
Revolutionizing the Experimental-Theoretical Workflow in 
Nuclear Femtography using Advanced Computing

Markus Diefenthaler



Scientific Discovery Through Advanced Computing (SciDAC)

The SciDAC program was created to bring together many of the nation's top researchers 
to develop new computational methods for tackling some of the most challenging 
scientific problems.
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The Role of Advanced Computing in Nuclear Physics 

QuantOm Collaboration Meeting, October 20, 2022.

Martin Savage (INT) “The next decade will be looked back upon as a truly
astonishing period in Nuclear Physics and in our understanding of
fundamental aspects of nature. This will be made possible by advances in
scientific computing and in how the Nuclear Physics community organizes
and collaborates, and how DOE and NSF supports this, to take full
advantage of these advances.”

Donald Geesaman (ANL, former NSAC Chair) “It will be joint progress of
theory and experiment that moves us forward, not in one side alone”

Future Trends in Nuclear Physics Computing

• Recent years  Discussion about the next generation of data processing 
and analysis workflows that will maximize the science output. 

• One context for this discussion  
• Workshop series on Future Trends in Nuclear Physiscs Computing
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The Scientific Challenge of Understanding 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 (Nuclear Femtography)

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)]

ECT* 3–7 April 2017 3 / 30

DOI 10.1103/PhysRevC.68.015203

Mp = 1000 MeV
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Deep-Inelastic Scattering (DIS) of Electrons off Protons 

Ability to change x projects out different con-
figurations where different dynamics dominate

Ability to change Q2 changes the resolution 
scale

Q2 = 400 GeV2

=> 1/Q = 0.01 fm 

(Q2)
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Parton Distribution Functions (PDF)
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From PDFs to 3D Imaging (Nuclear Femtography)

3D Imaging in Space and Momentum

longitudinal structure (PDF)
+ transverse position information (GPDs)
+ transverse momentum information (TMDs)

QuantOm Collaboration Meeting, October 20, 2022.

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

– 17 –

Bertone, Scimemi, Vladimirov, 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A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

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.

VOL28 / NO1-2 / ANNO2012 > 23

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.

TMDs of 
transversely
polarized 
nucleon
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Advances in Theoretical NP: Factorization Theorem for SIDIS

Advances in Nuclear Physics (NP) 

QuantOm Collaboration Meeting, October 20, 2022.

Advances in Experimental NP:  Measurements of
Semi-Inclusive Deep-Inelastic Scattering (SIDIS)
• Hadron h is detected 
• in coincidence with the scattered lepton l’ 

Fragmentation 
functions (FF, TMD FF) 
empirical description of 
non-perturbative 
structure 
(hadronization)

Perturbative part Cross 
section for elementary 
photon-quark 
interaction
Calculable (asymptotic 
freedom)

Distribution functions 
(PDF, TMD PDF) 
empirical description of 
non-perturbative 
structure 
(confinement)

Observable
SIDIS cross section

Observable for TMD 
PDFs and TMD FFs 
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2.3. Probing spin-orbit correlations in the nucleon

�S

�
P h

P h?

ST

l

l0

q

Figure 2.4.: In the semi-inclusive measurement of deep-inelastic scattering off a transversely po-
larised target, two planes are defined with respect to the virtual-photon direction q: the
lepton scattering plane, spanned by the directions of the incoming lepton, l, and q, and
the hadron production plane, spanned by the directions of q and the produced hadron,
Ph. The angle f (fS) is defined as the azimuthal angle of the hadron production plane
(target spin axis ST ) relative to the lepton scattering plane.

2.3. Probing spin-orbit correlations in the nucleon
The TMD discussed in section 2.2 cause distinctive signatures in the azimuthal dependence in the
distribution of unpolarised hadrons produced in deep-inelastic scattering (figure 2.4). This depen-
dence is manifested in single-spin asymmetries (SSA). The analysis of single-spin asymmetries in
deep-inelastic scattering off transversely polarised nucleons gave first evidence for the chiral-odd
transversity distribution and the naive-T -odd Sivers function [HERMES05c]. This measurement
provides also signals for the worm-gear distribution h?,q

1L
�
x,p2T

�
and the pretzelosity function. In

this section, the description of single-spin asymmetries within QCD, the decomposition of the deep-
inelastic scattering cross section in terms of extended structure functions and the interpretation of
these structure functions is presented.

2.3.1. Transverse single-spin asymmetries
Single-spin asymmetries are observed in various scattering processes over a wide range in the centre-
of-mass energy [DM08]. Prominent examples are the E704 effect seen in polarised pp scattering,
p*p! hX , and the evidences found by the HERMES collaboration in deep-inelastic scattering.

❑ The E581/E704 collaborations (Fermilab) studied single-spin asymmetries in the inclusive
measurement of pions produced in the collision of transversely polarised (anti)protons with
an unpolarised hydrogen target. They reported large left-right asymmetries relative to the
direction of the incoming (anti)protons [E581 91, E704 91]. The results obtained at centre-
of-mass energies of about 20GeV are confirmed by the STAR and BRAHMS collaboration
(RHIC) at centre-of-mass energies up to 200GeV [STAR04, BRAHMS08].

❑ In the semi-inclusive measurement of deep-inelastic scattering off longitudinally and trans-
versely polarised targets, the HERMES collaboration observed single-spin asymmetries at a
centre-of-mass energy of about 7GeV [HERMES00, HERMES01, HERMES05c].

13

8



Signals for TMD PDFs and TMD FFs

QuantOm Collaboration Meeting, October 20, 2022.
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2.3. Probing spin-orbit correlations in the nucleon

The differential cross section of the process, lN! l0hX , has been studied including the dependence
on the azimuthal angles f and fS [MT96, BM98, BJM00, BDG+07]. In the one-photon exchange ap-
proximation, the general form of the cross section (equation 2.23) can be decomposed into extended
structure functions F related to the various azimuthal modulations in the differential cross section:

ds h

dxdydfS dzdf dP2h?
=

a2

xyQ2
y2

2(1� e)

 
1+

g2

2x

!

⇢ h
FUU,T+ eFUU,L

+
p
2e (1+ e)cos(f)F cos(f)

UU + e cos(2f)F cos(2f)
UU

i

+ ll
hp

2e (1� e)sin(f)F sin(f)
LU

i

+ SL
hp

2e (1+ e)sin(f)F sin(f)
UL + e sin(2f)F sin(2f)

UL

i

+ SL ll
hp
1� e2FLL+

p
2e (1� e)cos(f)F cos(f)

LL

i

+ ST
h
sin(f �fS)

⇣
F sin(f�fS)
UT,T + eF sin(f�fS)

UT,L

⌘

+e sin(f +fS)F sin(f+fS)
UT + e sin(3f �fS)F sin(3f�fS)

UT
+
p
2e (1+ e)sin(fS)F sin(fS)

UT

+
p
2e (1+ e)sin(2f �fS)F sin(2f�fS)

UT

i

+ ST ll
hp
1� e2 cos(f �fS)F cos(f�fS)

LT

+
p
2e (1� e)cos(fS)F cos(fS)LT

+
p
2e (1� e)cos(2f �fS)F cos(2f�fS)

LT

i

�
.

(2.24)
The extended structure functions F

�
x,Q2,z, |Ph?|

�
depend on the kinematic variables x, Q2, z and

|Ph?|. Their azimuthal modulation is given as superscript. Besides the subscript for the lepton and
nucleon polarisation, a third subscript indicates the polarisation of the virtual photon for the extended
structure functions FUU,T, FUU,L, F

sin(f�fS)
UT,T and F sin(f�fS)

UT,L . The dependence of the longitudinal and
transverse polarisation of the virtual photon is considered via the ratio e of the longitudinal to the
transverse photon flux:

e =
1� y� 1

4g2y2

1� y+ 1
2y2+ 1

4g2y2
, g =

2Mx
Q2

, (2.25)

which is determined by the kinematics of the lepton.
For small transverse hadron momentum, P2h?⌧Q2, the process-dependent structure functions can

be interpreted in terms of a convolution over the intrinsic transverse momenta pT and kT of quark
distribution and fragmentation functions [CS81, JMY04, JMY05]. Results complete at leading- and
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2.3. Probing spin-orbit correlations in the nucleon

spin-independent cross-section contribution
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ĥ ·kT
Mh

 
xhH?

1 +
Mh

M
f1
D̃?

z

!
�
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Table 2.3.: Expressions for the extended structure functions F
�
x,Q2,z,Ph?

�
of the cross-section con-

tributions s h
UU, s h

UL and s h
UT are given in terms of convolutions over intrinsic quark mo-

menta pT and kT of distribution functions and fragmentation functions. For the sake of
clarity, the dependence of the distribution (fragmentation) functions on x (z) and pT (kT )
is omitted and the unit vector ĥ= Ph?/ |Ph?| is introduced.
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⇢2(ĥ ·pT )2�p2T
2M2

 
x f ?T D1�

Mh

M
h?1T

H̃
z

!

�
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Table 2.3.: Expressions for the extended structure functions F
�
x,Q2,z,Ph?

�
of the cross-section con-

tributions s h
UU, s h

UL and s h
UT are given in terms of convolutions over intrinsic quark mo-

menta pT and kT of distribution functions and fragmentation functions. For the sake of
clarity, the dependence of the distribution (fragmentation) functions on x (z) and pT (kT )
is omitted and the unit vector ĥ= Ph?/ |Ph?| is introduced.
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Collins effect

Differential 
cross section

Cross section decomposition
in terms of structure functions

Factorized results in terms 
of TMD PDFs and TMD FFs

Sivers TMD and spin-independent FF

Transversity PDF and Collins FF

at tree-level and twist-2 and twist-3 accuracy 

Assuming one-photon exchange, current 
fragmentation only, TMD factorization hold, 
small transverse momenta, Gaussian Ansatz 
valid

9



Tackling Some of the Most Challenging Scientific Problems

What are the challenges in extracting TMDs… 

… and how will we address them in our SciDAC project? 

QuantOm Collaboration Meeting, October 20, 2022. 10



Experimentalists measure signals for TMDs 

QuantOm Collaboration Meeting, October 20, 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.

– 34 –

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

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

π+

2
 〈

s
in

(φ
-φ

S
)〉

U
⊥

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.1 0.2

π-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

K
+

2
 〈

s
in

(φ
-φ

S
)〉

U
⊥

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.1 0.2

K
-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

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.

– 34 –

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

11

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


Multi-Dimensional Data Challenge

QuantOm Collaboration Meeting, October 20, 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
a function of x. Systematic uncertainties are given as bands, not including the additional scale
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phenomenological fit [152] to previously available data, with the three lines corresponding to the
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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 

QuantOm Collaboration Meeting, October 20, 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�
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�
s p +
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U+ �s p�

U+
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�
s p +
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�
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s p +

U+ �s p�
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� , (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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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. 

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

• Solution: Consistent treatment 
of QED effects in joint 
experimental-theoretical 
analysis. 
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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. 
• Future experiments will produce analysis-ready data in near real-time using streaming readout and AI/ML. 

QuantOm Collaboration Meeting, October 20, 2022. 14
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What Does This Mean for Science? 
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The Role of Advanced Computing in Nuclear Physics 

QuantOm Collaboration Meeting, October 20, 2022.

Martin Savage (INT) “The next decade will be looked back upon as a truly
astonishing period in Nuclear Physics and in our understanding of
fundamental aspects of nature. This will be made possible by advances in
scientific computing and in how the Nuclear Physics community organizes
and collaborates, and how DOE and NSF supports this, to take full
advantage of these advances.”

Donald Geesaman (ANL, former NSAC Chair) “It will be joint progress of
theory and experiment that moves us forward, not in one side alone”

Our developments
• Comparing experiment and theory at the event level 
• Joint experimental-theoretical analysis 

Our developments 
• HPC for multi-dimensional data challenge 
• AI/ML on HPC to accelerate workflow 
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