
Annual Meeting 2024 
 

WP22-JRA4 TMD-neXt,  
Alessandro Bacchetta, INFN and U. Pavia



Annual Meeting, 20-21 June 2024

01 Brief summary of WP

02 Important highlights of the 
performed work

03 Progress since November ‘23

CONTENU
Plan of 

presentation



Annual Meeting, 20-21 June 2024

TMD-neXt network

1. INFN 
1. Frascati 
2. Cagliari 
3. Ferrara 
4. Pavia 
5. Torino 
6. Trieste 

2. CEA/IRFU Saclay 
3. CNRS/CPHT Palaiseau 
4. University of the Basque Country, Bilbao 
5. LIP, Lisbon  
6. Universidad Complutense, Madrid 
7. Rijksuniversiteit Groningen 
8. University of Montenegro 



Annual Meeting, 20-21 June 2024

TMD-neXt goal: Study of Transverse-Momentum Distributions (TMDs)
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Highlights of performed work 

MAP24 TMD extraction https://arxiv.org/abs/2405.13833

First extraction of flavor differences in TMDs 
from global fit of DY and SIDIS data
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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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TMD-neXt tasks

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
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Still possible before the end
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Deliverables

Number Title Status Notes

D22.1 TMD data from DY, SIDIS, e+e− Delivered

Less data than expected for 
e+e− , but more than expected 
in the other experiments, also 
thanks to extension

D22.2 Parametrizations of TMD PDFs 
and FFs Delivered

Many results with increasing 
degree of accuracy and 
increasing data

D22.3 Estimates of quarkonium 
production in SIDIS Delivered Several observables have 

been investigated



Progress since November 2023
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Task 1: Drell-Yan data

Plans from last  
Annual Meeting
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Task 1: Drell-Yan data

Plans from last  
Annual Meeting

https://arxiv.org/abs/2312.17379

Final COMPASS results on the transverse-spin-dependent . . . 5

TSAs are compared with recent theoretical predictions, which are based on calculations performed in
Ref. [42]. These predictions are obtained by using for each bin the appropriate average kinematic values
given by the event population. For each TSA, four different calculations based on two different approaches
are presented. The first approach is solely based on model predictions for pion and proton TMD PDFs
using the light-front constituent quark model (LFCQM) [52] and the spectator model (SPM) [53–55].
The second is a “hybrid” approach, in which model inputs are restricted to the usage of LFCQM and SPM
for the pion Boer-Mulders function, while the non-perturbative inputs for the proton TMD PDFs are taken
from available parameterisations extracted from experimental data (“Torino” fit [37], “JAM20” global
fit [44] and “LP15” fit [56]). The MSTW extraction [57] was used for the collinear proton PDF 51,?, while
for the collinear pion PDF 51,c the SMRS [58] fits were used. In these predictions, the TMD evolution
is implemented at next-to-leading logarithmic precision for all twist-2 TSAs. The model calculations
were performed using the sign-change hypothesis for both the nucleon Sivers and Boer-Mulders TMD
PDFs [42, 59].

The Sivers TSA �
sin i(
) is predicted to be positive in the entire kinematic range [42], which is in

agreement with the COMPASS data points shown in Fig. 1. The average Sivers TSA, h�sin i(
) i =

0.070±0.037(BC0C.) ±0.031(BHB.), is found to be above zero at about 1.5 standard deviations of the total
uncertainty. In the left panel of Fig. 2, the Sivers TSA is shown together with model predictions [42]
evaluated with and without the sign-change hypothesis, shown as dark-shaded curves in the top and
light-shaded curves in the bottom of the figure, respectively. Using the band of the presented model
predictions, the COMPASS measurement is found to agree with the sign-change hypothesis within less
than one standard deviation of its total uncertainty, while being away from the no-sign-change hypothesis
by about 2.5 to 3 standard deviations. In addition, the present results do not support earlier expectations
of a large Sivers effect in the DY process at COMPASS kinematics [17].
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Fig. 2: Left panel: Measured average Sivers TSA and theoretical predictions from different models from Ref. [42].
The dark-shaded (light-shaded) predictions are evaluated with (without) the sign-change hypothesis. Right panel:
Measured average transversity TSA and theoretical predictions from different models from Ref. [42]. Otherwise
as in Fig. 1

.

The transversity TSA �
sin(2i⇠(�i( )
) is expected to be negative, but larger in absolute value compared to

the Sivers TSA [42, 60]. The average value for the transversity TSA is measured to be below zero with
a significance of about two standard deviations, h�sin(2i⇠(�i( )

) i = �0.131±0.046(BC0C.) ±0.047(BHB.).
In the right panel of Fig. 2, the average transversity TSA is shown together with model calculations [42].
The COMPASS measurement is found to agree in sign and magnitude with the band of available model
predictions, which supports the universal nature of the transversity TMD PDFs. In the context of
Refs. [42, 59] this observation helps to fix the sign of the D̄ quark pion Boer-Mulders TMD PDF and
consequently also supports the sign change for the nucleon Boer-Mulders TMD PDFs. Altogether, the
above discussion supports the general validity of the TMD approach used to evaluate the predictions.

https://arxiv.org/abs/2312.17379
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Task 2: SIDIS data

Plans from last  
Annual Meeting
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Task 2: SIDIS data

Plans from last  
Annual Meeting

https://arxiv.org/abs/2401.00309
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Task 2: SIDIS data

Plans from last  
Annual Meeting

S. Diehl’s talk at Transversity 2024 
https://agenda.infn.it/event/38132/contributions/234391/
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Task 3: e+e− data

Plans from last  
Annual Meeting
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Task 4: quark TMd extractions

Plans from last  
Annual Meeting
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Task 4: quark TMd extractions

Plans from last  
Annual Meeting

https://arxiv.org/abs/2405.13833
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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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Task 4: quark TMd extractions

Plans from last  
Annual Meeting
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Summary: nonperturbative CS kernel from lattice QCD

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

μ = 2 GeV

S. Mukherjee’s talk at QCD Evolution 2024 
https://agenda.infn.it/event/38747/
contributions/233163/
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Task 4: quark TMd extractions

Plans from last  
Annual Meeting https://arxiv.org/abs/2402.12322 
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Figure 6: Comparison of unweighted and reweighted first moments of up- (up-
per panels) and down-quark (lower panels) Sivers functions in the GPM (left
panels) and in the CGI-GPM (right panels). The relative reduction of uncer-
tainty is shown in the bottom panels.

reduced uncertainties. This reduction is more pronounced for
the d-quark than for the u-quark Sivers function. The relative
reduction of uncertainty of the reweighted Sivers first moments
is about 20 � 30% for f?u

1T and 40 � 90% for f?d
1T . The ef-

fective number of sets (see Eq. (17)) surviving after reweight-
ing is Ne↵ = 547 (706) in the GPM (CGI-GPM) case. Fig. 7
shows that, in both approaches, the parameters for the u-quark
Sivers function and the Gaussian Sivers width do not change
much, while the GPM appears to favor a smaller overall abso-
lute value of the normalization for the d-quark Sivers function,
with a slower decrease at large x (smaller �d parameter), while
the CGI seem to prefer a larger Nd (in size), but with a faster
decrease at large x.
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Figure 7: Comparison of unweighted (gray) and reweighted distributions of
parameters for the quark Sivers functions in the GPM (red) and in the CGI-
GPM (green).

Considering the transversity and Collins case, we empha-

size that, though the Collins contribution to AN is formally the
same in the GPM and CGI-GPM, the results for the reweighted
curves for hq

1 and H?q
1 are slightly di↵erent. This reflects the

di↵erent role of the Sivers contribution to AN in the two ap-
proaches.

In Fig. 8 we present the comparison between unweighted and
reweighted uv and dv transversity functions, along with their
corresponding So↵er bound, in the GPM (left panels) and CGI-
GPM (right panels) at Q2 = 4 GeV2. Note that, compared to the
unweighted results, AN data favor on average a slightly smaller
huv

1 in the region x . 0.3 and a slightly larger huv
1 in the large-x

region. The inclusion of AN data sizeably reduces the uncer-
tainty band in the region of x & 0.3. As for hdv

1 , we observe that
a larger absolute value is preferred by the data on AN . This is
induced by the A⇡0

N data at large xF (which are related to large
x values of the functions probed upon integration), that tend to
favor sets yielding large asymmetries. The uncertainty reduc-
tion is about 20 � 30% at smaller values of x, extending up to
80 � 90% at larger x values for huv

1 , both in the GPM and in the
CGI-GPM, while for hdv

1 the reduction is 30 � 40% (60%) in
the GPM (CGI-GPM) at small x and up to 80 � 90% at large
x in both cases. Here, the e↵ective number of sets after the
reweighting is Ne↵ = 285 (GPM) and Ne↵ = 110 (CGI-GPM).
This might be due to the poor description of ⇡� data (see Fig. 3).
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Figure 8: Comparison of unweighted and reweighted uv and dv transversity
functions in the GPM (left panels) and in the CGI-GPM (right panels). The
corresponding So↵er bounds and the relative reduction of uncertainty (same
color coding in the bottom panels) are also shown.

In Fig. 9 we show the unweighted and reweighted Collins
first moments in the two approaches, at Q2 = 4 GeV2, a typical
SIDIS scale. This quantity is defined as [116]

H?(1) q
1 (z) = z2

Z
d2 p?

p2
?

2m2
h

H?q
1 (z, z2 p2

?)

=

r
e
2

1
zmh

M3
Chp

2
?i

⇣
hp2
?
i + M2

C

⌘2 N
C
q (z)Dh/q(z) ,

(27)

8

https://arxiv.org/abs/2402.12322
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Figure 3. The ratio RUU as a function of qT . The gluon TMDs h? g
1 and fg

1 are evaluated according to a Gaussian ansatz, with
the average of the transverse momentum squared set at 1 GeV2. Different blue lines are obtained by varying the parameter ⇢2
in Eq. (38) from 0.1 to 0.9 with steps of 0.01. We have highlighted the ratios obtained with two specific values of ⇢2, namely
⇢2 = 1/3 (solid black line) and ⇢2 = 2/3 (dashed-dotted line).

where we have assumed that the initial proton is fully polarized, namely |SBT | = 1, while F
Q
UU and F

Q,sin�SB
UT are

given in Eqs. (16) and (20), respectively.
In order to provide an estimate of the upper bounds of the SSAs, we assume that the unpolarized gluon TMD has

the following Gaussian form [18, 23],

f
g
1 (x,p

2
T ) =

f
g
1 (x)

⇡hp2T i
exp


�

p2
T

hp2T i

�
, (34)

with f
g
1 (x) being the collinear gluon distribution. The width hp

2
T i could in principle depend on the energy scale,

which is set by the quarkonium mass M . Furthermore, we take hp
2
T i to be independent of x. The effect of the other

unknown TMDs will be maximal when they saturate the following, model-independent, positivity bounds [33]
��f? g

1T (x,p2
T )
��,

��hg
1(x,p

2
T )
�� 

Mp

|pT |
f
g
1 (x,p

2
T ) ,

1

2
|h

? g
1 (x,p2

T )| 
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2
p
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T

f
g
1 (x,p

2
T ) ,

1

2
|h

? g
1T (x,p2

T )| 
M

3
p

|pT |3
f
g
1 (x,p

2
T ) .

(35)

These bounds are always fulfilled, although not everywhere saturated, if we take, along the lines of Refs. [1, 18],

f
? g
1T (x,p2

T ) = N0(x)
f
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1 (x)

⇡hp2T i3/2
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2
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(36)

where the free parameters ⇢i are such that 0 < ⇢i < 1 and

Ni(x) = Ni x
↵i(1 � x)�i

(↵i + �i)↵i+�i

↵
↵i
i �

�i
i

, (37)

with |Ni|  1. The functions Ni(x) account for a different x-dependence of the gluon TMDs in Eq. (36) with respect
to the unpolarized one. Since in this section we aim at providing only the upper bounds of Asin�SB

N , we take Ni(x) = 1
and let the x-dependence saturate the positivity bounds. Moreover, we note that all TMDs are taken to be positive.
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Figure 7. The 2-dim density for linearly polarized gluons in polarized nucleons as a function of pT at Q0 = 1.64 GeV and at
x = 10�3 (left panels) and x = 10�1 (right panels). The nucleon is virtually moving towards the reader. Results from replica
11 (see text). Ancillary 1-dim plots for slices of the density at specific values of px or py, with 68% uncertainty band and solid
black line for replica 11. Upper panels: gluon linear polarization along x̂ and nucleon longitudinal polarization, proportional
to h?

1L pxpy/2M
2 scaled by 102. Central panels: gluon linear polarization and nucleon polarization along x̂, proportional to

h?
1T p2xpy/2M

3 scaled by 102. Lower panels: gluon linear polarization along ŷ and nucleon polarization along x̂, proportional
to �h1 py/2M scaled by 10.
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Extra results

https://arxiv.org/abs/2402.01836: transverse momentum moments 

https://arxiv.org/abs/2402.01612: Transverse Λ polarization 

https://arxiv.org/abs/2401.14266: alternative approach to TMD 
parametrization (HSO)  

https://arxiv.org/abs/2312.08655, https://arxiv.org/abs/2404.04088 study of 
transverse momentum with parton branching approach 

https://arxiv.org/abs/2402.01836
https://arxiv.org/abs/2402.01612
https://arxiv.org/abs/2401.14266
https://arxiv.org/abs/2312.08655
https://arxiv.org/abs/2404.04088:transverse
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Workshops

SCET 2024  
https://indico.fis.ucm.es/event/20/  
Salamanca, 15-18 April 2024 

QCD Evolution 2024 
https://agenda.infn.it/event/38747/ 
Pavia, 27-31 May 2024 

Transversity 2024 
https://agenda.infn.it/event/38132/ 
Trieste, 3-7 June 2024

https://indico.fis.ucm.es/event/20/
https://agenda.infn.it/event/38747/
https://agenda.infn.it/event/38132/
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Conclusions 1/2

• It was an honor for me to coordinate the full chain of TMD studies (data 
taking, global analyses, formal developments)  

• The WP was complex to manage since it contained both experimental and 
theoretical work 

• The WP provided many results from both the experimental and theoretical 
side. All deliverables achieved. Some problems with e+e− data analysis. 

• TMD studies have a bright future ahead 
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Conclusions 2/2

• Resources were used mainly to hire post-docs (9, both only partially)

• From the perspective of infrastructure access, we used CERN access for 
experimental work and meetings and ECT* access for meetings

• From the perspective of VA, we had an intense collaboration with 
3DPartons, which we hope can continue in a future program


