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3D Imaging and Beyond

Adding ~k? or/and ~b? Overview of partonic functions

• Main objects of interest for multi-dimensional imaging

1. f(x, k?) TMDs

2. f(x, b?) Impact parameter distributions (Fourier transforms of GPDs)

3. W(x,~k?,~b?) Wigner distributions (5-D quasi-probability distributions)

• 4 sessions  

• 2 joint sessions with QCD 

• 29 talks (26 here) 

• Topics: 

• collinear PDFs in proton and nuclei 

• hadronization and FFs 

• Transverse Momentum Dependent distributions   

• Generalised Parton Densities

Summary

A. Metz (Tuesday)
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• Increase in central value  at x > 

0.2 (JAM and CJ). 

• Reduction of the uncertainties 

(JAM and CT). 

• Impact  of LHC jet data on 

NNPDF: significant (up to 10%) 

of the charm PDF and moderate 

(up to 5%) for the sea quarks. 

1-dimensional unpolarised proton PDFs

Spin-Averaged Sea Asymmetry (2021-2022)
6

JAM and CJ find 
increase in central 
value at  

JAM finds significant 
reduction in 
uncertainties 

CT finds small 
reduction in 
uncertainties

x > 0 . 2

JAM

CT

CJ

SeaQuest in Global Analyses

Spin-Averaged Sea Asymmetry (2021-2022)
6

JAM and CJ find 
increase in central 
value at  

JAM finds significant 
reduction in 
uncertainties 

CT finds small 
reduction in 
uncertainties

x > 0 . 2

JAM

CT

CJ

SeaQuest in Global Analyses

Spin-Averaged Sea Asymmetry (2021-2022)
6

JAM and CJ find 
increase in central 
value at  

JAM finds significant 
reduction in 
uncertainties 

CT finds small 
reduction in 
uncertainties

x > 0 . 2

JAM

CT

CJ

SeaQuest in Global Analyses

Spin-Averaged Sea Asymmetry (2021-2022)
6

JAM and CJ find 
increase in central 
value at  

JAM finds significant 
reduction in 
uncertainties 

CT finds small 
reduction in 
uncertainties

x > 0 . 2

JAM

CT

CJ

SeaQuest in Global Analyses

C. Cocuzza (Tuesday)
 3

JAM: PRD 104, 074031

SciPost Phys. 
Proc. 8, 005

arXiv:2108.05786



• H1 and ZEUS inclusive DIS data are not 

very sensitive to . 

• But the jet data do. And they are fully 

consistent with inclusive DIS: 

HERAPDF2.0:  

HERAPDF2.0Jets: 

αs

χ2/d.o.f. = 1.205

χ2/d.o.f. = 1.197

Bernd Surrow

Spinning Glue: QCD and Spin
10

14th Conference on the Intersections of Particle and Nuclear Physics (CIPANP 2022)
Lake Buena Vista, FL, August 30, 2022

Details of new HERAPDF2.0 global fit
Robustness of global fit - Low Q2 limit
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Figure 3: Di↵erence between �2 and �2
min versus ↵s(M2

Z) for a) HERAPDF2.0Jets NNLO fits
with fixed ↵s(M2

Z) with the standard Q2
min for the inclusive data of 3.5 GeV2 and Q2

min set to
10 GeV2 and 20 GeV2. b) For comparison, the situation for fits to only inclusive data, HERA-
PDF2.0 NNLO, is shown, taken from [2].
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HERA data at low x and Q2 may 

be subject to need for ln(1/x) 
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Data with  were 
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αs(M2
Z) = 0.1156 ± 0.0011 (exp)

B. Surrow (Tuesday)

1-dimensional unpolarised proton PDFs

 4

EPJC 82, 243



• Inconsistencies between DY NuSea and SeaQuest data at x > 0.2.  

• STAR probes the region 0.06 < x < 0.4 at   

• Jet cross-section are sensitive to the gluon density at 0.01 < x < 0.5

Q2 = M2
W

J. Nam (Tuesday)

AB/CB asymmetry

8/30/22 Jae	D.	Nam 4

• While	the	valence	quark	(2, D)	structure	of	
the	proton	is	well	determined,	the	anti-
quark	counter	part	(2̅,	DE)	is	much	less	
constrained.

• Non-diminishing	asymmetry	between	the	
anti-quarks	in	the	proton	sea	2̅,	DE is	a	
purely	non-perturbative	phenomenon.

• The	anti-quark	ratio	2̅/DE is	typically	
measured	in	Drell-Yan	type	experiments	
with	deuterons.

• Inconsistencies	among	these	measurements	
have	been	found,	especially	in	the	proton	
momentum	fraction	range	7 > 0.2.

• H measurements	at	RHIC	may	provide	
some	insight	around	the	region	of	conflict.

SeaQuest,	Nature	590	(2021)	7847,	561-565

NuSea,	Phys.Rev.D	64	(2001)	052002

Results

8/30/22 Jae	D.	Nam 13

• Measurement	with	STAR	2011-2013	data	set	has	been	published
(PRD	103	(2021)	1,	012001).

• Additional	data	set	taken	in	2017	has	been	analyzed	and	is	in	preliminary	release.

• These	measurements	are	consistent	with	each	other	within	their	uncertainties.

🥰1-dimensional unpolarised proton PDFs
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PRD 103, 012001 and DIS2022



• Lattice calculations of the gluonic structure of 

hadrons are very challenging. 

• Results from pseudo-PDF methodology are 

consistent with phenomenological extractions.  

• Current calculations with controlled statistical 

uncertainties provide improvements due to the 

lack of experimental data.
C. Monahan 
(Saturday)

🥰1-dimensional unpolarised proton PDFs

5HVXOWV��XQSRODULVHG�JOXRQV

��

systematic 
effects need to 
be quantified
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• LHCb is shedding light on the question of intrinsic heavy flavour in the proton:

S. Lee (Friday)

Intrinsic charm at LHCb

Sookhyun Lee  CIPANP 2022

• ! + # production at forward rapidity 
require one initial parton to have large 
momentum fraction $.

• ! + # requires large momentum transfer 
& above EW scale, hence small nuclear 
and hadronic effects.

• ! + # to ! + ' ratio to reduce 
sensitivities to experimental and 
theoretical uncertainties. 

Leading order !# production via
gc → !# scattering at LHCb

Phys. Rev. D 93 (2016) 074008

5

Sookhyun Lee  CIPANP 2022

• Three scenarios, assuming no IC, IC allowed and valence-like IC (BHPS).

• A sizable enhancement at forward ! rapidities, consistent with the effect 
expected if the proton wave function contains the |##$% ̅% > component. 

• Global analysis performed by NNPDF group including LHCb results 
establishes existence of IC at 3( deviation level.

• Consistency between prediction and the measurements indicates success 
of DGLAP evolution from low ) in DIS to EW scale at LHC. 

Phys. Rev. Lett.128
(2022) 082001

7

NNPDF 4.0 + IC allowed

Nature 608 (2022) 483

🥰1-dimensional unpolarised proton PDFs
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1-dimensional unpolarised nuclear PDFs

P. Duwentäster 
(Friday)

Comparison of current nPDFs

Ndata Nparams Observables

nCTEQ15HQ 1488 19 DIS, DY, SIH, WZ, D, Quarkonia

EPPS21 2077 24 (⌫)DIS, DY, SIH, WZ, dijet, D

nNNPDF3.0 2151 256 (⌫)DIS, DY, WZ, dijet, �, D

Many others exist: KSASG20, TUJU21, DSSZ,...
Pit Duwentäster Recent nPDFs developments 21 / 23
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• nPDF sets agree 

within uncertainties. 

• Higher precision, 

broader kinematic 

coverage and more 

observables needed 

to improve the 

extractions. 
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P. Risse (Friday)

• black = nCTEQ15 

• blue = nCTEQ15WZ 

• red = nCTEQWZ+SIH 

• green = nCTEQ15HQ 

including light and 

heavy meson 

production data.

p/Pb

🥰1-dimensional unpolarised nuclear PDFs
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S. Ragoni (Tuesday)

2. Nuclear suppression factor for coherent J/ψ photoproduction on nuclei

In UPCs, both colliding nuclei serve as a source of quasi-real photons and a target. Therefore,
using the method of equivalent photons [44, 45], the cross section of coherent J/ψ photoproduction
in symmetric Pb-Pb UPCs is given by a sum of the following two terms

dσAA→J/ψAA(
√
sNN , y)

dy
= Nγ/A(W

+
γp)σγA→J/ψA(W

+
γp) +Nγ/A(W

−
γp)σγA→J/ψA(W

−
γp) , (1)

where y is the rapidity of J/ψ, Nγ/A(Wγp) is the photon flux, and σγA→J/ψA(Wγp) is the photopro-
duction cross section containing all details of the strong photon-nucleus interaction and production
of J/ψ. Note that interference of the two terms in Eq. (1) is sizable only at very small values of
the J/ψ transverse momentum [46] and hence can be safely neglected.

In the laboratory frame (coinciding with centre-of-mass system in our kinematics), the measured
rapidity of J/ψ can be related to the invariant photon-nucleon energy Wγp,

W±
γp =

√

2ENMJ/ψ e
±y/2 , (2)

where EN is the nuclear beam energy per nucleon and MJ/ψ is the mass of J/ψ. The ambiguity
in Wγp for y "= 0 is a reflection of the presence of two terms in Eq. (1), where the first term
corresponds to the right-moving photon source and the plus sign in Eq. (2) and the second term
corresponds to the left-moving photon source and the minus sign in Eq. (2) (provided that y is
defined with respect to the right-moving nucleus emitting the photon).

To avoid inelastic strong ion-ion interactions destroying the coherence condition, the photon
flux in Eq. (1) is calculated as convolution over the impact parameter #b of the flux of quasireal
photons emitted by an ultrarelativistic charged ion Nγ/A(ω,#b) [44, 45] with the probability not to

have inelastic strong ion-ion interactions ΓAA(#b) = exp(−σNN

∫

d2#b1TA(#b1)TA(#b−#b1)):

Nγ/A(Wγp) =

∫

d2#bNγ/A(ω,#b)ΓAA(#b) , (3)

where ω = W 2
γp/(4EN) is the photon energy; σNN is the total nucleon-nucleon cross section;

TA(#b) =
∫

dzρA(#b, z) is the so-called nuclear optical density, which is calculated using the Woods-
Saxon (two-parameter Fermi model) parametrization of the nuclear density ρA [47]. One should
emphasize that the precise determination of the photon flux using Eq. (3) in a wide range of ω is
essential for the analysis of the present work. The validity of the equivalent photon approximation
and a model [48, 49] generalizing Eq. (3) were successfully tested in electromagnetic dissociation
with neutron emission in Pb-Pb UPCs [50].

The UPC cross section (1) is subject to nuclear modifications, which originate from the photon
flux and the photoproduction cross section and which in general depend on the rapidity y and
the collision energy

√
sNN . To quantify the magnitude of nuclear corrections due to the strong

dynamics encoded in the photoproduction cross section and to separate the two contributions in
Eq. (1), it is convenient to introduce the nuclear suppression factor of SPb(x) by the following
relation, see Refs. [32, 33]:

SPb(x) =

√

σγA→J/ψA(Wγp)

σIA
γA→J/ψA(Wγp)

, (4)
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Figure 2: The dσAA→J/ψAA(
√
sNN , y)/dy cross section of coherent J/ψ photoproduction in Pb-Pb UPCs as a

function of |y|: the calculation using Eq. (1) with the nuclear suppression factor of SPb(x) vs. the Run 1 (upper
panel) and Run 2 LHC data (lower panel). The shaded band shows the uncertainty in the UPC cross section due
to the uncertainty of the fit, see Table 2 and Fig. 1.
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Figure 3: SPb(x) and the Rg(x, µ2) = gA(x, µ2)/[AgN (x, µ2)] ratios of the nuclear and nucleon gluon distributions
as functions of x, which were evaluated using the EPPS16 (top) and nCTEQ15 (middle) nPDFs, and predictions
of the leading twist model of nuclear shadowing (bottom) at µ2 = 3 GeV2. In the upper and middle panels, the
dot-dashed curves and the outer shaded bands give the central values and uncertainties of the corresponding nPDFs,
respectively; the dotted curves and the inner bands show the result of the reweighting, see text for details.
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• Analysis of coherent J/ψ photoproduction in Pb-Pb UPCs. 

• Access to the nuclear gluon density at 10−5 ≤ x ≤ 0.04

🥰1-dimensional unpolarised nuclear PDFs

10

PLB 816, 136202

PLB 816, 136202



J. Rittenhouse West 
(Thursday) 

P. Duwentäster 
(Friday)

SRC parameterization
[Kusina et al., Presented at DIS2022]

Parameterization inspired by nuclear physics:

fA
i (x,Q0) = Z/A

h
(1� zA)fi/p(x,Q0) + zAf

SRC
i/p (x,Q0)

i

+ N/A
h
(1� nA)fi/n(x,Q0) + nAf

SRC
i/n (x,Q0)

i

Fitted nA and zA values suggest that equal numbers of protons and
neutrons participate in SRC pairs
I Known from nuclear physics: pn pairs dominant SRC contribution

Pit Duwentäster Recent nPDFs developments 9 / 23
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Pit Duwentäster Recent nPDFs developments 9 / 23

• In the NT a nucleus is a collection 

of protons and neutrons organised 

in shells (like the Bohr electron 

energy levels). 

• 20% of the nucleons are not in 

shells but in short-range 

correlated pairs (SRC). 

• SRC could be due to formation of 

di-quarks across nucleons. 

SRC parametrization

1-dimensional unpolarised nuclear PDFs

11

Kusina et al., DIS2022

🥰



Hadronization and FFs

E. Moffat (Saturday)

FF Results

FF Results

FF Results

FF Results

FF Results
FF Results

FF Results

FF Results

FF Results
FF Results

PDF ResultsPDF Results
• Joint PDF+FF analysis

12

PRD 104, 016015



•  annihilation allow for precision studies of QCD 

• Belle II will have 50×Belle luminosity (100 × BaBar) to  

－ do precise measurements of FFs with complex final states 

－ tune MC generators 

－ probe jet calculations at low scales 

－ constrain  

－ test QCD calculations of event shapes 

－ … 

• Snowmass Whitepaper: “Opportunities for precision QCD physics in hadronization at 

Belle II “, e-Print: 2204.02280 [hep-ex]

𝑒+𝑒−

𝛼𝑆

Hadronization and FFs

A. Vossen (Saturday)

🥰
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Hadronization and FFs

X. Li (Tuesday)

🥰

• The future EIC heavy flavor hadron inside jet measurements can provide great 

constraints on the fragmentation function in the high zh region.
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longitudinal single spin asymmetry 

from W prod. at STAR.

1-dimensional polarised PDFs

C. Cocuzza (Tuesday)

1. SeaQuest in Global Analyses 
2. LHC and NNPDF4.0 
3. Helicity Sea Asymmetry 
4. Gluon Helicity
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1. SeaQuest in Global Analyses 
2. LHC and NNPDF4.0 
3. Helicity Sea Asymmetry 
4. Gluon Polarization

JAMDSSV

Single jet data from RHIC

+ first impact assessment of Lattice data in pol. PDF determination!
15

PRD 106, 031502
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Direct Photon 𝐴

9/1/2022 Nicole Lewis - CIPANP 2022

Photons that come directly from the hard 
interaction 

Ȉ Only sensitive to initial state effects, no 
effects from hadronization

Ȉ Production dominated by quark-gluon 
Compton scattering

Ȉ Isolation cut reduces the contribution of 
fragmentation and Bremsstrahlung photons

Figure from Zhongling Ji, DIS 2021

First published direct photon 𝐴 result

Cleanly sensitive to gluon dynamics, will 
help constrain Δ𝑔 for 0.02 ൏ 𝑥 ൏ 0.08

PHENIX, arXiv:2202.08158

See S��k H��� Leeǯ� Ta�k
during this session

8

S. Lee & N. Lewis 
(Thursday)

9/1/2022 Nicole Lewis - CIPANP 2022

Inclusive Jet 𝐴

𝐴 ൌ
ାାߪ െ ାିߪ
ାାߪ  ାିߪ

STAR, PRD 105, 092011 (2022)

Versus

The jet 𝐴 is sensitive to the gluon polarization at leading order, 
dominating processes at RHIC 𝑔𝑔 and 𝑞𝑔 scattering

Ȉ Higher collision energy → access to lower ݔ

Trajectory of 
colliding proton

Proton Spin

5

Inclusive jet double spin asymmetry. 

+ di-jet data to constrain 
 in 0.01 < x < 0.5Δg

Direct photon double spin 

asymmetry for  in 0.02 < x < 0.08Δg

🥰1-dimensional polarised PDFs

16



09/01/2022  CIPANP 2022 Page:12

Asymmetry A
1

3He

Preliminary

Note: 

● Subscript “all” for no W cut applied

● Subscript “DIS” for W>2 GeV cut applied

This work

• Virtual photon-nucleon asymmetry: access to neutron g1 at large x. M. Chen (Thursday)

HALL C 
A1n exp.

1-dimensional polarised PDFs

17



• Matrix elements calculation for composite particles with arbitrary spin use a 

decomposition in spin-j fields. Method calls for constraints and extra conditions.  

• New approach: apply Weinberg’s construction (use of (2j + 1)-component spinors). 

• only exact degrees of freedom 

• no need for constraints 

• direct physical interpretation 

• simple algorithm, efficient calculation of currents for any spin 

F. Vera (Tuesday)

1-dimensional polarised PDFs

18
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ERXQGV���ODWWLFH�
PRPHQWV

��

• Single spin 

symmetries 

from Drell-Yan, 

SIDIS, SIA, and 

single hadron 

production + 

Lattice tensor 

charge data.

N. Sato (Wednesday)

Transverse Momentum Dependent PDFs & FFs

transversity

Collins

Sivers
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• Azimuthal decorrelation angle between 

jet and lepton in DIS to study PDF TMDs.
•

M. Arratia (Saturday) 
 & B. Surrow (Tuesday)

Bernd Surrow

Results
Results

13

14th Conference on the Intersections of Particle and Nuclear Physics (CIPANP 2022)
Lake Buena Vista, FL, August 30, 2022

Azimuthal angle jet/lepton measurement for different number of jets (  for leading jet!) 

Range:  

Agreement with MC simulations (Ariadne 4.12) at the level of 5% (Jets )!

Δϕ

π /2 < Δϕ < π

≥ 1

probe of TMDs at low x, no FF required

Data can constrain matching 
between TMD and collinear PDFs 

Full ML-based unfolding

Transverse Momentum Dependent PDFs & FFs
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Origin of Large Forward Asymmetries

Ȉ Large forward ߨ asymmetry is larger for isolated ߨ
Ȉ Possibly because of a larger contribution from diffractive processes?
Ȉ Non-isolated ߨs → part of a jet which has fragmented from a parton

Ȉ Small 𝐴ே for EM-jets, smaller for Multiplicity > 2

Ȉ Weak dependence on center of mass energy

STAR, PRD 103, 92009 (2021) 

Open Heavy Flavor 𝐴ே
Cleanly sensitive to gluon spin-
momentum correlations in the proton
Will help constrain the twist-3 collinear 
trigluon correlation function

PHENIX, arXiv:2204.12899

𝑇 ,ௗ ,ݔ ݔ ൌ ሻݔ,ௗ𝐺ሺߣ

Theory Curves: Z. Kang, et al, PRD 78, 114013 (2008)
Y. Koike, S. Yoshida, PRD 84, 014026 (2011)

9/1/2022 Nicole Lewis - CIPANP 2022 18

• Transverse single spin asymmetry for open HF, 

sensitive to gluon-spin momentum correlations.
S. Lee & N. Lewis 

(Thursday)

🥰

Collins? Sivers? diffractive?

Transverse Momentum Dependent PDFs & FFs
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• STAR has the most precise measurements of Collins and di-hadron asymmetries to date.  

• probe transversity and Collins FF over a wide kin. range.
K. Adkins (Friday)

🥰

New STAR Result: Collins Asymmetry
• In both cases there are large differences between data 

and model calculations
• KPRY does a better job of predicting the correct shape

• z and jT dependences are important for understanding 
the Collins FF

√s = 200 GeV

STAR, arXiv:2205.11800

25
J.K. Adkins - CIPANP 2022

jT = pT of hadron 

in jet w.r.t. jet axis

Transverse Momentum Dependent PDFs & FFs
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• Single hadron 

production in 

SIDIS with 

long. 

polarised 

beam

T. Hayward 
(Wednesday) & A. 
Vossen (Saturday)

Single Hadron Production

14
S. Diehl et al., Phys. Rev. Lett., 128, 062005, (2022), [hep:ex] 2101.03544

ep → e’π+X

Q2 = 2.02 GeV2

Q2 = 1.71 GeV2

First high-precision multidimensional study: important for constraints of PDFs.
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A. Bacchetta et al., JHEP 0702, 093 (2007).
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JFF for !±,$± and %±
• Charged hadron 

formation within jets 
predominantly by &±
due to its low mass 
and flavor content of 
initial-state proton. 

• Hadrons with higher 
mass require a larger z
threshold for their 
formation. Delayed 
scaling behavior shown 
in heavier charged 
particles.
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• In lowest jet '( interval: 
• Proton production relative to kaons clearly suppressed at lower z.
• Pythia 8 overestimates )±, '± production relative to &±.

arxiv:2208.11691

• Ratio of hadron-in-jet to jet cross-section data from Z+jet 

measurement at LHCb.

S. Lee (Friday)

• Multi-dimensional 

analysis. 

• Constrains TMD FF 

for light quarks. 

• Can help tune 

MCEGs.

🥰Transverse Momentum Dependent PDFs & FFs
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Comparison between lattice results and global fits

Collins Soper kernel

17

4

FIG. 2. Comparison of CS kernels extracted from differ-

ent combinations of the pseudo-data. The top plot shows all

possible (twelve) combinations of pseudo-data with different

kinematics, listed in the table I. The bottom plot show ex-

tractions made with different input collinear PDFs. The solid

lines are the central values. The shaded areas are the statis-

tical uncertainty. The oscillations at b ⇠ 4� 6GeV
�1

are due

to the finite bin size in the qT -space. The gray dashed line in

the lower plot shows the effect of incomplete cancellation of

parton’s momentum if PDFs in the comparing cross-section

are different (here, CT18 vs. CASCADE).

tions of CS kernel is shown in fig.3. The CASCADE
extraction lightly disagrees with the perturbative curve
(b < 1GeV�1), but in agreement with the SV19 [10] and
Pavia17 [7] for 1 < b < 3GeV�1.

The fit of the large-b part by a polynomial gives

D(b, µ) ⇠ [(0.069± 0.031)GeV]⇥ b, (11)

with a negligible quadratic part. We conclude that the
CASCADE suggests a linear asymptotic, which was also
used in the SV19 series of fits [9, 10, 37], and supported
by theoretical estimations [14, 38]

Conclusions. We have presented the method of di-
rect extraction of the CS kernel from the data, using the
proper combination of cross-sections with different kine-
matics. For explicitness, we considered the case of the
Drell-Yan process, but the method can be easily gener-
alized to other processes such as SIDIS, semi-inclusive
annihilation, Z/W-boson production, and their polarized
versions.
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FIG. 3. Comparison of the CS kernels obtained in different

approaches. CASCADE curve is obtained in this work. The

curves SV19, MAP22, Pavia19 and Pavia17 are obtained from

the fits of Drell-Yan and SIDIS data in refs. [39], [10], [11],

and [7], correspondingly. Dots represent the computations of

CS kernel on the lattice, with SVZES, ETMC/PKU, SVZ,

LPC20 and LPC22 corresponding to refs.[16], [40], [17], [41],

and [42].

The method is tested using the pseudo-data gener-
ated by the CASCADE event generator, and the corre-
sponding CS kernel is extracted. Amazingly, all expected
properties of the CS kernel (such as universality) are ob-
served in the CASCADE generator. This non-trivially
supports both the TMD factorization and the PB ap-
proaches and solves an old-stated problem of comparison
between non-perturbative distributions extracted within
these approaches [43, 44].

The procedure can be applied to the real experimental
data without modifications. In this case, the uncertain-
ties of extraction will be dominated by the statistical un-
certainties of measurements since many systematic uncer-
tainties cancel in the ratio. Thus the method is feasible
for modern and future experiments, such JLab [45, 46],
LHC [47], and EIC [48, 49]. They can be applied to al-
ready collected data after a rebinning. Importantly, the
procedure is model-independent and provides access to
the CS kernel based on the first principles.

Acknowledgments. We thank Hannes Jung and
Francesco Hautmann for discussions, and also Qi-An
Zhang and Alessandro Bacchetta for providing us with
their extractions. A.V. is funded by the Atracción de Tal-
ento Investigador program of the Comunidad de Madrid
(Spain) No. 2020-T1/TIC-20204. This work was par-
tially supported by DFG FOR 2926 “Next Generation
pQCD for Hadron Structure: Preparing for the EIC”,
project number 430824754
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Pavia 17: A. Bacchetta et al., JHEP 06 (2017) 081 
CASCADE: Martinez and Vladimirov, 2206.01105
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Figure 2.16: Semi Inclusive Deep Inelastic Scattering process (SIDIS) in ✏⇤
? center of mass frame. The

plot is from Ref. [214], adapted to the notation used here.

and similarly for the form in Eq. (2.180b).
Finally, we remark that Higgs production at the LHC is dominated by perturbative⇤QCD ⌧

@) ⌧ <� , in which case one can relate the gluon TMD PDFs to collinear PDFs as discussed in
Sec. 2.8, supplemented by resummation of large logarithms as outlined in Chapter 4.
2.11.3 Polarized SIDIS cross section

We now consider Semi-Inclusive Deep-Inelastic Scattering (SIDIS),

✓ (;) + ?(%) ! ✓ (;0) + ⌘(%⌘) + - , (2.185)

where the incoming lepton (an electron, positron or muon) with momentum ; scatters off a
proton with momentum %, both of which can be polarized. One measures both the outgoing
lepton with momentum ;

0 and a hadron of type ⌘ (such as a pion or kaon) and momentum %⌘ ,
but is inclusive over any additional hadronic radiation -.

As in the case of polarized Drell-Yan discussed in Sec. 2.11.1, we are interested in mea-
suring angular correlations in order to extract correlations between the polarization of the
struck quark and the spin of the proton. This requires defining a reference frame in which to
specify angular measurements, which is commonly chosen according to the Trento conven-
tions [19]. In this frame, the spacelike momentum @ defines the I axis, which together with
the lepton momenta defines the (G , I)-plane, with respect to which all angles are defined. This
is illustrated in Fig. 2.16.

We are interested in measuring the momentum component %⌘) and azimuthal angle )⌘ of
the detected hadron in this frame. In addition, there is an azimuthal angle #; characterizing
the overall orientation of the lepton scattering plane around the incoming lepton direction. The
angle is calculated with respect to an arbitrary reference axis, which in the case of transversely
polarized targets is chosen to be the direction of the polarization vector () . In the DIS limit
#; ⇡ )(, where the latter is the azimuthal angle of the spin-vector of the struck hadron. These
observables are also illustrated in Fig. 2.16.

In the limit that & ⌧ <, ,/, the SIDIS process can be described in the single-photon
exchange approximation, and is characterized by 18 independent structure functions [125]. At
leading order in a 1/& expansion, only a subset of 8 structure functions contributes, and the

Kang, Prokudin, Sun and Yuan, PRD 
93, 014009 (2016)
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Collins-Soper 
kernel (NP part)

intrinsic TMD

Y. Zhao (Friday)

• Leading-power TMDs fully calculable in Lattice 

QCD.  

• CS kernel determination requires more work on 

the systematics.   

• Exploratory results with various methods show 

encouraging agreement.

pQCD Lattice QCD

Transverse Momentum Dependent PDFs & FFs
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• Joint analysis of DVCS, TCS, DVMP, DDVCS, diffractive processes, ...) using NNs:

Generalised Parton Distributions

H. Dutrieux 
(Wednesday)

🥰

• A promising but demanding future for experimental extraction of GPDs from 

experiment. 

A promising but demanding future for experimental extraction of
GPDs from experiment

• Joint analysis of many di↵erent experimental channels (DVCS, TCS, DVMP, DDVCS,

di↵ractive processes, ...) with the largest possible range in Q2
and flexible models in

integrated analysis tools

• Continued implementation of theoretical constraints (polynomiality of Mellin moments,

positivity bounds in their full complexity, evolution at higher orders, ...)

Example of a work on the modelling of a GPD with neural networks reproducing correct PDF and

LO CFF, and respecting polynomiality and simplified positivity constraint.

1 / 1

positivity 
exclusion 

region
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• High precision DVCS in Hall A.

M. Boër (Thursday)

🥰

• Future multi-channel GPD sensitive 

measurements in Hall A & C: 

- Hall A: SoLID experiment. Large 

acceptance, high intensity, high 

resolution spectrometer.  

- Hall C Neutral Particle Spectrometer + 

high intensity photon beam: DVCS, TCS, 

DVMP. 

- positron beam?
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nary part of the E CFF. Similarly, the chiral quark soliton
model [32, 33] produces a contribution to eE that while
smaller in magnitude to the pion-pole, is additive with
opposite sign. This may explain the significant di↵er-
ence between our values of Re[eE ] and the KM15 model.
GPDs can be described as momentum decompositions of
the corresponding form factors. This is explicit in the
first moment sum rules, which relate e.g. GPDs E and
Ẽ (summed over quark flavor f) to the axial and pseudo-
scalar form factors GA and GP of the proton:

X

f

Z 1

�1

(
Ef (x, ⇠, t)
eEf (x, ⇠, t)

)
dx =

(
GA(�t)

GP (�t)

)
(1)

These form factors, particularly GP are much less well
known experimentally than the usual electromagnetic
form factors GE,M . The present measurements of the

CFFs E and eE therefore provide constraints on the quark
momentum distribution support of the corresponding
form factors within this xB range.

The present measurements will be complemented in
this same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements there-
fore demonstrate that the full extraction of experimental
Compton form factors is within reach.
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nary part of the E CFF. Similarly, the chiral quark soliton
model [32, 33] produces a contribution to eE that while
smaller in magnitude to the pion-pole, is additive with
opposite sign. This may explain the significant di↵er-
ence between our values of Re[eE ] and the KM15 model.
GPDs can be described as momentum decompositions of
the corresponding form factors. This is explicit in the
first moment sum rules, which relate e.g. GPDs E and
Ẽ (summed over quark flavor f) to the axial and pseudo-
scalar form factors GA and GP of the proton:
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Z 1

�1

(
Ef (x, ⇠, t)
eEf (x, ⇠, t)

)
dx =

(
GA(�t)

GP (�t)

)
(1)

These form factors, particularly GP are much less well
known experimentally than the usual electromagnetic
form factors GE,M . The present measurements of the

CFFs E and eE therefore provide constraints on the quark
momentum distribution support of the corresponding
form factors within this xB range.

The present measurements will be complemented in
this same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements there-
fore demonstrate that the full extraction of experimental
Compton form factors is within reach.
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nary part of the E CFF. Similarly, the chiral quark soliton
model [32, 33] produces a contribution to eE that while
smaller in magnitude to the pion-pole, is additive with
opposite sign. This may explain the significant di↵er-
ence between our values of Re[eE ] and the KM15 model.
GPDs can be described as momentum decompositions of
the corresponding form factors. This is explicit in the
first moment sum rules, which relate e.g. GPDs E and
Ẽ (summed over quark flavor f) to the axial and pseudo-
scalar form factors GA and GP of the proton:

X

f

Z 1

�1

(
Ef (x, ⇠, t)
eEf (x, ⇠, t)

)
dx =

(
GA(�t)

GP (�t)

)
(1)

These form factors, particularly GP are much less well
known experimentally than the usual electromagnetic
form factors GE,M . The present measurements of the

CFFs E and eE therefore provide constraints on the quark
momentum distribution support of the corresponding
form factors within this xB range.

The present measurements will be complemented in
this same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements there-
fore demonstrate that the full extraction of experimental
Compton form factors is within reach.
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The sensitivity to the CFFs E and Ẽ illustrated in Fig. 4
arises from the Q2-dependent kinematic factors weighting
these terms relative to the contributions of H and H̃. The
KM15 model [29] includes only the D term (support
limited to jxj < ξ) in the E GPD, and therefore vanishes
at x ¼ ξ, resulting in Im½E# ¼ 0. For Ẽ, this model includes
only the pion pole, via the γ$γ → π0 amplitude, and thus the
amplitude in this channel is also purely real. In contrast, the
model of [33] for E includes a valence quark contribution
with support outside the jxj < ξ bound and therefore
produces a nonzero imaginary part of the E CFF.
Similarly, the chiral quark soliton model [33,34] produces
a contribution to Ẽ that while smaller in magnitude to the
pion pole, is additive with opposite sign. This may explain
the significant difference between our values of Re½Ẽ# and
the KM15 model. GPDs can be described as momentum
decompositions of the corresponding form factors. This is
explicit in the first moment sum rules, which relate, e.g.,

GPDs E and Ẽ (summed over quark flavor f) to the axial
and pseudoscalar form factors GA and GP of the proton:
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These form factors, particularly GP, are much less well
known experimentally than the usual electromagnetic form
factors GE;M. The present measurements of the CFFs E and
Ẽ therefore provide constraints on the quark momentum
distribution support of the corresponding form factors
within this xB range.
The present measurements will be complemented in this

same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements therefore
demonstrate that the full extraction of experimental
Compton form factors is within reach.
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FIG. 5. Values of the helicity-conserving CFFs as a function of
t at xB ¼ 0.60 obtained from a fit including only the helicity-
conserving CFFs (red) and a fit including both helicity-conserv-
ing and helicity-flip CFFs (black). Red points are slightly offset
for clarity. Bars around the points indicate statistical uncertainty
and boxes show the total systematic uncertainty. The solid lines
show the KM15 model [29].
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The sensitivity to the CFFs E and Ẽ illustrated in Fig. 4
arises from the Q2-dependent kinematic factors weighting
these terms relative to the contributions of H and H̃. The
KM15 model [29] includes only the D term (support
limited to jxj < ξ) in the E GPD, and therefore vanishes
at x ¼ ξ, resulting in Im½E# ¼ 0. For Ẽ, this model includes
only the pion pole, via the γ$γ → π0 amplitude, and thus the
amplitude in this channel is also purely real. In contrast, the
model of [33] for E includes a valence quark contribution
with support outside the jxj < ξ bound and therefore
produces a nonzero imaginary part of the E CFF.
Similarly, the chiral quark soliton model [33,34] produces
a contribution to Ẽ that while smaller in magnitude to the
pion pole, is additive with opposite sign. This may explain
the significant difference between our values of Re½Ẽ# and
the KM15 model. GPDs can be described as momentum
decompositions of the corresponding form factors. This is
explicit in the first moment sum rules, which relate, e.g.,

GPDs E and Ẽ (summed over quark flavor f) to the axial
and pseudoscalar form factors GA and GP of the proton:
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These form factors, particularly GP, are much less well
known experimentally than the usual electromagnetic form
factors GE;M. The present measurements of the CFFs E and
Ẽ therefore provide constraints on the quark momentum
distribution support of the corresponding form factors
within this xB range.
The present measurements will be complemented in this

same general kinematic range in the near future by
measurements in JLab Halls B and C, and longitudinally
polarized proton measurements and neutron DVCS mea-
surements in JLab Hall B. These measurements therefore
demonstrate that the full extraction of experimental
Compton form factors is within reach.
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ing and helicity-flip CFFs (black). Red points are slightly offset
for clarity. Bars around the points indicate statistical uncertainty
and boxes show the total systematic uncertainty. The solid lines
show the KM15 model [29].
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• Time-like Compton Scattering (TCS): time 

reversal process of DVCS. 

• This asymmetry is sensitive to the Im(CFF) 

and tests the universality of GPDs. 
T. Hayward 

(Wednesday)

🥰

• Normal strategy to measure the interference term.
• With multiple measurements at different energies, we 

can perform a Rosenbluth separation to access things 
like the shear and pressure of the nucleon through the 
CFFs.

DVCS and TCS

9

(Timelike) Compton Scattering is the time 
reversal process of DVCS and allows us to 
test the university of GPDs.

P. Chatagnon et al., Phys. Rev. Lett., 127, 262501, (2021), [hep:ex] 2108.11746

First ever TCS measurement
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• With multiple measurements at different energies, we 

can perform a Rosenbluth separation to access things 
like the shear and pressure of the nucleon through the 
CFFs.
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• Enormous progress in the Quasi 
GPD approach.  

• Non-symmetric frames: more 
computationally-efficient.  

• Frame independent achieved with 
Lorentz-invariant definition. 

• Smaller kinematic contaminations 
and better signal quality. 

• The new proposal is promising to 
obtain the GPDs for a wide range 
of t and skewness.

K. Cichy (Wednesday)

🥰
Quasi- and matched H and E GPDs

Krzysztof Cichy x-dependent GPDs from LQCD – CIPANP 2022 – 22 / 29

Quasi-GPDs

H-GPD E-GPD H-GPD E-GPD

Matched GPDs

STANDARD DEFINITION

IMPROVED DEFINITION

Main conclusions:

– GPDs can be computed in non-symmetric frames, reducing the computational cost

– GPDs can be made frame-independent by using a Lorentz-invariant definition
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• The EIC will provide reach to low-x 

(GPDs practically unconstrained). 

• Statistically demanding exclusive 

processes will be measured.  

• Hermetic detector needed for 

GPD extraction.

D. Sokhan (Tuesday)

🥰Generalised Parton Distributions
Coherent DVCS at the EIC

Multi-dimensional binning: strong 
constraints on extraction of Compton 
Form Factors.

16

• Practically hermetic coverage for 
photons, wide range of t.

Plots: I. Korover (MIT)

 Study also done for coherent DVCS on 
He-4: spin-0 nucleus, parametrisation of 
coherent amplitude in terms of only one 
GPD.   

 Acceptance of He’ ions in forward direction crucial.

• DVCS on the proton:

DVCS @ EIC
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I. Korover (MIT) 



and special thanks to all speakers that 
contributed with material for our summary! 

🥰

Thank you for 
your attention!


