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Deepening our Understanding of Nuclear Matter   

Nuclear Matter Interactions and structures are 
inextricably mixed up

Observed properties such as mass and spin 
emerge out of the complex system

Ultimate goal Understand how matter at its most 
fundamental level is made

To reach goal precisely image quarks and gluons 
and their interactions

QCD’s Dyson-Schwinger Equations
The equations of motion of QCD () QCD’s Dyson–Schwinger equations

an infinite tower of coupled integral equations
tractability =) must implement a symmetry preserving truncation

The most important DSE is QCD’s gap equation =) quark propagator

�1
=

�1
+

ingredients – dressed gluon propagator & dressed quark-gluon vertex

S(p) =
Z(p2)

i/p + M(p2)

S(p) has correct perturbative limit

mass function, M(p2), exhibits
dynamical mass generation

complex conjugate poles
no real mass shell =) confinement

[M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)]
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Imaging Quarks and Gluons

Advances in pQCD

longitudinal structure (PDF)
+ transverse position information (GPDs)
+ transverse momentum information (TMDs)
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3D DISTRIBUTIONS EXTRACTED FROM DATA

�30

Figure 8. The down quark TMD PDF in b-space(left) and kT -space(right) presented at different values of

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

6 Conclusions

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

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

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

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

The extracted TMDPDF shows a non-trivial x-dependence that is not dictated only by the
collinear asymptotic limit of PDFs. In particular, we find that the unpolarized TMDPDF is bigger
(in impact parameter space) at larger x, see fig. 7. This indirectly implies a smaller value of the
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Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.
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Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.
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The Electron-Ion Collider: Ultimate Tool for Imaging of Quarks and Gluons 

• World’s first collider of:
• Polarized electrons and polarized protons, 
• Polarized electrons and light ions (d, 3He), 
• Electrons and heavy ions (up to Uranium).

• The EIC will enable us to embark on a precision study of the nucleon 
and the nucleus at the scale of sea quarks and gluons, over all of the 
kinematic range that is relevant. 

• Jefferson Lab and BNL will be host laboratories for the EIC 
Experimental Program. Leadership roles in the EIC project are shared.

• For more information on the EIC: The EIC Yellow Report describes 
the physics case, the resulting detector requirements, and the 
evolving detector concepts for the experimental program at the EIC.
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-

Frontier accelerator facility in the U.S.

https://arxiv.org/abs/2103.05419


Measurement of TMDs: Semi-Inclusive DIS: lP → l’PhX
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Figure 8: Sketch, not to-scale, of kinematical regions of SIDIS in terms of the produced
hadron’s Breit frame rapidity and transverse momentum. In each region, the type of sup-
pression factors that give factorization are shown. (The exact size and shape of each region
may be very different from what is shown and depends on quantities like Q and the hadron
masses.) In the Breit frame, according to Eq. (9.7), partons in the handbag configura-
tion are centered on y ⇡ 0 if �k

2

i
⇡ k

2

f
= O

�
m

2
�
. The shaded regions in the sketch are

shifted somewhat toward the target rapidity yP,b (the vertical dashed line) to account for
the behavior of Eq. (9.1) when zN and xN are small.

R1 ⇡ 0.8 for kaons. If R1 ⇡ 0.8 is taken to be large, then confidence that one is in the
current region deteriorates. The flavor of the final state hadron has little effect on the
transverse momentum hardness, R2, from Eq. (8.16). From Fig. 11 (a) and Fig. 11 (c) flavor
dependence is only noticeable at low Q and even then the effect is small. To summarize,
the produced hadron mass affects collinearity R1 significantly, but does not appear to be a
primary factor in determining transverse hardness R2.

Within a specific example, collinearity R1 and transverse hardness R2 have helped us
to map out the current kinematic region (small R1) and to separate the "small" from the
"large" transverse momentum regions (small R2 vs large R2). The former will reasonably
correspond to a region where we expect TMD factorization to apply, while for the latter
a collinear factorization will be appropriate. At this stage, one might wonder whether
a LO calculation could be enough or whether higher order perturbative corrections are
necessary. This is where R3 comes into the game: large R3 coupled with large R2 signal a
large qT region where presumably higher order pQCD corrections are relevant, while small
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REGIONS IN SIDIS AND RATIOS

�13

Boglione et al, 1611.10329

➤ Define ratios
➤ Identify regions

Boglione et al, 1904.12882

P
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q

ki

kf

kX

Figure 3: Momentum labeling in the partonic subprocess.

that quantities like |k2

i
| and |k2

f
| are small, and much of the discussion in this section will

be about addressing the question of what is meant by “small.” So to summarize, “partonic"
dashed lines represent the flow of a momentum with small invariant energy. In practical
situations, they will often turn out to refer to actual quark and/or gluon lines, but they do
not need to generally.

The partonic subprocess in Fig. 3 is marked off in a blue box. A black dot indicates the
parton we associate with an observed hadron. The momentum ki is the incoming struck
parton momentum, and there is at least one hadronizing parton kf . The kX momentum
labels the total momentum of all other unobserved partons combined. Outside the box
in Fig. 3, the position of the hadron implies a current region picture, though an analo-
gous picture of course applies to the target region case. We ask questions about partonic
regions in the context of the steps needed to factorize graphical structure in a manner
consistent with particular partonic pictures. Our general view of factorization is based on
that of Collins [11, 33] and collaborators, though the same statements apply to most other
approaches.

We are interested in the kinematics of the ki + q ! kf + kX subprocess and how
closely it matches the overall P + q ! PB + X process under very general assumptions.
Specific realizations of the partonic subprocess, each of which can contribute to a different
kinematical region, are shown in Fig. 4. We will analyze the subprocess in the Breit frame
and write

k
b

i =

 
Q

x̂N

p
2
,
x̂N(k

2

i
+ k2

i,b,T)
p

2Q
,ki,b,T

!
, k

b

f
=

 
k2

f,b,T + k
2

fp
2ẑNQ

,
ẑNQp

2
,kf,b,T

!
. (8.1)

Hats always indicate a partonic kinematical variable, whereas ⇠ and ⇣ are momentum
fractions (see below). We will write the transverse momentum as

kf,b,T = �ẑNqT + �kT . (8.2)
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Interpreting these measurements in terms of QCD requires factorization theorems that are valid for the process and 
the kinematic reach of the measurement. 

More details: New tool for kinematic regime estimation in SIDIS, JHEP 04 (2022) 084

https://inspirehep.net/literature/2021571
https://link.springer.com/article/10.1007/JHEP04(2022)084


Measurement of TMDs: SIDIS Process: lP → l’PhX
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Figure 1. Sketch of the SIDIS process, with scattering of an incident lepton (momentum !) via the
exchange of a virtual photon (q) from a parton (ki) inside a nucleon (P ), with the scattered parton
(kf ) fragmenting to a hadron (Ph) in the final state and unmeasured hadronic debris (kX). The
lower (yellow) blob represents the residual system after removal of the parton from the incoming
nucleon, while the upper right (cyan) blob represents the fragmentation of the outgoing parton into
the observed hadron. The rectangle envelopes the parton level subprocess, and the arrows represent
momentum flow. The black dot indicates the parton associated with the observed hadron.

in our momentum coordinate conventions the produced hadrons are in the region of negative
rapidity. In this case, well-established TMD factorization theorems are valid — see refs. [8–
11, 29–35]. Hard QCD radiation may produce a large hadronic transverse momentum
PhT in the current region, which would shift the rapidity of the hadron towards central or
positive values. In such cases a treatment based on collinear QCD factorization theorems [9,
11, 36] is appropriate.

The target region is associated with the fragmentation of spectator partons, which
originate in the target nucleon P but do not experience the hard collision with the virtual
photon. These partons continue to move predominantly in the direction of the parent
nucleon, and the products of their hadronization are found at positive values of the rapidity.
The corresponding momentum flow picture here would be similar to that in figure 1, but
with the produced hadron originating from the lower (yellow) blob representing the remnant
of the incoming nucleon.

The central region is characterized by the production of hadrons that are neither the
products of a hard scattering nor associated in any obvious way with a current quark or
target remnant direction. These hadrons are fragmentation products of quarks and glu-
ons that fill the central rapidity region between the struck parton and the target hadron
remnants [14, 21, 37]. While the identification of current and target regions is well defined
by criteria which establish a clear rapidity separation between the collinear and soft sub-
graphs in large-Q asymptotics of factorization [11], in reality these rapidity gaps are filled

– 4 –

Exchange of a virtual photon (q) 
from a quark (ki) inside a nucleon (P)

Struck quark (kf) fragments into final-state hadron 
(Ph) and unmeasured hadronic debris (kX) 

Residual system after 
removal of the quark. 

Fragmentation of the struck quark 
into the observed hadron. parton-level 

subprocess



Kinematic Regions in SIDIS and Region Indicators Ri

Resummation, Evolution, Factorization 2022, November 1, 2022. 7

J
H
E
P
0
4
(
2
0
2
2
)
0
8
4

Ratio Definition

R0 general hardness max
( ∣∣∣∣∣

k2i
Q2

∣∣∣∣∣ ,

∣∣∣∣∣
k2f
Q2

∣∣∣∣∣ ,

∣∣∣∣∣
δk2T
Q2

∣∣∣∣∣

)

R1 collinearity Ph · kf
Ph · ki

R′
1 target proximity Ph · P

Q2

R2 transverse hardness
∣∣k2
∣∣

Q2

R3 spectator virtuality
∣∣k2X

∣∣

Q2

R4 large transverse momentum max
( ∣∣∣∣∣

k2i
k2

∣∣∣∣∣ ,

∣∣∣∣∣
k2f
k2

∣∣∣∣∣ ,

∣∣∣∣∣
δk2T
k2

∣∣∣∣∣ ,

∣∣∣∣∣
k2iT
k2

∣∣∣∣∣

)

Table 1. Summary of the diagnostic ratios and their definitions used for identifying different
fragmentation regions in SIDIS. The particle momenta are defined as in figure 1.

using the definition of R2 in eq. (2.4). Transverse momentum can be said to be generated
by perturbative mechanisms if R4 ! 1. The smallness of R4 will be used in this analysis
to determine the extent of the collinear QCD current region, instead of the requirement
that the transverse hardness ratio R2 be large.

We can also explore the region associated with gluon radiation in more detail by
introducing the spectator virtuality ratio, R3, defined by

R3 ≡ |k2X |
Q2 , (2.9)

where kX = ki + q − kf . Small values of R3 correspond to 2 → 2 parton kinematics, and
the corresponding region may be explained by low-order (LO) perturbative QCD (pQCD)
calculations. On the other hand, large R2 and R3 values correspond to 2 → n scattering,
where n ≥ 3, so that higher-order (HO) pQCD calculations are needed to describe data in
this region.

Finally, the region of matching of TMD and collinear factorizations is characterized by
the presence of intermediate values of R2, so that both the TMD and collinear pictures are
approximately valid, and a smooth transition between these is possible. For completeness,
in table 1 we summarize the definitions of all the ratios that act as region indicators in
SIDIS analysis.

In addition to the transverse hardness ratio, it is also useful to consider the logarithm
measure, | lnR2|, which is typical of the type of large logarithm that requires the qT -
resummation component from the Collins-Soper-Sterman (CSS) treatment of evolution

– 7 –

Partonic description requires R0 << 1. 

Small for current region, 
large for central and  target region. 

Small for target region. 

Small for low order pQCD to be applicable.
Large for high order pQCD to be applicable.

Small for 2 → 1 process γ*q → q’ 

Small for collinear region. 



Identifying Kinematic Regions in SIDIS
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Region R0 R1 R′
1 R2 R3 R4

TMD small small × small × ×
matching small small × small × ×
collinear small small × large small (LO pQCD) small

large (HO pQCD)
target small large small × × ×
central small not small not small small × ×

Table 2. Examples of sizes of region indicator ratios corresponding to particular regions of SIDIS.
The symbol “×” denotes “irrelevant or ill-defined” (see text for further details).

when R2 → 0. If the logarithm measure | lnR2| becomes larger than O(1), then qT -
resummation effects may need to be taken into account.

The resulting catalogue of possible values of region indicators is presented in table 2.
As shown, the proximity of a given physical mechanism is characterized by the different
sizes of the Ri ratios, which in turn depend not only on the external kinematics of the SIDIS
reaction, but also on the internal active parton momenta. Since the latter are not physical
observables, the use of Ri requires prior knowledge of the parton momenta, which can be
inferred from nonperturbative treatments of QCD or from phenomenological analyses where
the proximities of regions are estimated on the basis of agreement between data and theory.

3 Affinity

To facilitate the assessment of the proximity of data at a given set of kinematics to a
specific physical mechanism, we introduce affinity, A, as a global estimator using a Bayesian
formulation,

A
(
xBj, Q

2,zh, PhT
∣∣region

)
=
∫
d{Ri} Θ

(
{Ri}

∣∣ region
)

×
∫

d4ki d4kf d4δkT P
(
{Ri}

∣∣xBj, Q
2, zh, PhT ; ki, kf , δkT

)
π
(
ki, kf , δkT

)
, (3.1)

where xBj = Q2/2P · q is the Bjorken scaling variable. The second line of eq. (3.1) is a
joint distribution for the SIDIS Ri indicators marginalized over a given choice for the prior
distribution π, with P the conditional probability density for {Ri}. The latter is a function
chosen according to the prior beliefs for the possible ranges of intrinsic partonic momenta.
Given such a joint distribution, the affinity of a given SIDIS kinematic bin to a given region
is defined by marginalizing the joint distribution over all possible values of {Ri} with the
proximity function Θ that selects a given region in Ri-space, according to table 2.

In practice, the implementation of eq. (3.1) requires the use of Monte Carlo meth-
ods, in which one must sample the four-vectors of the parton momenta. Using light-
front coordinates, we parametrize the initial and final parton four-momenta as ki =(
k+i , k

−
i ,kiT

)
and kf =

(
k+f , k

−
f ,kfT

)
, and the intrinsic transverse momentum of the parton
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Identifying Kinematic Regions in SIDIS
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uū � dd̄p
2

(505)
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uū � dd̄p
2

(505)
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ūd � ud̄ (506)

d�

d�

����
CM

=
1

64⇡2s
|M2�2

(s, t)|2 (507)

d�

d�

����
CM

= |f |2 (508)

1

(q2)2
L(l, l

�
)
µ�

W (P, P
�
)µ� =

1

Q4
L

µ�
Wµ� (509)

Figure 8: Sketch, not to-scale, of kinematical regions of SIDIS in terms of the produced
hadron’s Breit frame rapidity and transverse momentum. In each region, the type of sup-
pression factors that give factorization are shown. (The exact size and shape of each region
may be very different from what is shown and depends on quantities like Q and the hadron
masses.) In the Breit frame, according to Eq. (9.7), partons in the handbag configura-
tion are centered on y ⇡ 0 if �k

2

i
⇡ k

2

f
= O

�
m

2
�
. The shaded regions in the sketch are

shifted somewhat toward the target rapidity yP,b (the vertical dashed line) to account for
the behavior of Eq. (9.1) when zN and xN are small.

R1 ⇡ 0.8 for kaons. If R1 ⇡ 0.8 is taken to be large, then confidence that one is in the
current region deteriorates. The flavor of the final state hadron has little effect on the
transverse momentum hardness, R2, from Eq. (8.16). From Fig. 11 (a) and Fig. 11 (c) flavor
dependence is only noticeable at low Q and even then the effect is small. To summarize,
the produced hadron mass affects collinearity R1 significantly, but does not appear to be a
primary factor in determining transverse hardness R2.

Within a specific example, collinearity R1 and transverse hardness R2 have helped us
to map out the current kinematic region (small R1) and to separate the "small" from the
"large" transverse momentum regions (small R2 vs large R2). The former will reasonably
correspond to a region where we expect TMD factorization to apply, while for the latter
a collinear factorization will be appropriate. At this stage, one might wonder whether
a LO calculation could be enough or whether higher order perturbative corrections are
necessary. This is where R3 comes into the game: large R3 coupled with large R2 signal a
large qT region where presumably higher order pQCD corrections are relevant, while small
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➤ Define ratios
➤ Identify regions

Boglione et al, 1904.12882

P

PB

q

ki

kf

kX

Figure 3: Momentum labeling in the partonic subprocess.

that quantities like |k2

i
| and |k2

f
| are small, and much of the discussion in this section will

be about addressing the question of what is meant by “small.” So to summarize, “partonic"
dashed lines represent the flow of a momentum with small invariant energy. In practical
situations, they will often turn out to refer to actual quark and/or gluon lines, but they do
not need to generally.

The partonic subprocess in Fig. 3 is marked off in a blue box. A black dot indicates the
parton we associate with an observed hadron. The momentum ki is the incoming struck
parton momentum, and there is at least one hadronizing parton kf . The kX momentum
labels the total momentum of all other unobserved partons combined. Outside the box
in Fig. 3, the position of the hadron implies a current region picture, though an analo-
gous picture of course applies to the target region case. We ask questions about partonic
regions in the context of the steps needed to factorize graphical structure in a manner
consistent with particular partonic pictures. Our general view of factorization is based on
that of Collins [11, 33] and collaborators, though the same statements apply to most other
approaches.

We are interested in the kinematics of the ki + q ! kf + kX subprocess and how
closely it matches the overall P + q ! PB + X process under very general assumptions.
Specific realizations of the partonic subprocess, each of which can contribute to a different
kinematical region, are shown in Fig. 4. We will analyze the subprocess in the Breit frame
and write

k
b

i =

 
Q

x̂N

p
2
,
x̂N(k

2

i
+ k2

i,b,T)
p

2Q
,ki,b,T

!
, k

b

f
=

 
k2

f,b,T + k
2

fp
2ẑNQ

,
ẑNQp

2
,kf,b,T

!
. (8.1)

Hats always indicate a partonic kinematical variable, whereas ⇠ and ⇣ are momentum
fractions (see below). We will write the transverse momentum as

kf,b,T = �ẑNqT + �kT . (8.2)
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Region indicators Ri depend on parton kinematics that we do not know and cannot measure. 
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➤ Define ratios

Boglione et al, 1904.12882

Ratios depend on unknown parton 
momenta. Ho can we define and use 
them?

Current study

➤ Use a Monte Carlo* with 
parton momenta 

➤ Sample experimental bins 
for ratios 

* by saying Monte Carlo we do not intend Pythia!

R0

R1

R2

Box that defines
appropriate values

Sample kinematics bins for ratios based on Monte Carlo method

Affinity = # times in / (#times in + #times out) Affinity ranges from 0% to 100% and indicates affinity of 
a bin of a measurement to a particular kinematic region. 

Box size Estimated, using existing TMD phenomenology 
for guidance.  



TMD region at EIC Kinematics
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Figure 5. TMD affinity for EIC kinematics. Bin centers are located in the points corresponding
to the bin averaged values of xBj and Q2, and in each of these bins various values of zh and qT /Q
can be measured. In each bin of fixed zh and qT /Q, the affinity is indicated by a dot with size
proportional to the corresponding affinity value. The affinity is color coded according to the scheme
on the right of the panels: red (and smaller) symbols correspond to low TMD affinity, while dark
blue (and larger) symbols correspond to high TMD affinity.

The distribution of all kinematic bins accessible at current and future facilities is shown
in figure 4 as a function of the produced hadron rapidity, yh, categorized by the affinity
as in figure 3. One can see that at the EIC the majority of the data will correspond to
either the TMD or collinear QCD fragmentation regions, with small fractions of events in
the soft and target fragmentation regions.

At other, lower energy facilities, such as COMPASS, HERMES, and Jefferson Lab, the
reach in rapidity is clearly smaller. At Jefferson Lab kinematics, for example, where the
measurements are at center of mass energy √

s = 4.6GeV, one is likely to encounter larger
portions of events from central and target fragmentation regions. At the same time, one
expects to have large fractions of events that correspond to TMD and collinear factorization
for all the experiments discussed. Note also that the regions can overlap; consequently, the
sum of percentages for affinities does not equal 100%. We will study each region in more
detail in the following.

4.1 TMD region

TMD affinity is calculated using eq. (3.1) by requiring the region indicators R0, R1, and
R2 to be small. The results for the bins at the EIC kinematics are shown in figure 5.
One can see that bins with relatively large xBj and Q2 values (and relatively high zh
and PhT ) are particularly important for the TMD factorization description. In terms of

– 13 –

Try it out yourself: Interactive Affinity Tool

More details: New tool for kinematic regime estimation in SIDIS, JHEP 04 (2022) 084

https://colab.research.google.com/github/QCDHUB/SIDIS-Affinity/blob/main/interactive_affinity_tool.ipynb
https://inspirehep.net/literature/2021571
https://link.springer.com/article/10.1007/JHEP04(2022)084


Tackling Some of the Most Challenging Scientific Problems

What are the challenges in extracting TMDs… 

… and how can we address them? 

Resummation, Evolution, Factorization 2022, November 1, 2022. 12



Experimentalists measure signals for TMDs 

Resummation, Evolution, Factorization 2022, November 1, 2022.

• And many other data points in a global analysis 
• They wait years for the data points to become available. 
• HERMES example: 

• Data taking in 2002–2005
• Publications in 2005

• Phys.Rev.Lett. 94 (2005) 012002, 755 citations, only 2002 data 
• Phys.Rev.Lett. 103 (2009) 152002, 378 citations
• Phys.Lett.B 693 (2010) 11-16, 240 citations 
• JHEP 12 (2020) 010, 24 citations 
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
zero even at the lowest x values probed in this experiment. The rise with z and Ph⊥ is
much more pronounced. However, while the rise continues throughout the semi-inclusive
z range, it is leveling off at larger values of Ph⊥.

The π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up
and down quarks. This may also explain the peculiar behavior of the z dependence: at low
values of z disfavored fragmentation plays a significant role and thus contributions from
up quarks can push the asymmetry towards positive values. At large values of z, however,
disfavored fragmentation dies out and the favored production off down quarks prevails
leading to a negative asymmetry. Some caution with this argumentation is deserved as at
large values of z, the contribution from the decay of exclusive ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 Examining the large-z behavior of the charged-pion asymmetries, indeed a clear
change of trend can be observed for positive pions. Still, the significant difference between
the charged-pion asymmetries over most of the kinematic range suggests that the non-
vanishing asymmetries observed are not driven merely by exclusive ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
zero even at the lowest x values probed in this experiment. The rise with z and Ph⊥ is
much more pronounced. However, while the rise continues throughout the semi-inclusive
z range, it is leveling off at larger values of Ph⊥.

The π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up
and down quarks. This may also explain the peculiar behavior of the z dependence: at low
values of z disfavored fragmentation plays a significant role and thus contributions from
up quarks can push the asymmetry towards positive values. At large values of z, however,
disfavored fragmentation dies out and the favored production off down quarks prevails
leading to a negative asymmetry. Some caution with this argumentation is deserved as at
large values of z, the contribution from the decay of exclusive ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 Examining the large-z behavior of the charged-pion asymmetries, indeed a clear
change of trend can be observed for positive pions. Still, the significant difference between
the charged-pion asymmetries over most of the kinematic range suggests that the non-
vanishing asymmetries observed are not driven merely by exclusive ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Experimentalists measure signals for TMDs 
One Example: Pioneering TMD studies by HERMES 
• SIDIS measurement of π+

• Plot shows structure function related to Sivers effect
• Allows extraction of Sivers TMD

• Information about 755k π+ compressed in 24 data points 

Theoreticians extract TMDs from these data points

13

https://inspirehep.net/literature/656015
https://inspirehep.net/literature/823754
https://inspirehep.net/literature/859154
https://inspirehep.net/literature/1806922


Multi-Dimensional Data Challenge

Resummation, Evolution, Factorization 2022, November 1, 2022.

Fully differential approach with small bin-sizes

• minimizes the dominant contributions to the 
systematic uncertainty, and therefore maximizes 
the attainable experimental precision

• maximize information for QCD analysis

To advance this even further 
• Analysis on event level
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
zero even at the lowest x values probed in this experiment. The rise with z and Ph⊥ is
much more pronounced. However, while the rise continues throughout the semi-inclusive
z range, it is leveling off at larger values of Ph⊥.

The π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up
and down quarks. This may also explain the peculiar behavior of the z dependence: at low
values of z disfavored fragmentation plays a significant role and thus contributions from
up quarks can push the asymmetry towards positive values. At large values of z, however,
disfavored fragmentation dies out and the favored production off down quarks prevails
leading to a negative asymmetry. Some caution with this argumentation is deserved as at
large values of z, the contribution from the decay of exclusive ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 Examining the large-z behavior of the charged-pion asymmetries, indeed a clear
change of trend can be observed for positive pions. Still, the significant difference between
the charged-pion asymmetries over most of the kinematic range suggests that the non-
vanishing asymmetries observed are not driven merely by exclusive ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
zero even at the lowest x values probed in this experiment. The rise with z and Ph⊥ is
much more pronounced. However, while the rise continues throughout the semi-inclusive
z range, it is leveling off at larger values of Ph⊥.

The π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up
and down quarks. This may also explain the peculiar behavior of the z dependence: at low
values of z disfavored fragmentation plays a significant role and thus contributions from
up quarks can push the asymmetry towards positive values. At large values of z, however,
disfavored fragmentation dies out and the favored production off down quarks prevails
leading to a negative asymmetry. Some caution with this argumentation is deserved as at
large values of z, the contribution from the decay of exclusive ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 Examining the large-z behavior of the charged-pion asymmetries, indeed a clear
change of trend can be observed for positive pions. Still, the significant difference between
the charged-pion asymmetries over most of the kinematic range suggests that the non-
vanishing asymmetries observed are not driven merely by exclusive ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 15. Sivers SFA for π+ extracted simultaneously in bins of x, z, and Ph⊥, presented as
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uncertainty of 7.3% due to the precision of the target-polarization determination. Overlaid is a
phenomenological fit [152] to previously available data, with the three lines corresponding to the
central value of the fit and the fit uncertainty.

proton is dominated by u-quark scattering [164]. Figure 17 compares the Sivers asymme-
tries for both protons and antiprotons with those for positive pions. Within the available
precision an almost surprising agreement of proton and π+ asymmetries is visible. Also the
asymmetries for antiprotons are very similar, however, the present measurement is plagued
by large uncertainties.

In order to investigate slightly more the nature of proton and antiproton production
at HERMES, figure 18 depicts the ratio of their raw production rates, e.g., yields not
corrected for instrumental effects. The sudden increase of the proton-over-antiproton ratio
towards very low z might indicate the onset of target fragmentation, while in most of the z

range studied here the ratio exhibits a behavior consistent with current fragmentation. In
particular, with increasing z the production of antiprotons, which have no valence quarks in
common with the target nucleons, is increasingly suppressed compared to protons. A sec-
ond qualitative argument supporting the hypothesis of dominance of current fragmentation
is the sign of the Sivers asymmetry for protons. The current jet is dominated by u-quark
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Joint Experimental-Theoretical Analysis

• Avoid mismatches between experimental-theoretical analysis 
• E.g.: 

• Some experimental analyses remove final-state hadrons originating from 
decay of diffractively produced vector-mesons. 

• However, these final-state hadrons are not removed in factorization proofs. 
Removing them in the experimental analysis would result in a mismatch 
between the experimental-theoretical analyses. 

• Treat theoretical calculations and assumptions consistently
－E.g.: 

• Treatment of QED radiative effects and detector smearing 

Resummation, Evolution, Factorization 2022, November 1, 2022.

5. The analysis of the measured SSA
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Figure 5.15.: Simulated fraction of decay products of exclusive vector meson production: In the
left panel, the fraction (black closed symbols) is given for pions and charged kaons in
addition to the fraction of the only dominant contribution (blue open symbols). The
fraction for the ranges Q2 < 4GeV2 (black closed symbols) and Q2 > 4GeV2 (blue
open symbols) is provided in the right panel.

kaons (figure 5.15). The overall fraction is about 6%–7% for charged pions and about 2%–3% for
charged kaons. In particular for charged pions, a strong increase with z is observed. By raising the
requirement onQ2, the fraction of decay products can be suppressed (right panel of figure 5.15). Due
to the correlation of the scaling variables x and Q2, a decrease of the fraction with x is found.
Given the small fraction of K+ stemming from exclusive vector meson production and decay,

the significant SSA amplitudes for K+ provide some indication that the measurement of transverse
single-spin asymmetries is not dominated by exclusive channels. Also no influence from decay
products is seen when comparing SSA amplitudes for the region Q2 < 4GeV2 and the region Q2 >
4GeV2, where the contribution from exclusive channels is suppressed.
The largest fraction of decay products is estimated for charged pions originating from exclusive

r 0 production and the decay into p +p� pairs. This contribution can be removed from the selected
charged pion events by extracting pion-difference asymmetries:

Ap +�p�

UT =

�
s p +

U* �s p�

U*
�
�

�
s p +

U+ �s p�

U+
�

�
s p +

U* �s p�
U*

�
+

�
s p +

U+ �s p�
U+

� , (5.16)

i.e. the SSA in the difference in the cross section for the semi-inclusive measurement of p + and p�.
The pion-difference SSA can be reconstructed via two methods:

❑ Using the maximum likelihood based reconstruction method, the pion-difference SSA ampli-
tudes are extracted from the charged pion events by assigning an extra weight of �1 for each
p� event.
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Figure 5.15.: Simulated fraction of decay products of exclusive vector meson production: In the
left panel, the fraction (black closed symbols) is given for pions and charged kaons in
addition to the fraction of the only dominant contribution (blue open symbols). The
fraction for the ranges Q2 < 4GeV2 (black closed symbols) and Q2 > 4GeV2 (blue
open symbols) is provided in the right panel.

kaons (figure 5.15). The overall fraction is about 6%–7% for charged pions and about 2%–3% for
charged kaons. In particular for charged pions, a strong increase with z is observed. By raising the
requirement onQ2, the fraction of decay products can be suppressed (right panel of figure 5.15). Due
to the correlation of the scaling variables x and Q2, a decrease of the fraction with x is found.
Given the small fraction of K+ stemming from exclusive vector meson production and decay,

the significant SSA amplitudes for K+ provide some indication that the measurement of transverse
single-spin asymmetries is not dominated by exclusive channels. Also no influence from decay
products is seen when comparing SSA amplitudes for the region Q2 < 4GeV2 and the region Q2 >
4GeV2, where the contribution from exclusive channels is suppressed.
The largest fraction of decay products is estimated for charged pions originating from exclusive

r 0 production and the decay into p +p� pairs. This contribution can be removed from the selected
charged pion events by extracting pion-difference asymmetries:
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i.e. the SSA in the difference in the cross section for the semi-inclusive measurement of p + and p�.
The pion-difference SSA can be reconstructed via two methods:

❑ Using the maximum likelihood based reconstruction method, the pion-difference SSA ampli-
tudes are extracted from the charged pion events by assigning an extra weight of �1 for each
p� event.
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Figure 5.1: The consequences of QED radiative effects and detector smearing on
the x distribution is illustrated in these two plots. The upper panel shows the
distribution on Born level as simulated by a Monte Carlo model for one single,
arbitrarily selected x bin. The lower panel shows the distribution for the same
events after a simulation of QED radiative effects and detector smearing has been
applied. A significant part of the events cannot be reconstructed inside the bin
to which they would belong according to their kinematics on Born level. Events
which migrate into (mostly adjacent) bins dilute the measured asymmetry there
with the asymmetry of their original bin and therefore introduce a systematic cor-
relation between bins. In this simulation a model of the 1997 HERMES detector
configuration has been used. The vertical lines indicate bin boundaries.

5.2 Event migration

5.2.1 QED radiative effects

The four second-order QED radiative effects which affect the kinematics of
the electromagnetic probe are displayed in Fig. 5.2:

Initial and final state bremsstrahlung modify the four-momentum
of the detected DIS electron; the bremsstrahlung photon itself is not de-
tected. In case of final state bremsstrahlung for example the electron kine-
matics change through the emission of a photon with 4-momentum ξ; after-
wards this electron is detected with the four-momentum k′X whereas its true
four-momentum on Born level would be k′B . As a consequence also the ex-
perimentally observed squared four-momentum transfer Q2

X and Bjorken
scaling variable xX will differ from the true values Q2

B and xB. (In the follow-
ing we will always use indices X to denote eXperimentally observed quanti-
ties and indices B to denote the true quantities on Born level.) Due to the
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Figure 5.3: Migration matrix n↑↑ (the n↑↓ matrix looks similar) for a pure x
binning. The matrix was extracted from a fully reconstructed Monte Carlo data
set simulating both QED radiative and detector effects for inclusive DIS on a proton
target.

As already mentioned it is not possible to calculate the Born count rates
in a similar way by summing up the lines of the matrix: the migration matrix
contains only events which have been reconstructed inside the acceptance
and misses the contribution of events which migrate out of the acceptance
due to smearing. Therefore the Born count rates nB

↑↑(j) and nB
↑↓(j) are

extracted from the Born Monte Carlo dataset. Based on these count rates,
cross section normalized migration matrices

S↑↑(i, j) =
∂σX
↑↑(i)

∂σB
↑↑(j)

=
n↑↑(i, j)
nB
↑↑(j)

i, j = 1, ..., nbins

S↑↓(i, j) =
∂σX
↑↓(i)

∂σB
↑↓(j)

=
n↑↓(i, j)
nB
↑↓(j)

(5.3)

• Correction via unfolding 
approach requires theoretical 
model for QED radiative effects. 

• Irreversible. Limits re-use and 
re-interpretability of 
experimental analysis. 

• Solution: Consistent treatment 
of QED effects in joint 
experimental-theoretical 
analysis. 
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QuantOm: Femtoscale Imaging of Nuclei using Exascale Platforms

Resummation, Evolution, Factorization 2022, November 1, 2022. 16
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How We Advance the Experimental-Theoretical Workflow

• Developing a workflow on the event level:
• The extraction of PDFs, TMDs, and GPDs is a multidimensional data challenge. We analyze high statistics data 

sets with strong correlations in five or more kinematics and with various final-state particles. Access to the data 
on event level allows theoreticians to studying these correlations directly.

• Developing a joint experimental-theoretical workflow:
• Extracting PDFs, TMDs, or GPDs directly from the experiment allows experimentalists and theoreticians to work 

closely together. This not only removes the delay in providing the experimental measurement but truly enables 
joint experimental-theoretical wok.

• Developing a HPC workflow:
• The extremely parallelized architecture allows to study the strong correlations in the data in an unprecedented 

manner, while maximizing the experimental precision at the same time.
• The accelerated hardware of the new HPC systems is ideal for AI/ML, allowing us to do the parallelized workflow 

at the event level in near real-time. 
• EIC will produce analysis-ready data in near real-time using streaming readout and AI/ML. 

Resummation, Evolution, Factorization 2022, November 1, 2022. 17



Event Generators for the EIC

HSF Generators Meeting, October 6, 2022. 18

Monte Carlo Simulation of 

• electron-proton (ep) collisions,  

• electron-ion (eA) collisions, both light and heavy ions, 

• including higher order QED and QCD effects, 

• including a plethora of spin-dependent effects.  

Common challenges, e.g. with HL-LHC: High-precision QCD 
measurements require high-precision simulations. 

Unique challenges MCEGs for electron-ion collisions and 
spin-dependent measurements, including novel QCD 
phenomena (e.g., GPDs or TMDs). 
Will result in deeper understanding of QCD factorization and 
evolution, QED radiative corrections, hadronization models 
etc. 

arXiv:2203.11110

https://arxiv.org/abs/2203.11110


MC4EIC 2022

Resummation, Evolution, Factorization 2022, November 1, 2022. 19

A lot of relevant information about MCEGs for EIC at Resummation, Evolution, Factorization 2022
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The EIC will enable us to embark on a precision study of the 
nucleon and the nucleus at the scale of sea quarks and gluons, 
over all of the kinematic range that is relevant. 

TMDs Imaging quarks and gluons within nucleons and nuclei
• Electron-Ion Collider Precision TMD studies for sea quarks 

and gluons.

The Foundation of the Next-Generation TMD Studies in light of 
the upcoming EIC: 
• New affinity tool for kinematic regime estimation in SIDIS. 
• QuantOm: Joint Experimental-Theoretical Analysis of TMDs. 

• The 12 GeV Science Program at Jefferson Lab: Precision TMD 
studies for valence quarks.


