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The TMD “zoo” at leading twist for spin-1/2 hadron

Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6

Quark polarization

Unpolarized
(U)

Longitudinally Polarized 
(L)

Transversely Polarized 
(T)

N
uc
le
on

Po
la
riz
at
io
n

U

L

T

quark

nucleon
polarization

Each entry:   - has a probabilistic interpretation;     = forbidden by parity invariance 
                    - is connected to deformations induced by spin-momentum correlations  

                    - can be extracted from a specific measurable spin asymmetry   

similar table for TMDFF (z, P ; Q2) at leading twist for hadron with spin  1/2⊥ ≤

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 
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TMD U L T

U f1 h?
1

L g1L h?
1L

T f?
1T g1T h1, h?

1T

unpolarized 
target and partons

deformation due to 
spin-spin and spin-orbit correlations

nu
cl

eo
n 

po
la

ri
z.

quark polarization

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 

*similar classification for gluon TMDs

TMD U L T

U f1 h?
1

L g1L h?
1L

T f?
1T g1T h1, h?

1T

unpolarized 
target and partons

deformation due to 
spin-spin and spin-orbit correlations

nu
cl

eo
n 

po
la

ri
z.

quark polarization

• Complete momentum spectrum of single particle 

• Transverse momentum size as function of x (3D map) 

• Spin-Spin and Spin-Orbit Correlations of partons 

• Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from Transverse Momentum Dependent PDFs 

*similar classification for gluon TMDs

TMD U L T

U f1 h?
1

L g1L h?
1L

T f?
1T g1T h1, h?

1T

unpolarized 
target and partons

deformation due to 
spin-spin and spin-orbit correlations

nu
cl

eo
n 

po
la

ri
z.

quark polarization

f1 h⊥
1 , f⊥

1T g1T , h⊥
1L , h⊥

1T

(similar for gluon)

Mulders & Tangerman, N.P. B461 (96)  
Boer & Mulders, P.R. D57 (98)

Boer-Mulders

worm-gearSivers

transversity

pretzelosity

Kotzinian-Mulders

✘

✘

✘

(see next talks)



The  unpolarized  quark  TMD

Let’s focus on the simplest unpolarized TMD PDF:  
f1q = probability density to find an unpolarized quark q with light-cone momentum  
        fraction x and transverse momentum k   in an unpolarized hadron 

 It enters the denominator of every spin asymmetry needed to  
  extract the other polarized TMDs:  

⊥

A = dσ(pol.) − dσ(−pol.)
dσ(pol.) + dσ(−pol.) ≡ dσ0

Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Phase space for processes with factorization
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Evolution of TMDs
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Most recent extractions of unpolarized TMD f1 

Accuracy HERMES COMPASS DY Z production N of points χ2/Npoints

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059 1.5

SV 2017 
arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ 309 1.23

BSV 2019 
arXiv:1902.08474 NNLL’ ✘ ✘ ✔ ✔ 457 1.17

SV 2019 
arXiv:1912.06532 N3LL(-) ✔ ✔ ✔ ✔ 1039 1.06

PV 2019 
arXiv:1912.07550 N3LL ✘ ✘ ✔ ✔ 353 1.07

SV19 + flavor dep. 
arXiv:2201.07114 N3LL ✘ ✘ ✔ ✔ 309 <1.08>

MAPTMD 2022 
arXiv:2206.07598 N3LL(-) ✔ ✔ ✔ ✔ 2031 1.06

ART23 
arXiv:2305.07473 N4LL ✘ ✘ ✔ ✔ 627 0.96

MAPTMD 2024 
arXiv:2405.13833 N3LL ✔ ✔ ✔ ✔ 2031 1.08

SIDIS



Most recent extractions of unpolarized TMD f1 

Accuracy HERMES COMPASS DY Z production N of points χ2/Npoints

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059 1.5

SV 2017 
arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ 309 1.23

BSV 2019 
arXiv:1902.08474 NNLL’ ✘ ✘ ✔ ✔ 457 1.17

SV 2019 
arXiv:1912.06532 N3LL(-) ✔ ✔ ✔ ✔ 1039 1.06

PV 2019 
arXiv:1912.07550 N3LL ✘ ✘ ✔ ✔ 353 1.07

SV19 + flavor dep. 
arXiv:2201.07114 N3LL ✘ ✘ ✔ ✔ 309 <1.08>

MAPTMD 2022 
arXiv:2206.07598 N3LL(-) ✔ ✔ ✔ ✔ 2031 1.06

ART23 
arXiv:2305.07473 N4LL ✘ ✘ ✔ ✔ 627 0.96

MAPTMD 2024 
arXiv:2405.13833 N3LL ✔ ✔ ✔ ✔ 2031 1.08

SIDIS

increasing accuracy & precision
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The  TMDlib  repository

(Some) Tables of TMD grids available also at the TMDlib repository

https://tmdlib.hepforge.org/

Example: search for - MAP22_grids_PDF_[NLL/NNLL/N3LL].tgz 
                               - MAP22_grids_FF_[Pip/Pim/Kp/Km]_[NLL/NNLL/N3LL].tgz

TMD plotter



TMD precision era: impact  at the LHC

Impact on DY data @ LHC
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G. Bozzi, I. Scimemi (eds.) et al.,  
Resummed predictions of the transverse momentum distribution of Drell-Yan lepton pairs in p-p collisions at LHC 
Yellow Report of CERN EW Working Group, in preparation

also potential impact on W mass extraction
Bacchetta et al., P.L. B788 (19) 542, arXiv:1807.02101
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“Normalized” MAPTMD24 TMD PDF  

f1(x,kT;Q)

• very different kT behavior 

NOT FOR DISTRIBUTION JHEP_020P_0624 v1
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

f1(x,0;Q)

• it changes with x 
th. error band =  

68% of all replicas
• impact on the extraction of W mass parameter 

from collider data Bacchetta et al., P.L. B788 (19) 542, arXiv:1807.02101  
Bozzi & Signori, Adv.HighEn.Phys. 2019 (19) 2526897, 
                            arXiv:1901.01162



Collins-Soper evolution kernel  

universal flavor-independent K(bT, μb*
) = K(b*, μb*

) + gK(bT)
drives evolution in rapidity ζ perturbative 

(computed)
non-perturbative 

(fitted)

27

Summary: nonperturbative CS kernel from lattice QCD

Bollweg et al.: Phys. Lett. B 852, 138617 (2024)

μ = 2 GeV

S. Mukherjee, QCD Evolution 2024

HSO24 Aslan et al., arXiv:2401.14266

IFY23 Isaacson et al., arXiv:2311.09916

ART23 Moos et al., arXiv:2305.07473

GI, CG Bollweg et al., arXiv:2403.00664

ASWZ24 Avkhadiev et al., 
arXiv:2402.06725

N3LL Vladimirov, arXiv:1610.05791
Li&Zhu, arXiv:1604.01404

MAPTMD24

MAPTMD22 ~ ART23 

Lattice 

Pheno 

talks by Mukherjee 
             Cichy 



The  EIC  impactMAPTMD24 extraction - EIC Pseudodata
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MAPTMD24 extraction - EIC Pseudodata
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The TMD “zoo” at leading twist for spin-1/2 hadron

Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Sivers Function

Tools to measure Sivers:
Transverse single-spin asymmetry amplitude (azimuthal modulation)

8 Transverse Momentum Dependent distribtion fnc.s (TMDs) are allowed 
by gauge invariance
The TMD knows as Sivers function is 
o sensitive to transverse proton spin – parton transverse motion 

correlations
o predicted not to be universal between SIDIS & p+p

§ SiversDIS = - Sivers (DY or W or Z)
o Weak bosons: 

• less background compared to DY
• higher =* = T/* : can test evolution effects 
• sensitive to sea quarks
• but: need for reconstructing produced boson’s kinematics

SP kT,q
p

p

Sivers fct.

(% ≈
,3↑ − ,3↓
,3↑ + ,3↓

P⋅ST × kT

data exist (0.01 . x . 0.3) should be taken with due care. At variance with previous studies, in the denominator of
the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted from data in our previous
Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate of
the statistical error of the Sivers function.
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Figure 2: The density distribution ⇢a
p"

of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the

reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1,
lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the e↵ect
of the distortion due to the Sivers function is maximal) while left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized
proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 (see text).

In Fig. 2, we show the density distribution ⇢a
p" of an unpolarized quark a in a transversely polarized proton defined

in Eq. (1), at x = 0.1 (upper panels) and x = 0.01 (lower panels) and at the scale Q2 = 4 GeV2. The proton is moving
towards the reader and is polarized along the +y direction. Since the up Sivers function is negative, the induced
distortion is positive along the +x direction for the up quark (left panels), and opposite for the down quark (right
panels).

At x = 0.1 the distortion due to the Sivers e↵ect is evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is more pronounced for down quarks, because the Sivers function is larger
and at the same time the unpolarized TMD is smaller. The peak positions are approximately (kx)max ⇡ 0.1 GeV for
up quarks and �0.15 GeV for down quarks. At lower values of x, the distortion disappears. These plots suggest that
a virtual photon hitting a transversely polarized proton e↵ectively “sees” more up quarks to its right and more down
quarks to its left in momentum space.

8

Bacchetta et al., P.L. B827 (22) 136961, arXiv:2004.14278

ST
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x

distortion of quark momentum distribution by nucleon spin

non universal, but process    
dependence calculable 

 exp. test of QCD→



The Sivers TMD is not universal

SIDIS
e

h

P

final 
state

in SIDIS, the color structure describes the 
residual final-state interactions between the 
struck parton and the residual spectators

Drell-Yan
p

p l+

l­
initial 
state

in Drell-Yan, the color structure describes the 
initial-state interactions between the 
annihilating parton and the residual spectators

Prediction of QCD based on general principles:  
Sivers TMD (SIDIS) =  Sivers TMD (Drell-Yan)−



The Sivers TMD is connected to the spin Odderon

spin-dependent T-odd part of dipole amplitude
1
Nc ∫ dyT ei kT⋅yT ⟨P, ST |Tr [U(yT /2) U†(−yT /2)] |P, ST⟩ ∝ P ⋅ ST × kT

M
O⊥

1T(x, k2
T)

spin Odderon 

C-odd t-channel gluonic 
compound exchange

Wilson line U(xT) = 𝒫eig ∫∞
−∞ dx− A+(x−, xT)

x f⊥
1T(x, k2

T) = Nc

8π4 ∫ dξ∫ dyT
yT ⋅ kT

k2
T

O⊥
1T(x, y2

T) C(yT, kT; ξ)
Sivers spin Odderon

perturbatively 
calculable

Dong et al., P.L. B788 (19) 401, arXiv:1805.09479  
Kovchegov & Santiago, JHEP 11 (21) 200 [E 09 (22) 186], arXiv:2108.03667

similarly for gluons Boer et al., P.R.L. 116 (16) 122001, arXiv:1511.03485 

at small x

Prediction:  C-odd spin Odderon     Sivers =  Sivers 
test existence of spin Odderon

⇒ q −q̄



Most recent Sivers extractions
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Figure 1: The first transverse moment x f?(1)
1T of the Sivers TMD as a function of x for the up (left panel) and down quark (right panel). Solid

band: the 68% confidence interval obtained in this work at Q2 = 4 GeV2. Hatched bands from PV11 [15], EIKV [17], TC18 [18], JAM20 [20]
parametrizations, and at di↵erent Q2 as indicated in the figure.

to notice, as a check of the results validity, that our predictions well describe also the z and PhT distributions, even if
those projections of the data were not included in the fit (see Appendix B for more details).

The agreement with vector-boson-production STAR measurements [52] is worse than the SIDIS case, with a �2 =
13.97±0.6 for 7 points. However, the lower number of points (see Fig. B.8) indicates that STAR data have less influence
on the global fit than the SIDIS data. In any case, we observe that our predictions follow the sign of the measurements,
being negative for W+ and positive for W� and Z0. The agreement is similar for the data points projected in pT not
included in the fit (see Appendix B for more details).

In Fig. 1, we show the first transverse moment x f?(1)
1T (Eq. (9), multiplied by x) as a function of x at Q0 = 2 GeV

for the up (left panel) and down quark (right panel). We compare our results (solid band) with other parametrizations
available in the literature [15, 17, 18, 20] (hatched bands, as indicated in the figure). In agreement with previous
studies, the distribution for the up quark is negative, while for the down quark is positive and both have a similar
magnitude. The Sivers function for sea quarks is very small and compatible with zero.

The authors of Ref. [21] also find results very similar to the ones in Fig. 1 when they fit the same SIDIS data and
COMPASS Drell–Yan data with pion beams [58]. In this case, they also compute predictions for W± and Z0 production
at STAR kinematics which are very close to our fitted bands displayed in Fig. B.8. Their strategy is very similar to
the one adopted in this work but at higher perturbative accuracy, although their unpolarized TMDs are not obtained
from an actual fit. However, when they include the STAR data in the global fit they artificially increase the statistical
weight of those data by a factor ⇠ 13. Their global �2 largely deteriorates and the uncertainty on the Sivers function
significantly increases. Our finding is that because of large experimental errors STAR data does not a↵ect much our
final results when including them in the global fit, as discussed in detail in Appendix B.

The authors of Ref. [23] also perform a consistent extraction of both unpolarized and Sivers TMDs, and build
contour plots of the density distribution in Eq. (1) similar to Fig. 2 below. A direct comparison is more di�cult because
the evolution of TMDs is achieved in a di↵erent framework, and the classification of the perturbative accuracy does
not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
first kT -moment of the Sivers function as in Eq. (9)) is roughly similar, at least for up and down quarks. However,
the sea-quark channel shows large oscillations at large x, which entail a strong breaking of the positivity constraint of
Eq. (20).

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In
our case, we tried to reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (23).
Nevertheless, we stress that our extraction is still a↵ected by this bias and extrapolations outside the range where
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13.97±0.6 for 7 points. However, the lower number of points (see Fig. B.8) indicates that STAR data have less influence
on the global fit than the SIDIS data. In any case, we observe that our predictions follow the sign of the measurements,
being negative for W+ and positive for W� and Z0. The agreement is similar for the data points projected in pT not
included in the fit (see Appendix B for more details).

In Fig. 1, we show the first transverse moment x f?(1)
1T (Eq. (9), multiplied by x) as a function of x at Q0 = 2 GeV

for the up (left panel) and down quark (right panel). We compare our results (solid band) with other parametrizations
available in the literature [15, 17, 18, 20] (hatched bands, as indicated in the figure). In agreement with previous
studies, the distribution for the up quark is negative, while for the down quark is positive and both have a similar
magnitude. The Sivers function for sea quarks is very small and compatible with zero.

The authors of Ref. [21] also find results very similar to the ones in Fig. 1 when they fit the same SIDIS data and
COMPASS Drell–Yan data with pion beams [58]. In this case, they also compute predictions for W± and Z0 production
at STAR kinematics which are very close to our fitted bands displayed in Fig. B.8. Their strategy is very similar to
the one adopted in this work but at higher perturbative accuracy, although their unpolarized TMDs are not obtained
from an actual fit. However, when they include the STAR data in the global fit they artificially increase the statistical
weight of those data by a factor ⇠ 13. Their global �2 largely deteriorates and the uncertainty on the Sivers function
significantly increases. Our finding is that because of large experimental errors STAR data does not a↵ect much our
final results when including them in the global fit, as discussed in detail in Appendix B.

The authors of Ref. [23] also perform a consistent extraction of both unpolarized and Sivers TMDs, and build
contour plots of the density distribution in Eq. (1) similar to Fig. 2 below. A direct comparison is more di�cult because
the evolution of TMDs is achieved in a di↵erent framework, and the classification of the perturbative accuracy does
not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
first kT -moment of the Sivers function as in Eq. (9)) is roughly similar, at least for up and down quarks. However,
the sea-quark channel shows large oscillations at large x, which entail a strong breaking of the positivity constraint of
Eq. (20).

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In
our case, we tried to reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (23).
Nevertheless, we stress that our extraction is still a↵ected by this bias and extrapolations outside the range where
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sea-quarks ~ O(10-3) smaller

all parametrizations are in fair 
agreement for valence flavors

Framework SIDIS DY W/Z 
production

forward 
EM jet e+e- N. of 

points χ2/N
JAM 2020 

arXiv:2002.08384
generalized  

parton model ✔ ✔ ✔ ✘ ✔ 517 1.04
PV 2020 

arXiv:2004.14278 LO+NLL ✔ ✔ ✔ ✘ ✘ 125 1.08
EKT 2020 

arXiv:2009.10710 NLO+N2LL ✔ ✔ ✔ ✘ ✘ 226/452 0.99 /1.45
BPV 2020 

arXiv:2012.05135
arXiv:2103.03270

ζ 
prescription ✔ ✔ ✔ ✘ ✘ 76 0.88

TO-CA 2021 
arXiv:2101.03955

generalized  
parton model ✔ ✘ ✘ ✔ ✘ 238 1.05+0.03

−0.01

SIDIS / +STAR

SIDIS + 
reweighing

PV 2020

PV 2020

lower accuracy and less data w.r.t. unpolarized TMD



Sign change puzzle
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AT ~ f1,π ⊗ f⊥
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AN in weak boson production
PANIC 2021

o Statistics much improved after run 2017 (350pb-1) compared to run 2011 (25pb-1)
o Prediction by Bury, Prokudin, and Vladimirov PRL 126, 112002 (2021) – assumes sign change
• Extraction includes SIDIS, DY and run 2011
• comparison with other fits will be added as they become available

o Current STAR data not yet significant enough to make claims on the sign-change
• Expect ~400 pb-1 more data from run 2022, with η coverage extended by STAR iTPC

BPV 2020

PV 2020

talk by Seidl  (poster by Xiaoxuan Chu)

still not enough to confirm sign change ?

0.88 1.00 BPV 2020

Aghasyan et al., P.R.L. 119 (17) 112002
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AN in weak boson production
PANIC 2021

o Statistics much improved after run 2017 (350pb-1) compared to run 2011 (25pb-1)
o Prediction by Bury, Prokudin, and Vladimirov PRL 126, 112002 (2021) – assumes sign change

• Extraction includes SIDIS, DY and run 2011
• comparison with other fits will be added as they become available

o Current STAR data not yet significant enough to make claims on the sign-change
• Expect ~400 pb-1 more data from run 2022, with η coverage extended by STAR iTPC

p-p   W+X↑ →

Adamczyk et al., P.R.L. 116 (16) 132301

AUT ~ f1,p ⊗ f⊥
1T,p



Perspective at future electron-ion colliders126 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements

Figure 7.53: Expected impact on up and down quark Sivers distributions as a function of the
transverse momentum kT for different values of x, obtained from SIDIS pion and kaon EIC
pseudodata, at the scale of 2 GeV. The green-shaded areas represent the current uncertainty,
while the blue-shaded areas are the uncertainties when including the EIC pseudodata.

Sivers function measurements: The determination of the quark Sivers functions,
f ?q
1T (x, kT), is one of the major goals for TMD physics. It can be extracted most di-

rectly from the transverse SSA proportional to the sin(fh � fS) modulation of the
SIDIS cross section, which is expressed through the structure function Fsin(fh�fS)

UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the
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e + p↑ → D0/ D̄0

test of  
 Sivers =  Siversq −q̄
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see talk by Nadel-Turonski  
      and by Santamaria  for LHCspin perspectives



- flip quark helicity  chiral-odd structures 
                               (need a partner in cross section) 
- suppressed in pQCD as mq / Q 
- connected to tensor operators not in SM Lagrangian

→

The TMD “zoo” at leading twist for spin-1/2 hadron
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Integrating k  :  collinear kinematics⊥
Quark-parton Model Interpretation of SIDIS: 

Transverse Momentum Dependent PDFs (TMDs)
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- the only chiral-odd structure that survives in collinear kinematics 

- only way to determine the tensor “charge” δq(Q2) = ∫
1

0
dx hq−q̄

1 (x, Q2)

transversity

scales!  
contrary to axial charge gA

In a spin-1/2 hadron,  
no transversity of gluons

only non-singlet evolution h1 ≠ g1
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 Tensor (and chiral-odd) structures do not appear in the 
Standard Model Lagrangian at tree level.

β-decays and BSM physics

Ten effective couplings

E << Λ

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

• In the SM,  W exchange (V-A, universality)

Is it a possible low-energy footprint  
of BSM physics at higher scale ?

neutron β-decay 
  n → p e− νe

−
LSM ⇠ GF Vud ē�µ(1� �5)⌫e hp|ū�µ(1� �5)d|ni∼ GF Vud ēγμ(1 − γ5)νe p̄γμ(1 − γ5)n

+Le↵ ⇠ GFVud

X

�

h
✏� ē� ⌫eL hp|ū�d|ni + . . .

i
∼ GF Vud gT εT ēσμννe p̄σμνn

gT εT ≈ M2
W

M2
BSM

BSM coupling

precision => BSM scale

SMEFT with strong CP violation 
 permanent Electric Dipole Mom.

neutron EDM

LCPV � ie
X

f=u,d,s,e

df f̄ �µ⌫�5 f Fµ⌫→ ∑
f=u,d,s,c

df ψ̄f σμνγ5 ψf Fμν
SMEFT

dn = δu du+δd dd+δs ds + . .
exp. data + tensor charge  => constrain amount 
                                               of CP violation

?

?

gT = δu − δd

Potential for BSM discovery ?
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ST ⋅k×PhT

Collins effect

Collins, N.P. B396 (93) 161

Ph

quark

ΦR

RT ST ⋅P2×P1 = ST ⋅Ph×RT

di-hadron mechanism

Collins et al., N.P. B420 (94) 

 j2
T ≪ Q2 = (Pjet

T )2

hadron-in-jet Collins effect

∝ h1(x, k⊥) ⊗ H⊥
1 (z, P⊥)

TMD framework

∝ h1(x) H∢
1 (z, R2

T ∝ M2
h1h2

)

∝ h1(x) [C(z, μ) ⊗ H⊥
1 (zh, jT, Pjet

T r)]

5

FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h |

, (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content ⟨N12⟩.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)

⟨N12⟩
. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:

dσ(e+e− → h1h2X)

dΩdz1dz2dφ1dφ2
=

∑

q,q̄
3α2

Q2

e2
q

4 z2
1z

2
2

{

(1 + cos2 θ)Dq,[0]
1 (z1)D

q,[0]
1 (z2)

+ sin2 θ cos(φ1 + φ2)H
⊥,[1],q
1 (z1)H

⊥,[1],q
1 (z2)

}

, (5)

where the summation runs over all quark flavors acces-
sible at the center-of-mass energy. Antiquark fragmen-
tation is denoted by a bar over the corresponding quark

FIG. 3: Definition of the azimuthal angle φ0 formed between
the planes defined by the lepton momenta and that of one
hadron and the second hadron’s transverse momentum P ′

h1⊥

relative to the first hadron.

fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

⟨N0⟩
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At

Λ p

π

e-

p↑
Λ spin transfer ∝ h1(x) H1(z)

∝ h⊥
1 (x1, k⊥ 1) ⊗ h1(x2, k⊥ 2)

SIDIS

collinear framework

SIDIS 
p p↑

Ph

r

p Jetj⏊

y

x

z

^

^

^

s⏊

hybrid framework SIDIS    p p↑Yuan, P.R.L. 100 (08) 

collinear framework
SIDIS 
p p↑

single-polarised  Drell-Yan π p↑

TMD framework

Jaffe, P.R. D54 (96) 

Boer, P.R. D60 (99) 

Analyzers of transversity at leading twist
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  mechanisms used so far 
  to extract transversity from data



Collins effect Framework e+e- SIDIS Drell-Yan AN Lattice

Anselmino 2015 
P.R. D92 (15) 114023 parton model ✔ ✔ ✘ ✘

Kang et al. 2016 
P.R. D93 (16) 014009 TMD / CSS ✔ ✔ ✘ ✘

Lin et al. 2018 
P.R.L. 120 (18) 152502 parton model ✘ ✔ ✘ ✔ gT

D’Alesio et al. 2020 (CA) 
P.L. B803 (20) 135347 parton model ✔ ✔ ✘ ✘

JAM3D-20 
P.R. D102 (20) 054002 parton model ✔ ✔ ✔ ✘

JAM3D-22 
P.R. D106 (22) 034014 parton model ✔ ✔ ✔ ✔ gT

Boglione et al. 2024 (TO) 
P.L. B854 (24) 138712 parton model ✔ ✔

✔ 
reweighing ✘

Most recent extractions

Dihadron mechanism e+e-   
unpol. dσ0 e+e- asymmetry SIDIS p-p collisions Lattice

Radici & Bacchetta 2018 
P.R.L. 120 (18) 192001 PYTHIA (separately) ✔  (separately) ✔ ✔ ✘

Benel et al. 2020 
E.P.J. C80 (20) 5 PYTHIA (separately) ✔  (separately) ✔ ✘ ✘

JAMDIFF 2024 
P.R.L. 132 (24) 091901 ✔ ✔ ✔ ✔ ✔ δu, δd
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Lattice data on gT at the physical pion mass                                            
from ETMC (Alexandrou, et al. (2019))

adapted from C. Alexandrou, QCD Evolution 24

gT = δu - δd
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yellow  Nf=2+1

open symbols = no continuum extrapolation

tension between pheno and lattice ?
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Phys.Rev.D 106 (2022) 3, 034014, arXiv:2205.00999 
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 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well
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 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well

Including lattice data,  
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Perspectives

- New data on Collins effect and dihadron mechanism  
  in SIDIS with transversely polarized deuteron target

talk by Badelek- New data on    Drell-Yanπ− − p↑

- New data on   hadron-in-jet    
  Collins effect

p↑ + p → jet + π± + X

- New data on    Λ spin transferp↑ + p → Λ↑ + X
- New data on    dihadron mechanismp↑ + p → (π+π−) + X

05 OCT 2021 S. Fazio 14

AN in weak boson production
PANIC 2021

o Statistics much improved after run 2017 (350pb-1) compared to run 2011 (25pb-1)
o Prediction by Bury, Prokudin, and Vladimirov PRL 126, 112002 (2021) – assumes sign change

• Extraction includes SIDIS, DY and run 2011
• comparison with other fits will be added as they become available

o Current STAR data not yet significant enough to make claims on the sign-change
• Expect ~400 pb-1 more data from run 2022, with η coverage extended by STAR iTPC

talk by Seidl

Future - SoLID at JLab12
      

  

D. Pitonyak
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 JAMDiFF (no LQCD) agrees within errors with JAM3D* (no LQCD) and 
Radici, Bacchetta (2018) for the tensor charges

 Similar to the JAM3D analysis, JAMDiFF also finds compatibility with 
lattice once that data is included in the fit (as a Bayesian prior), and can still 
describe the experimental data well

SoLID
talk by Chen

D. Pitonyak

Gamberg, Kang, DP, Prokudin, Sato, Seidl, PLB 816 (2021) 

22

- EIC

Abdul Khalek et al. (EIC Yellow Report),  
N.P. A1026 (22) 122447, arXiv:2103.05419

talk by Nadel-Turonski

talk by Santamaria for LHCspin



gluon TMDs
Quark-parton Model Interpretation of SIDIS: 

Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6

Quark polarization

Unpolarized
(U)

Longitudinally Polarized 
(L)

Transversely Polarized 
(T)

N
uc
le
on

Po
la
riz
at
io
n

U

L

T

gluon

nucleon
polarization

✘

✘f g
1 h⊥,g

1

gg
1 h⊥,g

1L

f⊥,g
1T

gg
1T hg

1 , h⊥,g
1T

T-odd TMDs

- First classification given in 
Mulders & Rodrigues,  
P.R. D63 (01) 094021, arXiv:hep-ph/0009343

- Factorization, evolution & universality  
  studied in  

Ji et al., JHEP 07 (05) 020, arXiv:hep-ph/0503015 
Buffing et al., P.R. D88 (13) 054027, arXiv:1306.5897 
Boer & Van Dunnen, N.P. B886 (14) 421, arXiv:1404.6753 
Echevarria et al., JHEP 07 (15) 158 [E: 05 (17) 073], arXiv:1502.05354
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gluons carry “two color charges”  intricate non-universality→
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.

f-type (WW)
(a)    or  (b)   [ + , + ] [ − , − ]

two-jet 
SIDIS

Higgs in 
gluon fusion
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hadroproduction
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A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
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is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.

f-type (WW)
(a)    or  (b)   [ + , + ] [ − , − ]

two-jet 
SIDIS

Higgs in 
gluon fusion

-onium 
hadroproduction

γ(*)

3

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.

d-type (DP)
(c)    or  (d)   [ + , − ] [ − , + ]

-jet hadroproductionγ(*)

[+

+]

[ − , − ]

[ − , − ]

TMD PDF

TMD PDF TMD PDF

TMD PDF

[+

−]

[−

+]

TMD PDF

TMD PDF TMD PDF

TMD PDF

Accessing f-type and d-type gluon TMD PDFs

31.1 Gluon-TMD process dependence

color structure [+,+]

3

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.

f-type (WW)
(a)    or  (b)   [ + , + ] [ − , − ]

two-jet 
SIDIS

Higgs in 
gluon fusion

-onium 
hadroproduction

γ(*)

3

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.

d-type (DP)
(c)    or  (d)   [ + , − ] [ − , + ]

-jet hadroproductionγ(*)

[+

+]

[ − , − ]

[ − , − ]

TMD PDF

TMD PDF TMD PDF

TMD PDF

[+

−]

[−

+]

TMD PDF

TMD PDF TMD PDF

TMD PDF

Accessing f-type and d-type gluon TMD PDFs

31.1 Gluon-TMD process dependence

3

(a
)

(b
)

(c
)

(d
)

(e
)

(f
)

(g
)

(h
)

F
IG
. 1
:
A
nu
m
be
r
of
ga
ug
e
lin
k
st
ru
ct
ur
es
[U
,U

′ ] i
llu
st
ra
te
d.

In
th
es
e
fig
ur
es
, t
he

tw
o
bi
g
do
ts
re
pr
es
en
t
th
e
co
or
di
na
te
s
of
0

an
d
ξ.

T
he

ho
ri
zo
nt
al
ax
is
is
th
e
lig
ht
-c
on
e
di
re
ct
io
n
n−

an
d
th
e
ve
rt
ic
al
ax
is
re
pr
es
en
ts
th
e
tr
an
sv
er
se
di
re
ct
io
ns
.
T
he

fo
ur

si
m
pl
es
t
ga
ug
e
lin
k
st
ru
ct
ur
es

ar
e
(a
)
th
e
[+
,+

† ]
ga
ug
e
lin
k,

(b
)
th
e
[−
,−

† ]
ga
ug
e
lin
k,

(c
)
th
e
[+
,−

† ]
ga
ug
e
lin
k
an
d
(d
)

th
e
[−
,+

† ]
ga
ug
e
lin
k.

A
no
th
er
st
ru
ct
ur
e
oc
cu
rr
in
g
fo
r
ty
pe

1
co
rr
el
at
or
s
is
th
e
(e
)
[+
!
,+

† !
† ]
ga
ug
e
lin
k.

In
(f
)
th
e
ty
pe

2

ga
ug
e
lin
k
st
ru
ct
ur
e
[+
,+

† (!
)]
ca
n
be

se
en
.
T
w
o
ga
ug
e
lin
k
st
ru
ct
ur
es
co
rr
es
po
nd
in
g
to

co
rr
el
at
or
s
of
th
e
th
ir
d
ty
pe

ar
e
(g
)

[(
F
(0
)!
),
(F
(ξ
)!

† )]
an
d
(h
)
[(
F
(0
)!

† ),
(F
(ξ
)!
)]
.

A
.

C
or
re
la
to
rs

of
th
e
fi
rs
t
ty
p
e

T
he
fir
st
ty
pe

of
op
er
at
or
st
ru
ct
ur
es
co
nt
ai
ns
on
e
co
lo
r t
ra
ce
an
d
th
er
ef
or
e
ha
s t
he
si
m
pl
es
t g
au
ge
lin
k
st
ru
ct
ur
e
th
at

is
po
ss
ib
le
fo
r
gl
uo
n
co
rr
el
at
or
s.
T
hi
s
co
lo
r
tr
ac
e
co
nt
ai
ns

bo
th

th
e
gl
uo
n
fie
ld
op
er
at
or
s
F
(0
)
an
d
F
(ξ
)
w
ith

ga
ug
e

lin
ks

ru
nn
in
g
be
tw
ee
n
th
es
e
tw
o
fie
ld
s
an
d
ap
pe
ar
s
w
he
n
th
e
co
lo
r
in
a
di
ag
ra
m
co
nt
ri
bu
tin
g
to

th
e
fu
ll
am

pl
itu
de

flo
w
s
in
ju
st
a
si
ng
le
co
lo
r
lo
op
.
E
xa
m
pl
es
of
pr
oc
es
se
s
co
nt
ai
ni
ng

su
ch

a
co
lo
r
st
ru
ct
ur
e
ar
e
pr
oc
es
se
s
w
ith

co
lo
rl
es
s

pa
rt
ic
le
s
in
th
e
fin
al
st
at
e,
su
ch

as
th
e
gl
uo
n
D
re
ll-
Ya
n
pr
oc
es
s
an
d
H
ig
gs
pr
od
uc
tio
n
th
ro
ug
h
gl
uo
n
fu
si
on

(g
g
→

H
),

of
w
hi
ch

th
e
co
lo
r
flo
w
is
si
m
pl
e
(w
e
w
ill
co
m
e
ba
ck
to
th
is
la
te
r)
, r
es
ul
tin
g
in
th
e
ga
ug
e
lin
k
st
ru
ct
ur
e
in
Fi
g.
1b
.
Fo
r

th
es
e
pr
oc
es
se
s
th
e
ga
ug
e
lin
ks
ru
n
th
ro
ug
h
m
in
us

lig
ht
-c
on
e
in
fin
ity

an
d
th
e
no
ta
tio
n
Γ

[−
,−

† ]
is
us
ed

to
de
sc
ri
be

th
e

lin
k
de
pe
nd
en
ce
of
th
e
co
rr
el
at
or
.
In
ot
he
r
pr
oc
es
se
s,
on
e
or
bo
th
of
th
e
ga
ug
e
lin
ks
co
ul
d
ru
n
th
ro
ug
h
pl
us
lig
ht
-c
on
e

in
fin
ity
, g
iv
in
g
th
e
ad
di
tio
na
l g
au
ge

lin
k
st
ru
ct
ur
es
Γ

[+
,−

† ] ,
Γ

[−
,+

† ]
an
d
Γ

[+
,+

† ] .
T
he

la
tt
er
oc
cu
rs
fo
r
ex
am

pl
e
w
he
n

al
l c
ol
or

flo
w
s
in
to

th
e
fin
al
st
at
e,
e.
g.

in
ph
ot
on
-g
lu
on

fu
si
on

pr
od
uc
in
g
qu
ar
k-
an
tiq
ua
rk

pa
ir
s,
in
w
hi
ch

ca
se
bo
th

ga
ug
e
lin
ks
ru
n
th
ro
ug
h
pl
us
lig
ht
-c
on
e
in
fin
ity
, i
nv
ol
vi
ng

th
e
co
rr
el
at
or
Γ

[+
,+

† ] .
A
no
th
er
re
le
va
nt
ga
ug
e
lin
k
st
ru
ct
ur
e

of
th
e
fir
st
ty
pe

th
at
oc
cu
rs
in
a
le
ad
in
g
or
de
r
2
→

2
pr
oc
es
s
is
th
e
ga
ug
e
lin
k
st
ru
ct
ur
e
in
th
e
co
rr
el
at
or
Γ

[+
!
,+

† !
† ] ,

w
hi
ch

is
ill
us
tr
at
ed

in
Fi
g.
1e
.

f-t
yp

e 
(W

W
)

(a
)  

  o
r  

(b
)  

 

[ +
, +

]

[ −
, −

]

tw
o-

jet
 

SI
DIS

Hig
gs

 in
 

gl
uo

n 
fu

sio
n

-o
ni

um
 

ha
dr

op
ro

du
ct

io
n

γ(
*)

3

(a
)

(b
)

(c
)

(d
)

(e
)

(f
)

(g
)

(h
)

F
IG
. 1
:
A
nu
m
be
r
of
ga
ug
e
lin
k
st
ru
ct
ur
es
[U
,U

′ ] i
llu
st
ra
te
d.

In
th
es
e
fig
ur
es
, t
he

tw
o
bi
g
do
ts
re
pr
es
en
t
th
e
co
or
di
na
te
s
of
0

an
d
ξ.

T
he

ho
ri
zo
nt
al
ax
is
is
th
e
lig
ht
-c
on
e
di
re
ct
io
n
n−

an
d
th
e
ve
rt
ic
al
ax
is
re
pr
es
en
ts
th
e
tr
an
sv
er
se
di
re
ct
io
ns
.
T
he

fo
ur

si
m
pl
es
t
ga
ug
e
lin
k
st
ru
ct
ur
es

ar
e
(a
)
th
e
[+
,+

† ]
ga
ug
e
lin
k,

(b
)
th
e
[−
,−

† ]
ga
ug
e
lin
k,

(c
)
th
e
[+
,−

† ]
ga
ug
e
lin
k
an
d
(d
)

th
e
[−
,+

† ]
ga
ug
e
lin
k.

A
no
th
er
st
ru
ct
ur
e
oc
cu
rr
in
g
fo
r
ty
pe

1
co
rr
el
at
or
s
is
th
e
(e
)
[+
!
,+

† !
† ]
ga
ug
e
lin
k.

In
(f
)
th
e
ty
pe

2

ga
ug
e
lin
k
st
ru
ct
ur
e
[+
,+

† (!
)]
ca
n
be

se
en
.
T
w
o
ga
ug
e
lin
k
st
ru
ct
ur
es
co
rr
es
po
nd
in
g
to

co
rr
el
at
or
s
of
th
e
th
ir
d
ty
pe

ar
e
(g
)

[(
F
(0
)!
),
(F
(ξ
)!

† )]
an
d
(h
)
[(
F
(0
)!

† ),
(F
(ξ
)!
)]
.

A
.

C
or
re
la
to
rs

of
th
e
fi
rs
t
ty
p
e

T
he
fir
st
ty
pe

of
op
er
at
or
st
ru
ct
ur
es
co
nt
ai
ns
on
e
co
lo
r t
ra
ce
an
d
th
er
ef
or
e
ha
s t
he
si
m
pl
es
t g
au
ge
lin
k
st
ru
ct
ur
e
th
at

is
po
ss
ib
le
fo
r
gl
uo
n
co
rr
el
at
or
s.
T
hi
s
co
lo
r
tr
ac
e
co
nt
ai
ns

bo
th

th
e
gl
uo
n
fie
ld
op
er
at
or
s
F
(0
)
an
d
F
(ξ
)
w
ith

ga
ug
e

lin
ks

ru
nn
in
g
be
tw
ee
n
th
es
e
tw
o
fie
ld
s
an
d
ap
pe
ar
s
w
he
n
th
e
co
lo
r
in
a
di
ag
ra
m
co
nt
ri
bu
tin
g
to

th
e
fu
ll
am

pl
itu
de

flo
w
s
in
ju
st
a
si
ng
le
co
lo
r
lo
op
.
E
xa
m
pl
es
of
pr
oc
es
se
s
co
nt
ai
ni
ng

su
ch

a
co
lo
r
st
ru
ct
ur
e
ar
e
pr
oc
es
se
s
w
ith

co
lo
rl
es
s

pa
rt
ic
le
s
in
th
e
fin
al
st
at
e,
su
ch

as
th
e
gl
uo
n
D
re
ll-
Ya
n
pr
oc
es
s
an
d
H
ig
gs
pr
od
uc
tio
n
th
ro
ug
h
gl
uo
n
fu
si
on

(g
g
→

H
),

of
w
hi
ch

th
e
co
lo
r
flo
w
is
si
m
pl
e
(w
e
w
ill
co
m
e
ba
ck
to
th
is
la
te
r)
, r
es
ul
tin
g
in
th
e
ga
ug
e
lin
k
st
ru
ct
ur
e
in
Fi
g.
1b
.
Fo
r

th
es
e
pr
oc
es
se
s
th
e
ga
ug
e
lin
ks
ru
n
th
ro
ug
h
m
in
us

lig
ht
-c
on
e
in
fin
ity

an
d
th
e
no
ta
tio
n
Γ

[−
,−

† ]
is
us
ed

to
de
sc
ri
be

th
e

lin
k
de
pe
nd
en
ce
of
th
e
co
rr
el
at
or
.
In
ot
he
r
pr
oc
es
se
s,
on
e
or
bo
th
of
th
e
ga
ug
e
lin
ks
co
ul
d
ru
n
th
ro
ug
h
pl
us
lig
ht
-c
on
e

in
fin
ity
, g
iv
in
g
th
e
ad
di
tio
na
l g
au
ge

lin
k
st
ru
ct
ur
es
Γ

[+
,−

† ] ,
Γ

[−
,+

† ]
an
d
Γ

[+
,+

† ] .
T
he

la
tt
er
oc
cu
rs
fo
r
ex
am

pl
e
w
he
n

al
l c
ol
or

flo
w
s
in
to

th
e
fin
al
st
at
e,
e.
g.

in
ph
ot
on
-g
lu
on

fu
si
on

pr
od
uc
in
g
qu
ar
k-
an
tiq
ua
rk

pa
ir
s,
in
w
hi
ch

ca
se
bo
th

ga
ug
e
lin
ks
ru
n
th
ro
ug
h
pl
us
lig
ht
-c
on
e
in
fin
ity
, i
nv
ol
vi
ng

th
e
co
rr
el
at
or
Γ

[+
,+

† ] .
A
no
th
er
re
le
va
nt
ga
ug
e
lin
k
st
ru
ct
ur
e

of
th
e
fir
st
ty
pe

th
at
oc
cu
rs
in
a
le
ad
in
g
or
de
r
2
→

2
pr
oc
es
s
is
th
e
ga
ug
e
lin
k
st
ru
ct
ur
e
in
th
e
co
rr
el
at
or
Γ

[+
!
,+

† !
† ] ,

w
hi
ch

is
ill
us
tr
at
ed

in
Fi
g.
1e
.

d-
ty

pe
 (D

P)

(c)
  

  o
r  

(d
)  

 

[ +
, −

]

[ −
, +

]

-je
t h

ad
ro

pr
od

uc
tio

n

γ(
*)

[+

+]

[ −
, −

]

[ −
, −

]

TM
D P

DF

TM
D P

DF

TM
D P

DF

TM
D P

DF
[+

−]

[−

+]

TM
D P

DF

TM
D P

DF

TM
D P

DF

TM
D P

DF

A
ccess

in
g

 f-
ty

p
e a

nd
 d

-t
yp

e g
lu

on 
TM

D
 P

D
Fs

3

1.
1 

G
lu

on-
TM

D
 p

ro
cess

 d
ep

end
enc

e

gluon fusion to Higgs

3

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 1: A number of gauge link structures [U,U ′] illustrated. In these figures, the two big dots represent the coordinates of 0
and ξ. The horizontal axis is the light-cone direction n− and the vertical axis represents the transverse directions. The four
simplest gauge link structures are (a) the [+,+†] gauge link, (b) the [−,−†] gauge link, (c) the [+,−†] gauge link and (d)
the [−,+†] gauge link. Another structure occurring for type 1 correlators is the (e) [+!,+†

!
†] gauge link. In (f) the type 2

gauge link structure [+,+†(!)] can be seen. Two gauge link structures corresponding to correlators of the third type are (g)
[(F (0)!), (F (ξ)!†)] and (h) [(F (0)!†), (F (ξ)!)].

A. Correlators of the first type

The first type of operator structures contains one color trace and therefore has the simplest gauge link structure that
is possible for gluon correlators. This color trace contains both the gluon field operators F (0) and F (ξ) with gauge
links running between these two fields and appears when the color in a diagram contributing to the full amplitude
flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†

!
†],

which is illustrated in Fig. 1e.
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of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†
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flows in just a single color loop. Examples of processes containing such a color structure are processes with colorless
particles in the final state, such as the gluon Drell-Yan process and Higgs production through gluon fusion (gg → H),
of which the color flow is simple (we will come back to this later), resulting in the gauge link structure in Fig. 1b. For

these processes the gauge links run through minus light-cone infinity and the notation Γ[−,−†] is used to describe the
link dependence of the correlator. In other processes, one or both of the gauge links could run through plus light-cone
infinity, giving the additional gauge link structures Γ[+,−†], Γ[−,+†] and Γ[+,+†]. The latter occurs for example when
all color flows into the final state, e.g. in photon-gluon fusion producing quark-antiquark pairs, in which case both
gauge links run through plus light-cone infinity, involving the correlator Γ[+,+†]. Another relevant gauge link structure
of the first type that occurs in a leading order 2 → 2 process is the gauge link structure in the correlator Γ[+!,+†
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which is illustrated in Fig. 1e.
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colliders to extract WW and dipole gluon TMDs. 
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(see also recent review on quarkonium physics) 
Boer et al., arXiv:2409.03691 
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- small-x limit of T-odd gluon TMDs:  

WW   f⊥
1T, h1, h⊥

1T → 0
dipole   xf⊥

1T = xh1 = xh⊥
1T → − k2

T Nc

4παs
O⊥

1T(x, k2
T) spin Odderon   

Boer et al., P.R.L. 116 (16) 122001, arXiv:1511.03485 

- TMD factorization                 UGD kt factorization
small x 

  WW                       # density of gluons in CGC 

dipole                      Fourier Transform of color-dipole cross section in CGC

f g [+,+]
1

f g [+,−]
1

Dominguez et al., P.R.L. 106 (11) 022301, arXiv:1009.2141 
Dominguez et al., P.R. D83 (11) 105005, arXiv:1101.0715 



gluon TMDs : only models

- Available experimental information on gluon TMDs is scarce.  
- Very few attempts of pheno studies: 

- Many models on the market (list of references too long).  
  Let me advertise our one, the first providing systematically all T-even and T-odd  
  gluon TMDs at leading twist:

Lansberg et al., P.L. B784 (18) 217 [E: P.L. B791 (19) 420], arXiv:1710.01684 
                                D’Alesio et al., P.R. D96 (17) 036011, arXiv:1705.04169 
                                D’Alesio et al., P.R. D99 (19) 036013, arXiv:1811.02970 
                               D’Alesio et al., P.R. D102 (20) 094011, arXiv:2007.03353

Bacchetta et al., E.P.J.C 80 (20) 733, arXiv:2005.02288 

 Bacchetta et al., E.P.J.C 84 (24) 576, arXiv:2402.17556

T-even 

T-odd 



spectator model of gluon TMDs

- Nucleon = gluon + spectator on-shell  
   spin-1/2 particle 

- T-odd generated by gluon-spectator FSI via 1 gluon-exchange 
- Spectator mass takes continuous range of values through a parametric spectral function 
- Parameters fixed by reproducing collinear gluon PDFs f1 and g1 from NNPDF3.0
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Recap

• Precision era for unpolarized TMD, comparable to PDFs: extractions from large 
data sets with high perturbative accuracy

Explore impact at LHC, particularly on flavor-sensitive observables like W mass

• Polarized TMDs are a little “behind”: smaller data sets and lower pert. accuracy; 
but newer spin asymmetry data are available for analysis

Important crosschecks (Drell-Yan - SIDIS sign change; spin Odderon) 
and BSM explorations (chiral-odd structures)

• Big open problems in Phenomenology: 

➡ gluon TMDs : still rely basically only on models

➡ matching with fixed-order 
calculations at qT ~ Q

• Very encouraging perspectives with future electron-ion colliders like the EIC 

collinear 
factorization

TMD 
factorization

dσ
dqT

qTΛQCD ≲ qT ≪ Q ΛQCD ≪ Q ≲ qT

matching

ΛQCD ≪ qT ≪ Q

large qTsmall qT
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TMDs  need  Semi-Inclusive processes

Example:  inclusive DIS 
     - hard scale  to “see” partons 
         through Parton Distribution Functions (PDFs) 
      - no further scale to probe hadron interior 
      - PDFs and FFs depend on factorization scale 

Q2 = − q2 ≫ M2

μ2 ≡ Q2

Semi-inclusive DIS (SIDIS) 
    - hard scale  to “see” partons 
     - hadronic system h with soft scale  
     - sensitive to internal motion of partons 
         
      factorization of cross section into 
          TMD PDFs and TMD FFs

Q2 = − q2 ≫ M2

q2
T = P2

hT /z2 ≪ Q2

qT ≈ − PhT /z = − k⊥ − P⊥/z + 𝒪(k2
⊥/Q2)

→

PhTelectron

hadron

X

h

Q2

}P⊥
k⊥

electron

X}
hadron

Q2

PDF

Explore  momentum of quarks?  Need semi-inclusive processes⊥

FF

  depend on two scales:     = factorization scale    
                                             = rapidity scale 

                                                                             (can be chosen as )

TMDPDFq (x, k2
⊥; μ, ζ) μ

TMDFFq (z, P2
⊥; μ, ζ) ζ

ζ = μ2 ≡ Q2



TMD factorization

collinear 
factorization

TMD 
factorization

dσ
dqT

qT
ΛQCD ≲ qT ≪ Q ΛQCD ≪ Q ≲ qT

matching

ΛQCD ≪ qT ≪ Q

large qTsmall qT

+ 𝒪(q2
T /Q2) + 𝒪(M2/q2

T)Fixed-Order (F.O.)Y-term     
such that

Y(q2
T, Q2)

at low Q (SIDIS), this limit does not 
work….

W-term

our analysis is in this regime 
where W-term dominates.  
Y-term is not included

0 ⟵ Y ⟶ F . O .

Sun et al., Int.J.Mod.Phys. A33 (18) 1841006, arXiv:1406.3073



Factorization Theorems only for some processes

electron

hadron

PhT

h

Q2

qT
Q2

hadron hadron

SIDIS   
h = light-/heavy- quark hadron, jet, di-jet, di-hadron,   
       jet substructure (hadron-in-jet),..

hadronic collisions 
quarks  Q2 carried by γ*, W, Z ;   gluons  by H0, ηc,b 

both  Q2 carried by jet with substructure  
              (hybrid factorization: collinear PDF - TMD FF)

q2
T = P2

hT /z2 ≪ Q2

q2
T ≪ Q2

PhT

h1

electron positron
Q2

electron-positron annihilation   
(h1 , h2) = (hadron / di-hadron , hadron / di-hadron),                    
              (hadron / γ , jet), hadron-in-jet

q2
T = P2

hT /z2 ≪ Q2h2

TMD PDFs  ,  TMD FFs  universal 
(with calculable exceptions)

For review, see Collins, “Foundations of Perturbative QCD” (CUP, 11)

TMD PDF    TMD FF

Collins & Soper, N.P. B193 (81) 
Echevarria, Idilbi, Scimemi, JHEP 07 (12)

Collins & Metz, P.R.L. 93 (04) 252001 
Ji, Yuan, Ma, P.R. D71 (05) 034005
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arXiv:1902.01552

Complicated (and sometimes different) factorization theorems, 
depending on “distance” of hadron from thrust axis

Makris et al., arXiv:2009.11871
Boglione & Simonelli, arXiv:2007.13674

Kang et al., arXiv:2007.14425

arXiv:2011.07366 
arXiv:2109.11497 
arXiv:2306.02937

For the moment, only Drell-Yan + SIDIS



Scale dependence of TMD: the CSS scheme

f q
1 (x, b2

T; μf , ζf ) = ∑
i

[Cq→i(x, b2
T; μb*

) ⊗ f i
1(x, μb*

)]

perturbative

OPE: matching collinear  
         PDF at small bT

accuracy       and C K and γF γK PDF and αS evol. FF

LL 0 - 1 - -
NLL 0 1 2 LO LO
NLL’ 1 1 2 NLO NLO
NNLL 1 2 3 NLO NLO
NNLL’ 2 2 3 NNLO NNLO
N3LL(-) 2 3 4 NNLO NLO
N3LL 2 3 4 NNLO NNLO

perturbative

Borsa et al.,  
P.R.L. 129 (22) 012002 
arXiv:2202.05060
Abdul Khalek et al.,  
P.L. B834 (22) 137456 
arXiv:2204.10331

FF at NNLO 
only recently

αn
S

× exp[S(μf , μb*
)] Sudakov: evolution in μ scale; contains 

anomalous dimensions γF , γK

× [
ζf

μ2
b*

]
K(b*,μb*)/2 evolution in ζ scale; contains 

Collins-Soper kernel K

ℋ
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)] Sudakov: evolution in μ scale; contains 

anomalous dimensions γF , γK
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ζf

μ2
b*

]
K(b*,μb*)/2 evolution in ζ scale; contains 

Collins-Soper kernel K

μf ≥ μb*
= 2e−γE

b*(bT) ≥ 1

prescription to smoothly 
connect to large bT, 
avoiding Landau pole.  
Introduces 
nonperturbative part

ℋ

Scale dependence of TMD: the CSS scheme



f q
1 (x, b2

T; μf , ζf ) = ∑
i

[Cq→i(x, b2
T; μb*

) ⊗ f i
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)]
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perturbative
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perturbative
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)] Sudakov: evolution in μ scale; contains 

anomalous dimensions γF , γK

× [
ζf

μ2
b*

]
K(b*,μb*)/2 evolution in ζ scale; contains 

Collins-Soper kernel K

μf ≥ μb*
= 2e−γE

b*(bT) ≥ 1

prescription to smoothly 
connect to large bT, 
avoiding Landau pole.  
Introduces 
nonperturbative part

× [
ζf

Q2
0 ]

gK(bT)/2 nonperturbative Collins-Soper kernel 
(arbitrary Q0=1 GeV)

nonperturbative TMD at initial 
(arbitrary) scale Q0

ℋ

Scale dependence of TMD: the CSS scheme



The  TMD  formula

- TMDs depend on two scales:  renormalization μ and rapidity ζ (rapidity divergences  
  do not cancel)

DGLAP evolution 
Sudakov form factor

evolution through Collins-Soper (CS)             
                             kernel K

- for small bT, TMDs at initial scale can be OPE-expanded onto PDFs through  
   perturbative Wilson coefficients

- convenient choice for initial scale is   μi = ζi = μb = 2e−γE

bT

(cancel many large logs in  
  resummation)

- so far, approach is perturbative; but what happens at large bT? Avoid Landau pole…

- prescription   such that b*(bT) bmin bmaxb*(bT)
small bT large bT μb*

= 2e−γE

b*
≥ 1μf ≥

-   introduces a non-perturbative componentb*(bT)

f1(x, bT, μ, ζ) = f1(x, b*(bT), μ, ζ) f1(x, bT, μ, ζ)
f1(x, b*(bT), μ, ζ)

arbitrary≡ f1(x, b*(bT), μ, ζ) fNP(x, bT, ζ, Q0)
(GeV-1)0.0 0.5 1.0 1.5 2.0
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perturbative
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bmax
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μf =2 GeV

μf =5 GeV
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bmin

J
H
E
P
1
0
(
2
0
2
2
)
1
2
7

The experimental values in each bin are compared against the quantity built by sepa-
rately averaging the numerator and denominator of the multiplicity in eq. (2.27) over the
respective kinematics:

Oth
SIDIS(xi,f , zi,f , |PhT |i,f , Qi,f ) =

 Qf

Qi

dQ

 xf

xi

dx

 zf

zi

dz

 |PhT |f

|PhT |i
d|PhT |

dσSIDIS

dxdzd|PhT |dQ
,

(2.29)

Oth
DIS(xi,f , Qi,f ) =

 Qf

Qi

dQ

 xf

xi

dx
dσDIS

dxdQ
,

Mth(xi,f , zi,f , |PhT |i,f , Qi,f ) = Oth
SIDIS(xi,f , zi,f , |PhT |i,f , Qi,f )

/
Oth

DIS(xi,f , Qi,f ). (2.30)

The HERMES collaboration provides multiplicities in bins of |PhT |, whereas the
COMPASS collaboration in bins of P 2

hT (see also table 3). In both cases, the observ-
able can be calculated as in eq. (2.29), but in the COMPASS case the average is on P 2

hT .
Moreover, both collaborations introduce a cut on the invariant mass of the hadronic fi-
nal states W 2 = (P + q)2 (see table 3), which makes the upper integration limit xf a
Q-dependent quantity.

2.3 Transverse Momentum Distributions (TMDs)
As a consequence of the renormalization of ultraviolet and rapidity divergences [6, 53, 54],
TMD PDFs and FFs acquire a dependence on the renormalization scale µ and on the
rapidity scale ζ. The evolution of TMDs from some initial values of the scales µi, ζi, to
some final values µf , ζf , is given by

f̂a
1 (x, b2T ;µf , ζf ) = f̂a

1 (x, b2T ;µi, ζi) exp
{ˆ µf

µi

dµ

µ
γ
(
µ, ζf

)}(ζf
ζi

)K(|bT |, µi)/2
. (2.31)

The anomalous dimension γ for the renormalization-group evolution in µ reads:

γ
(
µ, ζ

)
= γF

(
αs(µ)

)
− γK

(
αs(µ)

)
ln

√
ζ

µ
, (2.32)

where γK is the cusp anomalous dimension and γF
(
αs(µ)

)
= γ

(
µ, µ2) is the boundary

condition [7]. The Collins-Soper kernel K, instead, is the anomalous dimension for the
evolution in ζ [6]. The same structure holds for the TMD FF. In order to avoid the
insurgence of large logarithms, the scales µi and ζi are conveniently fixed as µi =

√
ζi =

µb = 2e−γE/|bT |. Since the coupling αs is computed at this scale (see eq. (2.32)) the
evolution of the TMD is perturbatively meaningful only at low values of |bT | such that
the scale µb is sufficiently larger than the Landau pole ΛQCD. This condition can be
implemented by replacing the scale µb with µb∗ = 2e−γE/b∗, where [5]

b∗(|bT |, bmin, bmax) = bmax

(1 − e−|bT |4/b4max

1 − e−|bT |4/b4min

)1/4
, (2.33)

with

bmax = 2e−γE GeV−1 ≈ 1.123 GeV−1 , bmin = 2e−γE/µf . (2.34)
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The experimental values in each bin are compared against the quantity built by sepa-
rately averaging the numerator and denominator of the multiplicity in eq. (2.27) over the
respective kinematics:

Oth
SIDIS(xi,f , zi,f , |PhT |i,f , Qi,f ) =

 Qf

Qi

dQ

 xf

xi

dx

 zf

zi

dz

 |PhT |f

|PhT |i
d|PhT |

dσSIDIS

dxdzd|PhT |dQ
,

(2.29)

Oth
DIS(xi,f , Qi,f ) =

 Qf

Qi

dQ

 xf

xi

dx
dσDIS

dxdQ
,

Mth(xi,f , zi,f , |PhT |i,f , Qi,f ) = Oth
SIDIS(xi,f , zi,f , |PhT |i,f , Qi,f )

/
Oth

DIS(xi,f , Qi,f ). (2.30)

The HERMES collaboration provides multiplicities in bins of |PhT |, whereas the
COMPASS collaboration in bins of P 2

hT (see also table 3). In both cases, the observ-
able can be calculated as in eq. (2.29), but in the COMPASS case the average is on P 2

hT .
Moreover, both collaborations introduce a cut on the invariant mass of the hadronic fi-
nal states W 2 = (P + q)2 (see table 3), which makes the upper integration limit xf a
Q-dependent quantity.

2.3 Transverse Momentum Distributions (TMDs)
As a consequence of the renormalization of ultraviolet and rapidity divergences [6, 53, 54],
TMD PDFs and FFs acquire a dependence on the renormalization scale µ and on the
rapidity scale ζ. The evolution of TMDs from some initial values of the scales µi, ζi, to
some final values µf , ζf , is given by

f̂a
1 (x, b2T ;µf , ζf ) = f̂a

1 (x, b2T ;µi, ζi) exp
{ˆ µf

µi

dµ

µ
γ
(
µ, ζf

)}(ζf
ζi

)K(|bT |, µi)/2
. (2.31)

The anomalous dimension γ for the renormalization-group evolution in µ reads:

γ
(
µ, ζ

)
= γF

(
αs(µ)

)
− γK

(
αs(µ)

)
ln

√
ζ

µ
, (2.32)

where γK is the cusp anomalous dimension and γF
(
αs(µ)

)
= γ

(
µ, µ2) is the boundary

condition [7]. The Collins-Soper kernel K, instead, is the anomalous dimension for the
evolution in ζ [6]. The same structure holds for the TMD FF. In order to avoid the
insurgence of large logarithms, the scales µi and ζi are conveniently fixed as µi =

√
ζi =

µb = 2e−γE/|bT |. Since the coupling αs is computed at this scale (see eq. (2.32)) the
evolution of the TMD is perturbatively meaningful only at low values of |bT | such that
the scale µb is sufficiently larger than the Landau pole ΛQCD. This condition can be
implemented by replacing the scale µb with µb∗ = 2e−γE/b∗, where [5]

b∗(|bT |, bmin, bmax) = bmax

(1 − e−|bT |4/b4max

1 − e−|bT |4/b4min

)1/4
, (2.33)

with

bmax = 2e−γE GeV−1 ≈ 1.123 GeV−1 , bmin = 2e−γE/µf . (2.34)
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Data-driven nonperturbative TMD
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deuteron target
at given (x,Q2),  
different slopes for different z

at given z,  
different slopes for different x

if we model nonperturbative TMDs 
with Gaussians, we need  
x- and z-dependent widths!



Parametrization of non-perturbative TMD

= F . T . (e−k2
⊥/g1A(x) + λB k2

⊥e−k2
⊥/g1B(x) + λCe−k2

⊥/g1C(x))
g1X(x) = N1X

(1 − x)α2
X xσX

(1 − ̂x)α2
X ̂xσX

̂x = 0.1with 

nonperturbative TMD PDF 
Fourier Transform of sum 
of 3 Gaussians with  
x-dependent widths

fNP(x, bT; Q0)

11 param.

suggested by models 

Bacchetta, Conti, Radici, PRD 78 (2008)
Bacchetta, Gamberg, Goldstein, et al., PLB 659 (2008)

Pasquini, Cazzaniga, Boffi, PRD 78 (2008)
Matevosyan, Bentz, Cloet, Thomas, PRD 85 (2012)
Burkardt, Pasquini, EPJA (2016)
Grewal, Kang, Qiu, Signori, PRD 101 (2020)



Parametrization of non-perturbative TMD

gK(bT) = − g2
2

b2
T

4

= F . T . (e−k2
⊥/g1A(x) + λB k2

⊥e−k2
⊥/g1B(x) + λCe−k2

⊥/g1C(x))
g1X(x) = N1X

(1 − x)α2
X xσX

(1 − ̂x)α2
X ̂xσX

̂x = 0.1with 

= F . T . (e−P2
⊥/g3A(z) + λF P2

⊥e−P2
⊥/g3B(z))

g3X(z) = N3X
(1 − z)γ2

X (zβX + δ2
X)

(1 − ̂z)γ2
X ( ̂zβX + δ2

X)
̂z = 0.5with 

[
ζf

Q2
0 ]

gK(bT)/2
nonperturbative part of  
Collins-Soper kernel

1 param.

nonperturbative TMD PDF 
Fourier Transform of sum 
of 3 Gaussians with  
x-dependent widths

fNP(x, bT; Q0)

11 param.

nonperturbative TMD FF 
Fourier Transform of sum 
of 2 Gaussians with  
z-dependent widths

DNP(z, bT; Q0)

9 param.

Total  21 param.



increasing perturbative accuracy

 Mh(x̄, z̄, Q̄, qT) NLL NNLL N3LL

worsens agreement with SIDIS ! increases agreement with Drell-Yan
COMPARISON OF DIFFERENT ORDER SIDIS

13

Prelim
inary

COMPASS multiplicities (one of many bins)

The description considerably worsens at higher orders

Normalization issue in  SIDIS

tensions observed also at larger qT 
and also in Drell-Yan at low Q   
and also in e+e- annihilations

Gonzalez et al., P.R. D98 (18) 114005

Bacchetta et al., P.R. D100 (19) 014018

Moffat et al., P.R. D100 (19) 094014

but not in SV 2019 fit
Scimemi & Vladimirov,  
arXiv:1912.06532

discrepancy is PhT-independent:  MNLL/MNNLL ∼ 2 MNLL/MN3LL ∼ 1.5

No normalization problems for 
collinear SIDIS  :dσ / dxdzdQ

MAPFF1.0 (Map Collaboration)
Abdul Khalek et al., arXiv:2105.08725



Normalization problem in SIDIS
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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) 

Gonzalez-Hernandez,  

PoS DIS2019 (2019)



increasing perturbative accuracy

 Mh(x̄, z̄, Q̄, qT) NLL NNLL N3LL

worsens agreement with SIDIS ! increases agreement with Drell-YanCOMPARISON OF DIFFERENT ORDER SIDIS

13

Prelim
inary

COMPASS multiplicities (one of many bins)

The description considerably worsens at higher orders
discrepancy is PhT-independent:  MNLL/MNNLL ∼ 2 MNLL/MN3LL ∼ 1.5

M(x, z, qT, Q) = dσSIDIS

dxdzdqTdQ / dσDIS

dxdQSIDIS data as multiplicities M :   

Normalization issue in  SIDIS



De Florian et al.,  P.R. D75 (07) 114010

at lowest order 
(NLL),   ℋSIDIS ≈ 1 the integrated W-term reproduces 

the SIDIS collinear dσ at LO, 
which reasonably describes data

⟶ dσ
dxdzdQ LO

∼ PDF × FF

M(x, z, qT, Q) = dσSIDIS

dxdzdqTdQ / dσDIS

dxdQ is ok

collinear 
factorization

TMD 
factorization

dσ
dqT

qT

matching

large qTsmall qT

W-term
dσ

dxdzdqTdQ
= W ∼ ℋ [TMDPDF ⊗ TMDFF]∫ dqT

Y-term

Normalization issue in  SIDIS

[ ]



at higher order 
(ex.: NNLL) 

integrated W-term does not reproduce 
the SIDIS collinear dσ at NLO 
Y-term contributions missing

≠ dσ
dxdzdQ NLO

M(x, z, qT, Q) = dσSIDIS

dxdzdqTdQ / dσDIS

dxdQ

collinear 
factorization

TMD 
factorization

dσ
dqT

qT

matching

large qTsmall qT

W-term
dσ

dxdzdqTdQ
= W

NNLL
∼ ℋ [TMDPDF ⊗ TMDFF]∫ dqT

 ℋSIDIS < 1

underestimates data

We define the  
normalization factor

ω(x, z, Q) = dσ
dxdzdQ / ∫ dqT W

= 1   at NLL

Does not depend 
on fit parameters,

precomputed

Y-term

Normalization issue in  SIDIS

[ ]



Backup:  SV19 SIDIS normalizationComparison of different orders — SV19

22

Figure 3. The cross-section at different orders of TMD factorization and for different boson energies.
The legend of the perturbative orders means that NkLO (NkLL) incorporates ak

s -order (ak�1
s -order) of the

coefficient function, ak
s -order of anomalous dimensions with ak+1

s -order of �cusp. The TMD distributions
and the NP part of the evolution are the same for all cases.

energies. In the plot the TMD distributions and the NP part of the evolution are held fixed while
the perturbative orders are changed. The perturbative series converges very well, and the difference
between NNLO and N3LO factorization is of order of percents. This is an additional positive aspect
of the ⇣-prescription, which is due to fact that all perturbative series are evaluated at µ = Q.

2.4.1 Matching of TMD distribution to collinear distributions

The TMD are generic non-perturbative functions that depend on the parton fraction x and the
impact parameter b. A fit of a two-variable function is a hopeless task due to the enormous
parametric freedom. This freedom can be essentially reduced by the matching of a b ! 0 boundary
of a TMD distribution to the corresponding collinear distribution. In the asymptotic limit of small-b
one has

lim
b!0

f1,f h(x, b) =
X

f 0

Z 1

x

dy

y
Cf f 0

✓
x

y
,LµOPE

, as(µOPE)

◆
f1,f 0 h(y, µOPE), (2.76)

lim
b!0

D1,f!h(z, b) =
X

f 0

Z 1

z

dy

y
Cf!f 0

✓
z

y
,LµOPE

, as(µOPE)

◆
d1,f 0!h(y, µOPE)

y2
, (2.77)

where f1(x, µ) and d1(x, µ) are collinear PDF and FF, the label f 0 runs over all active quarks,
anti-quarks and a gluon, and

Lµ = ln

✓
b2µ2

4 exp�2�E

◆
, as(µ) =

g2(µ)

(4⇡)2
, (2.78)

with �E being the Euler constant and g being QCD coupling constant. The extra factor y�2

in eq. (2.77) is present due to the normalization difference of the TMD operator in eq. (2.21)
and the collinear operator, see e.g. [5, 25]. The coefficient functions C and C can be calculated
with operator product expansion methods (for a general review see ref. [58]) and in the case of
unpolarized distributions the coefficient functions are known up to NNLO [23, 25, 26, 29]. The
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Scimemi, Vladimirov, arXiv:1912.06532

Drell-Yan SIDIS

where are data w.r.t. NLL result?



Backup:  SV19 power corrections
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arTeMiDe includes M/Q , qT/Q power corrections 
effects in the qT tail => not a normalization effect



Drell-Yan observables

collider 
Exp:  normalized cross section differential in qT in each bin 

Th: for each bin [i,f] 1
σfiducial

1
(ΔqT)if ∫

qTf

qTi

dqT ∫
yf

yi

dy∫
Qf

Qi

dQ
dσ

dqTdydQ
DYNNLO 
with MMHT14 PDFs

fixed 
target 

E288:  cross section differential in average qT and y

Th: for each bin [i,f] 1
2πq̄T ∫

Qf

Qi

dQ
dσ

dqTdydQ y=ȳ, qT=q̄T

E772:  cross section differential in average qT and xF = xA - xB  bins

Th: for each bin [i,f]
1

(ΔxF)if ∫
xFf

xFi

dxF ∫
Qf

Qi

dQ
2E

π s
dσ

dq2
TdxFdQ qT=q̄T

E605:  cross section differential in average qT and xF

Th: for each bin [i,f] ∫
Qf

Qi

dQ
2E

π s
dσ

dq2
TdxFdQ xF=x̄F, qT=q̄T



SIDIS observable

Multiplicity 

Exp:  differential SIDIS cross section divided by DIS one

Th: for each bin [i,f]

𝒪SIDIS = 1
(ΔQ)if ∫

Qf

Qi

dQ
1

(Δx)if ∫
xf

xi

dx
1

(Δz)if ∫
zf

zi

dz
1

(ΔPhT)if ∫
PhTf

PhTi

dPhT
dσSIDIS

dxdzdPhTdQ

M(x, z, PhT, Q) = dσSIDIS

dxdzdPhTdQ / dσDIS

dxdQ

𝒪DIS = 1
(ΔQ)if ∫

Qf

Qi

dQ
1

(Δx)if ∫
xf

xi

dx
dσDIS

dxdQ

M th(xif , zif , PhTif , Qif ) = 𝒪SIDIS

𝒪DIS



The  Nanga Parbat  fitting framework

All material available at the Nanga Parbat GitHub site

How? You need a computational tool 
MAP Collaboration GitHub page
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The  MAPTMD22  data sets
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COMPASSSIDIS        {

fixed target        {

collider

Ndata after cuts

233

251

1547

2031  data points

 GeV⟨Q⟩ > 1.4
 0.2 < z < 0.7  PhT < min[min[0.2 Q, 0.5 Qz] + 0.3 GeV, zQ]

  qT < 0.2 Q
kinematic cuts

Drell-Yan

SIDIS

{Drell 
Yan



The  (x,Q2) phase space  of  available data
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36

MAP Collaboration 
Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, 
Piacenza, Radici, Signori, arXiv:2206.07598
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FIG. 3: The x vs. Q
2 coverage spanned by the experimental data considered in this analysis (see also Tab. II and

Tab. III).

A. Drell-Yan

Our analysis is based on TMD factorization, which is applicable only in the region |qT | ⌧ Q. Therefore, in
agreement with the choices of Refs. [7, 22] we impose the following cut

|qT | < 0.2Q . (53)

Table II summarizes all the DY datasets included in our analysis. For some DY datasets the experimental
observable is given within a fiducial region. This means that kinematic cuts on transverse momentum pT ` and
pseudo–rapidity ⌘` of the single final-state leptons are enforced (values reported in the next–to–last column
of Tab. II). For more details we refer the reader to Ref. [7]. The second column of Tab. II reports, for each
experiment, the number of data points (Ndat) that survive the kinematic cuts. The total number of DY data
points considered in this work is 484. Note that for E605 and E288 at 400 GeV we have excluded the bin in
Q containing the ⌥ resonance (Q ' 9.5 GeV).

As can be seen in Tab. II, the cross sections are released in di↵erent forms: some of them are normalized to the
total (fiducial) cross section while others are not. When necessary, the required total cross section � is computed
using the code DYNNLO [35, 36] with the MMHT14 collinear PDF set, consistently with the perturbative order
of the di↵erential cross section (see also Tab. I). More precisely, the total cross section is computed at NLO for
NNLL accuracy, and NNLO for N3LL� accuracy. The values of the total cross sections at di↵erent orders can
be found in Table 3 of Ref. [7]. For the ATLAS dataset at 13 TeV, the value of the fiducial cross section is
694.3 pb at NLO and 707.3 pb at NNLO.

B. SIDIS

The identification of the TMD region in SIDIS is not a trivial task and may be subject to revision as new
data appears and the theoretical description is improved, as discussed in dedicated studies [38, 94, 95].

First of all, a cut in the virtuality Q of the exchanged photon is necessary to respect the condition Q � ⇤QCD

needed for perturbation theory to be applicable. In this way also mass corrections and higher twist corrections
can be neglected. In this work, we require that Q > 1.4 GeV. Studies of SIDIS in collinear kinematics employ
similar cuts [29, 96].

In order to restrict ourselves to the SIDIS current fragmentation region and interpret the observables in terms
of parton distribution and fragmentation functions, we apply a cut in the kinematic variable z by requiring
0.2 < z < 0.7. The lower limit is the same used in the study of collinear fragmentation functions [29, 96]. We
used a slightly more restrictive upper limit, to avoid contributions from exclusive channels and to focus on a
region where the collinear fragmentation functions have small relative uncertainties.

For what concerns the cut on transverse momentum, our baseline choice is

|PhT | < min
⇥
min[c1 Q, c2 zQ] + c3 GeV, zQ

⇤
, (54)

SIDIS        {

fixed target        {

collider

smaller than for PDFs, but starts to be comparable…



MAPTMD22: Error treatment

bootstrap method:    fitting  250  replicas  of   fluctuated exp. data 
quality indicator:   of central replica (fitting not    “        “      “   ) 
MAPTMD22 at N3LL(-) :  Ndata=2031,  21 parameters,   

χ2
0

χ2
0 /Ndata = 1.06

χ2
0 ∼ ⟨χ2⟩replicas

(exp. / th.) errors can be uncorrelated or correlated

χ2 = χ2
D + χ2

λ

∑
bins

(exp − th
σ )

2

σ2 = σ2
stat + σ2

uncorr

th = th + ∑
α

λασ(α)
corr

χ2
λ = ∑

α
λ2

α

nuisance  
params.

penalty for  
correlated errors

Examples of (partly) correlated errors :   
   - exp.:  some normalization systematic errors 
   - th.  :  uncertainties of PDFs      MMHT2014  
                                       FFs         DSS14 for  
                                                     DSS17 for 

π±

K±



data set Ndata

Tevatron total 71 0.87 0.06 0.93
PHENIX 200 2 2.21 0.88 3.08

STAR 510 7 1.05 0.10 1.15
LHCb total 21 1.15 0.3 1.45
ATLAS total 72 4.56 0.48 5.05
CMS total 78 0.53 0.02 0.55

collider total 251 1.86 0.2 2.06
fixed target tot 233 0.85 0.4 1.24
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13 TeV

pp ! Z0/�
⇤ ! (µ+ + µ�/e+ + e�)

qq̄ ! Z0/�
⇤ +X

pp ! Z0 ! µ+ + µ�

th. error band = 
68% of all replicas

MAPTMD22 N3LL(-) global fit   χ2
0 /Ndata = 1.06



data set Ndata

ATLAS 7 TeV 18 6.43 0.92 7.35

ATLAS 8 TeV 48 3.7 0.32 4.02

ATLAS 13 TeV 6 5.09 0.5 6.4

ATLAS total 72 4.56 0.48 5.05

collider total 251 1.86 0.2 2.06
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extremely small exp. errors  
   very sensitive to small th. corrections→

Examples:  
  - numerical implementation of lepton cuts 
  - power corrections 
  - effects of matching Y term

Chen et al.,  
   arXiv:2203.01565 
Camarda et al.,  
   arXiv:2111.14509 
Buonocore et al., 
   arXiv:2111.13661

MAPTMD22 N3LL(-) global fit   χ2
0 /Ndata = 1.06



Visualizing MAPTMD22 TMD PDF  
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MAPTMD22:  χ2 breakout
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N3LL−

Data set Ndat χ2
D χ2

λ χ2
0

CDF Run I 25 0.45 0.09 0.54
CDF Run II 26 0.995 0.004 1.0
D0 Run I 12 0.67 0.01 0.68
D0 Run II 5 0.89 0.21 1.10
D0 Run II (µ) 3 3.96 0.28 4.2
Tevatron total 71 0.87 0.06 0.93
LHCb 7TeV 7 1.24 0.49 1.73
LHCb 8TeV 7 0.78 0.36 1.14
LHCb 13TeV 7 1.42 0.06 1.48
LHCb total 21 1.15 0.3 1.45
ATLAS 7TeV 18 6.43 0.92 7.35
ATLAS 8TeV 48 3.7 0.32 4.02
ATLAS 13TeV 6 5.9 0.5 6.4
ATLAS total 72 4.56 0.48 5.05
CMS 7TeV 4 2.21 0.10 2.31
CMS 8TeV 4 1.938 0.001 1.94
CMS 13TeV 70 0.36 0.02 0.37
CMS total 78 0.53 0.02 0.55
PHENIX 200 2 2.21 0.88 3.08
STAR 510 7 1.05 0.10 1.15
DY collider total 251 1.86 0.2 2.06
E288 200GeV 30 0.35 0.19 0.54
E288 300GeV 39 0.33 0.09 0.42
E288 400GeV 61 0.5 0.11 0.61
E772 53 1.52 1.03 2.56
E605 50 1.26 0.44 1.7
DY fixed-target total 233 0.85 0.4 1.24
HERMES (p → π+) 45 0.86 0.42 1.28
HERMES (p → π−) 45 0.61 0.31 0.92
HERMES (p → K+) 45 0.49 0.04 0.53
HERMES (p → K−) 37 0.18 0.13 0.31
HERMES (d → π+) 41 0.68 0.45 1.13
HERMES (d → π−) 45 0.63 0.35 0.97
HERMES (d → K+) 45 0.2 0.02 0.22
HERMES (d → K−) 41 0.14 0.08 0.22
HERMES total 344 0.48 0.23 0.71
COMPASS (d → h+) 602 0.55 0.31 0.86
COMPASS (d → h−) 601 0.68 0.3 0.98
COMPASS total 1203 0.62 0.3 0.92
SIDIS total 1547 0.59 0.28 0.87
Total 2031 0.77 0.29 1.06

Table 4. Breakdown of the values of χ2 normalized to the number of data points Ndat that survive
the kinematic cuts for all datasets considered in our baseline fit. The χ2

D refers to uncorrelated
uncertainties, χ2

λ is the penalty term due to correlated uncertainties (see eq. (4.1)), χ2
0 is the sum

of χ2
D and χ2

λ. All χ2 values refer to the central replica (see text).
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MAPTMD22:  NNLL and NLL fits
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N3LL− NNLL NLL
Data set Ndat ⟨χ2⟩ ± δ⟨χ2⟩ Ndat ⟨χ2⟩ ± δ⟨χ2⟩ Ndat ⟨χ2⟩ ± δ⟨χ2⟩

ATLAS 72 5.01 ± 0.26 / / / /
PHENIX 200 2 3.26 ± 0.31 2 0.81 ± 0.11 / /
STAR 510 7 1.16 ± 0.04 7 0.99 ± 0.03 / /
Other sets 170 0.83 ± 0.01 170 2.37 ± 0.11 / /

DY collider 251 2.06 ± 0.07 179 2.3 ± 0.1 / /

E772 53 2.48 ± 0.12 53 2.05 ± 0.22 / /
Other sets 180 0.87 ± 0.04 180 0.71 ± 0.04 180 0.81 ± 0.04

DY fixed-target 233 1.24 ± 0.04 233 1.01 ± 0.05 180 0.81 ± 0.04

HERMES 344 0.71 ± 0.04 344 1.1 ± 0.06 344 0.51 ± 0.02
COMPASS 1203 0.95 ± 0.02 1203 0.6 ± 0.06 1203 0.41 ± 0.01

SIDIS 1547 0.89 ± 0.02 1547 0.71 ± 0.05 1547 0.43 ± 0.01

Total 2031 1.08 ± 0.01 1959 0.89 ± 0.01 1727 0.47 ± 0.01

Table 6. Comparison of χ2 values normalised to the number of data points Ndat for fits at different
perturbative accuracies. The ⟨χ2⟩ and δ⟨χ2⟩ are the average and standard deviation of the χ2 values
of all replicas.

lower perturbative orders. One of the reasons is that such sets can be used in global
analyses of polarized TMDs where it is not possible to reach the same level of accuracy.

This is the case of the Sivers TMDs where the computation of the polarized cross
section for the Sivers effect presently cannot go beyond the NNLL level [117–119], hence
demanding unpolarised TMDs at the same level of accuracy.

To this aim, we perform a new global fit at NNLL. However, when lowering the per-
turbative accuracy, it is possible to obtain acceptably good fits only by excluding those
datasets whose precision requires the highest theoretical accuracy. Specifically, we found
that only by removing the ATLAS dataset we were able to achieve an acceptable global
description at NNLL accuracy. As a matter of fact, in table 6 the value of χ2 in this con-
figuration, namely for fixed-target DY and SIDIS, is lower than at N3LL− where ATLAS
data is included.

Because of the difference in the perturbative accuracy as well as in the dataset, we
do not expect to get compatible values for the best fit parameters between the NNLL and
N3LL− fits. For instance, we obtain λ = 12 ± 10GeV−1 and λF = 340 ± 280GeV−2 at
NNLL, to be compared to λ = 1.8± 0.3GeV−1 and λF = 0.08± 0.01GeV−2 at N3LL−.

The λ and λF parameters control the relative weight of the weighted Gaussian in
the non perturbative part of the TMD PDF and FF, respectively, and control the size of
the DY and SIDIS spectrum at middle to large values of |qT |. The large values obtained
in the NNLL imply that the weighted Gaussian dominates for both TMD PDF and FF
parametrizations. This behavior may be partially induced by the lack of perturbative
corrections of the NNLL fit with respect to the N3LL− one, which are compensated by
nonperturbative effects.

– 38 –

data sets requiring higher pert. accuracy need to be excluded.  
Still, these fits useful for polarized situations with less available accuracy



MAPTMD22:  Kinematic cuts 

(a) (b) (c) (d) (e)

configurations

1.0

1.1

1.2

1.3

1.4

1.5

1.6

G
lo

b
a
l
¬

2
/N

d
a
t

N da
t
=

96
3

N da
t
=

14
48

N da
t
=

20
31

N da
t
=

26
24

N da
t
=

29
55

Nominal cut

 PhT < min[min[c1 Q, c2 Qz] + c3 GeV, zQ]
a)  c1=c2=0.4 , c3=0   qT < 0.4 Q

b)  c1=0.15, c2=0.4 , c3=0.2 

c)  c1=0.2, c2=0.5 , c3=0.3 baseline fit

d)  c1=0.2, c2=0.6 , c3=0.4   can be qT > Q 

e)  c1=0.2, c2=0.7 , c3=0.5   can be qT > Q 

baseline fit

less conservative

more conservative

qT ≳ Q

better χ2 with less  
conservative cuts  
allowing for qT > Q 

Where is the limit for  
TMD factorization??



MAPTMD22:  validity of  TMD region?  
MAPTMD22 — SIDIS data selection
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  validity of TMD factorization seems to extend well beyond  PhT/z << Q !

0.86 ≲ qT /Q ≲ 3.43



Backup:  SV19 cut on COMPASS

more stringent cut => 1/3 of MAPTMD22 SIDIS data points



Visualizing the Collins-Soper evolution kernel  

Collins-Soper kernel K(bT, μb*
) = K(b*, μb*

) + gK(bT)
drives evolution in rapidity ζ perturbative non-perturbative 

(fitted)
Collins-Soper kernel
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Kernel of the rapidity evolution equation

@ ln f̂1(x, bT ;µ, ⇣)

@ ln
p
⇣

= K(bT , µ)
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perturbatively calculable

to be fitted

MAPTMD22

Martinez, Vladimirov, arXiv:2206.01105 32

MAPTMD22 — Output of the fit

-1/2 K(b, 2 GeV) 

lattice 

Bermudez Martinez & Vladimirov,  arXiv:2206.01105

-1/2 K(b, 2 GeV) 

Moss et al.,  arXiv:2305.07473

MAPTMD22MAPTMD22
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MAPTMD22  MAPTMD24  →

• global fit of Drell-Yan and SIDIS data

• prescription to fix SIDIS normalization problem

• nonperturbative parametrisation

• account of correlated (exp. & th.) errors including ΔPDF & ΔFF

New: using full 
Montecarlo setsFF:     DSS14 (π), DSS17 (K) at NLO                    MAPFF1.0NNLO

2031 data pts.       same dataset→

pre-computed       sameω(x, z, Q) →
• theoretical perturbative accuracy

N3LL(-)          N3LL→
PDF:  MMHT2014nnlo                                       NNPDF3.1NNLO

Abdul Khalek et al., arXiv:2204.10331

bootstrap method  replicas of PDFs & FFs→

F.T.(combination of Gaussians)      same for each flavor→

independence of results from choice of PDF 
cross-checked

=

=

~



MAPTMD22  MAPTMD24  →

nonperturbative parametrisation      same→
correlated (exp. & th.) errors      same→
FF:     DSS14 (π), DSS17 (K) at NLO                    MAPFF1.0NNLO

2031 data pts.       same dataset→
SIDIS normalization       sameω(x, z, Q) →

N3LL(-)          N3LL→
PDF:  MMHT2014nnlo                                       NNPDF3.1NNLO

21 parameters
flavor-independent case  

21 parameters

χ2/Ndata = 1.06 χ2/Ndata = 1.40



MAPTMD22  MAPTMD24  →
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MAPTMD22  MAPTMD24  →

TMD FFs from MAPTMD24  
are different from MAPTMD22

• NNLO 
• smaller uncertainties 

• Neural Network approach 

MAPFF1.0nnlo



MAPTMD22  MAPTMD24  →

Agreement

Similar

worsening

Good 
Agreement

NNPDF+MAPFF MMHT+MAPFF

NNPDF+DSS MMHT+DSS (MAPTMD22)



Fit results for SIDIS 

proton target

deuteron target

data set Ndata

HERMES 344 0.81 0.24 1.05
COMPASS 1203 0.67 0.27 0.94
SIDIS total 1547 0.70 0.26 0.96

DY fixed target 233 0.63 0.31 0.94
DY collider 251 1.37 0.28 1.65

Total 2031 0.81 0.27 1.08

χ2
D χ2

λ χ2 χD2 = uncorrelated error 
χλ2 = correlated error 
χ2 = χD2 + χλ2
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FIG. 22: Comparison between data and theoretical predictions for the HERMES multiplicities for the production of
charged pions and kaons o↵ a proton target for di↵erent x and z bins as a function of the transverse momentum |PhT |

of the final-state hadron. For better visualization, each z bin is shifted by the indicated o↵set.
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for di↵erent z bins surviving kinematic cuts, as indicated in the legend.

very good agreement

a flavor-independent fit 
would give 2.72 

th. error band =  
68% of all replicas



th. error band = 
68% of all replicas

Fit results for Drell-Yan

very good agreement
data set Ndata

HERMES 344 0.81 0.24 1.05
COMPASS 1203 0.67 0.27 0.94
SIDIS total 1547 0.70 0.26 0.96

DY fixed target 233 0.63 0.31 0.94
DY collider 251 1.37 0.28 1.65

Total 2031 0.81 0.27 1.08

χ2
D χ2

λ χ2
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FIG. 18: Upper panels: comparison between experimental data and theoretical predictions for the cross section di↵erential
in |qT | for Z bosons produced in pp̄ collisions at the Tevatron from CDF Run I (left panel) and run II (right panel);
uncertainty bands correspond to the 68% CL. Lower panel: ratio between experimental data and theoretical results.
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FIG. 19: Same as in previous figure but for Z boson production in pp collisions measured by the CMS Collaboration.
From left to right: increasing

p
s = 7, 8, 13 TeV, respectively. For

p
s = 7, 8 TeV, the results are normalized to the

fiducial cross section.
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FIG. 20: Same as in the left and central panels of previous figure, but for ATLAS kinematics at
p
s = 7 TeV. From left

to right, results at increasing rapidity.
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p
s = 7 TeV. From left

to right, results at increasing rapidity.
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th. error band = 
68% of all replicas

Fit results for Drell-Yan

very good agreement
data set Ndata

HERMES 344 0.81 0.24 1.05
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uncertainty bands correspond to the 68% CL. Lower panel: ratio between experimental data and theoretical results.
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FIG. 19: Same as in previous figure but for Z boson production in pp collisions measured by the CMS Collaboration.
From left to right: increasing

p
s = 7, 8, 13 TeV, respectively. For
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s = 7, 8 TeV, the results are normalized to the

fiducial cross section.
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s = 7 TeV. From left

to right, results at increasing rapidity.
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MAPTMD24 flavor channels 

f q
NP(x, bT; Q0) = F.T.(combination of Gaussians) 

5 channels:     (“s”) q = u , ū , d , d̄ , sea

TMD PDF 

TMD FF 
Dq

NP(z, bT; Q0) = F.T.(combination of Gaussians) 

5 channels:   favored pion    

                     unfavored pion   

                      favored Kaon   

                      favored strange Kaon   

                      unfavored Kaon  

u → π+, . . .
d → π+, . . .

u → K+, . . .
s̄ → K+, . . .

d, s → K+, . . .

total of 96 parameters but with ~diagonal correlation matrix 

sensitivity 

Hermes 
target: p, D 
final: π± , K±

hermes

Compass 
target: D 
final: h±

Drell-Yan 



1

0.1

0.01

0.001

x

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

k
?
[G

eV
]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

xfu
1 (x, k2

?; Q, Q2)

Visualizing MAPTMD24 TMD PDF  

x f1(x,kT;Q) NOT FOR DISTRIBUTION JHEP_020P_0624 v1

15

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k�| [GeV]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

x
f

q 1
(x

,k
2 �
,Q

,Q
2
)

Q = 2 GeV

x = 0.1

u

d

d̄

ū
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

“sea” is the least constrained

up is the most constrained

upQ=2 GeV

x=0.1

x=0.001

th. error band =  
68% of all replicas

x=0.01
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FIG. 11: Comparison between the unpolarized TMD FFs for the fragmentation into a ⇡
+ of up (purple) and down (green)

quarks, extracted in the MAPTMD24 fit with a flavor dependent approach, as functions of the hadronic transverse
momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4 (left panel), and z = 0.6 (right panel). The uncertainty bands

represent the 68% C.L.
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a TMD PDF of a sea quark, which is small and has large uncertainties in our extraction.
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+, extracted in the MAPTMD24 fit with a flavor dependent approach, as functions of
the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4 (left panel), and z = 0.6 (right panel).

The uncertainty bands represent the 68% C.L.
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2. Collins-Soper kernel

In Fig. 15, we show the result for the Collins–Soper (CS) kernel obtained in our MAPTMD24 extraction
at N3LL with a flavor-dependent approach, compared to our previous MAPTMD22 results. The form of the
CS kernel at low values of |bT | is unchanged, as it depends on perturbative ingredients. The behavior at high
|bT | is determined by the combination of the b⇤ prescription and the parametrization of the nonperturbative
component of TMD evolution in Eq. (30).

In our new MAPTMD24 extraction, the value of the parameter g2 is smaller than in MAPTMD22: it is
approximately 0.12, about half as big as the MAPTMD22 result (⇡ 0.25). Because of this di↵erence, the
new MAPTMD24 CS kernel is flatter than the MAPTMD22 one. This feature is not related to the flavor
dependence of the new extraction, because it is present also in the MAPTMD24 FI and MAPTMD24 HD
scenarios. Instead, it is due to the di↵erences in the perturbative ingredients between the present work and the
MAPTMD22 analysis, already discussed in Sec. II C.

The size of the error band on the CS kernel is small and similar to the MAPTMD22 one. It is possible that
our fit procedure leads to an underestimation of the errors, especially for the CS kernel, since its functional
form is particularly rigid and determined by a single parameter (see Eq. (30)).

Our result can be compared with other recent extractions in the literature. The ART23 extraction [8]
included DY data only and obtained a CS kernel similar to the MAPTMD22, which is therefore steeper than
our MAPTMD24 result. Ref. [88] obtained a result, based on a smaller set of DY data and a simplified analysis,
with larger error bands that are compatible with MAPTMD22, ART23 and also MAPTMD24. The result
obtained in Ref. [89], obtained with DY data only, is also compatible with MAPTMD22 and ART23, and about
1.5 sigma away from our present results.

Apart from data-driven extractions, there have been several computations of the CS kernel in lattice QCD [90–
102]. The error bars are still relatively large and there are sizeable di↵erences between di↵erent computations.
Our MAPTMD24 extraction is compatible with the recent work of Ref. [102].

3. Average squared transverse momenta

In order to measure the e↵ective width of the TMDs, in this section we study their average squared transverse
momentum at specific values of x and µ =

p
⇣ = Q, defined as [103, 104]:

hk2
?iq(x, Q) =

´
d2k? k2

? fq
1 (x, k2

?, Q, Q2)´
d2k? fq

1 (x, k2
?, Q, Q2)

=
2M2 f̂q (1)

1 (x, |bT |, Q, Q2)

f̂q
1 (x, |bT |, Q, Q2)

����
|bT |=0

, (31)

where the Fourier transform f̂q
1 of the TMD PDF has been defined in Eq. (6), and the first Bessel moment of

the TMD PDF f̂q (1)
1 is defined as [103]:

f̂q (1)
1 (x, |bT |, Q, Q2) =

2⇡

M2

ˆ +1

0
d|k?|

k2
?

|bT |
J1

�
|k?||bT |

�
fq
1 (x, k2

?, Q, Q2) = � 2

M2

@

@b2
T

f̂q
1 (x, |bT |, Q, Q2) .

(32)
As discussed in Ref. [7], we shift the value of |bT | in Eq. (31) from 0 to |bT | = 2.0 bmax, a value well inside the

nonperturbative region [104], that ensures meaningful values for the average squared transverse momenta that
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di↵erently in transverse momentum space, we achieve a better description compared to both MAPTMD24 FI
(�2

0 = 1.40) and MAPTMD24 HD (�2
0 = 1.19) scenarios. The description improves for both SIDIS and DY

data.
We observe that both the MAPTMD24 and MAPTMD22 extractions [7] describe the data in a comparably

good way. Going into more detail, the MAPTMD24 extraction provides a better description of the DY data,
especially the high-energy ones, while there is a slight deterioration in the description of the SIDIS data (see
Tabs. IV and V).

We report in App. A the plots of the comparison between experimental data and theoretical predictions for
most of the included data sets, with the blue bands representing the 68% C.L. The plots show a very good
agreement for all experiments. We note that the uncertainty bands of our predictions are larger than those
in Ref. [7], as expected from the fact that we consider di↵erent members of collinear PDF and FF sets for
each Monte Carlo replica. This leads to a better assessment of the uncertainty in the normalization of our
predictions.

N3LL
Data set Ndat �

2
D �

2
� �

2
0

Tevatron total 71 1.10 0.07 1.17
LHCb total 21 3.56 0.96 4.52
ATLAS total 72 3.54 0.82 4.36
CMS total 78 0.38 0.05 0.43
PHENIX 200 2 2.76 1.04 3.80
STAR 510 7 1.12 0.26 1.38

DY collider total 251 1.37 0.28 1.65

E288 200 GeV 30 0.13 0.40 0.53
E288 300 GeV 39 0.16 0.26 0.42
E288 400 GeV 61 0.11 0.08 0.19
E772 53 0.88 0.20 1.08
E605 50 0.70 0.22 0.92

DY fixed-target total 233 0.63 0.31 0.94

HERMES total 344 0.81 0.24 1.05
COMPASS total 1203 0.67 0.27 0.94

SIDIS total 1547 0.70 0.26 0.96

Total 2031 0.81 0.27 1.08

TABLE V: Breakdown of the values of �2 normalized to the number of data points Ndat that survive the kinematic cuts
for all datasets considered in the MAPTMD24 fit. The �

2
D refers to uncorrelated uncertainties, �2

� is the penalty term
due to correlated uncertainties, �2

0 is the sum of �2
D and �

2
� (see text).

The values of the nonperturbative parameters and their uncertainties are reported in Tab. VIII of App. B.
All parameters are well constrained and not compatible with zero. We observe no strong correlations among
them (see Fig. 25 in App. B).

1. TMDs

We now discuss the TMD PDFs and FFs extracted from the MAPTMD24 FD fit at N3LL accuracy.
Figure 9 displays the unpolarized TMD PDFs for the various independent flavors, as functions of the partonic

transverse momentum |k?| at µ =
p

⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and
x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

We note that at x = 0.1 the contributions of the up and down quarks dominate. The d-quark TMD PDF
is larger at low values of |k?| and decreases more rapidly than the u-quark one. At small x, the contributions
from the sea quarks increase and become dominant at low |k?| values. Furthermore, at medium to low x the
ū-quark and d̄-quark TMD PDFs behave in a similar way, while the u-quark and d-quark ones are very di↵erent.

In Fig. 10, using the same notation as above, we show the normalized TMD PDFs, i.e., divided by the value
of the corresponding central replica at |k?| = 0. This representation allows one to better visualize the di↵erence
in shape among various flavors.

At x = 0.1 (left panel), the TMD PDFs of the sea (s) and d quarks show the sharpest decrease in |k?|, while
the d̄ quark is the widest. At x = 0.001, the s quark is still narrow, while the u quark is the widest. As x
becomes smaller, the TMD PDFs of u and d become much wider while there are no significant di↵erences in
the other TMD PDFs.

Moreover, the distribution of quarks not belonging to the valence content of the proton appears to be the least
constrained with large uncertainty bands for all x values, as expected from the lack of experimental data directly
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Parameter Value Parameter Value Parameter Value
g2 [GeV] 0.12± 0.0033

N1d [GeV2] 0.21± 0.017 N2d [GeV2] 0.015± 0.0013 N3d [GeV2] (40± 2.2)⇥ 10�4

↵1d 0.86± 0.11 ↵2d 5.5± 0.041 ↵3d 2.38± 0.032
�1d �0.21± 0.013 �2d = �3d 9.91± 0.061

�1d [GeV�1] 0.32± 0.038 �2d [GeV�1] 0.052± 0.0022
N1d̄ [GeV2] 0.68± 0.038 N2d̄ [GeV2] 0.0037± 0.0037 N3d̄ [GeV2] (5.9± 5.8)⇥ 10�5

↵1d̄ 0.64± 0.18 ↵2d̄ 5.69± 0.64 ↵3d̄ 1.57± 0.53
�1d̄ 0.075± 0.012 �2d̄ = �3d̄ 10.19± 0.09

�1d̄ [GeV�1] 0.7± 0.67 �2d̄ [GeV�1] 0.051± 0.0071
N1u [GeV2] 0.35± 0.0063 N2u [GeV2] 0.019± 0.00015 N3u [GeV2] (355± 4.5)⇥ 10�6

↵1u 0.18± 0.1 ↵2u 5.42± 0.0037 ↵3u 2.14± 0.0068
�1u �0.26± 0.0079 �2u = �3u 10.17± 0.011

�1u [GeV�1] 0.49± 0.0037 �2u [GeV�1] 0.081± 0.0009
N1ū [GeV2] 0.48± 0.0074 N2ū [GeV2] 0.022± 0.00037 N3ū [GeV2] (21± 1.5)⇥ 10�5

↵1ū 0.95± 0.077 ↵2ū 5.38± 0.0099 ↵3ū 1.77± 0.052
�1ū �0.026± 0.01 �2ū = �3ū 10.21± 0.02

�1ū [GeV�1] 0.53± 0.0067 �2ū [GeV�1] 0.11± 0.0055
N1sea [GeV2] 0.16± 0.035 N2sea [GeV2] 0.029± 0.0027 N3sea [GeV2] 0.0039± 0.002

↵1sea 0.65± 0.48 ↵2sea 5.24± 0.032 ↵3sea 1.48± 0.74
�1sea �0.018± 0.022 �2sea = �3sea 10.72± 0.037

�1sea [GeV�1] 2.43± 0.97 �2sea [GeV�1] 0.015± 0.0083

N4u⇡ [GeV2] (82± 1.8)⇥ 10�5
N5u⇡ [GeV2] 0.095± 0.0008 �1u⇡ 5.19± 0.066

�2u⇡ 2.3± 0.041 �1u⇡ 0.017± 0.0084 �2u⇡ 0.19± 0.0049
�1u⇡ 1.46± 0.015 �2u⇡ 0.8± 0.0095 �Fu⇡ [GeV�2] 0.089± 0.003

N4sea⇡ [GeV2] (83± 2.4)⇥ 10�5
N5sea⇡ [GeV2] 0.094± 0.0012 �1sea⇡ 5.38± 0.21

�2sea⇡ 2.31± 0.072 �1sea⇡ 0.022± 0.0064 �2sea⇡ 0.19± 0.0044
�1sea⇡ 1.44± 0.026 �2sea⇡ 0.8± 0.012 �Fsea⇡ [GeV�2] 0.086± 0.004

N4uK [GeV2] (87± 5.7)⇥ 10�5
N5uK [GeV2] 0.14± 0.0026 �1uK 8.52± 0.081

�2uK 3.86± 0.19 �1uK 0.0061± 0.0035 �2uK 0.19± 0.0059
�1uK 1± 0.041 �2uK 0.19± 0.054 �FuK [GeV�2] 0.14± 0.0048

N4s̄K [GeV2] (4.5± 3.7)⇥ 10�4
N5s̄K [GeV2] 0.16± 0.016 �1s̄K 7.17± 1.4

�2s̄K 5.1± 1.04 �1s̄K 1.51± 1.51 �2s̄K 0.16± 0.033
�1s̄K 0.71± 0.42 �2s̄K 0.36± 0.19 �F s̄K [GeV�2] 0.34± 0.2

N4seaK [GeV2] (78± 2.8)⇥ 10�5
N5seaK [GeV2] 0.15± 0.0059 �1seaK 8.63± 0.24

�2seaK 4.19± 0.14 �1seaK 0.0075± 0.0051 �2seaK 0.2± 0.0029
�1seaK 0.96± 0.036 �2seaK 0.17± 0.092 �FseaK [GeV�2] 0.15± 0.0055

TABLE VIII: Table of the 96 free parameters in the flavor-dependent MAPTMD24 FD fit. For each parameter, the
mean value and the error related to the 68% C.L. are reported.
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Impact studies

MAPTMD22 impact studies



MAPTMD22 impact on the  EIC
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major improvements at smaller x



MAPTMD22 impact on  JLab20+ 

kinematics  JLab20 

major improvements at valence x
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Potential impact on W mass

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

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

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

1. Introduction and motivation

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

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

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

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

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

2. Experimental measurements and uncertainties

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

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

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

our work

explore sensitivity of MW to  
non-perturbative flavor-dependent 

k  distribution⊥
P.L. B788 (19) 542,  arXiv:1807.02101



Potential impact on W mass

- take the DYRES code and modify the fNP (x,bT)

exp[ − g2 b2
T log Q2

Q2
0

] ⟶ exp[ − (g2 log Q2

Q2
0

+ gq) b2
T]

flavor independent, ~[0.2-0.4] GeV2

PV 2017   Bacchetta et al., JHEP 06 (17) 081, arXiv:1703.10157
Guzzi et al., P.R. D90 (14) 014030

MAPTMD22  ~ 0.25 ,  see also

Signori et al., JHEP 11 (13) 194,   
arXiv:1309.3507

flavor dependent
range of variation from 

- generate pTZ spectrum with g2 and assigned CDF/ATLAS errors in each bin;  
  generate sets of pTZ spectra with  and keep those with  
  global χ2/d.o.f. < 1.3

gq = {guv, gdv, gusea, gdsea, gs}

- with these “Z-equivalent” sets, generate pseudodata for lepton pT distribution at  
  MW0 = 80.370 GeV

- with g2, generate 30 template lepton pT distributions with MW in MW0 ± 0.015 GeV

- perform template fits for each pseudodata 



  significant shifts   
  of nonperturbative origin

ΔMW+ ≠ ΔMW−

Potential impact on W mass
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Phase space for polarized TMDs
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Figure 6.3: The kinematic coverage of the EIC for the Sivers and Collins effects in semi-
inclusive DIS compared to other experiments for two exemplary energy configurations.

because of their relation to generalized parton distributions (GPDs) Hq [35],

q(x, bT) =
Z d2DT

(2p)2 Hq(x, x = 0, D2
T) e�i DT · bT , (6.4)

with x indicating the longitudinal momentum transfer to the target. GPDs, which
generalize the concept of ordinary PDFs [17], appear in the QCD description of
hard exclusive processes like deep-virtual Compton scattering (DVCS) and meson
production [18, 21]. The kinematic coverage of the EIC for the DVCS process is
shown in Fig. 6.2. The information encoded in GPDs is extraordinarily rich as they
also allow for studies of the orbital angular momentum of partons, as well as the
distribution of pressure and shear forces inside a hadron. A more thorough discus-
sion of GPDs and how the EIC will advance this crucial area of multi-dimensional
imaging of hadrons can be found in Sec. 7.2.2. Imaging of the spatial distribu-
tions of quarks and gluons in nuclei is addressed in Sec. 7.3.2 via diffraction and in
Sec. 7.3.9 via coherent and incoherent vector meson production.

Imaging in momentum space — transverse momentum dependent parton dis-
tributions: Ordinary PDFs provide a 1D image of hadrons in momentum space.
Put differently, via PDFs we learn about the longitudinal motion of partons in a
fast-moving hadron, that is, about their momentum distributions along the direc-
tion singled out by the hard momentum flow in the process. However, the partons
also have a nonzero transverse momentum relative to that direction. One can
therefore define transverse momentum dependent parton distributions (TMDs),
where for an unpolarized target and unpolarized quark typically the notation
q(x, kT) = f q

1 (x, kT) is used, with kT indicating the transverse quark momentum.

Abdul Khalek et al. (EIC Yellow Report), N.P. A1026 (22) 122447, arXiv:2103.05419

For polarized TMDs, available phase space is less than unpol. TMD,  
particularly at high Q2  more difficult to study evolution properties.  

Where collider data can be most useful
→
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Results - transversity & Collins
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