Summary of WG5: Spin and 3D Structure

45 talks in total : 20 experimental and 25 theoretical

Conveners: Julie Roche, Ohio University
Qinghua Xu, Shandong University
Savvas Zafeiropoulos, CPT, Marseille

Disclaimer:
- Lots of interesting results, will focus on new results
- Apologies if missed some topics or not accurate in reporting your results



Longitudinal spin results



Negative AG is clearly not favored by direct photon, di-jet A,

Double Helicity Asymmetry at RHIC and sign of AG

and inclusive jets tagged with n*

A. Bazilevsky @PHENIX

Direct photon A, in pp collision

PRL130, 251901 (2023)
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n*tagged jet A in pp collision
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Strange quark helicity: As

» First measurement of A | for jets
containing A, A, K, in pp, sensitive
to strange quark polarization
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Longitudinal spin transfer D;; of A and A within
jets, related to polarized fragmentation functions
and strange quark helicity distribution

STAR, PRD 109, 12004 (2024)
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Parton helicity distribution at high x at JLab

A1n@High-x: Preliminary Results (A3He)

Asymmetry A13He T = A mAy
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[ ]

3He
X8

0.010

0.005

-0.005

J. Chen @ JLab

12 GeV d,": Color Polarizability/

Lorentz Force

1 GeV? to 3.3 GeV
GeV 0 6.6 GeV
: V2 (x%gy™ DSSV-14)
] === Q% 5.5 GeV? (x?g3™ DSSV-14)
= E': 5.80 GeV (E06-014)
== FE’: 4.7 GeV (E06-014)
== Q% 3.3 GeV? (E01-012 Resonance)
v
<5 | T
—«”” E g % 1 { i }
R X S S L 2 7- -Ad= - R, B - -
\ i- e
a
1 1 1 1 I 1 L L 1 I 1 1 1 1 I 1 L L= I 1 1 1 1 I IIIIIIII I 1 1 1 1 I 1 1 1 1 l 1 1 1 1
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
X

Preliminary Results on g2n



arbitrary units

Dihadron Production ep—e7t*7t?(X) @cLasiz
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SIDIS: target longitudinal spin dependent asymmetri
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Transverse spin results



« Preliminary results of IFF asymmetry for
charged pion pair in pp 200 & 500 GeV
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Probing transversity with IFF and Collins asymmetry at STAR

New precision results of Collins asymmetry in pp at
500 GeV from STAR run17 data

Excellent agreement with 200 GeV data versus jet
xt = 2pr/+/s scale, almost no energy dependence.
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Probing transversity with IFF and Collins asymmetry at STAR

Preliminary results of IFF asymmetry for
charged pion pair in pp 200 & 500 GeV
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New precision results of Collins asymmetry in pp at
500 GeV from STAR run17 data

Excellent agreement with 200 GeV data versus jet
xt = 2pr/+/s scale, almost no energy dependence.
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Inclusive and Single diffractive EM-jet Ay at STAR [ J

e Conclusion: The single diffractive process can not provide evidence to have
significant contribution to large Ay in inclusive process
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Transverse spin asymmetries in pp/pA at PHENIX

D. Loomis

A. Bazilevsky

A,: Forward ht and n

Ay of forward hadron in pp/pAl/pAu
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Transverse spin asymmetries in Drell-Yan at COMPASS

COMPASS F Drell-Yan data
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« COMPASS DY data favors
the sign-change hypothesis
for the Sivers TMD PDF!

* New preliminary results on
transverse momentum
weighted DY TSA, to
overcome the convolution
over intrinsic kT
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Transverse spin asymmetries in SIDIS at COMPASS

. . A
« New and very precise Collins and Sivers results
from COMPASS 2022 deuteron data

* Providing significant constraints on transversity

* New dihadon spin asymmetries
results, alternative way to access
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Unpolarized/spin independent



Unpolarized SIDIS asymmetries at COMPASS

« New SIDIS azimuthal asymmetries

V. Benesov
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Dependence of Charged Pion Production on Transverse Momentum from Semi-Inclusive

Deep Inelastic Electron Scattering from 1H and ?H
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Transverse A and A polarization measurement
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Hadron in jet production & A polarization at LHCb

0F-

A? polarization at LHCb

LHCb-PAPER-2024-009
in preparation

Polarization in bins of pr,n,y, and xg
* 300 < pr < 3000 MeV/c
e 2<n<5

P(A) =0.029 £+ 0.019 £+ 0. 012
P(A) =0.003 + 0.023 + 0.014

TMD jet fragmentation functions for identified hadrons: =%, K%, p

PRD 108, L031103 (2023)

* LHCb unpolarized pp v/s = 13 TeV
* Transverse polarization in lab frame (%):
P,(A}) =60.32+0.68 + 0.98 + 0.21

* Longitudinal polarization in lab frame (%):

P,(A}) =—-24.7+0.6+0.3+1.1

Zl’s jet jet jet 1
S10°F . 20<p <30GeV - 30 <pl <50GeV *cO-"’to,_.. 50<py <lOOGev.!
— '+-' 3 '."'#.'- * *.._ o *~ E
N [ _"’ .- 5 S te- 4 29
- : - ‘~ "%
o T ,,a-ﬁ%ﬂ: g % 1
3, T ¥e, %, ]
L + ATy, e . o % @
1 K :g/, .‘ ’_ ’¢.._ *’& ﬁ‘
] ) "‘:"e,‘{ Data 2.7 ¥ pyhias % 4 |
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« Charged hadron formation in jet dominated by ¥
* Heavier hadrons require larger momentum fraction, z, for formation

e

= Pjet * Ph

ijet|2
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A SPIN-SPIN CORRELATIONS

" Py, a, are consistent with zero within uncertainties

= Hint of polarization signal for A°A° pairs at 20
statistical significance

= Data suggest no significant spin-spin correlation of
initial state s (anti-)quark pair

= This measurement provides upper limit on A’ hyperon
spin-spin correlations in p+p collisions at /s = 200 GeV

= First experimental search for A° hyperon spin-spin
correlations - We encourage theory colleagues to
calculate this from different physics frameworks

Jan Vanek, DIS 2024

|

STAR preliminary

Minimum bias

IUNm ly| <1

2012 p+p Vs =200 GeV

05< P, < 5.0 GeV/c
05< Pp,,< 5.0 GeV/c

N

—

-

-0.3 -0.2 -0.1

P

0
A,

0.1 0.2 0.3

9. 4.2024 @
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GPD study



DVCS on polarized nucleons with CLAS12

» Deeply Virtual Compton Scattering measurements on longitudinally

polarized protons and neutrons are used to access Generalized

Parton Distributions and will allow for their flavor decomposition.

CEBAF, JLab
« highly polarized
* 10.5 GeV

« high luminosity.

Forward detector

scattered electron

beam electron emitted photon

virtual photon

struck quark

2 f
T !
beamor / P L recoiling
0 n

Central detector

target <~ Pn

nucleon

nucleon

» The first CLAS12 polarized target experiment took place last year!
« It relies on the great performance of the target system.

Magnetic Field
(Fine Control)

Magnetic Field
(5T)

 As data is being processed, first results with protons in H indicate a

healthy state of the data and analysis tools.
o 3().5
<
RAW clog
Uncalibrated
5% of the dataset
| + ~4 4
0 [ Sk
g B
% olz ofa ols 08 A 4 81 unpSin(®)
Xg Sl e e e e e

« More exciting results are coming as

S1.ump X O [Fm +E(F1+ F2)H - gﬁ;m]

|

data will soon be available for p 0%

|
200

|
100 300 4
andninD!
s . 205
pDVCS In ND3 | < cloéa
40 pDVCS in C
20 A \
4 +
% . ; ™ \
2 0.1 0 m(r)T%Ng [ GeVQ]Z 0 o
40 nDVCS in ND3 -
30 nDVCS in C AuL(4) = HFR,,'“LLT,"’"(T”)‘m(ﬁHm
20 0p % S [RFL+ €(Fy + F)(H + 36) ~ €C2F + gl )]
10 _ | 1
] | : %% 100 200 300 4
0.4 -0.2 0 m?'hngg [GeVQ]4
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Exclusive nm° cross-section on unpolarized proton target at COMPASS

t|-dependence and ¢-dependence of exclusive 7

unpolarised proton target:
mw New, preliminary 2016 COMPASS results at low & (or (zp) = 0.134),
input for constraining phenomenological models (Goloskokov&Kroll,

Goldstein&Liuti)

do/dlrl [nb (GeV/e)?)

d*o/dirldg [nb (GeV/c)?]

e 2016 data 'p — %'
COMPASS preliminar Y v e [6.4, 40) GeV
0" € [1,8) GeV/2

...........

o 2016 data ¥'p - %'
AAAAAAAA preliminary v e [6.4, 40) GeV

@ « [1,8) GeV/?

[l & [0.08, 0.64] GeV¥/ 2

AAAAAAAAAAAAAA

¢ (rad)

0 cross-section on

= Statistics of 2016 about 2.3
larger than of published results
from 2012 pilot run

= The whole collected 2016/2017
statistics ~9 x larger then 2012
— planned to process all
available data and head towards
publication of 2016 and then
combined 2016/2017 results
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Lattice QCD

Rapid developments in the last decade

Progress towards 3d distributions (from quasi and pseudo
distributions)

Novel approach employing the Gradient Flow allowing for
moment calculations without the traditional limitations

Moving gradually towards precision calculation



Lattice regularization has prevented the direct calculation of high
moments of parton distribution functions (PDFs) for more than 40 years

e Hadronic matrix element of flowed operators

5%

Multiplicative renormalization
Vanishing external spatial momenta

e Perform continuum limit and matching

9
Dt p) =1+ ?4(32 Cr [nlog (87p°t) + Bn] + O(7")
/I8

NLL, NLL
Ch1lcn

0.98]




Lattice QCD (loffe time distributions) S. Zafeiropoulos for the Hadstruc
Collaboration

LQCD can access GPDs without being hampered by the deconvolution problem

» Kinematic coverage of our simulations, elastic form factors and gravitational
form factors

—-0.2 4

~0.6 4

< L ]
:l —-0.8 l

LK XN J @ Qwm otd
@D
—
—

. . ! 0154 .
L4 L4 . " e 0.10 N
121 ° @ < ‘.\‘. n 2 8 1 ‘ 4 l 4

T T T T T T T
-1.00 =0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
13
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Swagato Mukherjee on the calculations of the Collins-

Sopper Kernel

Summary: nonperturbative CS kernel

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

I

——N3LL HSO24 W ART23 B GI
Z Z\ASWZ24 W [FY23 W MAP22 € CG

0.2 0.4 0.6 0.8
b, [fm]
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Phenomenology
(And not only that...)

Great progress also in all fronts from the pheno side (GPDs,
TMDs, new processes, global fits,...)

Extensive use of Al and NN seems to have contributed
substantially to this progress



Jianwel Qiu on new physical processes for extracting generalized parton distributions with a better sensitivity to partonic

str
‘Enhanced x-sensitivity from new exclusive processes J. Qiu & Z. Yu @ WG5
GPD models = GK model + shadow GPDs - / dzS(r.§) _  But, can be clearly distinguished by
Can’t be distinguished by DVCS, DVMP, ... x—EEie New observables at JLab, ...
H (. £=02.1= —0.2 GeV2. 4 = 2 GeV) ] 140 ; - |
10} ] | (a) do | dt d€ dcosé [pb/GeV~] py—-nxy (b Ayt 10.2
: Fon Pl ] _\\ B o ‘__0
st : ool . Ey=9GeV 2 5
¥ . 1=-02GeV5, =02 - 1-0.2
Or . —_— 7 ) —— 70y ]
: . (Ho,ffo) (H3,17~[0) 104
—_5 _(Hb{IO)--- (HO:{II) '5—0.6
—10f — (Hy,Ho) "' (Ho, H2) |
1}
st
o
o
__10- o NS - | 1
e —— 55 53 0 05 -025 0 025 05 -05 -025 0 025 05

x cosd cosd o
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Anomalous dimensions for hard exclusive processes

e GPDs are important objects for the description of 3D hadronic Sam Van Thurenhout
structure. They are accessible in hard exclusive processes and
correspond to hadronic matrix elements of QCD operators.
@ For phenomenological studies, one also needs to know the scale
dependence of the GPDs. This is characterized by the anomalous
dimensions of the QCD operators. Because of mixing with
total-derivative operators for exclusive processes, one actually has an

anomalous dimension matrix (ADM).

@ One way to reconstruct the elements of this matrix is by the use of a
consistency relation

e (5ot B £ ()

v’ The reconstruction of the elements of the ADM using this relation
can be automated using computer algebra methods. This makes it, in
principle, straightforward to apply also at higher orders in perturbation
theory.
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Exclusive photoproduction of a photon-meson pair with large invariant mass

7(q) + N(p1) = (k) + M(pm) +N'(p2)

-

\4

-S. Wallon

v

I\/I%M o p4 : hard scale

1 1
/ dx/ dz Ty(x,€,z) GPD(x,&,t) DA(z)
~1 0

YN = yMN': M = 7=, ,0(2’#
R. Boussarie, B. Pire, L. Szymanowski, S. Wallon: [1609.03830]
G. Duplanéi¢, K. Passek-KumeriZki, B. Pire, L. Szymanowski, S. Wallon: [1809.08104]

G. Duplanéi¢, S. Nabeebaccus, K. Passek-Kumeri¢ki, B. Pire, L. Szymanowski, S. Wallon:
[2212.00655, 2302.12026]

Sensitive to chiral-odd GPDs at the /eading twist when M = pr.

Various observables computed (cross sections/polarisation asymmetries),
covering kinematics at JLab, COMPASS, EIC, LHC in UPCs

Good statistics at various experiments, particularly at JLab.

Small £ limit of quark GPDs can be studied at collider experiments.
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Breakdown of collinear factorisation in exclusive photoproduction of a 7%~ pair
with large invariant mass _Saad Nabeebaccus

> M= 7% (JFC = 0~1) sensitive to gluon GPDs also. Calculation at LO and
leading twist already divergent!!.

» Origin of divergence traced to Glauber pinch (present in gluon exchange
channel only): S. Nabeebaccus, J. Schénleber, L. Szymanowski, S. Wallon

[2311.09146].

» Glauber pinch has same power scaling as the collinear pinch:
— breaks collinear factorisation at /eading twist.

» Such factorisation breaking effects are absent in the quark GPD channel



DDVCS experimental observables by Juan Sebastian Alvarado

J The &' dependence of the DDVCS observables allow us to access more
information about GPDs.

0 A x sin(@)S( (FH — kFE) + €(FL + F)H)

ep — epl~ It e
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o

2 Au xsin(@)3 (FH +€(F + F) (H+ 1) — & (15 A+ kF2) €)
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Double DVCS (DDVCS)
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e zq: q{p./_l o )L =8 5,} o) R mgozmm 221 GeV? E///I LLUN M(U_U I\\
: qie! q ! 0.2—~—KM15 il & O—II/TII\ Il l[ /lll\\]l\
— i [HE &, 0) — HI(—¢", €, 9] } p g g Yoy o s g r/ll ll \H H/ H lJ\\
0 50 100 150 200 250 300 350 =] N l\\\l\u ] [ [ U’L/ﬂ m [
= GPD measurement at s \ Iyt 7
independent x = & and & ok ¢ N : \ /
values. A ro SN — ) cos(D)——=S(BH + BE) -
2 [G)c\e/ncegalizgs_l’gf&%reSsuIti/from i Sl +5 8 Sl ; ): \ Y
an . See Victor's - g
talk on Wedntsday! v" Good opportunity to measure GPD E. ;| 5k19 \\ // A
K.Deia. V. Martinez-Fernandez et al. B LT
IDhys. Rev. D 107.9 (2023), p. 094035 o TOAPRMIE | SRR i
0 50 100 150 200 250 300 350
J At JLab kinematics: J At EIC kinematics:
= Measurements of Ay, ArL and AﬁU are sensitive to models. = Ay and AEU are sensitive to models.
= The measurements can be achieved within 100 days = The measurements can be achieved within

of beam time. 1 effective year of beam time.
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Al application for Deeply Virtual Exclusive Scattering

Al for Nuclear PhVSlCS the EXCLAIM prOJect

TbDougIas Adams

; . Gary. qudstepﬁa;:

gﬁ;GIaWe

SEREE 4«,,&“’ ;
s qﬁuey_We -.;::‘ 5 Gl
- b Lo 3 ,‘ ’,”‘i‘_?«,“ “ .

» Extracting 3D information from data is an

unprecedented challenging problem which is
uniquely highly-dimensional with respect to
what done in DIS

» It is important to keep developing ML-based
approaches and to build a platform with
benchmarks for the communty 4P
results with both epistemic and aleatory

uncertainties

» Developing a new paradigm shift towards
Physics Aware Al




<sin 2¢>

Probing quark Orbital Angular Momentum in ep collisions
Shohini Bhattacharya’s talk, Tuesday 12 noon
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Exclusive 70 production in ep collisions
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Angular momentum distributions inside a quark dressed with a gluon
A. Mukherjee

0.06 ———-——y—r——r——r—r— — — 0.06 ——————— ~

0.0} e oy e Belinfante vs kinetic
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oorff _ I 7 S— L R : state with a gluonic degree of

B i : e freedom
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FIG. 1. Longitudinal angular momentum distribution of quarks as a function of impact parameter b . Left: Sum of the kinetic orbital
AM b (L*) (dot-dashed line) and spin AM &, (S¢) (dashed line) given by kinetic total AM b, (J) (solid line). Right: Kinetic total AM
b (J?) (solid line) is given by the sum of Belinfante total AM b, (J;,) (dot-dashed line) and the correction term corresponding
to the total divergence b, (M?) (dashed line). Here, m = 0.3 GeV, g=1, C; =1, and A = 1.7 GeV. We chose the Gaussian
width 6 = 0.1 GeV.

Spin distribution dominates over OAM distribution, similar to other calculations for proton

Superpotential term is positive throughout, in contrast to some other model calculations, where it
has a positive core but negative near the periphery

R. Singh, S. Saha, AM, N. Mathur PRD 109, 016022 (2024)



Polarized PDFs at NNLO
A. Chiefa MAPPDF pol1.0

NNPDF pol2.0

Centre of Excellence
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MAPTMD24 extraction - TMD PDFs

MAPTMDZ24 will be the first flavour dependent extraction of unpolarized
quarks TMDs in the proton from a global fit

1.4
Q=2 GeV u Q=2GeV mm
1.2 X = 0.1 d X = 0.01 d
d d
1.0 u u
S S
(ST
Sl X
E“:O'G
0.4 \ |
~\ ‘ = - =

0.0
0.00 025 050 075 1.00 1.25 150 1.75 2.00 0.00 025 050 0.5 1.00 1.25 150 1.75 2.00 0.00 025 050 0.75 1.00 1.25 150 1.75 2.00
|k1| [GeV] k1| [GeV] |k | [GeV]

j Very different k- behaviours! bj It changes also by varying x




Precision three-dimensional imaging of nuclei using

recoil-free jets
Shen Fang, Wei-Yao Ke, Ding-Yu Shao, John Terry 2311.02150

Dingyu Shao

| EIC

600+ VS = 90GeV

do /dog[pb]

9 <l <11 GeV

01<y<09

- e-Au

e-p

e-Au(J,)
e-Au(any =0, J,)
an uncert.

pc uncert.

nPDFs uncert.

0.05 0.10 0.15 0.20
0¢

0.25 0.30

e TMD factorization and resummation
of lepton-jet correlation in both e-p
and e-A collisions has been studied.

e In e-p collision, resummation

accuracy has been improved to
NNNLL + O(as2) using a recoil-free jet
axis.

* |In e-A collision, this process can

serve as a robust probe of the three-
dimensional structure for bound
nucleons.
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Hidden soft effects from TMD extractions

Standard TMD
(e.g. SIDIS, DY, DIA)

Standard TMD definition
independent of P-term

‘S X1
5 |
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\ \ gx 'S,tn (—oc) /

Look for a non-standard case,
where to access directly D*

Single-Inclusive Annihilation (SIA)
with thrust ete™ = h X

S d 1b
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SOFT FACTOR

A. Simonelli
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However, the P-term
h disappearsin standard TMD

=P

cross sections (D™ x e~ 2'")

TMD extraction from beyond
standard process

CS-kernel

TMD extraction from
standard process
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Matching between TMD and twist-3 factorizations
in the transversely polarized hyperon production

Shinsuke Yoshida

- The twist-3 cross section for the SSA in AT production was completed very recent
at the lowest order

- We calculated the one-loop corrections to the TMD operator and found
the relation with the collinear twist-3 functions

- Using this relation, we confirmed that the TMD and the collinear twist-3
give the consistent results in Agep < Pr <€ Q

-Y. Deng

- The consistency will play a role in future phenomenological studies as
that in the pion production has done . ) ., , ) ,
The Sivers function extracted from pion’s and kaon’s data can be well matched with p”’s data.

This result serves as a test of the universality of Sivers function.
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Polarization Correlation in unpolarized pp collisions

1072
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| Equipped with longitudinal polarization
| correlation of dihadron, we can explore

polarized fragmentation function (GiL) 1n

ion of circularly polarized gluons i
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