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THE WIGNER DISTRIBUTION

One object, two branches: TMDs and GPDs

Correlates x with transverse position b; and
Transverse monctTiEE transverse momentum k.

Wigner distributions

p(xa kTa bT) kT

intuitive relation to . .

experimental observables  Trafisverse The most complete picture — but not directly
position

.° measurable.

Longitudinal momentum partons

+ _ .pt
ken="n2] Ne

x: longitudinal
momentum
fraction carried by

Integrate over b; - TMDs: correlate transverse
and longitudinal momentum. From SIDIS.

struck parton
Integrate over k; - GPDs: correlate transverse
position with longitudinal momentum. From

A. Bacchetta eXCIuSive reactions.

X. Ji, PRL 91, 062001 (2003); A. V. Belitsky, X. Ji, F. Yuan, PRD
69, 074014 (2004) This talk follows the GPD branch.
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THE EIGHT GPDs

Four chiral-even, four chiral-odd

N/q| U|L| T
U | H Er
L H| Er
T | E| E | Hr, Hy

Rows: nucleon polarization. Columns: quark

polarization.
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Eight GPDs at leading twist

A~ —

Chiral-even GPDs H FE H FE

Chiral-odd GPDs  H, E, Hp Er

Forward limits

H— q(x) H— Aq(x) Hrp—dq(x)

Er=2H7+ Er — Kk
transverse anomalous magnetic moment

Ji’s sum rule Jq:%ﬁa::c[HQ—I—Eq]



THE GPD FRAMEWORK

How to study GPDs: hard exclusive reactions

Deeply Virtual Compton
Scattering (DVCS)
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Deeply Virtual Meson
Production (DVMP)

Transv. dist. < Ry
>

0
L, T>-v-» hard M
T DA

N wpue( GPD jubum N’

HHEE H,HA,E,E

~—

DVCS — gives the four chiral-even
GPDs. The cleanest way to access
GPDs: a real photon, no distribution
amplitude.

DVMP — gives all eight, including the
four chiral-odd. The price: the meson
distribution amplitude, and weaker
factorization for transverse
amplitudes.



DVCS

Observables of the DVCS process

How can we measure the CFFs in the DVCS process?

~oC
1. Cross-section O_epy(x’ QAL ¢) X Re{H.} CIQS’

X3 =0,15 Q% =1,39/GeV? a X =0,15 Q* =1,39/GeV?
-t = 0,26/GeV?

', -t =0,20/GeV2
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T
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2. Beam-Spin Asymmetry

-t=0,18/GeV?

-t =0,14/GeV?

DVCS-BH BSA
o o
- ~
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V.D. Burkert, L. Elouadrhiri, F X. Girod, Nature 557, 396 (2018)



WHY MESON PRODUCTION

Flavour and spin sensitivity beyond DVCS

Two capabilities meson production adds
Meson Flavor
N Flavour filtering. Different mesons weight
Q Au— Ad different quark flavours.
0
HTbT T 2Au + Ad Spin selectivity. Transverse amplitudes reach
. 2Au — Ad + 2As the chiral-odd GPDs.
4 y_ d & meson provides an access to the gluon
P GPDs.
?‘i,g pn 2u —|— d
W 2u — d
@ g
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DVMP (=0) Differential Cross Section
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CLAS AND CLAS12 PION RESULTS

The polarized structure-function ratio for t° and n*

E=10-6 GeV ep — 67’)}7}'—{— S. Diehl et al (UCONN)
Ly
‘\/ t’ e 08850 : V. ‘ SR A T ‘ ‘ ' E
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== GK model

------ JML model n%-/d:cﬁ%(:c,{,t—(]) 5%—/d;rrHi_,‘£(x,§.t—U)

E; is related to the proton's J _ 4 ;
anomalous tensor magnetic moment. Ky = /dﬂ?ET(%&t =0) o= /diUHT(iL‘;&t =0)

H; is related to the proton's tensor charge.
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VECTOR MESONS

A complementary probe of the chiral-odd GPDs

Hard subprocess x p° distribution amplitude x GPD-
parametrized proton matrix element.

o, for p° probes the interference of the chiral-even H
with the chiral-odd H; and E, the latter entering through
the twist-3 component of the longitudinal p°.

Complementary combinations of chiral-even and chiral-
odd GPDs.

An independent test of the transversity description built
on pseudoscalars.

S. V. Goloskokov, P. Kroll, EP) C 74, 2725 (2014)
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EXCLUSIVE p° RECONSTRUCTION AND BSA EXTRACTION

p? - m*n” with CLAS12 Run Group A

invariant mass: w4+

hmrho L
Entries 659803
..... Mean 0.8329
25000 - Std Dev 0.2845
- x2 / ndf 4916 /169
L pAmp 4675 £ 18.7
20000 - p Mean 0.7614 +0.0002
g p Width 0.1306 + 0.0006
_ f2 Amp 2244 +£7.7
15000 — f2 Width 0.123 £ 0.004
C bg 0 9.398 + 0.044
- bg 1 0.4937 +0.0617
10000 — bg 2 ~1.613 +0.021
B bg n 0.6956 + 0.0106
5000 +— o

0 — | | |

0 0.5 1 1.5 2 2.5

ep - e'pp® at 10.6 GeV; = 1.5 M events.
't mass fit - p° yields > A ,(d) = o,1-/0o.
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Q° = 2.74 GeV’; x, = 0.265; -t = 0,21 GeV*

r Q7 = 2.74 GeV’; x = 0.265; -t = 0.36 GeV’

t

Q° = 2.74 GeV?; x,, = 0.265; -t = 0.54 GeV"

$

Systematics 0.017-0.020.



NEW p°® RESULT

The ratio versus -t in five kinematic bins

0]

First multidimensional o,;./0, for exclusive p°.

Negative over the whole range: 1< Q*< 11
GeV?, and x; from 0.1 to 0.8.

Reaches -0.3 to -0.45; trends toward zero at
larger —t. No sign change.

Q’ and x; are correlated — no independent
Q’ evolution. Dashed: Goloskokov—Kroll.

N. Trotta, A. Kim, S. Diehl, K. Joo (CLAS Collaboration)
CLAS preliminary, manuscript in preparation

NSTAR 2026 - Seville - 7-11 September 2026

Q* = 2.73 GeV’x, = 0.230

@ =2.74 GeV';x, = 0.265

Q° = 2.86 GeV*;x,, = 0.397

© s F o
oL el L bl B JOp=ssepesssssssssscssssem——-
= W = !
g Sl S '
0.1 I. -01-— I. -0.1) +'. ’
1 [
' [ d ‘
L@ ok | @ .
. [ ® + v
-0 ‘\ ’ «0.3-— ‘\ ‘ -0.3]
\ . r A
\Q P Eo
0.4 e 04 0.4
0.5 -O_l-f -0/5)
f
od _OVF..I I N o | Tl I A S B P
0 0.2 0.4 0.6 0.8 1 1.2 14 18 1] 1.2 1.4 16 1.4 1.6
H[GeV?] {GeV? [GeV?
Q’ = 5.68 GeV’;x, = 0.426 @’ =5.18 GeV’;x, =0.529
= =1
[ | A - [ T | T A
S & T ¢
S g '
1
-0, -0.1
'. ¢ ¢
' \
1 i
-0, 1 -0.2|
4 _
' R N
0.3 \ 0.3
‘ b
\ k
04 ' 04f
PO PPN PPN I P P P PP B P ST TS N R WS RS BT e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 (] 0.2 0.4 06 0.8 1 1.2 14 1.6
[GeV?) [GeV?



p°® VERSUS r°

A sign reversal, and what produces it

n° positive p? negative

a0 15 1<) L L B - o Q? = 2.74 GeV%x_ = 0.265
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0 02 04 06 08 1 12 P PR PP ST TR
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n° is sensitive to E;; p° measures H interfering with H; and E; — opposite in sign.

One GK framework predicts both signs — the sign is the robust feature.
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NSTAR 2026

SDMEs from Exclusive p production with CLAS12

+ 23 SDME elements are extract using the MLM:

N

—InL(R) = 21

WU'*'L R; ®;, ¢i, cos ©;)

lepton
attering plan

15 unpolarized SDMEs

WY(®,,c05(6)) = 555 S(@r8 — 1) co’(©)

—V2Reryy sin(20) cos($) — rit, sin*(0) cos(2¢)

1—r3§,‘)

—ecos(2®)[r{; sin’(O) + rj cos’(O)

—2Re{r1y} sin(20) cos(¢) — 11_, sin’(O) cos(26)]
—esin(2®)[V2Im{r, }sin(20)sin(¢)

+Im{r{_;} sin®(8) sin(2¢)]

vV 2e(1 + €) cos(®)[r}, sin?(O) + 5, cos?(O)
—V2Re{r},} sin(20) cos(¢) — r5_, sin®(©) cos(2¢)]
+1/2¢(1 + €) sin(®)[V2Im{r%,} sin(20) sin(¢)
+Im{rf_;}sin*(©)sin(2¢)])
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N(R)

8 poIarized SDMEs
(Vl — 2[V2Im{r}y} sin(20) sin(o)

W(®, ¢, cos(0)) =

+Im{r}_;}sin®(©)sin(26)]

+1/2¢(1 + €) cos(®)[V2Im{r], sin(20) sin()

+Im{r{_,} sin®(8) sin(24)]

+/2¢(1 + €) sin(®)[r§, sin?(0) + r§, cos*(0)
—V2Re{rS,} sin(20) cos(¢) + r5_, sin?(O) cos(29)])
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From the ground state nucleon to resonances

¢ " L I

How does the exitation affect the 3D structure of the Nucleon?

Pressure distributions, tensor charge, ... of resonances?

Traditional way: Study of transition form factors (2D picture of transv. position)

3D picture of the exitation process: Encoded in transition GPDs

Simplest case: N—>Atransition = 16 transition GPDs

« 8 helicity non-flip transition GPDs (twist 2)

- Related to the Jones-Scardon and Adler
EM FF for the N — A transition

» 8 helicity flip transition GPDs (transversity)
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Exploring Transition GPDs with CLAS12

Transition GPDs

Factorization of hard exclusive processes

@_ T" M GPDs for resonance final states

Theoretical methods: Chiral dynamics,
1/N_ expansion of QCD

Processes

A N®
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N — A in DVCS
AT — Ain

N — A,N* in z, n production

N — A, X in K, K* production
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TRANSITION GPDs -

THE EXCITED STATES

The second picture: structure of A and N*

Hrlp

[ AT

<Q%> = 2.48 GeV?, <X > = 0.27

A R S I BRI B
0 02 04 06 0.8

S. Diehl et al. (CLAS Collaboration) — preliminary, in preparation
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N - Ain DVCS and in i, n production; N
—-> N\, 2 in Kand K*.

ep - e'm"A**: negative 0,;-/00, While m*n
and nt°p are positive.

Gives the transverse structure of the
excitation itself.
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TDAs - BACKWARD PION PRODUCTION

TDAs access the structure of the pion cloud

In backward pion production, the
nonperturbative object is a nucleon-to-pion
transition distribution amplitude.

The ntN TDA probes three-quark
correlations connecting the nucleon and
pion — providing access to the nucleon’s
pion-cloud component.
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PRESENT CLAS RESULT AND THE TESTS STILL NEEDED

ep — enn” in the backward regime
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S. Diehl et al. (CLAS Collaboration), PRL 125, 182001 (2020)

o
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The sing asymmetry crosses zero and turns
negative for -t = 3 GeV~>.

First non-zero backward-angle beam-spin
asymmetry.

Still needed: Q* scaling at fixed x5, small-|u|
dependence, transverse dominance, and
consistency across backward i, w, p°.

Accessibility is demonstrated; TDA factorization
IS not.
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A PROPOSED 22 GeV JLAB UPGRADE

A broader exclusive-reaction program at 22 GeV

Extends DVCS, pseudoscalar- and vector-meson

. % 170

measurements to higher Q. $ =
20;— P

18
Broadens Q’—xgcoverage for evolution studies 1o %0
and scaling tests. “E =0
10; 30

Strengthens L/T separations and tests of 8

reaction mechanisms and factorization.

Opens new kinematics for transition-GPD and
backward-angle TDA studies.

A 22 GeV upgrade adds the energy lever arm needed to turn CLAS12’s multidimensional
measurements into controlled QCD tests.
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COMPLEMENTARY COVERAGE

JLab, COMPASS and the EIC

TH
103;’ ARG Facility Primary strength for exclusive mesons
[ % % CLAS * HallA
[ 5] COMPASS High luminosity, detailed valence-region
e e JLab 12 GeV 5 Y g
el 1 JLABS measurements
1Y E
> u 2
Extended Q° at moderate-to-large xB;
$ JLab 22 GeV enced Q' at mode &
- scaling and factorization tests
g
- Bridge between the valence and lower-x
il COMPASS 6
regimes
£Ic Sea-quark and gluon GPDs, especially
1k | | 5 . through vector mesons
10* 10° 10% 10" 1
X

Together they give the x;, Q% and t/u coverage needed to distinguish reaction mechanisms.
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CONCLUSIONS AND OUTLOOK

A complementary program for hadron tomography

DVCS constrains chiral-even GPDs; meson channels add flavor and helicity
filters, including chiral-odd amplitudes.

Cross sections, BSAs and SDMEs probe different interference terms; GPD
extraction requires a global amplitude analysis.

Transition GPDs map N->N*/A structure; backward pion production probes ntN
TDAs and the pion-cloud component.

L/T separation and broad Q?, Bjorken-x and t/u coverage at CLAS12, COMPASS,
22 GeV JLab and the EIC will test factorization.
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