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STANDARD PARTON DISTRIBUTION FUNCTIONS

�4

Standard collinear PDFs 
describe the distribution 
of partons in one 
dimension in 
momentum space.  
They are extracted 
through global fits

Accardi et al., arXiv:1603.08906
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FIG. 1: The u-valence, d-valence, gluon and sea quark (x⌃ = 2x(ū + c̄ + d̄ + s̄)) PDFs with their 1 �
uncertainty bands of ABM12 [2], HERAPDF2.0 [4] and JR14 (set JR14NNLO08VF) [5] at NNLO at the
scale Q2 = 4 GeV2; absolute results (left) and ratio with respect to ABM12 (right).
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FIG. 2: Same as Fig. 1 for the CT14 [3], MMHT14 [6] and NNPDF3.0 [7] PDF sets with their 1 �
uncertainty bands at NNLO; absolute results (left) and ratio with respect to CT14 (right).
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FIG. 1: The u-valence, d-valence, gluon and sea quark (x⌃ = 2x(ū + c̄ + d̄ + s̄)) PDFs with their 1 �
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scale Q2 = 4 GeV2; absolute results (left) and ratio with respect to ABM12 (right).

9

 x  
-410 -310 -210 -110 1

)2
(x

,Q
V

 x
u

0

0.2

0.4

0.6

0.8

1
 

2 = 4.0 GeV2Q
CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

 x  
-410 -310 -210 -110 1

re
f

)2
(x

,Q
V

)/x
u

2
(x

,Q
V

 x
u

0.5

1

1.5

2

2 = 4.0 GeV2Q
CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

 x  
-410 -310 -210 -110 1

)2
(x

,Q
V

 x
d

0

0.1

0.2

0.3

0.4

0.5

 
2 = 4.0 GeV2Q

CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

 x  
-410 -310 -210 -110 1

re
f

)2
(x

,Q
V

)/x
d

2
(x

,Q
V

 x
d

0.5

1

1.5

2

2 = 4.0 GeV2Q
CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

 x  
-410 -310 -210 -110 1

)2
 x

g(
x,

Q

0

2

4

6

8

10
 

2 = 4.0 GeV2Q
CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

 x  
-410 -310 -210 -110 1

re
f

)2
)/x

g(
x,

Q
2

 x
g(

x,
Q

0.5

1

1.5

2

2 = 4.0 GeV2Q
CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

 x  
-410 -310 -210 -110 1

)2
(x

,Q
Σ

 x

0

0.5

1

1.5

2

2.5

3

 
2 = 4.0 GeV2Q

CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

 x  
-410 -310 -210 -110 1

re
f

)2
(x

,Q
Σ

)/x2
(x

,Q
Σ

 x

0.5

1

1.5

2

2 = 4.0 GeV2Q
CT14 NNLO (68%CL)
MMHT14nnlo68cl
NNPDF30 NNLO

FIG. 2: Same as Fig. 1 for the CT14 [3], MMHT14 [6] and NNPDF3.0 [7] PDF sets with their 1 �
uncertainty bands at NNLO; absolute results (left) and ratio with respect to CT14 (right).
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FIG. 1: The u-valence, d-valence, gluon and sea quark (x⌃ = 2x(ū + c̄ + d̄ + s̄)) PDFs with their 1 �
uncertainty bands of ABM12 [2], HERAPDF2.0 [4] and JR14 (set JR14NNLO08VF) [5] at NNLO at the
scale Q2 = 4 GeV2; absolute results (left) and ratio with respect to ABM12 (right).
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FIG. 2: Same as Fig. 1 for the CT14 [3], MMHT14 [6] and NNPDF3.0 [7] PDF sets with their 1 �
uncertainty bands at NNLO; absolute results (left) and ratio with respect to CT14 (right).
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Figure 3.2: A comparison of the unpolarized PDF benchmark moments between the lattice QCD computations
and global fit determinations. Results are displayed both in terms of absolute values (left) and ratios to the
lattice values (right) at µ2 = 4 GeV2.

As is apparent from Table 3.7 and Fig. 3.2, there is a significant di↵erence in the uncertainties
between the lattice QCD and global fit results, with the latter always about one order of magnitude
smaller than the former. Moreover, even within their large uncertainties, the lattice-QCD results for
the first moments of the total up and strange quark and the gluon PDFs are not compatible with their
global-fit counterparts. In the case of quarks, the discrepancy is below 2� (in units of the lattice-QCD
uncertainty), while in the case of the gluon the discrepancy is slightly larger than 3�.

On the lattice-QCD side, we note that in the flavor-singlet sector calculations neglected part of the
renormalization and computed some other parts only perturbatively. Most of the discrepancies between
lattice-QCD and global-fit results are observed in the flavor-singlet sector. Progress in taking into
account the renormalization properly could shift lattice-QCD results significantly, and reconcile them
with the global fits in the future. We also note that the momentum sum rule, Eq. (2.53), usually is not
imposed in lattice-QCD calculations. In the ETMC17 analysis [250], it turns out to be 1.071(93)(72),
see Table 3.1, if uncertainties are assumed to be uncorrelated. Although there is no evidence for a
violation of the momentum sum rule based on this result, one must be careful combining results from
di↵erent calculations to account for correlations and other sources of error. Also, note that the ETMC17
analysis is performed with Nf = 2 flavors, hence the strange quark should not participate in the sum
rule.

On the global-fit side, we note that the amount of experimental information that constrains the
total up-quark distribution is the largest among all distributions. Therefore, it seems unlikely that its
global-fit central value could vary significantly in the future, and become compatible with the current
lattice result. Conversely, the amount of experimental information that constrains the total strange
distribution in a global fit is less abundant and less accurate. A slight shift in its central value, towards
the current lattice-QCD results, might be observed in the future, as soon as new data sensitive to the
strange quark becomes available. Finally, in an attempt to reconcile the lattice-QCD and the global-fit
results of the first moment of the gluon PDF, one could assume a completely di↵erent behavior of the
gluon PDF below the HERA kinematic coverage, x ⇠ 10�5 (see Fig. 2.2). While such a kinematic region
remains completely unexplored, in general the contribution of this region to the moments is negligible
and thus unlikely to resolve the situation.

41

PDFLattice White Paper, arXiv:1711.07916

Fair agreement, but not perfect
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FIG. 33: Final results for the unpolarized PDF (upper left), helicity PDF (upper right) and transversity PDF (lower), using
the largest momentum P3=10⇡/L (blue curve). The global fits of Refs. [112–114] (unpolarized) , Refs. [115–117] (helicity) ,
Refs. [118] (transversity) are shown for qualitative comparison.

The parameters of the ensembles are expected to satisfy certain criteria for the range of values of the pion mass,
the volume and the lattice spacing, to study uncertainties such as:

• Cuto↵ e↵ects: A reliable control of cuto↵ e↵ects requires at least three values of the lattice spacing smaller than 0.1
fm. Normally, cuto↵ e↵ects are found to be relatively small in lattice hadron structure calculations. In the quasi-PDF
computation, the nucleon is boosted to momenta for which P3 becomes significant in comparison to the inverse lattice
spacing and this may lead to increased cuto↵ e↵ects. We note that for our largest momentum, we have aP3=0.65
which is below the lattice cuto↵ (unlike Refs. [26, 28, 31] where the employed nucleon momenta are significantly above
the lattice cuto↵), and the continuum dispersion relation is still satisfied, as shown in Fig. 4. Still, it is unclear to
what extent the good quality of the dispersion relation translates into discretization e↵ects of the matrix elements
considered here.

• Finite volume e↵ects : Similarly to discretization e↵ects, finite volume e↵ects are also usually found to be rather
small in hadron structure observables. The situation with quasi-PDFs is likely to be somewhat more complicated,
since we use operators with Wilson lines of significant length. The volume behavior of such extended operators was
considered by Briceño et al. [109] within a model using current-current correlators in a scalar theory. Despite the
fact that the model is not directly applicable to our investigation, it does provide a warning that the suppression of
finite volume e↵ects for matrix elements of spatially extended operators may change from the standard exp(�m⇡L)
to (Lm

/|L� z|
n) exp(�mN (L� z)), where m and n are undetermined exponents, which may become dominating for

large z. Thus, finite volume e↵ects may turn out to be a significant source of systematics and their investigation is
crucial in the future.

• Systematic uncertainties in the determination of the renormalization functions : Uncertainties also arise in the
computation of renormalization functions due to the breaking of rotational invariance. We have partly improved our

Alexandrou, Cichy, Constantinou, Hadjiyiannakou, Jansen, Scapellato, Steffens, arXiv:1902.00587  
see previous talk by Martha  

global fits

lattice calculation  
(quasi-PDF approach)
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Transverse momentum

Fraction of  
longitudinal momentum

TMDs describe the distribution of partons in three dimensions in 
momentum space. They also have to be extracted through global 
fits.

How “wide” is the distribution? 
Is there a difference between flavors? 

Does it get wider at low x?



PREDICTIONS THAT REQUIRE TMDS
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• Recent ATLAS measurement used Pythia8 to ‘fit' the Z pT distribution and 
extrapolate to W pT 
• Resulting tune (AZ) reproduces the Z pT at spectrum 1-2% level 

• What about using resummed calculations to obtain the W/Z ratio? 
• Higher order (NNLL, N3LO) calculations should be a good idea 

• W pT modeling and uncertainties is of great interest to experimentalists 
working on the W mass measurement  
• Benchmarking of resummed calculations! 

Higher order models for W/Z ratio

 304/02/19

from A. Apyan’s talk at LHC EW Precision sub-group workshop  
https://indico.cern.ch/event/801961/

also  
ResBos2  
Radish  
SCETlib  
… 
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• W pT modeling and uncertainties is of great interest to experimentalists 
working on the W mass measurement  
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Higher order models for W/Z ratio

 304/02/19

from A. Apyan’s talk at LHC EW Precision sub-group workshop  
https://indico.cern.ch/event/801961/

There is an entire industry of tools that make predictions for 
observables that involve TMDs. Most of them neglect important 
effects (especially at low pT) coming from nonperturbative TMD 
components.

also  
ResBos2  
Radish  
SCETlib  
… 
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Wigner distributions

5 dimensional
⇢(x,~k?,~b?)

Transverse plane
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Transverse momentum
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Transverse position~b?

!!



�11see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11)

Wigner distributions  
(Fourier transform of  
GTMDs = Generalized  
Transverse Momentum  
Distributions)

TMDs  
Fourier transform  
of GPDs

PDFs
Fourier transform  
of Form Factors

kT

xP
bT

kT

xP xP
bT

xP
bT
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On top of these, there are twist-3 functions

today I am discussing  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see, e.g., Ji, Ma, Yuan, PRD 71 (05)  
Collins, “Foundations of Perturbative QCD” (11)  
Rogers, Aybat, PRD 83 (11)  
Echevarria, Idilbi, Scimemi JHEP 1207 (12)

TMD factorization well understood
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see, e.g., Collins, PLB 536 (02)  
Collins, Metz, PRL 93 (04)  
Buffing, Mukherjee, Mulders, PRD 86 (12)

TMD universality is not trivial
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see, e.g., Rogers, Mulders, PRD81 (10) Buffing, Kang, Lee, Liu, arXiv:1812.07549

×

http://arxiv.org/abs/arXiv:1812.07549
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pion

p-p to pions

TMD factorization breaks in pp to hadrons  
Is the breaking large?

see, e.g., Rogers, Mulders, PRD81 (10) Buffing, Kang, Lee, Liu, arXiv:1812.07549

×

http://arxiv.org/abs/arXiv:1812.07549
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1

�
xB ,k

2
?B ;µ

2
�
�(2)

�
k?A � qT + k?B

�

=
X

a

H
1a
UU (Q

2;µ2)

Z
db2?
4⇡

J0(|bT ||qT |)f̃
a
1

�
xA, b

2
?;µ

2
�
f̃ ā
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The analysis of the W term is usually done in Fourier-transformed space
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|k?| ⇠ ⇤QCD |k?|⌧ Q

soft and collinear  
gluon radiation

hard  
gluon radiation

|k?| ⇠ Q

“intrinsic”  
transverse  
momentum
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see, e.g., Rogers, Aybat, PRD 83 (11),  
Collins, “Foundations of Perturbative QCD” (11)  

other possible schemes, e.g., 
Laenen, Sterman, Vogelsang, PRL 84 (00)  
Bozzi, Catani, De Florian, Grazzini, NPB737 (06) 
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (13)

fa
1 (x, k?;µ2) =

1
2⇡

Z
d2b?e�ib?·k? efa

1 (x, b?;µ2)
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1

�
(x, b⇤;µb)eS̃(b⇤;µb,µ)egK(bT ) ln µ

µ0 f̂a
NP(x, bT )

nonperturbative part 
of TMD

collinear PDF

perturbative Sudakov 
form factor

nonperturbative part 
of evolution

see, e.g., Rogers, Aybat, PRD 83 (11),  
Collins, “Foundations of Perturbative QCD” (11)  

other possible schemes, e.g., 
Laenen, Sterman, Vogelsang, PRL 84 (00)  
Bozzi, Catani, De Florian, Grazzini, NPB737 (06) 
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (13)
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1
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Z
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matching coefficients 
(perturbative)

µb =
2e��E
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Pavia 2019 
Higher-order corrections

!17

In Pavia, we are actively working to reach the “state-of-the-art” accuracy: 
in fact, in the TMD region we already got there!

A fast computation of  this observable(s) is implemented in a dedicated 
framework conceived to extract TMD distributions: NangaPargat. 

V. Bertone’s talk at IWHSS 2019
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Framework HERMES COMPASS DY Z production N of points

Pavia 2013 
arXiv:1309.3507 parton model ✔ ✘ ✘ ✘ 1538

Torino 2014  
arXiv:1312.6261 parton model ✔  

(separately)
✔  

(separately) ✘ ✘
576 (H) 
6284 (C)

DEMS 2014 
arXiv:1407.3311  NNLL ✘ ✘ ✔ ✔ 223

EIKV 2014  
 arXiv:1401.5078  NLL 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ 500 (?)

SIYY 2014 
arXiv:1406.3073 NLLʹ ✘ ✔ ✔ ✔ 200 (?)

Pavia 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059

SV 2017 
arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ 309

BSV 2019 
arXiv:1902.08474 NNLLʹ ✘ ✘ ✔ ✔ 457

http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157
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PHENIX

E288
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ATLAS(116<Q<150)

ATLAS(46<Q<66)

Total:
457 data points
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Figure 1. Density distribution of data points in the plain (Q, x) for each experiment analyzed in the fit.

that scale as q
2
T /Q

2 = �
2, should be taken into account. Specifically, in the TMD framework,

these corrections can be regarded as a theoretical uncertainty. Based on this consideration, if
the (uncorrelated) experimental uncertainty of a given data point is smaller than the theoretical
uncertainty associated to the expected size of power corrections, we drop this point from the fit.
This is the origin of the second condition in eq. (3.1). This data selection is particularly conservative
because it drops points that could potentially be described by TMD factorization (see e.g. ref. [12]
where less conservative cuts are used). However, this choice guarantees that we operate well within
the range of validity TMD factorization.

Table 2 reports a summary of the full data set included in our fit. Remarkably, after imposing
the cut in eq. (3.1), the number of data points included in our fit is 457. Despite the conservative
cut, this is the largest set of DY data considered so far within a TMD fit. Our data set spans a
wide range in energy, from Q = 4 GeV to Q = 150 GeV, and in x, from x ⇠ 0.5 · 10�4 to x ⇠ 1. We
recall that a single DY data point is simultaneously sensitive to a larger and a smaller value of x.
This is because the cross section is given by a pair of TMDPDFs, eq. (2.1), computed in x1 and x2

such that x1x2 ' Q
2
/s, see eq. (2.2).

In our fit we have compared absolute values of cross-section, whenever they are available. The
only data set that require normalization factors are all CMS data, ATLAS at 7 TeV, and DO
electron-pair measurements. For these sets we have normalized the integral of the theory prediction
to corresponding integral over the data (see explicit expression in ref.[13]). To our best knowledge, it
is the first fit of TMD factorization to absolute values of cross-section in the modern time, compare
e.g to the latest and most advanced fits in [11–13].

The kinematic region in x and Q covered by the data set considered for our fit is shown in
fig. 1. The boxes enclose the sub-regions covered by the single data sets. Looking at fig. 1, it is
possible to distinguish two main clusters of data: the “low-energy experiments”, i.e. E288, E605,

– 8 –

Bertone, Scimemi, Vladimirov, 
arXiv:1902.08474

Bacchetta, Delcarro, Pisano, Radici,  
Signori, arXiv:1703.10157

http://arxiv.org/abs/arXiv:1902.08474
http://arxiv.org/abs/arXiv:1703.10157
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Number of data points: 8059 

Global χ2/dof = 1.55 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Figure 8. The down quark TMD PDF in b-space(left) and kT -space(right) presented at different values of

x. The color shows the size of the uncertainty relative the value of distribution.

6 Conclusions

We have extracted the unpolarized transverse momentum dependent parton distribution function
(TMDPDF) and rapidity anomalous dimension (also known as Collins-Soper kernel) from Drell-Yan
data. The analysis has been performed in the ⇣-prescription with NNLO perturbative inputs. We
have also provided an estimation of the errors on the extracted functions with the replica method.
The values of TMDPDF and rapidity anomalous dimension, together with the code that evaluates
the cross-section, are available at [45], as a part of the artemide package. We plan to release grids
for TMDPDFs extracted in this work also through the TMDlib [69].

Theoretical predictions are based on the newly developed concepts of ⇣-prescription and op-
timal TMD proposed in ref. [27]. This combination provides a clear separation between the non-
perturbative effects in the evolution factor and the intrinsic transverse momentum dependence.
Additionally, the ⇣-prescription permits the usage of different perturbative orders in the collinear
matching and TMD evolution. For that reasons, the precise values of the rapidity anomalous di-
mension (±1%(4%, 6%) accuracy at b = 1(3, 5) GeV�1) are relevant for any observable that obeys
TMD evolution.

In our analysis, we have included a large set of data points, which spans a wide range of
energies (4 < Q < 150 GeV) and x (x > 10�4), see fig. 1. The data set can be roughly split into
the low-energy data, which includes experiments E288, E605, E772 and PHENIX at RHIC, and
the high-energy data from Tevatron (CDF and D0) and LHC (ATLAS, CMS, LHCb) in similar
proportion. To exclude the influence of power corrections to TMD factorization we consider only
the low-qT part of the data set, as described in sec. 3. A good portion of data is included in the fit
of TMD distributions for the first time, that is the data from E772, PHENIX, some parts of ATLAS
and D0 data. For the first time, the data from LHC have been included without restrictions (the
only previous attempt to include LHC data in a TMDPDF fit is [13], where systematic uncertainties
and normalization has been treated in a simplified manner). We have shown that the inclusion of
LHC data greatly restricts the non-perturbative models at smaller b (b . 2 GeV�1) and smaller x

(x . 0.05), and therefore they are highly relevant for studies of the intrinsic structure of hadrons.
A detailed comparison of fits with and without LHC data has been discussed in sec. 5.

The extracted TMDPDF shows a non-trivial x-dependence that is not dictated only by the
collinear asymptotic limit of PDFs. In particular, we find that the unpolarized TMDPDF is bigger
(in impact parameter space) at larger x, see fig. 7. This indirectly implies a smaller value of the
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energies (4 < Q < 150 GeV) and x (x > 10�4), see fig. 1. The data set can be roughly split into
the low-energy data, which includes experiments E288, E605, E772 and PHENIX at RHIC, and
the high-energy data from Tevatron (CDF and D0) and LHC (ATLAS, CMS, LHCb) in similar
proportion. To exclude the influence of power corrections to TMD factorization we consider only
the low-qT part of the data set, as described in sec. 3. A good portion of data is included in the fit
of TMD distributions for the first time, that is the data from E772, PHENIX, some parts of ATLAS
and D0 data. For the first time, the data from LHC have been included without restrictions (the
only previous attempt to include LHC data in a TMDPDF fit is [13], where systematic uncertainties
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Figure 4. Comparison of the theory prediction (solid line) to E537 di↵erential in Q. The dashed line is the

theoretical prediction after the addition of systematic shifts di. The values of the �2 and di are calculated for

the full set of data with 8% correlated error. The vertical dashed line shows the estimation of the boundary

for TMD factorization approach.

Results of the fit. The minimization procedure for �2-test yields the following values of non-
perturbative parameters

a1 = 0.17± 0.11± 0.03, a2 = 0.48± 0.34± 0.06, a3 = 2.15± 3.25± 0.32. (3.3)

The first error-band is due to the uncertainty of data-points. It is estimated by the replica method, as
in ref.[44], by minimization of �2 on 100 replicas of pseudodata. The second error is due to uncertainty
in the proton TMDPDF and TMD evolution. It is estimated by the minimization of �2 on 100 of
replicas of input distributions.

Parameters a1,2,3 are restricted to positive values. So, large error-bands in (3.3) are the result
of very asymmetric distribution of parameters. Large error bands on parameters does not implies a
significant point-by-point uncertainty for fNP, since all parameters are correlated. For example, at
b ⇠ 0.5GeV�1 the uncertainty in fNP is 2� 3%. However, this band is definitely biased by the ansatz
(2.8). The plot for fNP is shown in fig.1(left). The actual values of TMDPDF in b�space and kT -
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the full set of data with 8% correlated error. The vertical dashed line shows the estimation of the boundary

for TMD factorization approach.

Results of the fit. The minimization procedure for �2-test yields the following values of non-
perturbative parameters

a1 = 0.17± 0.11± 0.03, a2 = 0.48± 0.34± 0.06, a3 = 2.15± 3.25± 0.32. (3.3)

The first error-band is due to the uncertainty of data-points. It is estimated by the replica method, as
in ref.[44], by minimization of �2 on 100 replicas of pseudodata. The second error is due to uncertainty
in the proton TMDPDF and TMD evolution. It is estimated by the minimization of �2 on 100 of
replicas of input distributions.

Parameters a1,2,3 are restricted to positive values. So, large error-bands in (3.3) are the result
of very asymmetric distribution of parameters. Large error bands on parameters does not implies a
significant point-by-point uncertainty for fNP, since all parameters are correlated. For example, at
b ⇠ 0.5GeV�1 the uncertainty in fNP is 2� 3%. However, this band is definitely biased by the ansatz
(2.8). The plot for fNP is shown in fig.1(left). The actual values of TMDPDF in b�space and kT -
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The first error-band is due to the uncertainty of data-points. It is estimated by the replica method, as
in ref.[44], by minimization of �2 on 100 replicas of pseudodata. The second error is due to uncertainty
in the proton TMDPDF and TMD evolution. It is estimated by the minimization of �2 on 100 of
replicas of input distributions.

Parameters a1,2,3 are restricted to positive values. So, large error-bands in (3.3) are the result
of very asymmetric distribution of parameters. Large error bands on parameters does not implies a
significant point-by-point uncertainty for fNP, since all parameters are correlated. For example, at
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Figure 1. (left) The function fNP that parametrizes the non-perturbative part of TMDPDF for pion 2.6.

(center) Pion TMDPDF for d-quark in b-space. (right) Pion TMDPDF for d-quark in kT -space. The bands

are the 1� uncertainty band related to the data error-bands and calculated by the replica method.

3 Comparison to the data

Review of available data. There are three available measurements of transverse momentum cross-
section for pion-induced Drell-Yan process. They were performed by NA3 [38], E537 [30] and E615 [20]
experiments. The measurement by NA3 is presented only by a plot in ref.[38], and the exact values of
data-points and their error-bars are not available. Therefore, only the visual comparison with NA3 is
possible (fig.6). The data tables for E537 [30] and E615 [20] can be can be found in [39].

Both experiments E537 and E615 have been performed in the same environment at di↵erent ener-
gies of the pion beam, Pbeam = 125GeV for E537 and Pbeam = 252 GeV for E615, which corresponds
to s = 235.4GeV2 and s = 473.6GeV2, respectively. The data for both experiments are provided in
two alternative binning: di↵erential in xF , or di↵erential in Q. In table 1, the summary of kinematics
for each data set is shown. Let me mention that both of measurements are made at high values of
x1,2. In particular, the lowest accessible value of x⇡ is 0.26 (for E537) and 0.18 (for E615).

Definition of �2 distribution. To estimate the theory-to-data agreement, I have used the �2-test
function contracted as usual

�2 =
X

ij

(mi � ti)V
�1
ij (mj � tj), (3.1)

where mi is the central value of i’th data-point, ti is the theory prediction for this data-point and i, j
run through all points in the set. Both experiments provide an uncorrelated error for each point �stat

and a systematic error. The later is mainly generated by the luminosity uncertainty, and thus can be
considered as a correlated error �corr. The covariance matrix is be build according to general rules:

Vij = �2
stat,i�ij + �corr,i�corr,j . (3.2)

As it is discussed below, E615 data-set has a problem with the general normalization (it could be
also a theory problem). Due to it, the value of �2 calculated with covariance matrix (3.2) is extremely
high, despite the errors of measurements are relatively large. It happens because the correlated part
of �2 overweights the uncorrelated part by an order of magnitude. So, the fit procedure becomes
impossible. To stabilize the values of �2, I have split the data-set of E615 to subsets with the same
values of (Q, xF ). Consequently, the correlated error has been adjusted to (Q, xF )-bin independently.
In other words, the elements of covariance matrix that mixes di↵erent (Q, xF )-bins are set to zero.
The possible sources of this problem are discussed below.
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Figure 4. Comparison of the theory prediction (solid line) to E537 di↵erential in Q. The dashed line is the

theoretical prediction after the addition of systematic shifts di. The values of the �2 and di are calculated for

the full set of data with 8% correlated error. The vertical dashed line shows the estimation of the boundary

for TMD factorization approach.

Results of the fit. The minimization procedure for �2-test yields the following values of non-
perturbative parameters

a1 = 0.17± 0.11± 0.03, a2 = 0.48± 0.34± 0.06, a3 = 2.15± 3.25± 0.32. (3.3)

The first error-band is due to the uncertainty of data-points. It is estimated by the replica method, as
in ref.[44], by minimization of �2 on 100 replicas of pseudodata. The second error is due to uncertainty
in the proton TMDPDF and TMD evolution. It is estimated by the minimization of �2 on 100 of
replicas of input distributions.

Parameters a1,2,3 are restricted to positive values. So, large error-bands in (3.3) are the result
of very asymmetric distribution of parameters. Large error bands on parameters does not implies a
significant point-by-point uncertainty for fNP, since all parameters are correlated. For example, at
b ⇠ 0.5GeV�1 the uncertainty in fNP is 2� 3%. However, this band is definitely biased by the ansatz
(2.8). The plot for fNP is shown in fig.1(left). The actual values of TMDPDF in b�space and kT -
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Figure 1. (left) The function fNP that parametrizes the non-perturbative part of TMDPDF for pion 2.6.

(center) Pion TMDPDF for d-quark in b-space. (right) Pion TMDPDF for d-quark in kT -space. The bands

are the 1� uncertainty band related to the data error-bands and calculated by the replica method.

3 Comparison to the data

Review of available data. There are three available measurements of transverse momentum cross-
section for pion-induced Drell-Yan process. They were performed by NA3 [38], E537 [30] and E615 [20]
experiments. The measurement by NA3 is presented only by a plot in ref.[38], and the exact values of
data-points and their error-bars are not available. Therefore, only the visual comparison with NA3 is
possible (fig.6). The data tables for E537 [30] and E615 [20] can be can be found in [39].

Both experiments E537 and E615 have been performed in the same environment at di↵erent ener-
gies of the pion beam, Pbeam = 125GeV for E537 and Pbeam = 252 GeV for E615, which corresponds
to s = 235.4GeV2 and s = 473.6GeV2, respectively. The data for both experiments are provided in
two alternative binning: di↵erential in xF , or di↵erential in Q. In table 1, the summary of kinematics
for each data set is shown. Let me mention that both of measurements are made at high values of
x1,2. In particular, the lowest accessible value of x⇡ is 0.26 (for E537) and 0.18 (for E615).

Definition of �2 distribution. To estimate the theory-to-data agreement, I have used the �2-test
function contracted as usual

�2 =
X

ij

(mi � ti)V
�1
ij (mj � tj), (3.1)

where mi is the central value of i’th data-point, ti is the theory prediction for this data-point and i, j
run through all points in the set. Both experiments provide an uncorrelated error for each point �stat

and a systematic error. The later is mainly generated by the luminosity uncertainty, and thus can be
considered as a correlated error �corr. The covariance matrix is be build according to general rules:

Vij = �2
stat,i�ij + �corr,i�corr,j . (3.2)

As it is discussed below, E615 data-set has a problem with the general normalization (it could be
also a theory problem). Due to it, the value of �2 calculated with covariance matrix (3.2) is extremely
high, despite the errors of measurements are relatively large. It happens because the correlated part
of �2 overweights the uncorrelated part by an order of magnitude. So, the fit procedure becomes
impossible. To stabilize the values of �2, I have split the data-set of E615 to subsets with the same
values of (Q, xF ). Consequently, the correlated error has been adjusted to (Q, xF )-bin independently.
In other words, the elements of covariance matrix that mixes di↵erent (Q, xF )-bins are set to zero.
The possible sources of this problem are discussed below.
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Figure 7. (left) Comparison of theory prediction to the preliminary results of COMPASS [52]. The experi-

mental values are normalized to the theory. Vertical line shows approximate boundary of TMD factorization

approach. (right) Comparison of unpolarized TMDPDF of d-quark in pion and proton at x = 0.3.

• Wrong shape for non-perturbative corrections. It could happen that the suggested ansatz for
non-perturbative parts of TMD evolution (2.9) and TMDPDF (2.6) is essentially wrong, and
confines the cross-section in improper domain. However, it looks very implausible because it
agrees with known theory constraints, and nicely describe the proton-proton measurements [1].

• Resonance e↵ects. The most problematic bins are the lower-Q bins. It could imply that the
observed deficit in the normalization is produced by the interference of �⇤ with J/ ,  0 resonances
and their excitations that are located in the region Q ⇠ 3� 4GeV. However, the post-resonance
contamination typically looks exactly opposite, as an excess of the theory over the data.

In total, it is hard to imagine that any of these points (except resonance contamination) could change
the value of cross-section normalization more than 5-10%. Unless the TMD factorization formula has
a deep and systematic problem.

Thus, I should conclude that probably the di↵erential in qT data by E615 have an incorrect
normalization. There are some details that further point to this possibility. First, there is a very
good agreement in the shape of cross-sections. Second, the normalization issue is greater at smaller-
Q and practically disappears at Q ⇠ 9GeV (the same with xF -di↵erential bins since xF ⇠ Q/

p
s).

It could indicate the bad estimation of the background in the close-to-resonance region by E615
collaboration. Additionally, the traces of abnormal behavior in xF (for qT -spectrum) are already seen
in the publication of E615 [20]. It was observed that qT -spectrum after subtraction of normalization
has an extreme dependence on xF (see sec.V.B, and appendix A, in ref.[20]), which could not be
explained within the perturbative QCD. Finally, the comparison to E537 and NA3 experiments has
not a problem with normalization, although data-quality is significantly worse.

4 Conclusion

In the present work, the pion-induced Drell-Yan process has been studied, with the main aim to
extract the values of pion unpolarized transverse momentum dependent parton distribution function
(TMDPDF). The analysis is made in the TMD factorization framework with ⇣-prescription [9] and
compete next-to-next-to-leading (NNLO) perturbative input. To extract the values of pion TMDPDF,
the measurements of E615 experiment have been used. I have used the di↵erential in xF data for
better sensitivity to x-dependence of TMDPDF. The measurement of E615 di↵erential in Q and
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Figure 10: Collinearity (R1 from Eq. (8.15) for fixed zh = 0.25, ⇣ = 0.3 and ⇠ = 0.2. Top
panels show the ratio for MB = m⇡ at (a) small transverse momentum (qT = 0.3 GeV) and
(b) qT = 2.0 GeV. Similar cases for MB = mK are shown in the bottom panels, (c) and (d).

some rough model assumptions for the intrinsic properties of partons. Hence, our position is
that region mapping should be viewed as one of the aspects of SIDIS that is to be determined
with guidance from data, rather than being treated as well-known input. Nevertheless, the
R0-R3 can already be useful for querying the reasonableness of some region assumptions.
For example, if collinearity R1 is found to be approximately 10 for a wide range of even rough
models, then a current region assumption could be viewed with skepticism. Conversely, very
small values of collinearity R1 might be considered a strong signal that one is deep in a
regime where a current region fragmentation function picture is appropriate. If, in addition,
there is a small transverse hardness ratio R2 it may be taken to signal the close proximity
to small transverse momentum, where a TMD factorization scheme would be appropriate.
If transverse hardness ratio R2 and spectator virtuality ratio R3 are both large, then high
order pQCD corrections are likely important. In a fitting context, the R0-R3 can be utilized
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Figure 11: Transverse momentum hardness, R2, from Eq. (8.16) for fixed zh = 0.25,
⇣ = 0.3 and ⇠ = 0.2. Top panels show the ratio for MB = m⇡ at (a) xBj = 0.2 and (b)
xBj = 0.01. Similar cases for MB = mK are shown in the bottom panels, (c) and (d).

to fix Bayesian priors. Conversely, the success or failure of theoretical predictions can be
used to constrain the ranges of R0-R3 that are acceptable for particular regions in future
theoretical predictions.

In developing a picture of the likelihood that a particular kinematical region corresponds
to a particular partonic picture, one should of course consider a wide range of multiple non-
perturbative models for the values of ki, kf , etc., in addition to sampling from a range of
⇣, ⇠, and azimuthal angles, and track the values of R0-R3, in addition to xN/xBj, zN/zh,
W

2
tot, W

2

SIDIS
to assess the validity of various purely kinematical approximations. This could

be done, perhaps, at the level of computer simulations, where the values of R0-R3 can be
tracked. For now, the effect of changing quantities like k

2

i
and k

2

f
can be examined directly

with our web tool Ref. [12].

In the future we plan to incorporate this view into phenomenological procedures, par-
ticularly in situations with not-too-large Q. We hope that this will ultimately contribute to
a clearer picture of the borders between different regions and an improved understanding

– 30 –

low value of R1 
required to avoid 
target fragmentation 
region  

 
low value of R2 
required to stay in 
TMD region

Boglione, Dotson, Gamberg, Gordon, Gonzalez, Prokudin, Rogers, Sato, arXiv:1904.12882

http://arxiv.org/abs/arXiv:1904.12882


IMPROVEMENT OF ACCURACY

�32

0 2 4 6 8 10 12
 [GeV]

T
q

2
4
6
8

10
12
14
16
18
20
22
24

]
-1

  [
pb

 G
eV

Tqd
σd

CDF Run II, 66 GeV < Q < 116 GeV
Data
Predictions
Shifted predictions

 = 7.4274292χ

1 2 3 4 5 6 7 8 9 10
 [GeV]

T
q

4

5

6

7

8

9

10

11

12

]
-1

  [
pb

 G
eV

Tqd
σd

 < 4.5yLHCb at 13 TeV, 60 GeV < Q < 120 GeV, 2 < 
Data
Predictions
Shifted predictions

 = 6.9731032χ

0 2 4 6 8 10 12
 [GeV]

T
q

4
6
8

10
12
14
16
18
20
22
24

]
-1

  [
pb

 G
eV

Tqd
σd

CDF Run II, 66 GeV < Q < 116 GeV
Data
Predictions
Shifted predictions

 = 1.7026002χ

1 2 3 4 5 6 7 8 9 10
 [GeV]

T
q

5

6

7

8

9

10

11

12

]
-1

  [
pb

 G
eV

Tqd
σd

 < 4.5yLHCb at 13 TeV, 60 GeV < Q < 120 GeV, 2 < 
Data
Predictions
Shifted predictions

 = 1.6443272χ

0 2 4 6 8 10 12
 [GeV]

T
q

4
6
8

10
12
14
16
18
20
22
24

]
-1

  [
pb

 G
eV

Tqd
σd

CDF Run II, 66 GeV < Q < 116 GeV
Data
Predictions
Shifted predictions

 = 1.1797542χ

1 2 3 4 5 6 7 8 9 10
 [GeV]

T
q

6

7

8

9

10

11

12

]
-1

  [
pb

 G
eV

Tqd
σd

 < 4.5yLHCb at 13 TeV, 60 GeV < Q < 120 GeV, 2 < 
Data
Predictions
Shifted predictions

 = 0.8081742χ

NLL

NNLL

NNNLL



PROBLEMS



PROBLEMS WITH NORMALISATION

�34

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��
�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Pavia 2017 
The new COMPASS data

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Exploratory analysis               
without normalisation

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Pavia 2017 
The new COMPASS data

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Exploratory analysis               
without normalisation

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Pavia 2017 
The new COMPASS data

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Exploratory analysis               
without normalisation

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Pavia 2017 
The new COMPASS data

〈��〉=��� ����
〈�〉=������

�

�

�

�

��

�
��
���
���
���

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=�����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=�����

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈��〉=��� ����
〈�〉=����

�

�

�

�

��

�
��
���
���
���

〈��〉=��� ����
〈�〉=����

��� ��� ���
���[���]

〈��〉=��� ����
〈�〉=����

〈�〉=���� (������=�)
〈�〉=���� (������=�)
〈�〉=��� (������=�)
〈�〉=��� (������=�)

Exploratory analysis               
without normalisation

Analysis of revised SIDIS data 
from COMPASS

[ Phys.Rev. D97 (2018) no.3, 032006 ]
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Analysis of revised SIDIS data 
from COMPASS

[ Phys.Rev. D97 (2018) no.3, 032006 ]

PRD97 (18)

We made predictions using the 
PV17 extraction and compared 
them with the new COMPASS 
data, without normalization 
factors 

F. Delcarro’s talk at IWHSS 2018
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Exploratory analysis               
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Analysis of revised SIDIS data 
from COMPASS

[ Phys.Rev. D97 (2018) no.3, 032006 ]

PRD97 (18)

We made predictions using the 
PV17 extraction and compared 
them with the new COMPASS 
data, without normalization 
factors 

The agreement is bad

F. Delcarro’s talk at IWHSS 2018
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Analysis of revised SIDIS data 
from COMPASS

[ Phys.Rev. D97 (2018) no.3, 032006 ]

PRD97 (18)

We made predictions using the 
PV17 extraction and compared 
them with the new COMPASS 
data, without normalization 
factors 

Going to NLL’ or NNLL 
the situation worsens! 

The agreement is bad

F. Delcarro’s talk at IWHSS 2018



PROBLEMS WITH NORMALISATION
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Exploratory analysis               
without normalisation

Analysis of revised SIDIS data 
from COMPASS

[ Phys.Rev. D97 (2018) no.3, 032006 ]

PRD97 (18)

We made predictions using the 
PV17 extraction and compared 
them with the new COMPASS 
data, without normalization 
factors 

We are still 
struggling to find a 
way out…

Going to NLL’ or NNLL 
the situation worsens! 

The agreement is bad

F. Delcarro’s talk at IWHSS 2018
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talk by O. Gonzalez at DIS2019
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Fourier Transform of:

pQCD

Input (extraction from collinear cross section)

Non-perturbative functions to extract from data.

(TMD region)

15

(TMD region)

Approximately follows the behaviour of Generalized Parton Model e.g.

Note however this is not an exact correspondence (and 
NO TMD evolution here) 

Torino’s group also 
confirmed that large 
normalisation factors 
have to be introduced 
to describe COMPASS 
data
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to appear in F. Piacenza’s PhD thesis
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to appear in F. Piacenza’s PhD thesis
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Figure 5. Comparison of the theory prediction (solid line) to E615 di↵erential in Q. The dashed line is the

theoretical prediction after the addition of systematic shifts di. The values of the �2 and di are calculated for

the each Q-bin with 16% correlated error. The vertical dashed line shows the estimation of the boundary for

TMD factorization approach. Note, that the bins with Q 2 (9, 10.35) and Q 2 (10.35, 11.7) lies in the region

of ⌥-resonance, and could not be described by pure perturbative approach.

space (that is obtained by Fourier transformation) are shown in fig.1(center,right). The pion TMDPDF
obtained in this work together with distribution of 100 replicas is available in the artemide-repository
[17] as Vpion19 TMDPDF set (for ⇡�-meson).

The final values of �2 is �2/Np = 1.44 (Np = 80). It can be compared with the result of fit in
ref.[45] �2/Np = 1.64, where almost the same data were used. The main contribution to the value
of �2 comes from the systematic disagreement in the normalization between the data and the theory.
In fig.2,3,4,5 the comparison of the data to the theory prediction is shown together with the values
of �2/Np for a given subset of data-points. In fig.6 the visual comparison of the theory to NA3 is
shown. The plots for Q-di↵erential bins made for the range of qT larger than it is allowed by the
TMD factorization (the boundary qT ' 0.25Q is shown by the vertical dashed line). It is interesting
to observe that the TMD factorization formula works unexpectedly well outside of this region.
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Figure 5. Comparison of the theory prediction (solid line) to E615 di↵erential in Q. The dashed line is the

theoretical prediction after the addition of systematic shifts di. The values of the �2 and di are calculated for

the each Q-bin with 16% correlated error. The vertical dashed line shows the estimation of the boundary for

TMD factorization approach. Note, that the bins with Q 2 (9, 10.35) and Q 2 (10.35, 11.7) lies in the region

of ⌥-resonance, and could not be described by pure perturbative approach.

space (that is obtained by Fourier transformation) are shown in fig.1(center,right). The pion TMDPDF
obtained in this work together with distribution of 100 replicas is available in the artemide-repository
[17] as Vpion19 TMDPDF set (for ⇡�-meson).

The final values of �2 is �2/Np = 1.44 (Np = 80). It can be compared with the result of fit in
ref.[45] �2/Np = 1.64, where almost the same data were used. The main contribution to the value
of �2 comes from the systematic disagreement in the normalization between the data and the theory.
In fig.2,3,4,5 the comparison of the data to the theory prediction is shown together with the values
of �2/Np for a given subset of data-points. In fig.6 the visual comparison of the theory to NA3 is
shown. The plots for Q-di↵erential bins made for the range of qT larger than it is allowed by the
TMD factorization (the boundary qT ' 0.25Q is shown by the vertical dashed line). It is interesting
to observe that the TMD factorization formula works unexpectedly well outside of this region.
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Figure 5. Comparison of the theory prediction (solid line) to E615 di↵erential in Q. The dashed line is the

theoretical prediction after the addition of systematic shifts di. The values of the �2 and di are calculated for

the each Q-bin with 16% correlated error. The vertical dashed line shows the estimation of the boundary for

TMD factorization approach. Note, that the bins with Q 2 (9, 10.35) and Q 2 (10.35, 11.7) lies in the region

of ⌥-resonance, and could not be described by pure perturbative approach.

space (that is obtained by Fourier transformation) are shown in fig.1(center,right). The pion TMDPDF
obtained in this work together with distribution of 100 replicas is available in the artemide-repository
[17] as Vpion19 TMDPDF set (for ⇡�-meson).

The final values of �2 is �2/Np = 1.44 (Np = 80). It can be compared with the result of fit in
ref.[45] �2/Np = 1.64, where almost the same data were used. The main contribution to the value
of �2 comes from the systematic disagreement in the normalization between the data and the theory.
In fig.2,3,4,5 the comparison of the data to the theory prediction is shown together with the values
of �2/Np for a given subset of data-points. In fig.6 the visual comparison of the theory to NA3 is
shown. The plots for Q-di↵erential bins made for the range of qT larger than it is allowed by the
TMD factorization (the boundary qT ' 0.25Q is shown by the vertical dashed line). It is interesting
to observe that the TMD factorization formula works unexpectedly well outside of this region.
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At high qT, the collinear formalism should be valid, but large 
discrepancies are observed

Gonzalez-Hernandez, Rogers, Sato, Wang arXiv:1808.04396
Old predictions (DSS07) @ LO
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The discrepancies could be largely resolved by including NLO and 
modifying the gluon collinear fragmentation function

Gonzalez-Hernandez, Rogers, Sato, Wang arXiv:1808.04396

http://arxiv.org/abs/arXiv:1808.04396
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However, large discrepancies are found also in low-energy DY 
scattering data 

Bacchetta, Bozzi, Lambertsen, Piacenza, Steinglechner, Vogelsang arXiv:1901.06916

http://arxiv.org/abs/arXiv:1901.06916
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Normalizations discrepancies are all over the 
place, at least a low/moderate Q!



SIVERS QUARK TMD



THE PROTON IN 3D (IN MOMENTUM SPACE)
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At the moment, the unpolarized analysis is done with no flavour 
dependence 



THE PROTON IN 3D (IN MOMENTUM SPACE)
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This is an image of the quark structure averaged over spin. 

What happens if we include spin?



THE PROTON IN 3D (IN MOMENTUM SPACE)
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without  
orbital angular  

momentum



THE PROTON IN 3D (IN MOMENTUM SPACE)
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with 
 orbital angular  

momentum



THE PROTON IN 3D (IN MOMENTUM SPACE)
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with 
 orbital angular  

momentum

“Sivers effect”



“REAL” 3D IMAGES IN MOMENTUM SPACE
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These are images entirely based on data (polarized and unpolarized)
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FIG. 14. Dependence of the transversity (left) and generalized g1T worm-gear shift (right) on the length of the straight-link
paths, |bT|, for the two di↵erent ensembles. The striking observation is that the di↵erence between the DWF and clover data
for the worm-gear shift persists for all |bT|. The data shown are for nucleon momentum |P | = 2⇡/(aL); results for P = 0
coincide with these data within the uncertainties shown.
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FIG. 15. Experimental extraction of the SIDIS generalized Sivers shift at ⇣̂ = 0.83, together with Lattice QCD data in the
SIDIS limit, ⌘ ! 1, as a function of the Collins-Soper parameter ⇣̂. Lattice data for |bT| ⇡ 0.35 fm are given in the left panel
where we have included results from an earlier DWF-on-Asqtad study given in Ref. [3]. Results for |bT| ⇡ 0.68 fm are given in
the right panel.

We observe the following: First, the three lattice ensem-
bles with di↵erent pion masses (m⇡ = 518MeV versus
m⇡ ⇡ 300MeV) and di↵erent discretization schemes at
di↵erent values of the lattice spacing give consistent re-
sults. Second, as |bT| and/or ⇣̂ are increased, the lattice
results tend toward the phenomenologically extracted
value. Third, the observed behavior is similar to that
seen in the study using pions in Ref. [10]. Thus, taking
the trend in our data between 0.2 < ⇣̂ < 0.41 at face
value, it is reasonable to expect future lattice estimates
at ⇣̂ ⇡ 0.8 to agree with the phenomenological value.

VI. CONCLUSION

We present Lattice QCD results for the time-reversal
odd generalized Sivers and Boer-Mulders transverse mo-

mentum shifts applicable to SIDIS and DY experiments;
and for the T-even generalized transversity, related to the
tensor charge, and the generalized g1T worm-gear shift.
The lattice calculations were performed on two di↵er-
ent nf = 2 + 1 flavor ensembles: a DWF ensemble with
lattice spacing a = 0.084 fm and pion mass 297 MeV,
and a clover ensemble with a = 0.114 fm and pion mass
317 MeV. The high statistics analysis of the clover ensem-
ble yields estimates with O(10%) uncertainty for all four
quantities over the range |bT| < 0.8 fm and ⇣̂ . 0.3. Es-
timates from the DWF ensemble have appreciably higher
statistical errors owing to the more limited statistics, but
are expected to have smaller systematic uncertainties.
Our results for TMD observables on two ensembles

with comparable pion masses, but with very di↵erent dis-
cretization of the Dirac action provide an opportunity for
an empirical test of the presence of finite lattice spacing
e↵ects and the cancellation of renormalization factors in

Yoon et al., arXiv:1706.03406

Pioneering lattice studies are in agreement with phenomenology

http://arxiv.org/abs/arXiv:1706.03406
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systems (quark+spectator)  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TABLE II: Our results for the intrinsic spin ( 12�⌃), angular
momentum (L) and total (J) contributions to the nucleon
spin and to the nucleon momentum hxi, in the MS-scheme
at 2 GeV, from up (u), down (d) and strange (s) quarks and
from gluons (g), as well as the sum of all contributions (tot.),
where the first error is statistical and the second a systematic
due to excited states.

1
2�⌃ J L hxi

u 0.415(13)(2) 0.308(30)(24) -0.107(32)(24) 0.453(57)(48)
d -0.193(8)(3) 0.054(29)(24) 0.247(30)(24) 0.259(57)(47)
s -0.021(5)(1) 0.046(21)(0) 0.067(21)(1) 0.092(41)(0)
g - 0.133(11)(14) - 0.267(22)(27)

tot. 0.201(17)(5) 0.541(62)(49) 0.207(64)(45) 1.07(12)(10)

show schematically the various contributions to the spin
and momentum fraction.

FIG. 3: Left: Nucleon spin decomposition. Right: Nu-
cleon momentum decomposition. All quantities are given in
the MS-scheme at 2 GeV. The striped segments show valence
quark contributions (connected) and the solid segments the
sea quark and gluon contributions (disconnected).

Conclusions: In this work we present a calcula-
tion of the quark and gluon contributions to the pro-
ton spin, directly at the physical point. Individual
components are computed for the up, down, strange
and charm quarks, including both connected (valence)
and disconnected (sea) quark contributions. Our final
numbers are collected in Table II. The quark intrinsic
spin from connected and disconnected contributions is
1
2�⌃u+d+s = 0.299(12)(3)|conn. � 0.098(12)(4)|disc. =
0.201(17)(5), while the total quark spin is Ju+d+s =
0.255(12)(3)|conn. + 0.153(60)(47)|disc. = 0.408(61)(48).
Our result for the intrinsic quark spin contribution agrees
with the upper bound set by a recent phenomenologi-
cal analysis of experimental data from COMPASS [45],
which found 0.13 < 1

2�⌃ < 0.18. The results for Lq

and Jq in Table II are also consistent with an analysis of
generalized parton distributions [45]. Using the spin sum
one would deduce that Jg=

1
2�Jq=0.092(61)(48), which

is consistent with taking Jg = 1
2 hxig = 0.133(11)(14)

via the direct evaluation of the gluon momentum frac-
tion, which suggests that Bg

20(0) is indeed small. Fur-
thermore, we find that the momentum sum is satisfied

P
qhxiq+hxig = 0.497(12)(5)|conn.+0.307(121)(95)|disc.+

0.267(12)(10)|gluon = 1.07(12)(10) as is the spin sum
of quarks and gluons giving JN =

P
q Jq + Jg =

0.408(61)(48) + 0.133(11)(14) = 0.541(62)(49) resolving
a long-standing puzzle.
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Figure 5: Virtual-photon asymmetry amplitudes for negatively charged pions as a function of z for slices in Ph? (columns) and xB (rows), for
data collected on a hydrogen (closed symbols) and deuterium (open symbols) target. The error bars represent the statistical uncertainties, while
the error bands represent systematic uncertainties. In addition, there is a systematic uncertainty originating from the measurement of the beam
polarization, corresponding to a scale factor of 3%.

The amplitudes of the sin(2�) modulations, sensitive to two-
photon–exchange processes, are found to be consistent with
zero, within statistical precision.

4. Summary and conclusions

Virtual-photon and lepton asymmetries for charge-separated
pions and kaons, and for protons and anti-protons for data col-
lected on hydrogen and deuterium targets are presented and dis-
cussed. The extraction is performed in one and in three dimen-
sions in the kinematic variables xB, z, and Ph?.

The asymmetries are found to be positive, rising as a function
of z for positively and negatively charged pions, while those for
positively charged kaons are found to be slightly positive, but
without a specific kinematic dependence. The asymmetries for
negatively charged kaons, protons and anti-protons are found to
be compatible with zero.

The virtual-photon asymmetries for pions are found to be in
good agreement with the measurement from the COMPASS ex-
periment [42], while a comparison with the results from the
CLAS experiment [40] suggests a change of sign with increas-
ing xB of the asymmetry for negatively charged pions.

The present results constitute the first three-dimensional ex-
traction for charge-separated pions, complementing the existing
one-dimensional and two-dimensional measurements for iden-
tified charged pions [38–41] and the one-dimensional results
for unidentified hadrons [42]. For the first time, results for the
beam-helicity asymmetry are presented for charged kaons, for
protons, and for anti-protons. The results are presented binned
in one dimension and in three dimensions. These data can serve
therefore as useful input to understand twist-3 PDFs and FFs
and quark-gluon-quark correlations inside the nucleon and in
hadronization, and disentangle the contributions from the vari-
ous twist-3 PDFs and FFs to the beam-helicity asymmetry.
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data collected on a hydrogen (closed symbols) and deuterium (open symbols) target. The error bars represent the statistical uncertainties, while
the error bands represent systematic uncertainties. In addition, there is a systematic uncertainty originating from the measurement of the beam
polarization, corresponding to a scale factor of 3%.

The amplitudes of the sin(2�) modulations, sensitive to two-
photon–exchange processes, are found to be consistent with
zero, within statistical precision.

4. Summary and conclusions

Virtual-photon and lepton asymmetries for charge-separated
pions and kaons, and for protons and anti-protons for data col-
lected on hydrogen and deuterium targets are presented and dis-
cussed. The extraction is performed in one and in three dimen-
sions in the kinematic variables xB, z, and Ph?.

The asymmetries are found to be positive, rising as a function
of z for positively and negatively charged pions, while those for
positively charged kaons are found to be slightly positive, but
without a specific kinematic dependence. The asymmetries for
negatively charged kaons, protons and anti-protons are found to
be compatible with zero.

The virtual-photon asymmetries for pions are found to be in
good agreement with the measurement from the COMPASS ex-
periment [42], while a comparison with the results from the
CLAS experiment [40] suggests a change of sign with increas-
ing xB of the asymmetry for negatively charged pions.

The present results constitute the first three-dimensional ex-
traction for charge-separated pions, complementing the existing
one-dimensional and two-dimensional measurements for iden-
tified charged pions [38–41] and the one-dimensional results
for unidentified hadrons [42]. For the first time, results for the
beam-helicity asymmetry are presented for charged kaons, for
protons, and for anti-protons. The results are presented binned
in one dimension and in three dimensions. These data can serve
therefore as useful input to understand twist-3 PDFs and FFs
and quark-gluon-quark correlations inside the nucleon and in
hadronization, and disentangle the contributions from the vari-
ous twist-3 PDFs and FFs to the beam-helicity asymmetry.
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data collected on a hydrogen (closed symbols) and deuterium (open symbols) target. The error bars represent the statistical uncertainties, while
the error bands represent systematic uncertainties. In addition, there is a systematic uncertainty originating from the measurement of the beam
polarization, corresponding to a scale factor of 3%.

The amplitudes of the sin(2�) modulations, sensitive to two-
photon–exchange processes, are found to be consistent with
zero, within statistical precision.

4. Summary and conclusions

Virtual-photon and lepton asymmetries for charge-separated
pions and kaons, and for protons and anti-protons for data col-
lected on hydrogen and deuterium targets are presented and dis-
cussed. The extraction is performed in one and in three dimen-
sions in the kinematic variables xB, z, and Ph?.

The asymmetries are found to be positive, rising as a function
of z for positively and negatively charged pions, while those for
positively charged kaons are found to be slightly positive, but
without a specific kinematic dependence. The asymmetries for
negatively charged kaons, protons and anti-protons are found to
be compatible with zero.

The virtual-photon asymmetries for pions are found to be in
good agreement with the measurement from the COMPASS ex-
periment [42], while a comparison with the results from the
CLAS experiment [40] suggests a change of sign with increas-
ing xB of the asymmetry for negatively charged pions.

The present results constitute the first three-dimensional ex-
traction for charge-separated pions, complementing the existing
one-dimensional and two-dimensional measurements for iden-
tified charged pions [38–41] and the one-dimensional results
for unidentified hadrons [42]. For the first time, results for the
beam-helicity asymmetry are presented for charged kaons, for
protons, and for anti-protons. The results are presented binned
in one dimension and in three dimensions. These data can serve
therefore as useful input to understand twist-3 PDFs and FFs
and quark-gluon-quark correlations inside the nucleon and in
hadronization, and disentangle the contributions from the vari-
ous twist-3 PDFs and FFs to the beam-helicity asymmetry.
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Fig. 6: Same as Fig. 5 for 0.3 < z < 0.4.
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Fig. 7: Same as Fig. 5 for 0.4 < z < 0.6.
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COMPASS is in “full swing” mode.  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Fig. 6: Same as Fig. 5 for 0.3 < z < 0.4.
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Fig. 7: Same as Fig. 5 for 0.4 < z < 0.6.
 
COMPASS Collab., arXiv:1709.07374 

Multidimesional 
binning
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Figure 3: Virtual-photon asymmetry amplitudes for positively and negatively charged pions, as measured by HERMES on a deuterium target (blue
circles), and unidentified hadrons, as measured by COMPASS on a 6LiD target (grey squares), as a function of xB, z, and Ph?. The open data
points from the HERMES measurement represent the region for which z > 0.7, and are not included in the representations as a function of xB and
Ph?, while the COMPASS measurement covers the range up to z = 0.85 for all projections. The error bars represent the statistical uncertainties,
while the error bands represent systematic uncertainties. In addition, there is a systematic uncertainty for the HERMES results originating from
the measurement of the beam polarization, corresponding to a scale factor of 3%.
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Figure 4: Virtual-photon asymmetry amplitudes AQ,sin(�)
LU for positively and negatively charged pions, as measured by HERMES (blue circles) and
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LHCb FIXED TARGET, INCLUDING POLARISATION 
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Polarised target

VELO 
and SMOG2

Well consolidated technique 

Design follows the successful HERMES Polarised Gas Target  which ran at HERA 1996 – 
2005, and the follow-up PAX target operational at COSY (FZ Jülich)

!16

PGT experimental set-up

IH (100 % HERMES ABS flow) = 6.5·1016/s by a cell 30 cm long, 1.0 cm i.d., at 100K, with feed tube 10 cm long, 1.0 cm i.d.  
The resulting 100% PGT density is θ = 1.2 · 1014 cm-2  
For the future HL-LHC-25ns, the maximum Luminosity would be up to 8.3· 1032 cm-2 s-1  

https://indico.cern.ch/event/755856/
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SMOG2  

not only a 
project itself

R&D

Phase II 
transversely 

polarised H and 
D target

!15

Polarised target

VELO 
and SMOG2

Well consolidated technique 
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7

Possible target locations and acceptance

Target z = 0

Target z = -2.75 m

Target z = -4.7 m

LHCb, target z = 0

TPC Muon det.

The acceptances of the TPC calculated 
assuming reduced track length (1/3 of the full 
radial track length), which results in |η|<1.5 in 
a collider mode.

Possible fixed-target positioning
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THE ELECTRON-ION COLLIDER PROJECT
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eRHIC Design Concept

• eRHIC is based on the RHIC complex: Storage ring (Yellow Ring), injectors, ion 
sources, infrastructure, which need only relaBvely few modificaBons and 
upgrades

• A (5-18) GeV electron storage ring & its injectors are added to the RHIC 
complex è Ecm = (20-140) GeV

• To minimize risk, the eRHIC design is opBmized under the assumpBon that 
each beam will have the parameters (in parBcular beam-beam tune-shiU) 
that have been demonstrated in collisions in other colliders

• The requirement to store electron beams with a variable spin paWern 
requires an on-energy, spin transparent injector

• The total power of synchrotron radiaBon of the electron beam is assumed to 
be limited to 10 MW. This is a design choice. 

The eRHIC design goal has been adapted to  
reach the upper limit of the EIC White Paper 
luminosity range: L= 1034  cm-2s-1 with strong 
hadron cooling

15

BNL concept JLab concept

JLEIC Design Update (Oct. 2018)

JLEIC Design Update (Oct. 2018) 3

arXiv:1504.07961

2015 2017 2018

Update History

Document
Under development

This Update

Fundamental concept unchanged 
This update:
• Increase √s range 

by increasing ion 
ring dipoles from 
3TÆ6T. 

• Keep the land 
footprint of the 
design the same.

• The luminosity 
performance 
satisfies the 
requirements.

• IR design retains 
high acceptance.

• Polarization 
remains high.

• Relatively small 
design changes 

➤ High luminosity: (1034 cm−2 s−1) 

➤ Variable CM energy: 20-100 GeV 

➤ Highly polarized beams 

➤ Protons and other nuclei
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CONCLUSIONS

➤ Full-fledged TMD extractions up to NNLL accuracy are coming 
out and being constantly improved

➤ We are facing problems with normalizations of SIDIS data, in 
particular when going at higher accuracy 

➤ Consistent extractions of the Sivers function are also now 
possible

➤ We expect a steady flow of data coming up in the next years
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At the moment, there is a clear 
tension between extractions and 
lattice calculations
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Alexandrou, at al. arXiv:1902.00587 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global fits

lattice calculation  
(quasi-PDF approach)

plot courtesy of F. Steffens
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4

kT

Ph

n

e+

e�

FIG. 1. Illustration of transverse-momentum-dependent sin-
gle hadron fragmentation where the final-state hadron is de-
picted as a red arrow, the incoming leptons as blue arrows,
and the event plane – spanned by leptons (blue lines) and
initial quarks/thrust axis n (purple line) – is depicted as a
light blue plane. The transverse momentum kT is calculated
relative to the thrust axis and depicted by the red, dashed
line.

on 8 GeV) collider [32, 33] operating at the ⌥(4S) res-
onance (denoted as on-resonance), as well as a smaller
data set taken 60 MeV below for comparison (denoted as
continuum).

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement
of time-of-flight scintillation counters, and an electromag-
netic calorimeter comprised of CsI(Tl) crystals located
inside a superconducting solenoid coil that provides a
1.5 T magnetic field. An iron flux-return located outside
of the coil is instrumented to detect K0

L mesons and to
identify muons. The detector is described in detail else-
where [34, 35]. A 1.5 cm beampipe with 1 mm thickness
and a 4-layer SVD and a small-cell inner drift chamber
were used to record 558 fb�1 [36].

The primary light (uds)- and charm-quark simulations
used in this analysis were generated using pythia6.2
[37], embedded into the EvtGen [38] framework, followed
by a geant3 [39] simulation of the detector response.
The various MC samples were produced separately for
light (uds) and charm quarks, and on the generator level
several JETSET[40] settings were produced in order to
study their impact. For generator level MC to data
comparisons, long-lived weak decays, which normally are
handled in geant, were allowed in EvtGen. In addition,
we generated charged and neutral B meson pairs from
⌥(4S) decays in EvtGen, ⌧ pair events with the KKMC
[41, 42] generator and the Tauola [43] decay package,
and other events with either pythia or dedicated gener-
ators [44] such as for two-photon processes.

A. Event and track selection

Events with at least three reconstructed charged tracks
are required to have a visible energy of all detected
charged tracks and neutral clusters above 7 GeV (to re-
move ⌧ pair events) and either a heavy-jet mass (the
greater of the invariant masses of all particles in a hemi-
sphere as generated by the plane perpendicular to the
thrust axis) above 1.8 GeV/c2 or a ratio of the heavy-
jet mass to visible energy above 0.25. The thrust axis
is required to point into the barrel part of the detec-
tor by having a z component |n̂z| < 0.75 in order to
reduce the amount of thrust-axis smearing due to unde-
tected particles in the forward/backward regions. Tracks
are required to be within 4 cm (2 cm) of the interac-
tion point along (perpendicular to) the positron beam
axis. Each track is required to have at least three
SVD hits and full particle-identification (PID) informa-
tion, and fall within the polar-angular acceptance of
�0.511 < cos ✓lab < 0.842. The fractional energy of each
track is required to exceed 0.1 and the transverse momen-
tum with respect to the thrust axis is then calculated in
the CMS as illustrated in Fig. 1. Also a minimum trans-
verse momentum in the laboratory frame with respect to
the beam axis of 100 MeV/c is imposed to ensure the
particles traverse the magnetic field.

B. PID selection

To apply the PID correction according to the PID e�-
ciency matrices used in previous results [45], the same se-
lection criteria are applied first to define a charged track
as a pion, kaon, proton, electron or muon. This informa-
tion is determined from normalized likelihood ratios that
are constructed from various detector responses. If the
muon-hadron likelihood ratio is above 0.9, the track is
identified as a muon. Otherwise, if the electron-hadron
likelihood ratio is above 0.85, the track is identified as an
electron. If neither of these applies, the track is identified
as a kaon by a kaon-pion likelihood ratio above 0.6 and a
kaon-proton likelihood ratio above 0.2. Pions are identi-
fied with the kaon-pion likelihood ratio below 0.6 and a
pion-proton ratio above 0.2. Finally, protons are identi-
fied with kaon-proton and pion-proton ratios below 0.2.
While neither muons nor electrons are considered explic-
itly for the single hadron analysis, they are retained as
necessary contributors for the PID correction, wherein a
certain fraction enters the pion, kaon, and proton sam-
ples under study.

II. HADRON ANALYSIS AND CORRECTIONS

In the following sections, the hadron yields are ex-
tracted and, successively, the various corrections are ap-
plied and the corresponding systematic uncertainties are
determined to arrive at the single hadron di↵erential

12
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FIG. 9. Single charged pion cross sections as a function of k2
T for selected bins of fractional energy z and thrust 0.85 < T < 0.9.

The full lines at lower transverse momenta correspond to the Gaussian fits to this data using the same color coding as for the
data. Each datapoint is displayed at the bin’s central value while horizontal uncertainties display the RMS value. The error
boxes represent the systematic uncertainties.

to understand the intrinsic transverse momentum depen-
dence generated in the fragmentation process. Such in-
put is needed to obtain a better theoretical description of
the various transverse-momentum-dependent and related
higher-twist e↵ects visible in transverse spin asymmetries
in semi-inclusive deep inelastic scattering, proton-proton
collisions and electron-positron annihilation. This infor-
mation also leads the way toward high-precision mea-
surements of TMD e↵ects at the electron-ion collider. In
addition, these results provide the unpolarized baseline
for any polarized, transverse-momentum-dependent frag-
mentation functions such as the Collins FF.
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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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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
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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
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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
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√
s = 7 TeV at the LHC, and corresponding to an

integrated luminosity of 4.6 fb−1. The measurement relies
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for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [39–42].

Template fit. Following the scheme introduced
in [26, 43], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as
before, using the MSTW2008 NLO PDF set [44], setting

central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [36, 38].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent 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 (75 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV 2.
Finally, for each pseudodata set we compute the �2 of
the various templates and we identify the template with
minimum �2 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 has been estimated by con-
sidering statistically equivalent those templates for which
��2 = (�2

� �2
min)  1. Consequently, we quote an

uncertainty of 4 MeV for each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
2
The factor-of-10 reduction in statistics between templates and

pseudodata is justified by a sanity check performed analyzing the

�2
profile of di↵erent samples with the same inputs but di↵erent

statistics [26].
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for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [39–42].

Template fit. Following the scheme introduced
in [26, 43], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as
before, using the MSTW2008 NLO PDF set [44], setting

central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [36, 38].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent 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 (75 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV 2.
Finally, for each pseudodata set we compute the �2 of
the various templates and we identify the template with
minimum �2 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 has been estimated by con-
sidering statistically equivalent those templates for which
��2 = (�2

� �2
min)  1. Consequently, we quote an

uncertainty of 4 MeV for each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
2
The factor-of-10 reduction in statistics between templates and

pseudodata is justified by a sanity check performed analyzing the

�2
profile of di↵erent samples with the same inputs but di↵erent

statistics [26].

narrow, medium, large 
narrow, large, narrow 
large, narrow, large 
large, medium, narrow 
medium, narrow, large

Bacchetta, Bozzi, Radici, Ritzmann, Signori, arXiv:1807.02101

Try some judicious choices of flavour dependent widths and check

http://arxiv.org/abs/arXiv:1807.02101


IMPACT ON W MASS DETERMINATION

�73

3

for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [39–42].

Template fit. Following the scheme introduced
in [26, 43], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as
before, using the MSTW2008 NLO PDF set [44], setting

central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [36, 38].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent 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 (75 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV 2.
Finally, for each pseudodata set we compute the �2 of
the various templates and we identify the template with
minimum �2 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 has been estimated by con-
sidering statistically equivalent those templates for which
��2 = (�2

� �2
min)  1. Consequently, we quote an

uncertainty of 4 MeV for each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
2
The factor-of-10 reduction in statistics between templates and

pseudodata is justified by a sanity check performed analyzing the

�2
profile of di↵erent samples with the same inputs but di↵erent

statistics [26].

narrow, medium, large 
narrow, large, narrow 
large, narrow, large 
large, medium, narrow 
medium, narrow, large

• Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 
mT and pTl distributions

➡ these are our pseudodata

• Take the flavour-independent parameter set and 
compute high-statistics (750M) mT and pTl 
distributions for 30 different values of MW

➡  these are our templates

• perform the template fit procedure and 
compute the shifts induced by flavour effects

• transverse mass: zero or few MeV shifts, generally 
favouring lower values for W- (preferred by EW fit)

• lepton pt: quite important shifts (W+ set 3: 9 MeV, 
envelope: up to 15 MeV)

Impact on the determination of MW

NLL+LO QCD analysis obtained through a modified version of the 

DYRes code [Catani, deFlorian, Ferrera, Grazzini (2015)]


(LHC 7 TeV, ATLAS acceptance cuts)


Statistical uncertainty: 2.5 MeV 
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent 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 �2 of the various templates and we identify
the template with minimum �2 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 has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.

4

�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized 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 neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [39–42].

Template fit. Following the scheme introduced
in [26, 43], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as
before, using the MSTW2008 NLO PDF set [44], setting

central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [36, 38].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent 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 (75 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV 2.
Finally, for each pseudodata set we compute the �2 of
the various templates and we identify the template with
minimum �2 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 has been estimated by con-
sidering statistically equivalent those templates for which
��2 = (�2

� �2
min)  1. Consequently, we quote an

uncertainty of 4 MeV for each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
2
The factor-of-10 reduction in statistics between templates and

pseudodata is justified by a sanity check performed analyzing the

�2
profile of di↵erent samples with the same inputs but di↵erent

statistics [26].
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narrow, large, narrow 
large, narrow, large 
large, medium, narrow 
medium, narrow, large

• Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 
mT and pTl distributions

➡ these are our pseudodata

• Take the flavour-independent parameter set and 
compute high-statistics (750M) mT and pTl 
distributions for 30 different values of MW

➡  these are our templates

• perform the template fit procedure and 
compute the shifts induced by flavour effects

• transverse mass: zero or few MeV shifts, generally 
favouring lower values for W- (preferred by EW fit)

• lepton pt: quite important shifts (W+ set 3: 9 MeV, 
envelope: up to 15 MeV)
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Statistical uncertainty: 2.5 MeV 
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent 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 �2 of the various templates and we identify
the template with minimum �2 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 has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.

4

�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized 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 neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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