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The high-lumi LHC
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pp collisions

\/E = 14 TeV

ATLAS/CMS & : 5 - 10 cm-2s-1 — Z;ne : 3000 fo~!
LHCb &£ :2-10%°/2 - 10°*ecm—2s-1 — P+ : 300 fo~!

PbPb collisions

ALICE/ATLAS/CMS RUN4: Zjnt : 6.8 nb~!
LHCb RUN4: &t : 1.0 nb~!

pPb collisions

\/Syny = 8.8 TeV

ATLAS/CMS RUN4: &t : 0.6 pb~!
ALICE/LHCb RUN4: &t : 0.3 pb™!

Also pO and OO runs and possibly other
Intermediate-mass nuclei such as Ar-Ar



Future: the electron-ion collider (EIC)
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 Based on RHIC:
* use exiting hadron storage ring
energy: 41, 100-275 GeV
* add electron storage ring in RHIC tunnel
energy: 5-10 GeV

— \/E =29 — 100 GeV (140 GeV upgradable)

e =107 -10*cm—2s-!
— Zint = 10 — 100 fb~!/year

- - _)T
e ¢+ p', He
~ 70% polarisation

+ heavier, unpolarised ions, up to Uranium



Timelines

LHC
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Exclusive processes

Hard exclusive meson production
Hard scale=large Q2
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Exclusive meson photoproduction
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Exclusive processes

Hard exclusive meson production Exclusive meson photoproduction Exclusive meson photoproduction
Hard scale=large Q2 Hard scale = large charm/bottom-quark mass Hard scale = large charm/bottom-quark mass



Ultra-peripheral collisions (UPCs)

\
large—impact-parameter interactions

hadronic interactions strongly suppressed

photon flux « Z2

instead: electromagnetic interactions

b>Ra+Rz




Ultra-peripheral collisions (UPCs)

large—impact-parameter interactions
hadronic interactions strongly suppressed

instead: electromagnetic interactions

%

photon flux « Z2

b>Ra+RB
2

. . hc

photon virtuality Q2 < (R—
A res max

— quasi-real photons System | /S Ea Es (2) Yaon | (b) Eynrae | (¢) By, | (d) Wi
o pPb | 5.02 TeV | 4 TeV | 1.567 TeV | 1.43 x 107 | 28 MeV | 0.4 PeV | 0.86 TeV
- e Pb | 8.16 TeV | 6.5 TeV | 2.56 TeV | 3.78 x 107 | 28 MeV 1 PeV 1.4 TeV
maximum photon energy = p ' ' ' ' -

P W= pp | 13TeV | 65TeV | 6.5TeV | 9.6x107 | 116 MeV | 11 PeV | 4.6 TeV

table: K. Lyrgh



Kinematic coverage

UPC LHC

* hard scale of the interaction:
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Figure adapted from Jordan Lang | Quarkonia as Tools 2026 | 6 January 2026
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Kinematic coverage

UPC LHC

* hard scale of the interaction:
02 — Q°+ My My
4 4

N

photoproduction

QM % EIC

» Bjorken-x variable:
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Experimental signature at the LHC
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In detector




Experimental signature at the LHC

close to beam line
rapidity gap
In detector

rapidity gap

close to beam line




Experimental signature at the LHC

close to beam line

rapidity gap
TR
_Indetector
> M
rapidity gap
) close to beam line
P(A) t No detection of beam particles

> Mandelstam variable:
t=p—0)~—p1

> (Partial) ambiguity in ID of probed beam
particle in symmetric collisions



Extraction of the J/@ photoproduction off the proton

pPb: use Z2 dependence of photon flux
— PDb is predominantly photon emitter



Extraction of the J/@ photoproduction off the proton

* r = gap survival factor

M
k= %eiy = photon energy
pPb: use Z2 dependence of photon flux pp: ambiguity in ID of photon emitter |. dcj{_”i = photon flux

— PDb Is predominantly photon emitter
« Wi = 2ky+/s =ypinvariant mass

relation pp and yp cross section:

dn dn
Opp—spiop = T(W4 )kt @va—mbp(WﬁL) T T(W—>k—£0—7p—>¢p(w—)

LHCb used HERA data for low-Ey ( W_) contribution.



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

Bjorken-x @3 '
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J/W photoproduction cross section off the proton at the LHC

Bjorken-x @3 '
10~ 1072 1073 107 107 g
Phys. Rev. D 108 ('23) 112004
103 ALICE p—Pb VSNN =8.16 “eV pr

ALICE p-Pb \[s, = 5.02 TeV -

LHCb pp Vs =7 TeV and 13 TeV (W+ solutions)
o LHCb pp Vs = 7 TeV and 13 TeV (W- solutions)
‘a’ Fixed target (E401, E516, E687)
; H1
T
Q.
+
>
G —mmm 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 10



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

Bjorken-x @3 '
10~ 1072 1073 107 107 g
Phys. Rev. D 108 ('23) 112004
103 ALICE p—Pb VSNN =8.16 “eV pr

ALICE p-Pb \[s, = 5.02 TeV -

LHCb pp Vs =7 TeV and 13 TeV (W-+ solutions) -
o LHCb pp Vs = 7 TeV and 13 TeV (W- solutions)
‘a’ Fixed target (E401, E516, E687)
; H1
T
Q.
+
>
G —mmm 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 10



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

Bjorken-x @3 '
10~ 1072 1073 107 107 g
Phys. Rev. D 108 ('23) 112004
103 ALICE p—Pb VSNN =8.16 “eV pr

ALICE p-Pb \[s, = 5.02 TeV -

LHCb pp Vs =7 TeV and 13 TeV (W-+ solutions) -
o LHCb pp Vs = 7 TeV and 13 TeV (W- solutions)
‘a’ Fixed target (E401, E516, E687)
i HT -
>-> 102 ZEUS _
T
Q.
+
>
G —mmm 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 10



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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Y photoproduction cross section

Eur. Phys. J. C 79 (2019) 277
Eur. Phys. J. C 82 (2022) 343
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Access to GPDs: LHC and EIC

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

H(xz, &, t) E(x,&,t)

ﬁ[(aj,g,t) E(az,ﬁ,t)

proton helicity non flip| proton helicity flip

Four parton helicity-flip twist-2 GPDs

HT(mafat) ET(xvat)

I:-]T(xvgvt) ET(ZU,f,t)

parton-spin independent

parton-spin dependent

12



Access to GPDs: LHC and EIC Exclusive p on transversely polarised p

Possible at EIC HERMES, Eur. Phys. J. C 77 (2017) 378
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Access to GPDs: LHC and EIC Exclusive p on transversely polarised p
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Access to GPDs: LHC and EIC

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

H(xz, &, t)

ﬁ[(az,g,t)

proton helicity non flip

E(x,&,t)

E(x,&,t)
proton helicity flip

Four parton helicity-flip twist-2 GPDs

lepton
scattering plane

HT(mafvt) ET(xvfat)
}NIT(xaf?t) ET(CU,f,t)

Exclusive p on transversely polarised p
Possible at EIC HERMES, Eur. Phys. J. C 77 (2017) 378

Ret211 S § ~ <>I{ H+o+ LHC
; H

parton-spin independent At

parton-spin dependent

Exclusive production of y-meson pair in UPCs:
probe different types of GPDs and access to variety of hard scales.

Y (R. Boussarie et al. JHEP 02 (2017) 054, JHEP 10 (2018) 029 )

VY (L. Szymanowski arXiv:1909.12591)

+
't |Y7T (G. Duplangi¢ et al. JHEP 03 (2023) 241)
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Fixed target at LHCDb

LHC RUN 3

ECECTRICAL CONTINUTTY
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Fixed target at LHCDb
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Fixed target at LHCDb

8,16 TeV
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DVCS at ePIC and impact on determination of CFFs

DVCS after efficiency and acceptance corrections

E.C. Aschenauer et al., Phys. Rev. D 112 (2025) 036010
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DVCS at ePIC and impact on determination of CFFs

DVCS after efficiency and acceptance corrections Lepton-beam helicity asymmetry
- t
|
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Probing ions

What object are we probing?

Incoherent/Breakup

do/dt
[T 1 IIIII|

Coherent/Elastic

[ IIIIII|
e

|

t4 s |t| i3 7]
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Probing ions

What object are we probing?

coherent scattering

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

do/dt

|

L ------------------- - -------------------------
LN I .
- -

Incoherent/Breakup

Coherent/Elastic

t

to

i3
I

Uy
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Probing ions

What object are we probing?

coherent scattering

iIncoherent scattering

do/dt

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.

EX.: target dissociation, excitation

|

................
.........
-------------
..........
..........
........

Incoherent/Breakup

Coherent/Elastic

t

to

i3
I

Uy

15



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.
~second/third diffractive minimum.

Incoherent/Breakup

do/dt

Coherent/Elastic

|

t4 s 1] i3 7]
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Coherent J/y production in PbPb collisions at the LHC

ATLAS, JHEP04(2026)020
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Results indicate significant nuclear shadowing

See also:
Preliminary results ALICE at 4 /sy 5.36 TeV
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Coherent J/y production in PbPb collisions at the LHC

Scaling of the data to 4 /syy = 5.02 TeV
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Coherent J/y production in PbPb collisions at the LHC
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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
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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.

19



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.

I

/ i

-
i

Picture from André Stahl

19



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.
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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.
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CMS central detector and the (far-)forward region
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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
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Disentangling the ambiguity on the ID of the y emitter

computed

measured computed
(StarLight) (StarLight)

extracted extracted

21



CMS: yPb cross section, energy dependence

o(y Pb — Jhy Pb) (mb)
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CMS: yPb cross section, energy dependence
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Exclusive vector-meson production off nuclei in ePIC

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

Separation of coherent and incoherent signal

ePIC Simulation
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Resolution in t
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Resolution in t
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Quarkonium threshold production

Information on gluon trace anomaly

EIC: quasi-real Y production at threshold
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Summary

 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, complementary to JLab.

> Plans for transversely polarised target.

e EIC:
> Down to xg=10-4, polarised beams and entire series of unpolarised nuclei.

» Study with high precision of gluon GPDs

» Threshold production: Y complementary to J/ys JLab studies
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