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GOALS OF THE WP

Study transverse-momemtum
distributions (TMDs)
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EXAMPLE OF ACHIEVEMENTS

Q= 2GeV

Bacchetta, Delcarro, Pisano, Radici, 
arXiv:2004.14278

Bury, Prokudin, Vladimirov, 
arXiv:2103.03270

JRA4 – TMD-next – A. Bacchetta
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GOALS OF THE WP

Extract 
TMDs

Study new 
observables

Collect 
data

Analyze
data
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COLLECT NEW DATA: SIDIS

The CLAS12 run with a longitudinally polarized target has 
started in June 22 and will last till spring 2023. Useful for 
studies of helicity distribution.

The COMPASS run with transversely polarized deuterium 
target has started in June 22 and will last till November, 
useful for the determination of the down quark transversity
distribution
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ANALYZE DATA: DY

The final version of the DY paper 
over a wide mass range is 
submitted to the arXiv and the 
journal (EPJC) (arXiv:2205.04897)
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Figure 5: Differential cross sections in pT(``) in various invariant mass ranges: 50 < m`` <
76 GeV (upper left), 76 < m`` < 106 GeV (upper right), 106 < m`` < 170 GeV (middle left),
170 < m`` < 350 GeV (middle right), and 350 < m`` < 1000 GeV (lower). The error bars on
data points (black dots) correspond to the statistical uncertainty of the measurement and the
shaded bands around the data points correspond to the total experimental uncertainty. The
measurement is compared with MG5 aMC (0, 1, and 2 jets at NLO) + PYTHIA 8 (blue dots),
MINNLOPS (green diamonds) and MG5 aMC (0 jet at NLO)+ PB (CASCADE) (red triangles).

https://arxiv.org/abs/2205.04897
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ANALYZE DATA: DY

Preliminary results for Drell-Yan single spin asymmetries in the high 
mass range (4.3 – 8.5 GeV) from the full data sample collected in 
2015 and 2018 have been released. 
Analysis of unpolarized cross section under wayTheory curves based on S. Bastami et al. JHEP 02, (2021),166 

26 September 2022 B. Parsamyan 

DY TSAs at COMPASS (high-mass range) 

56 

• General agreement with available theory predictions 

Theory curves based on S. Bastami et al. JHEP 02, (2021),166 

26 September 2022 B. Parsamyan 

DY TSAs at COMPASS (high-mass range) 

56 

• General agreement with available theory predictions 

Drell-Yan
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ANALYZE DATA: SIDIS

Analysis of pion and kaon multiplicities in SIDIS reaction.
Analysis of hadron multiplicities off proton target

Semi-inclusive 
DIS

Positive vs Negative charged hadrons (𝐋𝐋𝐋𝐋𝟐𝟐)

9/8/2021 Sar Wors 2021 19
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ANALYZE DATA: E+E−

Analysis of BELLE data progressing slowly

People outside the WP are working to bring analysis ready for internal collaboration 
review.

Planning for a fragmentation workshop early 2023 in progress, which will allow for further 
dedicated working time on Belle analysis and publication preparation.

Additional manpower is being hired to set up a fragmentation function framework for 
Belle II and strengthen the current Belle analysis team.
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EXTRACT QUARK TMDS

oBury, Hautmann, Leal-Gomez, Scimemi, Vladimirov, Zurita, arXiv:2201.07114

Extraction of unpolarized TMDs from Drell-Yan data taking flavor dependence into consideration

oBacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Piacenza, Radici, Signori (MAP collaboration) 
arXiv:2206.07598

Extraction of unpolarized TMDs from SIDIS and Drell-Yan 

o Cerutti, Rossi, Venturini, Bacchetta, Bertone, Bissolotti, Radici (MAP collaboration), 
arXiv:2210.01733

Extraction of pion unpolarized TMDs from Drell-Yan

oBoglione, Gonzalez-Hernandez, Simonelli, arXiv:2206.08876

Extraction of unpolarized TMD FF from thrust-dependent data in e+e− annihilation

oD’Alesio, Gamberg, Murgia, Zaccheddu, arXiv:2209.11670

Extraction of the polarizing TMD FF from a fit of double and single-inclusive Lambda production in 
e+e− annihilation

https://arxiv.org/abs/2201.07114
https://arxiv.org/abs/2206.07598
https://arxiv.org/abs/2210.01733
https://arxiv.org/abs/2206.08876
https://arxiv.org/abs/2209.11670
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EXAMPLE OF EXTRACTED QUARK TMDS

arXiv:2206.07598

https://arxiv.org/abs/2206.07598


STRONG-2020 Annual Meeting, 18-19 October 2022

EXAMPLE OF EXTRACTED QUARK FRAGMENTATION FUNCTIONS

Extraction based on data with thrust dependence (T). 
Not exactly the same objects as standard TMDs.
arXiv:2206.08876
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(a) (b)

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

https://arxiv.org/abs/2206.08876


STRONG-2020 Annual Meeting, 18-19 October 2022

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|P?| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

zD
u

!
º

+

1
(z

,P
2 ?
,Q

,Q
2 )

Q = 2 GeV

z = 0.3

z = 0.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

|P?| [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40
zD

u
!

º
+

1
(z

,P
2 ?
,Q

,Q
2 )

Q = 10 GeV

z = 0.3

z = 0.6

arXiv:2206.07598

EXAMPLE OF EXTRACTED QUARK FRAGMENTATION FUNCTIONS

Extraction based on data with thrust dependence (T). 
Not exactly the same objects as standard TMDs.
arXiv:2206.08876

15

(a) (b)

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.

0.0

0.1

0.2

0.3

0.0 0.5 1.0 1.5 2.0 2.5

ζ = Q2 (1-T)

T = 0.875

Q = 10.58 GeV

zh = 0.475

D 1
,h

/u
(z

,k
T,

Q
,ζ)

kT (GeV)

IA
IB
IIA
IIB

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

https://arxiv.org/abs/2206.07598
https://arxiv.org/abs/2206.08876
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PROBLEMS WITH SIDIS NORMALIZATION?

Increasing the accuracy, the normalization of the SIDIS cross section decreases (too much?)

Different conclusions in 
MAP22 (arXiv:2206.07598) and 
SV19 (arXiv:1912.06532)
extractions 
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PROBLEMS WITH EXTENSION OF TMD REGION?

In principle, the TMD description 
should be applicable at low PT
but in practice it describes data 
up to large PT
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STUDY NEW OBSERVABLES: GLUONS

4
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FIG. 1: Visualization of the azimuthal angle �T , the scattering angle ✓, and the lepton and hadron scattering
planes for the process e(l) + p(Ph) ! e(l0) + J/ (P ) +X.

where eQ is the fractional electric charge of the quark and Mh the mass of the proton. The explicit forms
of the prefactors are

A = [(1� y)2 + 1]A�⇤g!J/ 
U+L � y2A�⇤g!J/ 

L , (6)

B = (1� y)B�
⇤g!J/ 

T , (7)

where y is the inelasticity and the superscripts U + L, L and T refer to the specific polarization of the
photon [1, 31]. Employing heavy-quark spin symmetry relations [26], one finds in terms of CO LDMEs
[10]:

A�⇤g!J/ 
U+L = h0|OJ/ 

8
(1S0)|0i+

12

Nc

7M2 + 3Q2

M2(M2 +Q2)
h0|OJ/ 

8
(3P0)|0i , (8)

A�⇤g!J/ 
L =

96

Nc

Q2

(M2 +Q2)2
h0|OJ/ 

8
(3P0)|0i , (9)

B�
⇤g!J/ 

T = �h0|OJ/ 
8

(1S0)|0i+
12

Nc

3M2 �Q2

M2(M2 +Q2)
h0|OJ/ 

8
(3P0)|0i . (10)

Taking into account evolution in the above result for the cross section requires consideration of the more
general TMD factorization expression including SFs.

B. Smearing e↵ects and shape functions

As mentioned, the TMD factorized expressions have to take into account final state smearing e↵ects that
are encoded in the SF �[n] [27, 28]. This nonperturbative hadronic quantity describes the transition
from the QQ̄ pair to a bound quarkonium state, not only the formation of the bound state, but also the
soft-gluon radiation required to produce a final state hadron in the CS state, which generally will change
the momentum of the quarkonium. Including the SFs in the cross section becomes

d�(J/ )

dxB dy d2qT
= N

X

n

A[n] C[fg
1
�[n]] + 2

X

n

B[n] C[wh?g
1

�[n]
h ] cos (2�T )

�
, (11)

where we have introduced the transverse momentum convolutions:

C[fg
1
�[n]](x,q2

T ) =

Z
d2pT

Z
d2kT �2(pT + kT � qT ) f

g
1
(x,p2

T ) �
[n](k2

T ) , (12)

C[wh?g
1

�[n]
h ](x,q2

T ) =

Z
d2pT

Z
d2kT �2(pT + kT � qT ) w(pT ,kT ) h

?g
1

(x,p2

T ) �
[n]
h (k2

T ) , (13)

with the transverse momentum dependent weight function

w(pT ,kT ) =
1

2M2

hq
2

T

[2(pT · qT )
2 � p2

Tq
2

T ] . (14)

arXiv:2204.01527

See also talk by J. Bor yesterday for Double J/ψ production

10

TABLE II: Numerical values of the LDMEs for J/ production in units of 10�2 GeV3.

h0|OJ/ 
8 (1S0)|0i h0|OJ/ 

8 (3P0)|0i/m
2
c

CMSWZ [39] 8.9± 0.98 0.56± 0.21

SV [40] 1.8± 0.87 1.8± 0.87

BK [41] 4.5± 0.72 �0.54± 0.16

BCKL [42] 9.9± 2.2 0.49± 0.44

As an illustration of the typical features of the TMD evolution of the convolutions qT C[f?g
1

�[n]],

qT C[wh?g
1

�[n]
h ], and their ratio, in Figure 3 we show the results for one particular LDME, namely

h0|OJ/ 
8

(1S0)|0i from CMSWZ. Results are shown for a range of Q values of relevance to the EIC, Q = 3,
6, 12, 20 and 30 GeV, and for three di↵erent values of x: 10�3, 10�2, and 10�1. Although x = 10�1 lies
outside the gluon dominated region and we do not include the contribution from quark TMDs, we include
this case for illustration purposes in order to see the results for higher Q values. At the two smaller x
values the contribution from the collinear quark PDF to the tail of h?g

1
in Eq. (40) is non-negligible,

therefore, we do include that.
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FIG. 3: The convolutions (using h0|OJ/ 
8 (1S0)|0i from CMSWZ) times qT and the ratio of the convolutions R

as a function of qT for di↵erent values of Q with x = 10�3 (left), x = 10�2 (middle) and x = 10�1 (right) using
bT,lim = [2 : 8] GeV�1.

We observe that the qT -spectrum broadens and the estimated uncertainty band from the unknown non-
perturbative contributions becomes smaller with increasing Q, as one would expect. All curves are shown
for qT < Q/4 in order to ensure that the positivity bound is respected. For most curves this restriction is
su�cient, except for x = 10�1 the restriction qT < Q/4 is not enough for the higher Q values. Therefore,
we cut o↵ at an even lower qT when making azimuthal asymmetry predictions for x = 10�1.

In our computations the ratio of convolutions R violates the positivity bound within what is usually
expected to be the range of validity of TMD factorization qT < Q/2, as shown in Figure 4. This problem
originates from the very small b region. This is clear from Figure 4, where we compare the results for the
two ways to ensure that bT � b0/Q in the perturbative Sudakov factor that we discussed earlier: µb ! µ0

b
or µb ! µ̃0

b. The region where the asymmetry starts to become sensitive to how the very small b region
is treated roughly corresponds to the region where the positivity bound is violated. As far as we know
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!0|OJ/ !
8 (1S0)|0" from CMSWZ. Results are shown for a range of Q values of relevance to the EIC, Q = 3,

6, 12, 20 and 30 GeV, and for three di" erent values of x: 10" 3, 10" 2, and 10" 1. Although x = 10" 1 lies
outside the gluon dominated region and we do not include the contribution from quark TMDs, we include
this case for illustration purposes in order to see the results for higher Q values. At the two smaller x
values the contribution from the collinear quark PDF to the tail of h! g

1 in Eq. (40) is non-negligible,
therefore, we do include that.
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FIG. 3: The convolutions (using !0|OJ/ !
8 (1S0)|0" from CMSWZ) times qT and the ratio of the convolutions R

as a function of qT for di! erent values of Q with x = 10! 3 (left), x = 10! 2 (middle) and x = 10! 1 (right) using
bT, lim = [2 : 8] GeV! 1 .

We observe that the qT -spectrum broadens and the estimated uncertainty band from the unknown non-
perturbative contributions becomes smaller with increasing Q, as one would expect. All curves are shown
for qT < Q/ 4 in order to ensure that the positivity bound is respected. For most curves this restriction is
su# cient, except for x = 10" 1 the restriction qT < Q/ 4 is not enough for the higher Q values. Therefore,
we cut o" at an even lower qT when making azimuthal asymmetry predictions for x = 10" 1.

In our computations the ratio of convolutions R violates the positivity bound within what is usually
expected to be the range of validity of TMD factorization qT < Q/ 2, as shown in Figure 4. This problem
originates from the very small b region. This is clear from Figure 4, where we compare the results for the
two ways to ensure that bT # b0/Q in the perturbative Sudakov factor that we discussed earlier: µb $ µ#

b
or µb $ µ̃#

b. The region where the asymmetry starts to become sensitive to how the very small b region
is treated roughly corresponds to the region where the positivity bound is violated. As far as we know
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TABLE II: Numerical values of the LDMEs for J/ ! production in units of 10 ! 2 GeV3.

!0|OJ/ !
8 (1S0)|0" !0|OJ/ !

8 (3P0)|0"/m 2
c
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SV [40] 1.8 ± 0.87 1.8 ± 0.87

BK [41] 4.5 ± 0.72 # 0.54 ± 0.16

BCKL [42] 9.9 ± 2.2 0.49 ± 0.44

As an illustration of the typical features of the TMD evolution of the convolutions qT C[f ! g
1 ! [n ] ],

qT C[wh! g
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h ], and their ratio, in Figure 3 we show the results for one particular LDME, namely

!0|OJ/ !
8 (1S0)|0" from CMSWZ. Results are shown for a range ofQ values of relevance to the EIC,Q = 3,

6, 12, 20 and 30 GeV, and for three di" erent values ofx: 10" 3, 10" 2, and 10" 1. Although x = 10" 1 lies
outside the gluon dominated region and we do not include the contribution from quark TMDs, we include
this case for illustration purposes in order to see the results for higherQ values. At the two smaller x
values the contribution from the collinear quark PDF to the tail of h! g
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FIG. 3: The convolutions (using !0|OJ/ !
8 (1S0)|0" from CMSWZ) times qT and the ratio of the convolutions R

as a function of qT for di ! erent values of Q with x = 10 ! 3 (left), x = 10 ! 2 (middle) and x = 10 ! 1 (right) using
bT, lim = [2 : 8] GeV ! 1.

We observe that the qT -spectrum broadens and the estimated uncertainty band from the unknown non-
perturbative contributions becomes smaller with increasingQ, as one would expect. All curves are shown
for qT < Q/ 4 in order to ensure that the positivity bound is respected. For most curves this restriction is
su# cient, except for x = 10" 1 the restriction qT < Q/ 4 is not enough for the higherQ values. Therefore,
we cut o" at an even lowerqT when making azimuthal asymmetry predictions for x = 10" 1.

In our computations the ratio of convolutions R violates the positivity bound within what is usually
expected to be the range of validity of TMD factorization qT < Q/ 2, as shown in Figure 4. This problem
originates from the very small b region. This is clear from Figure 4, where we compare the results for the
two ways to ensure that bT # b0/Q in the perturbative Sudakov factor that we discussed earlier:µb $ µ#

b
or µb $ ÷µ#

b. The region where the asymmetry starts to become sensitive to how the very smallb region
is treated roughly corresponds to the region where the positivity bound is violated. As far as we know
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PART B �± Section 3. Implementation 

24 
824093 - STRONG-2020 �± Part B 

Work package number 22 
Work package acronym TMD-neXt 
Work package title JRA4-3D structure of the nucleon in momentum space 

TASKS/Subtasks Year 1 Year 2 Year 3 Year 4 
 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

1. Analysis of Drell-Yan data 
1.1  Analysis of Drell-Yan@COMPASS                 
1.2  Analysis of Drell-Yan@CMS                 
2. Analysis of semi-inclusive DIS data 
2.1 Analysis of SIDIS@COMPASS (unpolarized)                 
2.1 Analysis of SIDIS@COMPASS (polarized deuteron) 1                
2.2 Analysis of SIDIS@CLAS12 (polarized)      2            
3. Analysis of electron-positron data     2            
3.1 Analysis of multiplicities@BELLE                  
3.2 Analysis of azimuthal modulations@BABAR                 
4. Quark TMD extractions                 
4.1 Extraction of unpolarized and polarized TMD PDFs and FFs          3       
5. Gluon TMD studies          3       
5.1 Study of factorization in gluon-dominated processes                 
5.2 Identification of observables best sensitive to gluon TMDs                 
5.3 Estimates for quarkonium production in SIDIS                 

 
 
 
 
Work package number 23 
Work package acronym GPD-ACT 
Work package title JRA5-Generalized Parton Distributions 

TASKS/Subtasks Year 1 Year 2 Year 3 Year 4 
 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

 
1.1 Study of GPDs with TJNAF @12 GeV     1    1, 3    1    3 
1.2 Study of GPDs with COMPASS         2         
1.3 Building GPD models, analysis of processes and extraction from data             4     

 
 
 
 

Associated with document Ref. Ares(2019)3056885 - 08/05/2019

!

! New data (proton): need to finalize analysis
Data taking almost over. Need analysis
Data taking ongoing. Need analysis

! Need to finalize unpolarized analysis

! No manpower
Analysis progressing slowly

! More efforts to study polarized TMDs

! More estimates needed
! Better assessment of impact needed
!

Red: unlikely to be completed by Nov 23, maybe with extension
Blue: likely to be completed, especially with extension
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