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Outline of the talk

 2

Hadron structure … :


1) Transverse-momentum-dependent distributions (TMDs)


2) Transverse spin and the Sivers function


… and connection to high-energy physics:


3)  The unpolarized TMD PDF


4)  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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Motivations
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NP HEP

Nucleon/nuclear tomography in momentum space: 
aimed at understanding how hadrons are built in 
terms of the elementary degrees of freedom of QCD 

High-energy phenomenology:  
improve our understanding of scattering experiments  

and their potential to explore BSM physics 
assuming a certain degree of knowledge  

of hadron structure

An intersection between  
particle and nuclear 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.
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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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5 = 1
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i]�5 correspond to unpolarized, longitudinally polarized, and
transversely polarized quarks respectively.

similar table for gluons and for fragmentation 

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

encode all the possible 
spin-spin and spin-momentum 

correlations  
between the proton  
and its constituents

unpolarized TMD PDF

Sivers TMD PDF

extraction of a quark 
not collinear with the proton

xP
P kT

U L T



The Sivers function
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Quark correlations
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lepton lepton

Xhadron (P)

scattering process participated 
by a hadron :  

need a “transition” from the hadron 
to a parton 

Parton Distribution Function - PDF

quark (k)



Quark correlations
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hadron (P) hadron (P)

quark (k) quark (k)

lepton lepton

Xhadron (P)

quark (k)

scattering process participated 
by a hadron :  

need a “transition” from the hadron 
to a parton 

Parton Distribution Function - PDF

2

hadronic part 
described as a quark-quark  
correlation in space-time

the     hadronic part

Φ(k,P)

ξ is the Fourier-conjugated of 
quark momentum k

�(k, P ) = F.T.hP | j(0) U  i(⇠)|P i



Gauge invariance
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Process dependence
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space-time 0

ξ

transv. “plane” ψi(ξ)

ψj(0)

“[-] path” in space-time

__

gauge link U[-]

light-cone minus component

�(k, P ) = F.T.hP | j(0) U
[�](0, ⇠)  i(⇠)|P i

proton

lepton

antilepton

proton

Drell-Yan

remnant

In Drell-Yan the remnant of the proton feels  
the color force of a quark in the initial state
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1
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Process dependence
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“[+] path” in space-time

__

gauge link U[+]

light-cone minus component

In SIDIS the remnant of the proton feels  
the color force of a quark in the final state
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Generalized universality
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The hard process determines the direction of the gauge link 
Thus the distributions depend on the process  

What happens to the concept of hadron structure?
?



Generalized universality

 15

The interplay between time-reversal symmetry and gauge symmetry 
generates relations between the two different gauge link configurations.  

For example: !

fa? [+]
1T (x, k2T ) = �fa? [�]

1T (x, k2T )

The “sign-change” relation for T-odd TMD PDFs, 
such as the Sivers function, is yet to be proved experimentally.

T-even distribution 

striking consequence 
of the symmetries of QCD  

T-odd distribution

fa [+]
1 (x, k2T ) = fa [�]

1 (x, k2T )
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The sign change
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1T (x, k2T )

See also talk by A. Quintero
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Collins, PLB 536 (02) fa? [+]
1T (x, k2T ) = �fa? [�]

1T (x, k2T )

See also talk by A. Quintero
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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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of sign change?

prediction with TMD  
evolution equations

fa? [+]
1T (x, k2T ) = �fa? [�]

1T (x, k2T )

See also talk by A. Quintero
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Sivers asymmetry in Drell-Yan: sign change 

sign change 
 
 
 
 
 
 
 
 
no sign change 

TMD-2 (2013) 
P. Sun, F. Yuan, PRD88, 114012 

TMD-1 (2014) 
M. G. Echevarria et al. PRD89,074013 

DGLAP (2016)  
M. Anselmino et al., arXiv:1612.06413 

New! 03 April 2017 
COMPASS 
CERN-EP-2017-059   
arXiv:1704.00488[hep-ex]  
 

courtesy B. Parsamyan

Sivers asymmetry in Semi-Inclusive DIS

Sivers asymmetry in  
Drell-Yan

See also talk by M. Quaresma



The unpolarized TMD PDF

 18



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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fa
1 (x, b

2
T , µf , ⇣f ) = fa

1 (x, b
2
T , µi, ⇣i)

⇥ exp

⇢Z µf

µi

dµ

µ
�F


↵s(µ),

⇣f
µ2

��

⇥
✓
⇣f
⇣i

◆�K(bT ,µi)

evolution in mu

bT, Fourier conjugate of kT

fa
1 (x, b

2
T , µi, ⇣i) =

X

b

Ca/b(x, b
2
T , µi, ⇣i)⌦ fb(x, µi)

µi ! µf

A sensible choice is to set the  
initial and final scale as:

⇣i = µ2
i = 4e�2�E/b2T ⌘ µ2

b

⇣f = µ2
f = Q2

two “evolution scales”

evolution in zeta
⇣i ! ⇣f

Input TMD distribution can be expanded at low bT on the collinear distributions
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fa
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T , µf , ⇣f ) = fa

1 (x, b
2
T , µi, ⇣i)
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⇢Z µf
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dµ

µ
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↵s(µ),

⇣f
µ2
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⇥
✓
⇣f
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◆�K(bT ,µi)

evolution in mu

evolution in zeta

bT, Fourier conjugate of kT

Input TMD distribution can be expanded at low bT on the collinear distributions

fa
1 (x, b

2
T , µi, ⇣i) =

X

b

Ca/b(x, b
2
T , µi, ⇣i)⌦ fb(x, µi)

need corrections  
at large bT

µi ! µf

⇣i ! ⇣f

A sensible choice is to set the  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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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Experimental Observables 
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MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 
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  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
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Experimental Observables 

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

pT(e) 
 most affected by pT(W)   

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

          No pT(W)  
   pT(W) included 

  Detector effects  

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

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

If 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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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

�4  MW�  3 MeV

Eur.Phys.J. C74 (2014) 3046

Statistical uncertainty: ±2.5 MeV
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This is an example of the connection between  
hadron structure studies beyond the collinear picture and HEP

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, the transverse structure and its flavor-dependence can have an 
impact on precision studies at high-energies

Transverse-momentum-dependent parton distribution functions are a precious tool to 
map hadron structure in a 3D momentum space 

The symmetries of QCD (in particular the gauge symmetry and time-reversal invariance) 
predict a sign change for certain distributions, such as the Sivers function 

More progress from the theoretical and experimental point of view is needed to confirm 
this striking prediction of the theory
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Data: kinematic coverage
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data sets available: 

collinear PDFs 
vs  

TMD PDFs

Data: kinematic coverage
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data driven science

see E. Nocera - POETIC2016

Q : resolution of the probe
x : momentum 

fraction carried by the parton

 32
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see R. Ent - INT 17-3 program
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 New kinematic windows : 

JLab12 will explore the valence quark region (large x)  
EIC will explore the region dominated by sea quarks and gluons 

The “sweet spot” for the EIC parameters is a balance of 
 
• High enough energies to probe hadron structure  
  in new kinematic windows and better control factorization  
 
• High enough luminosity for precise nucleon imaging 
 
• multi-purpose and specialized detectors 

unpolarized collinear PDF - f1(x)
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low predictive power 
strong influence of  

non-perturbative part
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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 non-

perturbative effects

Interesting combination
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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



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

https://arxiv.org/abs/1701.07240
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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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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
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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
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This contribution contains also intrinsic transverse momentum of partons. The MC 
has been tuned to describe Z-boson data

https://arxiv.org/abs/1701.07240
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Scimemi, Vladimirov [Eur.Phys.J. C78 2018 89]

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



W+ vs W-

 41

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: EPJC CERN-EP-2016-305
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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 

mW� > mW+

�mW� > �mW+

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

https://arxiv.org/abs/1701.07240
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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.
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- factorization properties in effective theories  
- first extraction of the unpolarized gluon TMD PDF from quarkonium-pair production at LHC (1710.01684)
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low predictive power 
strong influence of NP

high predictive power 
weak influence of NP

Small-x, high-Q :  
strong predictive power

Rapidity dependence too


