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Processes with factorization
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Phase space for processes with factorization
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Evolution of TMDs

f̃ q
1(x, b2

T; μf , ζf ) = Evo[(μf , ζf ) ← (μi, ζi)] × f̃ q
1(x, b2

T; μi, ζi)

∑
i

[Cqi(x, bT; μi, ζi) ⊗ f i
1(x, μi)]

Evolution operator, 
Wilson Coefficient C, 
are all perturbatively 
calculable

Collins - Soper - Sterman (CSS) scheme

PDF

OPE
small bT

large bT ?

Collins, “Foundations of Perturbative QCD” (11)

μi = ζi = 2e−γE / bT

MS choice (cancel large logs in resummation)
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smooth connection with large bT 
replace bT with  b*(bT)
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Quality of TMD extraction: 
- perturbative accuracy 
- size of data set and best χ2

evolution in μ evolution in ζ

similar formula for D̃q→h
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Logarithmic counting
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accuracy       and C K and γF γK PDF and αS FF
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The  unpolarized  quark  TMD PDF

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)

5/23/2015 CIPANP 2015 6
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Mulders & Tangerman, N.P. B461 (96)  
Boer & Mulders, P.R. D57 (98)



Most recent extractions of Nucleon TMD f1 

Accuracy SIDIS Drell-Yan N of points χ2/Npoints Flavor dep.

PV 2017 
arXiv:1703.10157 NLL ✔ ✔ 8059 1.5 ✘

SV 2017 
arXiv:1706.01473 N3LL ✘ ✔  (LHC) 309 1.23 ✘

BSV 2019 
arXiv:1902.08474 N3LL ✘ ✔  (LHC) 457 1.17 ✘

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

PV 2019 
arXiv:1912.07550 N3LL ✘ ✔  (LHC) 353 1.07 ✘

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

ART23 
arXiv:2305.07473 N4LL(-) ✘ ✔  (LHC) 627 0.96 ✔

MAPTMD 2024 
arXiv:2405.13833 N3LL ✔ ✔  (LHC) 2031 1.08 ✔

MAPNN 2025 
arXiv:2502.04166 N3LL ✘ ✔  (LHC) 482 0.97 ✘

ART25 
arXiv:2503.11201 N4LL(-) ✔ ✔  (LHC) 1209 1.05 ✔
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increasing accuracy & precision
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More pheno studies on unpolarized TMD f1 

- pion TMDs 

- hadron-in-jet production at colliders 

- Di-jet and heavy-meson production at colliders and in DIS 

- parton-branching method 

- qT-resummation based extractions 
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Bermudez Martinez et al., P.R. D99 (19) 074008
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- TMD FFs from e+e- data
Boglione & Simonelli, JHEP 02 (21) 076;  
                          02 (22) 013;  09 (23) 006

TRANSVERSE MOMENTUM IN FRAGMENTATION FUNCTIONS 21

Boglione, Gonzalez-Hernandez, Simonelli, https://arxiv.org/abs/2206.08876
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FIG. 10. 2� confidence regions centered around the minimum configuration, shown in green, for the fit of model IIB of IV
in the kinematic region of Eq. (21) and Eq. (22). Here the presence of some correlation among the free parameters controlling
the behavior of MD and gK is signalled by a slight deformation from the expected ellipsoidal shapes.
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FIG. 11. Extractions of the unpolarized TMD FF, Eq. (2),
from one-hadron production BELLE data of [13], using mod-
els IA,IB,IIA,IIB of Table IV, in the kinematic region of
Eq. (21) and Eq. (22). The TMD FF for the u ! ⇡+ + ⇡�

channel is shown in momentum space.

extremely high energies. Instead, in the small bT region,
our extraction of the CS kernel di↵ers from both PV19
and SV19 results, where the perturbative part of the CS
kernel is expected to dominate, making all bands to co-
incide.

This is mostly due to two factors. First, the behaviour
of our model for gK at small distances, which approaches
zero only as bpT, with 0 < p < 1, significantly more slowly
compared to the b

2
T behaviour of the PV19 and SV19

parametrizations also at small distances. In fact, the

e↵ects of our extractions for gK are still significant at
relatively small values of bT. Second, the approximations
of Eq. (2), are likely not optimal to describe the small
bT behaviour of the TMDFF. Future improvements in
the perturbative accuracy and a better treatment of the
thrust dependence could resolve these discrepancies with
respect to the results of the PV19 and SV19 analyses.

Recently, several lattice QCD calculations of the CS
kernel have been performed by di↵erent groups and re-
ported in Refs. [52–57]; it is therefore interesting to com-
pare our extraction to some of these computations. We
do this in Fig. 14, where for clarity we compare er-
ror bands of all our models with the most recent cal-
culation of each lattice QCD collaboration, Refs. [54–
57]. The logarithmic and sub-linear power large bT be-
haviour assumed for our extractions seem to be well sup-
ported by lattice QCD estimations of the CS kernel.
We note that while our results are in better agreement
with the SWZ21[56] and LPC22[57] calculations, the gen-
eral trend of our extractions is also consistent with the
ETMC/PKU[55] and SVZES[54] results, characterized
by a slow variation of the CS kernel at large bT. Once
again we underline that in our analysis little can be said
about the small bT behaviour of the CS kernel, thus we fo-
cused our attention in the large bT regime, where BELLE
experimental data o↵er good coverage.

III. CONCLUSIONS

We performed an analysis of recent BELLE data for
one hadron production in e

+
e
� annihilation [13] and

extracted the TMD FF following the newly developed
formalism of Ref. [25, 28, 29]. In this framework, the
short distance behavior of the TMD FF is constrained

- gluon TMDs 

Gluon TMDs 
The linearly polarised (hT) and unpolarised ( ) gluon TMD PDFs contribute to 
the low-qT spectrum of  Higgs production in gluon fusion:

f

Gutierrez-Reyes et al., [1907.03780]

Despite linearly polarised gluons enter at NNLL, their effect on the cross 
section can be assessed but below current LHC data accuracy:

CMS Data

29

low-qT spectrum of 
Higgs production in 
gluon fusion

Gutierrez-Reyes et al., JHEP 11 (19) 121

( see talks by D. Boer,  
  A. Mukherjee and  
  C. Pisano )
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MAPTMD24 settings (in one slide..)

Bacchetta et al. (MAP), JHEP 08 (24) 232

b*(bT) = bmax ( 1 − e−b4
T /b4

max

1 − e−b4
T /b4

min )
1
4

bmin = 2e−γE/Q

non-pert. Collins-Soper kernel gK(bT) = − g2
2 b2

T /2

Fourier Transf. of combination of 2 Gaussians + 1 weighted Gaussian, all 
with x-dependent widths

fNP(x, bT)

DNP(z, bT) Fourier Transf. of combination of 2 Gaussians with z-dep. widths

cuts 
 GeV⟨Q⟩ > 1.4

 0.2 < z < 0.7

SIDIS 
 PhT < min[min[0.2 Q, 0.5 Qz] + 0.3 GeV, zQ]

Drell-Yan    qT < 0.2 Q

same as MAPTMD22
Bacchetta et al. (MAP), JHEP 10 (22) 127

N = 2031 pts.

bmax = 2e−γE/Q0 ( = 1)



g
2

N
1
d

N
2
d

N
3
d

Æ
1
d

Æ
2
d

Æ
3
d

æ
1
d

æ
3
d

∏
1
d

∏
2
d

N
1
d̄

N
2
d̄

N
3
d̄

Æ
1
d̄

Æ
2
d̄

Æ
3
d̄

æ
1
d̄

æ
3
d̄

∏
1
d̄

∏
2
d̄

N
1
u

N
2
u

N
3
u

Æ
1
u

Æ
2
u

Æ
3
u

æ
1
u

æ
3
u

∏
1
u

∏
2
u

N
1
ū
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Æ2ū
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MAPTMD24 settings (in one slide..)

correlation 
matrix 

Bacchetta et al. (MAP), JHEP 08 (24) 232

b*(bT) = bmax ( 1 − e−b4
T /b4

max

1 − e−b4
T /b4

min )
1
4

bmin = 2e−γE/Q

non-pert. Collins-Soper kernel gK(bT) = − g2
2 b2

T /2

Fourier Transf. of combination of 2 Gaussians + 1 weighted Gaussian, all 
with x-dependent widths

fNP(x, bT)

DNP(z, bT) Fourier Transf. of combination of 2 Gaussians with z-dep. widths

Total 96 parameters

cuts 
 GeV⟨Q⟩ > 1.4

 0.2 < z < 0.7

SIDIS 
 PhT < min[min[0.2 Q, 0.5 Qz] + 0.3 GeV, zQ]

Drell-Yan    qT < 0.2 Q

N = 2031 pts.

same as MAPTMD22

N3LL  perturbative accuracy 
NNPDF3.1 + MAPFF1.0 at NNLO 

for  seau, d, ū, d̄,

for  fav./unfav.   and fav./unfav. u → π+/d → π+ u → K+, s̄ → K+/d, s → K+

Bacchetta et al. (MAP), JHEP 10 (22) 127

χ2/N = 1.08

bmax = 2e−γE/Q0 ( = 1)



“Normalized” MAPTMD24 TMD PDFs  

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



MAPTMDNN:  TMDs with Neural Networks

same settings as MAPTMD22 & MAPTMD24  
but limited to Drell-Yan data

Bacchetta et al. (MAP), arXiv:2502.04166

fNP(x, bT) = ℕℕ(x, bT)
ℕℕ(x,0)

 architectureℕℕ
activation σ(z) = 1

2 (1 + z
1 + |z | )

Total 41+1 parameters    
N = 482 pts.   χ2/N = 0.97

N3LL  perturbative accuracy 

Parametrization

10

of the non-perturbative part of  f1(x, kT)
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NN
�
x, bT

�

10 nodes in a single hidden layer 

41+1 parameters 

<latexit sha1_base64="uDecnnZocXRV/YPkMUHnKpgRnRk="></latexit>

�(z) =
1

2

✓
1 +

z

1 + |z|

◆
with activation function

MAP Collaboration 
arXiv:2502.04166

only one output node because  
there is no flavor dependence (yet)

Neural Network 

parametrization

for

 physically required constraints
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MAPTMDNN:  TMDs with Neural Networks

same settings as MAPTMD22 & MAPTMD24  
but limited to Drell-Yan data

Bacchetta et al. (MAP), arXiv:2502.04166

fNP(x, bT) = ℕℕ(x, bT)
ℕℕ(x,0)

 architectureℕℕ
activation σ(z) = 1

2 (1 + z
1 + |z | )

Total 41+1 parameters    
N = 482 pts.   χ2/N = 0.97

N3LL  perturbative accuracy 

Neural Networks perform better than 
MAPTMD22 limited to Drell-Yan 
(MAP22DY), particularly on the most 
precise ATLAS data: χ2 = 3.51  1.38→

Parametrization

10

of the non-perturbative part of  f1(x, kT)
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only one output node because  
there is no flavor dependence (yet)

Neural Network 

parametrization

for

 physically required constraints
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MAPTMDNN:  TMDs with Neural Networks

same settings as MAPTMD22 & MAPTMD24  
but limited to Drell-Yan data

Bacchetta et al. (MAP), arXiv:2502.04166

fNP(x, bT) = ℕℕ(x, bT)
ℕℕ(x,0)

 architectureℕℕ
activation σ(z) = 1

2 (1 + z
1 + |z | )

Total 41+1 parameters    
N = 482 pts.   χ2/N = 0.97

N3LL  perturbative accuracy 

Neural Networks perform better than 
MAPTMD22 limited to Drell-Yan 
(MAP22DY), particularly on the most 
precise ATLAS data: χ2 = 3.51  1.38→

Parametrization

10

of the non-perturbative part of  f1(x, kT)
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comparison with other MAP fits
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Closure tests
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closure test - level 0
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MAPTMDNN:  TMDs with Neural Networks

same settings as MAPTMD22 & MAPTMD24  
but limited to Drell-Yan data

Bacchetta et al. (MAP), arXiv:2502.04166

fNP(x, bT) = ℕℕ(x, bT)
ℕℕ(x,0)

 architectureℕℕ
activation σ(z) = 1

2 (1 + z
1 + |z | )

Total 41+1 parameters    
N = 482 pts.   χ2/N = 0.97

N3LL  perturbative accuracy 

Neural Networks perform better than 
MAPTMD22 limited to Drell-Yan 
(MAP22DY), particularly on the most 
precise ATLAS data: χ2 = 3.51  1.38→

Parametrization

10

of the non-perturbative part of  f1(x, kT)
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there is no flavor dependence (yet)
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effect of SIDIS data!

closure test - level 0 
- generate pseudodata with known  
  DWS model and real-data uncertainties

- reproduce result with NN

Davies et al., N.P. B256 (85)
χ2 ~ 10-6

✔



MAPTMDNN:  TMDs with Neural Networks

same settings as MAPTMD22 & MAPTMD24  
but limited to Drell-Yan data

Bacchetta et al. (MAP), arXiv:2502.04166

fNP(x, bT) = ℕℕ(x, bT)
ℕℕ(x,0)

 architectureℕℕ
activation σ(z) = 1

2 (1 + z
1 + |z | )

Total 41+1 parameters    
N = 482 pts.   χ2/N = 0.97

N3LL  perturbative accuracy 

Neural Networks perform better than 
MAPTMD22 limited to Drell-Yan 
(MAP22DY), particularly on the most 
precise ATLAS data: χ2 = 3.51  1.38→

 NN PDFs    NN TMDs !→

Parametrization

10

of the non-perturbative part of  f1(x, kT)
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MAP Collaboration 
arXiv:2502.04166

only one output node because  
there is no flavor dependence (yet)

Neural Network 

parametrization

for

 physically required constraints
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effect of SIDIS data!

closure test - level 0 
- generate pseudodata with known  
  DWS model and real-data uncertainties

- reproduce result with NN

Davies et al., N.P. B256 (85)
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Comparison among most recent extractions

TMD PDFs  at Q=10 GeV Moos et al., arXiv:2503.11201

B Plots of comparison with di↵erent extractions

In this appendix we present plots comparing the present extraction (ART25) with extractions made
in refs. [21] (ART23), [11] (MAP22), [12] (MAP24) and [81] (MAPNN). The comparison is made
for TMD distributions in b space, because it is the representation in which TMD distributions are
extracted from the data. All comparisons are presented for TMD distributions evaluated at 10
GeV, i.e. at scales µ = 10GeV and ⇣ = 102 GeV2.

TMDPDFs are compared at values of x = 0.1 and x = 0.01 as typical values that contribute
to Drell-Yan and SIDIS data, in the two upper rows of fig. 33 and 34, respectively. Additionally,
in the two lower rows of each figure we present the sizes of the uncertainty bands, relative to the
central values of the corresponding TMD distributions.

The comparison of pion TMDFFs is presented in fig. 35 at z = 0.3. The comparison of kaon
TMDFFs is presented in fig. 36 at z = 0.3.
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Figure 33: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.01 between di↵erent extractions.
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ū

B Plots of comparison with di↵erent extractions

In this appendix we present plots comparing the present extraction (ART25) with extractions made
in refs. [21] (ART23), [11] (MAP22), [12] (MAP24) and [81] (MAPNN). The comparison is made
for TMD distributions in b space, because it is the representation in which TMD distributions are
extracted from the data. All comparisons are presented for TMD distributions evaluated at 10
GeV, i.e. at scales µ = 10GeV and ⇣ = 102 GeV2.

TMDPDFs are compared at values of x = 0.1 and x = 0.01 as typical values that contribute
to Drell-Yan and SIDIS data, in the two upper rows of fig. 33 and 34, respectively. Additionally,
in the two lower rows of each figure we present the sizes of the uncertainty bands, relative to the
central values of the corresponding TMD distributions.

The comparison of pion TMDFFs is presented in fig. 35 at z = 0.3. The comparison of kaon
TMDFFs is presented in fig. 36 at z = 0.3.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

10

20

30

40

50

60

70
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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for TMD distributions in b space, because it is the representation in which TMD distributions are
extracted from the data. All comparisons are presented for TMD distributions evaluated at 10
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TMDPDFs are compared at values of x = 0.1 and x = 0.01 as typical values that contribute
to Drell-Yan and SIDIS data, in the two upper rows of fig. 33 and 34, respectively. Additionally,
in the two lower rows of each figure we present the sizes of the uncertainty bands, relative to the
central values of the corresponding TMD distributions.
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for TMD distributions in b space, because it is the representation in which TMD distributions are
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TMDPDFs are compared at values of x = 0.1 and x = 0.01 as typical values that contribute
to Drell-Yan and SIDIS data, in the two upper rows of fig. 33 and 34, respectively. Additionally,
in the two lower rows of each figure we present the sizes of the uncertainty bands, relative to the
central values of the corresponding TMD distributions.

The comparison of pion TMDFFs is presented in fig. 35 at z = 0.3. The comparison of kaon
TMDFFs is presented in fig. 36 at z = 0.3.
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Figure 33: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.01 between di↵erent extractions.
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.
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In this appendix we present plots comparing the present extraction (ART25) with extractions made
in refs. [21] (ART23), [11] (MAP22), [12] (MAP24) and [81] (MAPNN). The comparison is made
for TMD distributions in b space, because it is the representation in which TMD distributions are
extracted from the data. All comparisons are presented for TMD distributions evaluated at 10
GeV, i.e. at scales µ = 10GeV and ⇣ = 102 GeV2.

TMDPDFs are compared at values of x = 0.1 and x = 0.01 as typical values that contribute
to Drell-Yan and SIDIS data, in the two upper rows of fig. 33 and 34, respectively. Additionally,
in the two lower rows of each figure we present the sizes of the uncertainty bands, relative to the
central values of the corresponding TMD distributions.

The comparison of pion TMDFFs is presented in fig. 35 at z = 0.3. The comparison of kaon
TMDFFs is presented in fig. 36 at z = 0.3.
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Figure 33: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.01 between di↵erent extractions.
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x=0.01effect of bmin 
prescription

μb*
= 2e−γE

b*(bT) ≥ 1μf ≥

bmin = 2e−γE

μf
bmax = 2e−γEb*(bT)

f̃1(x,0) = ∫ dkT f1(x, kT) = f1(x)

= 0

❓



Comparison among most recent extractions

TMD FFs  at z=0.3 , Q=10 GeV Moos et al., arXiv:2503.11201

u → π+

d → π+
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Figure 35: Comparison of TMDFFs for pion as function of b at z = 0.3 between di↵erent
extractions.

Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Comparison among most recent extractions

TMD FFs  at z=0.3 , Q=10 GeV Moos et al., arXiv:2503.11201
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.
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Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
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s → π+

D1(z, bT) < 0

∫ dbT e−ikT⋅bT D1(z, bT)
= D1(z, kT) > 0

❓



MAPTMD22:  validity of  TMD region ?  

cut of baseline fit

fitted

predicted

  validity of TMD factorization seems to extend well beyond  PhT/z << Q !

0.86 ≲ PhT /zQ ≲ 1.5

❓



Collins-Soper evolution kernel  

universal flavor-independent K(b*, μb) + gK(bT)
drives evolution in rapidity ζ 

fitted to data;  input from lattice

Bollweg et al., arXiv:2504.04625

IFY23 (ResBos)
Isaacson et al., arXiv:2311.09916

ASWZ24 Avkhadiev et al., arXiv:2402.06725

N3LL Vladimirov, arXiv:1610.05791

Li&Zhu, arXiv:1604.01404

Pheno 

16

Collins-Soper kernel 
[2504.04625]

N3LO 

EEC24 Kang et al., arXiv:2410.21435

PB24 Martinez et al., arXiv:2412.21116

LPC23 Chu et al. (LPC), arXiv:2306.06488

DWF24 Bollweg et al., arXiv:2403.00664

Lattice

( see talk by P. Shanahan  
  and S.Mukherjee )

pQCD

+ MAPTMD-22, -24, -NN

+ ART-23, -25



Ratio of different flavors from lattice

24

unitary chiral quarks, 
physical mass

X. Gao et al., to appear soon

TMDPDF of proton: up to down unpolarized TMDPDF

Xiang Gao (Thursday, 4:30 pm)

f uv
1 (x, bT, ζ, μ)

f dv
1 (x, bT, ζ, μ)

f uv
1 (x, bT; μ, ζ)

f dv
1 (x, bT; μ, ζ)

μ = ζ = 1.62 GeV

Bollweg et al., arXiv:2505.18430

( see talk by S.Mukherjee )



Ratio of different flavors from lattice

at bT = 0, ratio is given 
by collinear PDFs 

24

unitary chiral quarks, 
physical mass

X. Gao et al., to appear soon

TMDPDF of proton: up to down unpolarized TMDPDF

Xiang Gao (Thursday, 4:30 pm)

f uv
1 (x, bT, ζ, μ)

f dv
1 (x, bT, ζ, μ)

f uv
1 (x, bT; μ, ζ)

f dv
1 (x, bT; μ, ζ)

μ = ζ = 1.62 GeV

Bollweg et al., arXiv:2505.18430

( see talk by S.Mukherjee )

❓



Phase space for processes with factorization
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ū 1
(x

,k
2 ?
,Q

,Q
2
)°

hf
ū 1
(x

,k
2 ?
,Q

,Q
2
)i

hf
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Strong impact at different values of x
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MAPTMD24   2031 
EIC                # pts.       lumi [fb-1] 
5x41              1273        2.85 
10x100          1611       51.3 
18x275          1648       10

TMDq - <TMDq>
<TMDq>

x=0.01

The  EIC  impact at x=0.01

L. Rossi, Ph.D. Thesis
73

(simulation campaign of May 2024 
only π+ production)



The  EIC  impact at x=0.001
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L. Rossi, Ph.D. Thesis

MAPTMD24   2031 
EIC                # pts.       lumi [fb-1] 
5x41              1273        2.85 
10x100          1611       51.3 
18x275          1648       10

TMDq - <TMDq>
<TMDq>

x=0.001

(simulation campaign of May 2024 
only π+ production)



Early Science Conditions

ePIC Collaboration Meeting, January 2025 E.C. Aschenauer & R. Ent

ep Luminosity for Phase-1
High Divergence Lumi per 

Fill (5 h)
Lumi per 

Year
5 GeV e x 250 GeV p 9.26 pb-1 6.48  fb-1

10 GeV e x 250 GeV p 13.12 pb-1 9.18 fb-1

5 GeV e x 130 GeV p 6.3 pb-1 4.36 fb-1
10 GeV e x 130 GeV p 7.6 pb-1 5.33 fb-1 

Low Divergence Lumi per 
Fill (5 h)

Lumi per 
Year

5 GeV e x 250 GeV p 6.81 pb-1 4.78 fb-1

10 GeV e x 250 GeV p 8.8 pb-1 6.19 fb-1

5 GeV e x 130 GeV p 5.8 pb-1 4.1 fb-1

10 GeV e x 130 GeV p 7.1 pb-1 4.95 fb-1

Remember:
high divergence: higher lumi, but reduced acceptance 
for low forward particle pTmin 
low divergence: lower lumi, but increased acceptance 
for low forward particle pTmin
à important for exclusive processes

Low-divergence

Illustration

Compare to HERA integrated luminosity 1992 – 2007: 0.6 fb-1
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EIC impact in Early Science Conditions
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Impact of EIC 10 x 130, lumi = 5 fb°1

Flavour index
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up

sea

Uncertainty reduction

0.51

0.92

For each (x,Q2) bin: 

from MAPTMD24, max. uncertainty of f1q(x,kT;Q) over all kT and all flavors q

including EIC pseudodata, color code indicates the flavor with max. reduction 
in uncertainty over all kT
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The EIC impact with 10x130 at x=0.16

courtesy L. Rossi

MAPTMD24   2031 
EIC                # pts.       lumi [fb-1] 
10x130          ~1620       5

TMDq - <TMDq>
<TMDq>

x=0.16,  Q=1.77 GeV

(early Science conditions, only π+ production)
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Helicity TMD PDF

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
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riz
at
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n

U

L

T

nucleon

quark

polar
iza

tio
ns

- How polarization of quarks distorts their kT ? 

- Do quarks with spin parallel to proton spin  
  have larger / smaller kT than those with spin  
  antiparallel ?

23

QCD in the Standard ModelTransverse-Momentum Distributions (TMDs)

gq
1 (x, k⊥) = q+ − q−

⦿ kx

ky

⊗

⊗

How the proton polarization 

reflects on its 3D structure?

How the quark polarization distorts 

their transverse momentum?

Do quarks with spin parallel to the proton 

have smaller transverse momentum?



Double Spin Asymmetry

A1(x, z, |PhT | , Q) = dσ→← − dσ→→ + dσ←→ − dσ←←

dσ→← + dσ→→ + dσ←→ + dσ←←

=
∑i=q,q̄ e2

i ∫ ∞
0 db2

T J0 (bT |PhT | /z) g̃i
1(x, b2

T; Q) D̃i→h
1 (z, b2

T; Q)

∑i=q,q̄ e2
i ∫ ∞

0 db2
T J0 (bT |PhT | /z) f̃ i

1(x, b2
T; Q) D̃i→h

1 (z, b2
T; Q)

Accuracy SIDIS Drell-Yan N of 
points χ2/N Flavor 

dep.

MAPTMD22pol 
Bacchetta et al. (MAP) 
P.R.L. 134 (25) 121901

NNLL ✔ ✘ 291 1.09 ✘

YLSZM 
Yang et al. (TNT) 

P.R.L. 134 (25) 121902
NNLL ✔ ✘ 253 0.74 ✘

importance of 
consistency



The  MAPTMD22pol  fit  (in one slide)

TMD f1 & D1 from MAPTMD22

Gutierrez-Reyes et al.,  
P.L. B769 (17) 84

g̃q
1(x, b2

T; μf , ζf ) = Evo[(μf , ζf ) ← (μi, ζi)] exp[gK(bT) log( ζf /Q0)] gNP(x, bT)
× ∑

i
[Cg

qi(x, bT; μi, ζi) ⊗ gi
1(x, μi)]

g1(x,μi) from NNPDFpol1.1 at NLO 

same  Evo and gK  from MAPTMD22; Cg up to NLO  NNLL max. pert. accuracy→

Bacchetta et al. (MAP) P.R.L. 134 (25) 121901

YLSZM fit modifies g1(x,μi)  breaking OPE formula!→

   even at NLL!→ ∫ dkT g1(x, kT) ≠ g1(x)



The  MAPTMD22pol  fit  (in one slide)

TMD f1 & D1 from MAPTMD22

Gutierrez-Reyes et al.,  
P.L. B769 (17) 84

g̃q
1(x, b2

T; μf , ζf ) = Evo[(μf , ζf ) ← (μi, ζi)] exp[gK(bT) log( ζf /Q0)] gNP(x, bT)
× ∑

i
[Cg

qi(x, bT; μi, ζi) ⊗ gi
1(x, μi)]

g1(x,μi) from NNPDFpol1.1 at NLO 

same  Evo and gK  from MAPTMD22; Cg up to NLO  NNLL max. pert. accuracy→

gNP(x, k2
T) = f MAP22

NP (x, k2
T) e−k2

T / w1(x)

knorm(x)
such that ∫ dkT gNP = 1

x-dep. width w1(x) such that always

|g1(x, k2
T; Q0) |

f1(x, k2
T; Q0) = |g1(x; Q0) |

f1(x; Q0)
e−k2

T / w1(x)

knorm(x) ≤ 1

ensure positivity
(not granted in YLSZM fit) 

Bacchetta et al. (MAP) P.R.L. 134 (25) 121901

|g1 | ≤ f1

At Q0



The  MAPTMD22pol  fit  (in one slide)

Total 3 parameters

N = 291 pts.     χ2/N = 1.09

same kin. cuts as MAPTMD22:  
only Hermes A1 data survive, 
exclude CLAS6 & Compass

27

QCD in the Standard ModelMAP22pol: fit setup

Collinear distributions NNPDFpol1.1
Unpolarized from MAP22

Highest possible 

Gutiérrez-Reyes et al., Phys. Lett. B (2017)

Perturbative Accuracy NNLL
since  known up to NLO Cg

 Airapetian et al. (HERMES), Phys. Rev. D (2019)

Experimental data

Consistent MAP22 kinematic cuts 
are applied

Total number of data: 291

CLAS6 and COMPASS datasets 
excluded due to the cut

Airapetian et al. (Hermes), P.R. D99 (19) 112001

TMD f1 & D1 from MAPTMD22

Gutierrez-Reyes et al.,  
P.L. B769 (17) 84

g̃q
1(x, b2

T; μf , ζf ) = Evo[(μf , ζf ) ← (μi, ζi)] exp[gK(bT) log( ζf /Q0)] gNP(x, bT)
× ∑

i
[Cg

qi(x, bT; μi, ζi) ⊗ gi
1(x, μi)]

g1(x,μi) from NNPDFpol1.1 at NLO 

same  Evo and gK  from MAPTMD22; Cg up to NLO  NNLL max. pert. accuracy→

gNP(x, k2
T) = f MAP22

NP (x, k2
T) e−k2

T / w1(x)

knorm(x)
such that ∫ dkT gNP = 1

Bacchetta et al. (MAP) P.R.L. 134 (25) 121901

x-dep. width w1(x) such that always ensure positivity|g1 | ≤ f1



MAPTMD22pol Helicity TMD PDF

Bacchetta et al. (MAP), 
P.R.L. 134 (25) 121901
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we apply the cut to evaluate the kT integral and vary kmax
T

from 1 to 2 GeV as part of the uncertainties. The
kT-integrated polarization distributions are shown in Fig. 3,
in comparison with those from collinear analysis [39,94].
Within the data covered region, up to x ∼ 0.3, the TMD and
collinear results roughly agree with each other, while there
are deviations when extrapolating to a higher x region.

Polarized SIDIS experiments at Jefferson Lab can make
measurements at larger x values [85], which will improve
the determination in the extrapolated region.
Summary and outlook—We report the first global analy-

sis of TMD helicity distributions. The analysis is performed
within the TMD factorization at NLO and NNLL accuracy
by fitting the longitudinal DSA measurements in the SIDIS
process. The results show nonzero signals of u quark and d
quark TMD helicity distributions, and their kT-integrated
polarization distributions are compatible with collinear
PDF extractions across the range of x values covered by
the data.
In addition to the x dependence, the TMD helicity

distributions reveal the kT dependence of parton polariza-
tion induced by the nucleon polarization, providing infor-
mation that is not captured in collinear distributions. Our
results indicate that both u-quark and d-quark polarization
decreases with kT in the valence component dominant
region. This behavior qualitatively matches the feature
predicted by the Wigner rotation effect. On the other hand,
in the relative low-x region, where QCD dynamics plays an
essential role, increasing polarization in dependence on kT
is observed. In either case, the kT-dependent polarization is
highly nontrivial, and will deepen our understanding of
nucleon spin structures and shed light on the dynamics of
strong interaction. So more scrutiny is desired for TMD
helicity distributions.

Note added—There is another analysis [101] appeared
during the reviewing process of this work.
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FIG. 3. Transverse momentum integrated polarization distri-
butions of u quark (red) and d quark (blue) and the comparison
with those from collinear distributions [39,94].

FIG. 2. Transverse momentum dependence of the polarization
of u quark (red) and d quark (blue). The bands represent 68% CL.
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MAPTMD22pol Helicity TMD PDF

23

unitary chiral quarks, 
physical mass

X. Gao et al., to appear soon

gΔu+−Δd+
1L (x, bT, ζ, μ)

gA ⋅ f uv−dv
1 (x, bT, ζ, μ)

TMDPDF of proton: helicity to unpolarized TMDPDF

Xiang Gao (Thursday, 4:30 pm)

Bollweg et al., arXiv:2505.18430

( see talk by S.Mukherjee )

input from lattice 
gΔu+−Δd+

1L (x, bT; μ, ζ)
gA f uv−dv

1 (x, bT; μ, ζ)
μ = ζ = 1.62 GeV
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The Sivers TMD PDF

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

nucleon

quark

polar
iza

tio
ns

1
2 Tr[Φ γ+] → f1 − f⊥

1T
(k⊥ × ST) ⋅ P̂

M

Sivers effect:  how the momentum distribution of quarks is distorted 
                         by the transverse polarization of parent nucleon 
                         (“spin-orbit” correlation)
Sivers    indirect access to quark orbital angular momentumf⊥

1T →

ST ⋅k  ×P⊥P

↑P+

kx

Sy

Burkardt, P.R. D66 (2002) 114005;  
                N.P. A735 (2004) 185 
Bacchetta & Radici, P.R.L. 107 (2011) 212001  
Ji et al., N.P. B652 (2003) 383

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.

x = 0.1

u
�u

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

2

4ky = 0
2 4

�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

1

2

3

4

x = 0.1

d
�d

p�

�1.0 �0.5 0.0 0.5 1.0

kx (GeV)

1
2
3ky = 0

1 2 3
�1.0

�0.5

0.0

0.5

1.0

k y
(G

eV
)

kx = 0

0.5

1.0

1.5

2.0

2.5

3.0

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



Most recent Sivers extractions

Framework SIDIS DY W/Z 
production

forward 
EM jet

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

JAM 2022 
arXiv:2205.00999

generalized  
parton model ✔ ✔ ✔ ✘ 255 1.10

Fernando-Keller 
arXiv:2304.14328

generalized  
parton model ✔ ✔ ✘ ✘ 732 1.66

1.05+0.03
−0.01

SIDIS / +STAR

SIDIS + 
reweighting

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

81

+ ANπ  data
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first using Neural Networks, but limited analysis:

- parton model  => no TMD evolution 
- no consistent knowledge of unpolarized TMD in  
  denominator of spin asymmetry



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
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not match the standard described in Ref. [10]. The displayed x-dependence of their Qiu-Sterman function (or related
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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).
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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
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sea-quarks ~ O(10-3) smaller, large errors 
=>  impact of EIC

all parametrizations are in fair agreement for x-dependence of valence flavors 

kT-dependence is still much unconstrained

PV 2020

PV 2020

first kT-moment     f⊥(1)
1T (x)
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Sign change puzzle
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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

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

AN ~ f1,p ⊗ f⊥
1T,p
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Transversity

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

5/23/2015 CIPANP 2015 6
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- transversity is the prototype of chiral-odd structures 

- 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)



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 ✔ ✔

✔ 
reweighting ✘

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



Transversity
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Note: JAM3D* is slightly modified from the published JAM3D-22 version: antiquarks are now included (with 
"# = −'̅) and (u,(d from ETMC and PNDME are both included in the fit (rather than just gT from ETMC)
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Note: JAM3D* is slightly modified from the published JAM3D-22 version: antiquarks are now included (with 
"# = −'̅) and (u,(d from ETMC and PNDME are both included in the fit (rather than just gT from ETMC)* JAM3D includes     w.r.t. JAM22ū = − d̄ D. Pitonyak, QCD Evolution 24

consistency of phenomenological extractions from a variety of 
exp. data with different approaches 
(provided that no LQCD points are included in the fit)
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�2/Npts. = 647/634 = 1.02

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

green  Nf=2+1+1

yellow  Nf=2+1

open symbols = no continuum extrapolation

tension between pheno and lattice ?
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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

3-4 σ
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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,  
JAM finds compatibility, 
still under discussion…

3-4 σ
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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,  
JAM finds compatibility, 
still under discussion…

3-4 σBut most data  
insensitive to tensor charge
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List of latest extractions

not mentioned pion TMDs, TMD fragmentation functions, nuclear TMDs

courtesy A. Bacchetta

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

=1f x Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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TMD PDFs (x, k ; Q2)  at leading twist 
for a spin-1/2 hadron (Nucleon)

⊥

P

polar
iza

tio
ns

k⊥

• very good knowledge of x-dependence of  and f1 g1

nomenclature

unpolarized    Boer-Mulders

helicity   Kotzinian-Mulders

transversity   

pretzelocity   

Sivers   worm gear   

• good knowledge of kT-dependence of  f1
• fair knowledge of x-dependence of  and kT-moments of  h1 f⊥

1T
• some hints about all others 



        for discussion❓
- what is the meaning of  f1(x, bT=0) = 0 ? 
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Figure 34: Comparison of uTMDPDFs and sizes of their uncertainty bands as function of b at
x = 0.1 between di↵erent extractions.

– 45 –

- is positivity ensured if  D1(z, bT) < 0 ? 
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Figure 35: Comparison of TMDFFs for pion as function of b at z = 0.3 between di↵erent
extractions.

Figure 36: Comparison of TMDFFs for kaon as function of b at z = 0.3 between di↵erent
extractions.

– 46 –

shouldn’t we look at  
TMDs in kT space ?? 

- what are the limits of TMD factorization ? q2
T = P2

hT

z2 ≪ Q2 ?

24

unitary chiral quarks, 
physical mass

X. Gao et al., to appear soon

TMDPDF of proton: up to down unpolarized TMDPDF

Xiang Gao (Thursday, 4:30 pm)

f uv
1 (x, bT, ζ, μ)

f dv
1 (x, bT, ζ, μ)

- ratios f1(u)/f1(d) and g1/f1 at bT=0  should reproduce  
  the ratio of corresponding collinear PDFs… 

23

unitary chiral quarks, 
physical mass

X. Gao et al., to appear soon

gΔu+−Δd+
1L (x, bT, ζ, μ)

gA ⋅ f uv−dv
1 (x, bT, ζ, μ)

TMDPDF of proton: helicity to unpolarized TMDPDF

Xiang Gao (Thursday, 4:30 pm)

- has the tension between phenomenology and  
  lattice tensor charge been really solved ?
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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

3-4 σ


