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Generalised parton distributions (GPDs)

» X=average longitudinal momentum fraction
» 2&=longitudinal momentum transfer
» t=squared momentum transfer to hadron

» experimental access tot and ¢
* In general: no experimental access to x




Generalised parton distributions (GPDs)

» X=average longitudinal momentum fraction
» 2&=longitudinal momentum transfer
X+§* YX-G » t=squared momentum transfer to hadron

GPDs(xS,1) - experimental access to t and €
* In general: no experimental access to x

for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs Four parton helicity-flip twist-2 GPDs
H(x,&,t) E(x,&,t) parton-spin independent Hrp(z,&,t) Er(z,&,t)
[:I(:E, £, 1) E(;L', £, 1) parton-spin dependent [:[T (x,&,1) ET (x,&, 1)

proton helicity non flip| proton helicity flip




GPDs and the nucleon structure

3D parton distributions

Impact-parameter dependent distributions:
probability to find parton (x,br)

Fourier transform (§=0)

M. Burkardt,
PRD 92 ('00) 071503

GPDs YMPA18(03)173



GPDs and the nucleon structure

3D parton distributions

iImpact-parameter dependent distributions.
probability to find parton (x,br)

Fourier transform (§=0)

M. Burkardt,
PRD 92 ('00) 071503
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pressure distributions

GPDs
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gravitational form factors
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GPDs and the nucleon structure

3D parton distributions pressure distributions

angular momentum

GPDs

/da:a:

gravitational form factors

Fourier
transform

iImpact-parameter dependent distributions.

orobability to find parton (x,br) pressure distributions

tangential pressure

Fourier transform (§=0)
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Experimental access to GPDs

GPDs




Experimental access to GPDs
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GPDs

Deeply virtual Compton scattering
(DVCS)
Hard scale=large Q2=-q2

Theoretically cleanest process
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Experimental access to GPDs

Hﬁ; Irrf r*(q’)

GPDs

Timelike Compton scattering

(TCS)

Hard scale=large Q’2=q’2

Crucial test for universality of GPDs



Experimental access to GPDs
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Timelike Compton scattering
(TCS) Hard exclusive meson production
Hard scale=large Q’2=q’2 Hard scale=Ilarge Q2

Crucial test for universality of GPDs Sensitivity to different GPDs
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Crucial test for universality of GPDs Sensitivity to different GPDs Clean access to gluons



Experimental access to GPDs
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(TCS) Hard exclusive meson production Exclusive meson photoproduction
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Exclusive meson photoproduction
Hard scale = large c/b-quark mass

Sensitive to very low xg



Kinematic coverage
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data at colliders:

= O m ZEUS and H1 @ DESY

- data at fixed targets:
| A HERMES @ DESY

- | % x| CLAS and Hall A @ 6 GeV JLAB
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12 GeV JLAB

down to xg=10-4at HERA/EIC in ep
xg=10-3at EIC in eA



Kinematic coverage
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down to xg=10-4at HERA/EIC in ep
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hh collisions at LHC

- 8.16 TeV pPb
I LHCb

1 ATLAS/CMS
1 ALICE

- ALICE Muon

Other Collision Systems
| LHCDb 110 GeV
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down to xg=10-°> at LHC in pA
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Deeply Virtual Compton Scattering

o




Deeply Virtual Compton Scattering

o

DVCS Bethe-Heitler

> >
do = |ty |” + | tpyes|™ + TovesThy + ThyyesTaH



Deeply Virtual Compton Scattering

o

DVCS Bethe-Heitler

> >
do = |ty |” + | tpyes|™ + TovesThy + ThyyesTaH

/

calculable
with knowledge
form factors



Deeply Virtual Compton Scattering

e,/
W

DVCS Bethe-Heitler

2 2
do = |tgy|” + | Tpyes|™ + TovesThy + ThyestH
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calculable ~ Compton Form Factors (CFFs)
with knowledge +1 3PP
S(x, &, t
form factors ~ PVJ _Ex; )dx + ix GPDs(x&,&6,1) + ...
1 XX



Deeply Virtual Compton Scattering
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Deeply Virtual Compton Scattering
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Cross sections single-spin

Beam-charge asymmetries  asymmetries
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DVCS off the proton

Beam-spin asymmetry
CLAS, Phys. Rrev. Lett. 130 (2023), 211902
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DVCS off the proton

Beam-spin asymmetry Longitudinal target-spin asymmetry
CLAS, Phys. Rrev. Lett. 130 (2023), 211902 CLAS
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DVCS off the proton
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TCS off the proton

First measurement CLAS, Phys. Rev. Lett. 127 (2021) 262501

Photon polarisation asymmetry
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~ Im#A : same information as DVCS at LO
Comparison with DVCS:

> test of universality

> understanding of QCD corrections



TCS off the proton

First measurement

Photon polarisation asymmetry
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CLAS, Phys. Rev. Lett. 127 (2021) 262501
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DVCS off the neutron

e+d—>e+y+n



DVCS off the neutron

Quark-flavour separation of GPDs

e+d—>e+y+n



DVCS off the neutron

Quark-flavour separation of GPDs

Beam-spin asymmetry

Sm | F.% + E(F, + F)\¥
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DVCS off the neutron

Quark-flavour separation of GPDs

Beam-spin asymmetry

Sm | F\% + &(F, + F)\%
i S(F) + F,) Iyve

proton target

F,&

e+d—>e+y+n



DVCS off the neutron

Quark-flavour separation of GPDs e+d—>e+y+n

Beam-spin asymmetry

~ [
4M2

proton target neutron target : high sensitivity to GPD £



DVCS off the neutron

Quark-flavour separation of GPDs e+d—>e+y+n

Beam-spin asymmetry

Sm | F\H# + EF, + F)H

AM?2 F®

proton target neutron target : high sensitivity to GPD £

First measurement with active detection of neutron, by CLAS.

01 CLAS, Phys. Rev. Lett. 133 (2024) 211903
‘.".lvvnyl... I T I L ™17 l"' ..

V021 vGG: Phys. Rev. D 60 (1999) 094017;
| Phys. Rev. D 72 (2005) 054013
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Data favour 0.0 < J,; < 0.2

Beam-spin asymmetry

CLAS Phys. Rev. Lett. 133 (2024) 211903
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Exclusive vector-meson production

Access to GPDs
H EH,E =2H,+E;
H E
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Angular distributions
l+p—>l+p+p° (>t +17)

lepton
scattering plane

e [P

Fit angular distribution of decay pions W(®, ¢, ©) and extract either
Spin Density Matrix Elements (SDMEs) or helicity amplitude ratios
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Exclusive pO production : SDMEs

Unpolarised proton target and
longitudinally polarised lepton

beam

HERMES:
(0?) = 1.96 GeV?
(W) = 4.8 GeV?

COMPASS:
(0?) = 2.40 GeV?
(W) = 9.9 GeV?
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Rerg
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COMPASS: EPJC 83 (2023) 924

- o p° COMPASS, = p’° HERMES (EPJC 62 (2009) 659)
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SDME value

e 5 classes of SDMEs

unpolarised

and

polarised
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Exclusive pO production : SDMEs

Unpolarised proton target and
longitudinally polarised lepton

beam

HERMES:
(0?) = 1.96 GeV*
(W) = 4.8 GeV?

COMPASS:
(0?) = 2.40 GeV?
(W) = 9.9 GeV?
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COMPASS: EPJC 83 (2023) 924

- o p° COMPASS, = p’° HERMES (EPJC 62 (2009) 659)

i ) ok O b3 0
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* 5 classes of SDMEs
* unpolarised and polarised SDMEs

* s-channel helicity conservation
(/1},* — /1,00):
 fulfilled for class A & B
* class C - strong violation:

\%r%;&()by > 4o

\mrgo;éOby > 90

(In Goloskokov-Kroll model:

k, factorisation assumed)

SDME value
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Exclusive 7" production

COMPASS, Phys. Lett. B (2025) 139832
arXiv:2412.19923

I | | 1

i
2N 0 . COMPASS 2016 data
\\ TP TP do do
= ‘ dor ,  doL
== Q? € [1,8] (GeV/c)? ® O <d|t| +€d|t|>
O v € [6.4,40] GeV do
—— 207 | vy (22T :
<0 < d|t] >
<dULT>
E d|t]
10 F E -A- Goloskokov-Kroll model (2016) |-

~ H E,H, E;

- H,

|
e
-

Contributions to the cross section
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Access to transition GPDs

First measurementofe + p > e+~ + A" in DIS

> clean, high-statistics access to transition GPDs
> probing d-quark content of nucleon

a4
ANNNN-E

u_}ul
oo

> first measurement sensitive to transversity transition GPDs

T
d
\\@
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Access to transition GPDs

Beam-spin asymmetry o 6;/06; Sin ¢

bin 2 ((Q°) = 2.11 GeV*, (x_) = 0.28) bin 3 ((Q°) = 3.38 GeV~, (x_) = 0.34)

Yk w [RTAT
|| |4n*n |

' |en’p |- HA R -
; T e _0 .4 :{._ ......................... TO— | ........................ |—_
| | | I

I N S S P A A A AR N A

0 02040608 1 1.2 14 O 02 04 06 08 1 1.2
-t [GeV?] ' [GeV?]

CLAS PRL 131 (2023) 021901 4 7 n: CLAS, Phys. Lett. B 839 (2023) 137761 — H

& 7°p: CLAS, Phys. Lett. B 849 (2024) 138459 — E.. = 2H .+ E;
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Ultra-peripheral hadron-hadron collisions

pp: ambiguity in ID of photon emitter

15



Ultra-peripheral hadron-hadron collisions

pp: ambiguity in ID of photon emitter pPPb: use Z2 dependence of photon flux
— Pb is predominantly photon emitter
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Ultra-peripheral hadron-hadron collisions

pp: ambiguity in ID of photon emitter pPPb: use Z2 dependence of photon flux
— Pb is predominantly photon emitter

PbPb: probing nuclear GPDs
Ambiguity in ID of probed ion
can be lifted with ZDCs

15



Experimental signature

P(A)

close to beam line

rapidity gap

In detector

rapidity gap

close to beam line




J/W photoproduction cross section off the proton at the LHC

Bjorken-x @3 '
107" 1072 1073 107~ 107° go

Phys. Rev. D 108 (’23) 112004
103 ALICE p—Pb VSNN =8.16 TeV

ALICE p-Pb {5 = 5.02 TeV
LHCb pp Vs =7 TeV and 13 TeV (W+ solutions)
LHCb pp Vs = 7 TeV and 13 TeV (W- solutions) g ¢q~
Fixed target (E401, E516, E687 W
g ( ) | + §+ """ V
? P

H1 | 4)/
ZEUS "

o
u%“ﬁﬁ

10°

o(y+p — J/y+p) (nb)

- JMRT NLO

JF CCT
! 1l Power-law fit to ALICE data

10 20 30 40 102 2x10° 10° 2x10°

| W., (GeV)
Hard scale: fixed by the charm mass
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J/W photoproduction cross section off the proton at the LHC
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J/W photoproduction cross section off the proton at the LHC
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J/W photoproduction cross section off the proton at the LHC

Bjorken-x @3 '
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Phys. Rev. D 108 ('23) 112004
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ALICE p-Pb \[s, = 5.02 TeV -

LHCb pp Vs =7 TeV and 13 TeV (W-+ solutions) -
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J/W photoproduction cross section off the proton at the LHC

Bjorken-x @S '

107" 1072 1073 107~ 107°
Phys. Rev. D 108 ('23) 112004

103 ® ALICE p—Pb VSNN =8.16 TeV ]

ALICE p-Pb |5y, = 5.02 TeV -

o LHCb pp Vs =7 TeV and 13 TeV (W+ solutions) - a
pp| s "

o LHCbppVs=7TeVand 13 TeV (W- solutions) 2.

pPb

fe)

- L

~ _ ’q] 1

— o Fixedtarget (E401, E516, E6G87 ';“'qﬁqj

T H1 o ) gl S

2_ o ep N W

> 402k v ZEUS - W

0 p

Q. . overall compatibility between

é:. op, Pbp and ep data: hint of

o ahiakiaik JMRT NLO universality of underlying physics
CCT

Power-law fit to ALICE data

1
o
4 :
0

10 20 30 40 102 2x10° 10° 2x10°

| W., (GeV)
Hard scale: fixed by the charm mass
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Y photoproduction cross section

Eur. Phys. J. C 79 (2019) 277
Eur. Phys. J. C 82 (2022) 343

1 02 = ;;;: o

O
=
n

pPb 32.6 nb™ (5.02 TeV)

lA ZEUS 2009 (e-p)

A ZEUS 1998 (e-p)

N H1 2000 (e-p)

LHCb (p-p, 7,8 TeV)
—@—— CMS (pPb, 5.02 TeV)

I T 1TT1TF

.

L

]
]

= A
B o
D N g L

S )
= L

— |IM-BG
— IM-LCG
---- bCGC-BG
JMRT-LO
| UMRT-NLO =
= Fit CMS: §=1.08+0.42
—— Fit HERA+CMS+LHCb:
8=0.77+0.14

10°
W., (GeV)
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Ultraperipheral PbPb collisions

What object are we probing?

Incoherent/Breakup

do/dt

_ Coherent/Elastic

n

t4 s 1] i3 7]
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Ultraperipheral PbPb collisions

What object are we probing?

coherent scattering

Incoherent/Breakup

do/dt

Coherent/Elastic

Coherent interaction: interaction with target as a whole.
~ target remains in same quantum state.

|

t4 s 1] i3 7]
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Ultraperipheral PbPb collisions

What object are we probing?

coherent scattering

iIncoherent scattering

! Incoherent/ Breakup ---------
T £
S
T
- Coherent/Elastic
Coherent interaction: interaction with target as a whole. - “
~ target remains in same quantum state. -
Incoherent interaction: interaction with constituents inside target | |
~ target does not remain in same quantum state. Eo b b b b Db B b e
: .y : : t4 to i3 s
EX.: target dissociation, excitation It
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Experimentally important points

» Good separation of coherent and incoherent production: not easy!

Incoherent/Breakup

do/dt

Coherent/Elastic

|

t4 s 1] i3 7]
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Experimentally important points

» Good separation of coherent and incoherent production: not easy!

» Coherent production: measurements up to large t:
3D or 2D (x independent) transverse position

x b1 A
dA; GPD(z,0,A ) e *"+24
0

Experimentally limited by maximum transverse momentum.
Need to extend pr range as much as possible in measurement.
~third diffractive minimum.

Incoherent/Breakup

do/dt

Coherent/Elastic

|

t4 s 1] i3 7]
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Coherent production in PbPb at ALICE

ALICE, Eur. Phys. J. C 81 (2021) 712

— 14

1 ALICE coherent JAp

SRR STARLIGHT
—— EPSO09 LO (GKZ)
- LTA (GKZ)

— = lIM BG (GM)

— — |Psat (LM)

- BGK-I (LS)

- - - - GG-HS (CCK)

do/dy (mb

10

ALICE Pb+Pb — Pb+Pb+Jip sy = 5.02 TeV

- Impulse approximation

— — b-BK(BCCM) -~

/'

]
- - - -
- = -~

no gluon
shadowing

-4.0<y<-2.5

y|<0.8 — 0.3 x 103 < x5 < 1.4 x10-3

0.7 x 102 < xg < 3.3 x10-2 (dominant)

1.1 x10°5< xg < 5.1 x105

Results indicate shadowing in gluon PDF:

ng

A gP

~ 0.65 at z ~ 1073
21

R, =

ALICE, Phys. Lett. B 817 (2021) 136280
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o
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Fixed target at LHCb

RUNS3

ECECTRICAC CONTINUTTY
FLOATING HALF CELL SUPPORT ETW
CONNECTED TO THE RF FOIL BETWEEN CELLAND RF FOIL
FRAME
STORAGE CELL
SUSPENSIONS

.. »
O »
.

FEED TUBE IN
THE CELL CENTER

FIXED HALF CELL SUPPORT
CONNECTED TO THE RF FOIL
FRAME

inject gas: He, Ne, Ar, and Hz, D2

10°F Y

816 TeV pPb

| I LHCD 00 LHCD 110 GeV
0% o ATLAS/CMS I HERA
[ ALICE

ALICE Muon

Other Collision Systems

104
) i
O
& 10°)
102;
o /
T T Vo B T B 1 T/
X
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inject gas: He, Ne, Ar, and Hz, D2

LHCb-FIGURE-2023-001
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Upcoming experiments probing GPDs

» Jefferson Lab:
» ALERT at CLAS (analysis ongoing): DVCS and meson production on 4He: spin-0 target — only 1 GPD
> Addition of neutral spectrometer at Hall C: DVCS, exclusive 7" off proton (analysis ongoing)
» Transverse target at CLAS approved (~4 years) — access to GPD E

> Double DVCS at CLAS approved (~5-6 years) and at Hall A with SoLID (C1 approved) — access to GPDs at x # &
> Additional proposals:

» Positron beam at Jefferson Lab — access to Re# through beam-charge asymmetry
> Upgrade to JLab at 22 GeV

. LHCSPIN Proposal for Run &:
SMOG2 /\ LHCSPIN: transversely polarised gas target at LHCDb
RS S (K3, ki, #ir) protons g?ostons, deuterons
, 5 - f
N— — o —
VS = 115 Gev VEn = 115 Gev

_, access to GPD E at the LHC
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First EIC detector: ePIC
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First EIC detector: ePIC
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First EIC detector: ePIC

BO detector

Zero-degree calorimeters:
detection of neutrons and
BO system: trackers+electromagnetic photons
calorimeters inside magnetic field
to detect protons and photons

I , -

= \/\3‘2'211:”*, u Roman pots and off-momentum detectors:

& reconstruct far-forward protons
U\N\I\\"“\/H _; ( (and other charged particles+light ions)

Reconstruction of scattered proton in DVCS
E.C. Aschenauer et al., Phys. Rev. D 112 (2025) 036010

106 - - - - - 106 106
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DVCS and impact on determination of CFFs in ePIC

DVCS after efficiency and acceptance corrections

E.C. Aschenauer et al., Phys. Rev. D 112 (2025) 036010

" - _
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. £ =10 fb" -
2 103 Y*e E
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> L ) 1
) i Itg |
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c 101} J ' IL 1 T
; e o
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DVCS and impact on determination of CFFs in ePIC

DVCS after efficiency and acceptance corrections Lepton-beam helicity asymmetry
[
¢ |
E.C. Aschenauer et al., Phys. Rev. D 112 (2025) 036010 —~3m Fl% ' ) FZg T ...
104: ———— 4m
10 GeV x 100 GeV
L =10 fb"
9103 Ve, ; 2 e
qc) [ ‘III ]
> Tees - e S E.C. Aschenauer et al.,
y— ' $%ss, ' 0 ' Phys. Rev. D 112 (2025) 036010
O 102t L o 3
g _LEEE}:T _ ] I
= - LIJ—}:EETEETE : §—2
g 1015‘ l I ! _ 5 hnd
- xg=0.020 T3 T | » .
- P=7.3GeV? * } H} £
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-t [GeV?] 00 01 02 03 04
—t
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Exclusive vector-meson production off nuclei in ePIC

Separation of coherent and incoherent signal

ePIC Simulation ePb 18x108 Ge\*
(g' R l | L | L L I L £ LA
o [ Workin progress 1< Q¥GeVe <10
S 10° =, E
.CCI E —— Coherent (eStarlight) E
— 104 = =
S = —— Incoherent (BeAGLE) =
:t% - N
103 g_..._“.-...-——.-—.-:-.w.--'-d—-.-.-*-_'m-.-u—-.—.-; - __-._....:g
10°E° =
10 3
1 e
= L
[ f -
107" b=
10_2 I | I I | I | I I | | | | | | I | | | | | | | | 1 | | |I I—

0 0.01 0.02 0.03 0.04 0.05

Generated |-t GeVf

Simulated coherent and incoherent signal
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Exclusive vector-meson production off nuclei in ePIC

Separation of coherent and incoherent signal

ePIC Simulation

ePb 18x108 Ge\F

ePIC Simulation

18x108 Ge\/’z

TR 1T L L | L 7)) — T | Tl | T | L | [ I :
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— _ —— Coherent (eStarlight) i O 104 Str _
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3 el . - —— 3 trk & Veto BO+OMD+ZDC "
107 E =
T ”;*;’\M:: T 10% ~
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N ] my i
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Simulated coherent and incoherent signal Suppression of incoherent signal using detector system
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Summary

* Valence region at Jefferson Lab: full GPD programme at high precision to extract chiral-even and chiral-odd GPDs
using polarised electron beam and unpolarised, longitudinally and transversely polarised proton targets
as well as light nuclei.

e Sea-quarks at COMPASS: measurements of DVCS and hard exclusive meson production off unpolarised proton
are ongoing.

 Sea-quarks and gluons at the EIC: full GPD programme, at unrivalled precision down to xs=10-4, using polarised
electron beam and polarised nucleons as well as entire series of unpolarised nuclei.

« LHC:
> Spin-independent, highest-energy measurements with proton and lead ions:
test of universality of GPDs and access to lowest region in xg, down to 10-6.
> Fixed target with proton and noble gasses for high-xg region. Plans for transversely polarised target.
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Disentangling the ambiguity on the ID of the ¥y emitter

detector
P(A)

Y
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Disentangling the ambiguity on the ID of the ¥y emitter

detector detector
P(A) P(A)

Y
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Disentangling the ambiguity on the ID of the y emitter

detector detector
P(A) P(A)

E,=small Y
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Disentangling the ambiguity on the ID of the y emitter

f N
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Disentangling the ambiguity on the ID of the y emitter

-~

Photon flux N, 4(E-)is function of impact parameter:

enhanced for large E, at small impact parameter.
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Disentangling the ambiguity on the ID of the y emitter

vf |

Photon flux N, 4(E-)is function of impact parameter:

enhanced for large E, at small impact parameter.
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Disentangling the ambiguity on the ID of the y emitter

Photon flux N, 4(E-)is function of impact parameter:

enhanced for large E, at small impact parameter.

Small impact parameter, b =—®higher probability for exciting («1/b2) ——p higher probability to emit neutrons.

Pb o—
\ i

Y
/ a_.
Pb o

Picture from Andrée Stahl 30



Disentangling the ambiguity on the ID of the y emitter

Photon flux N, 4(E-)is function of impact parameter:

enhanced for large E, at small impact parameter.

Small impact parameter, b =—®higher probability for exciting («1/b2) ——p higher probability to emit neutrons.

N
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! G:EE Y PR Make measurement with
> S ' _>
EE 5 possibility to detect neutrons
; '
N

Picture from Andrée Stahl 30



CMS central detector and the (far-)forward region

muon detectors

Cherenkov hadron Cherenkov hadron
calorimeters — calorimeters
Zero-degree 5.0<n<-3.0 — /  3.0<n<50 S

calorimeters

calorimeters

< 140m 140 m >
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CMS central detector and the (far-)forward region

Cherenkov hadron

- calorimeters

Cherenkov hadron
calorimeters

Zero-degree -5.0<n<-3.0
calorimeters ' |

_——

3.0<n<5.0 Zero-degree
calorimeters

140 m >

< 140m

1.6 < |y,+,-| <24
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CMS central detector and the (far-)forward region

Cherenkov hadron

- calorimeters

3.0<n<5.0 Zero-degree
calorimeters

Cherenkov hadron
calorimeters

Zero-degree -5.0<n<-3.0 =
calorimeters ' |

.
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Disentangling the ambiguity on the ID of the ¥y emitter
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Disentangling the ambiguity on the ID of the y emitter

0 7/9(En1)

0 7/9(Er 1)

0 7/¢(Eq1)
measured computed computed
(StarLight) (StarLight)
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Disentangling the ambiguity on the ID of the y emitter

computed

measured computed
(StarLight) (StarLight)

extracted extracted
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CMS: yPb cross section, energy dependence

o(y Pb — Jhy Pb) (mb)

CMS
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Phys. Rev. Lett. 131 (2023) 262301
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ALICE: yPb cross section, energy dependence

10

Bjorken-x

1072 107° 107~ 107°

¢ ALICE, Pb-Pb ys,, = 5.02 TeV
1 Guzey et al., using ALICE Pb-Pb s, = 2.76 TeV (PLB 726 (2013) 290-295)
s Contreras, using ALICE Pb—Pb |s,, = 2.76 TeV (PRC 96 (2017) 015203)
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