. 3 correspond to 50 sets of flavour-dependent non-perturbative parameters built
according to these criteria. The perturbative accuracy is NLL and the collinear PDF set used is NNPDF3.1 [36].

As predicted by the TMD formalism, the e↵ect induced by the non-perturbative corrections is more evident at
low qT . In particular, it is stronger for qT < 5 GeV but sizable up to qT = 10 GeV. The flavour dependence of the
intrinsic transverse momentum can modify the shape of d�/dqT by ⇠ 5 � 10% at very low transverse momentum.
This observable a↵ects the cross section di↵erential with respect to the kinematics of the final state particles, namely
the distributions in p`T , p

⌫
T , mT , and thus has an impact also on the determination of the W boson mass.
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The flavor structure of the TMDs

can affect the shape of the W qT spectrum  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Opposite shifts!
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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 '� 

Transverse mass: important detector smearing effects, weakly sensitive to pTW modelling

           Lepton pT: moderate detector smearing effects, extremely sensitive to pTW modelling 

mTpT
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pTW modelling depends on flavour and all-order treatment of QCD corrections

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 
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Transverse mass: important detector smearing effects, weakly sensitive to pTW modelling

           Lepton pT: moderate detector smearing effects, extremely sensitive to pTW modelling 

mTpT


