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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 TES 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
- yne Pb | 8.16 TeV | 6.5 TeV | 2.56 TeV | 3.78 x 107 | 28 MeV 1 PeV 1.4 TeV
maximum photon energy = b ' ' ' ' -

P W= pp | 13TeV | 65TeV | 6.5TeV | 9.6x107 | 116 MeV | 11 PeV | 4.6 TeV
2 table: K. Lynch
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Exclusive processes at the LHC: kinematic coverage
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Experimental signature

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/p photoproduction off the proton

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



Extraction of the J/p photoproduction off the proton

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

pp: ambiguity in ID of photon emitter

relation pp and yp cross section:
dn

* r = gap survival factor

M
ke = —2¢ e*? = photon energy
™ _ photon f
7k, = Photon flux

« Wi = 2ky+/s =ypinvariant mass

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.
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J/P photoproduction cross section off the proton at the LHC v

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 . -



J/P photoproduction cross section off the proton at the LHC v

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
S a2 ZEUS
1 10
Q.
+
>
ey SETEEY 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 . -



J/P photoproduction cross section off the proton at the LHC v

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
S a2 ZEUS
1 10
Q.
+
>
ey SETEEY 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 . -



J/P photoproduction cross section off the proton at the LHC v

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 -
S 2 ZEUS _
1 10
Q.
+
-
ey SETEIEY 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 . -



J/P photoproduction cross section off the proton at the LHC v
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Y photoproduction cross section

CMS

pP

b 32.6 nb™ (5.02 TeV)

lA ZEUS 2009 (e-p)
A ZEUS 1998 (e-p)
i H1 2000 (e-p) —_
LHCDb (p-p, 7,8 TeV)
—@®—— CMS (pPb, 5.02 TeV)

-
o
N

I T 1T 1T1TTF

R
\

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

—

— fIPsat
— |[IM-BG
— |IM-LCG
-=-=-=- bCGC-BG
JMRT-LO
JMRT-NLC
— Fit CMS: 6=1.08+0.42
—— Fit HERA+CMS+LHCb:

5=0.77+0.14
| |

Probes GPDs at higher scale.
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Polarisation and angles

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

H(xz, &, t) E(x,&,t) parton-spin independent

[:I(aj, £, 1) E(aj, £, 1) parton-spin dependent

proton helicity non flip| proton helicity flip

Four parton helicity-flip twist-2 GPDs
HT(mafat) ET(xvat)

}NIT(xvf?t) ET(CU,f,t)




POIarisation and ang IeS Exclusive p on transversely polarised p
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Polarisation and angles

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

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

E(x,&,t)
proton helicity flip

ﬁ[(az,g,t)

proton helicity non flip

Four parton helicity-flip twist-2 GPDs

HT(mafvt) ET(xvat)

ﬁT(mvgvt) ET(ZE7§7t)

lepton
scattering plane
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parton-spl Ex clusive production of y-meson pair in UPCs:
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Polarisation and angles

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

H(xz, &, t) E(x,&,t)
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proton helicity non flip
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Four parton helicity-flip twist-2 GPDs
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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)
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Ultra-peripheral collisions in PbPb

What object are we probing?
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What object are we probing?
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Coherent interaction: interaction with target as a whole.
~ target remains in same gquantum state.
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Ultra-peripheral collisions in PbPb

What object are we probing?

coherent scattering

Incoherent scattering

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

Incoherent interaction: interaction with constituents inside target.
~ target does not remain in same quantum state.

EX.: target dissociation, excitation
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Experimental important points

Incoherent/Breakup

_ /\ Coherent/Elastic

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

do/dt
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Experimental 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

b A
dA | GPD(QE,O,AJ_) e Lot
0

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

do/dt

Incoherent/Breakup

Coherent/Elastic

|

t4 o it i3 ¥




Experimental 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

dA; GPD(z,0,A ) e LAY - incoherent/Breakup
0 § =
=
Experimentally limited by maximum transverse momentum. -
: : _ Coherent/Elastic

Need to extend pr range as much as possible in measurement. -

~third diffractive minimum. - “

Saturation, Wyp= 1TeV, Q2= 10 GeV2
— Saturation, Wyp= 1TeV,Q=0 =
- Saturation, va =5TeV,Q=0 E
10°F 1-Pomeron, W, = 1TeV, Q’=10 GeV’ i U

- Saturation: I A i e

t4 o i3 ¥

determine dip position indirectly
via slope and probe its dependence
With Wyp

do/dt (nb/GeV?)
o

N. Armesto and A. H. Rezaeian, Phys. Rev. D 90 (2014) 054003.

it] [GeV’]



Coherent production in PbPb at ALICE and at the EIC

ALICE, Phys. Lett. B 817 (2021) 136280
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Coherent production in PbPb at ALICE and at the EIC

ALICE, Phys. Lett. B 817 (2021) 136280
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Disentangling the ambiguity on the ID of the y emitter

detector detector
P(A) P(A)

E,=small Y

13



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.

14



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.
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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.

N
\ e E o—
: n
! G:EE Y PP Make measurement with
> S ' _>
EE 5 possibility to detect neutrons
; '
N

Picture from André Stahl 14



CMS: yPb cross section, energy dependence

o(y Pb — Jhy Pb) (mb)
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Dissociative production measured by ALICE

do. p,/dit| (mb GeV™)

Model / Data
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ALICE, Phys. Rev. Lett. 132 (2024) 162302
i ALICE, Pb—Pb UPC \/SNN =5.02 TeV
“a
[_i:w““\,,ﬁ . ALICE incoherent J/y, |y| < 0.8
B =S —— Uncorrelated stat. + syst.

R S E Correlated syst.
Lo \\ "s’;\' ~~~~ - -
- W S R PO
: ’," \ ’:?j:',\ T N
9 g" \ . . SS9 .
_ N 1 S L
| "0' \\ ‘t"b,‘ + .......
i *,’ \ ",z: .....
N s
\ ",' .’.,‘
i \<~, "‘o“'“
- 8= MS-hs \~\ ‘"‘"'x .
- e 0 MS-p ',\\ \'.~"“. e,
- MSS-l A P
[ --¢-- MSS “, =~ -
| —e = GSZ-el+diss s"“'\
| o - GSZ-el "‘,
| . | | s
m ] ]
n ow W
- -§----- - Y= fr——— -
T RN :
1 1 1 I 1 I 1 1 I 1 .l I 1 1 I 1
0.2 0.4 0.6 0.8 1.0 1.2
t| (GeV?)

H. Mantysaari and B. Schenke

1t

PRD 98 (2018) 034013.
TC

Event-by-event |

fluctuations

1
E 0
m_l
1 0 1 1 0 1
pPPb Bjorken-x el olt
1072 1073 107 107°
| | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII
102k Phys. Rev. D 108 (2023) 112004
2018
;8, 5Q
— O |
* OO0
e )}/ Zd
> /]
= c
;r)_ f/ ¢ ALICE p-Pb s = 8.16 TeV
_|_
< 0 H1
—CCT
20 30 40 102 2x10° 10°
16

W, (GeV)




Inclusive DO photoproduction

First measurement by CMS:

Pb

Pb

» Study nuclear gluon PDFs in new kinematic region
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Inclusive DY photoproduction: kinematic coverage

* hard scale of the interaction:
2 2 2
Q T pT,c T me

» Bjorken-x variable:
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Inclusive DY photoproduction: kinematic coverage

M. Cacciari. G. M. Innocenti. A. M. Stasto. arXiv:2506.09893

cq>\1 O6§
- hard scale of the interaction: 3 - Proj. UPC charm Run 3 with CMS acceptance
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Inclusive DY photoproduction: kinematic coverage
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Experimental signature
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Experimental signature
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Experimental signature

no break up
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Experimental signature

no break up
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Experimental signature

lCMS Preliminary 2023 PbPb (5.36 TeV)
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Results

. CMS 1.34 nb™' (PbPb 5.36 TeV)
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Results

CMS, arXiv:2509.08626
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Inclusive DO photoproduction at ALICE

ALICE, arXiv:2509.11814
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Inclusive jet photoproduction

First inclusive UPC measurement: ATLAS
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Inclusive jet photoproduction: kinematic coverage

* hard scale of the interaction:

Hr = ZPT,jet 272 20

jet

» Bjorken-x variable:
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* hard scale of the interaction:

Hr = ZPT,jet 272 20
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» Bjorken-x variable:

23

Kinematic coverage

UPC dijets

Figure from Jordan Lang | Quarkonia as Tools 2026 | 6 January 2026
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Experimental signature
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Experimental signature: activity in detector
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Experimental signature: activity in detector
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Experimental signature: activity in detector
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Experimental signature: activity in detector
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Results

ATLAS, Phys. Rev. D 111 (2025) 052006
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Results

ATLAS, Phys. Rev. D 111 (2025) 052006

1010— | | | L I| | L I| | | -
L ATLAS UPC 7 + A — jets —
10" = Pb+Pb 5.02 TeV, 1.72 nb" anti-k, R=0.4 Jets —
=  3.7x10%<z,<0.027 0.9H; <My, <4H =
T —
% O e 2 4 Rdn ——-.-—-I__.___ —
R R -
=. [ ]
[ — — e e == - _ - - e —
_102F e MR T
N . -
-O 10—5z __+_—_+___+___+___+_-_+_1__.|..:
ol < — . 7
o | X — - - pythia 8+ nCTEQ15 e = == = = e = .
I - - __*_1 =
OO o F Wz+SIHPDFs - - - L e =
II_ 10 "F  with Pb photon flux B
— —_—— = == =0 =L L - ]
T e 350<H;<453CeV - - o 7T e
10 ——-453<H <586(3eV(><10) =
S 586<H <758GeV(><10) =
4 * 758<H <981GeV(><10) -
107" = & 98.1 < H, <126.9 GeV (x10 °) Data Scale Uncert. B
10717 & 1643<H <2125 GeV (x107°) © Data Syst. Uncert. ]
B ] ] ] I 1 1 I| ] ] ] ] I 1 1 I| ] ] ] B
107% X 107
A
. 115_ 35.0 < H < 45.3 GeV El 453<H, <586 GeV E
E 15 o . —@— E o _.__._—I— -
~ o & & - ]
e 0.9 —o—o & ==+ _'_*_' - =
g’ p 58.6 <:HT<75.8 GeV; ¥ o 7'5.'8'<”/'-/';<9é.1'éé\}”"
o 1% :
L 1E =~ . -
I_ 095_ —¢ e _‘__QZ:._ o _.|._—.|-—_+__+__E
- —* MRE: —+
107° 1072 107" 107° 1072 107
XA XA

26

Ty~ emitted photon energy fraction

Results also differential in Z,

— more robust separation of correlated
systematic uncertainties.
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Summary

* \Vast complementarity between LHC UPC and EIC measurements:
> EIC provides high precision and polarisation
~ LHC covers otherwise unaccessible low-xg region

> Potential pQCD UPC measurements at (polarised) fixed target: coverage of large-xg region
e EIC: large variety of nuclei

—> valuable for study of nuclear effects

* Fixed target also covers variety of nuclei, at large xs —> complementary channel
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Kinematic coverage jets
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Disentangling the ambiguity on the ID of the y emitter

detector
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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.
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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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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

Cherenkov hadron Cherenkov hadron
calorimeters — calorimeters
Zero-degree 5.0<n<-3.0 — /  3.0<n<50 S
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CMS central detector and the (far-)forward region
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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



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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CMS: yPb cross section, energy dependence
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ALICE: yPb cross section, energy dependence
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Search for the Odderon

hadron-hadron collisions
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Search for the Odderon

hadron-hadron collisions
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also e.g., f2 in pA and AA collisions
R. McNulty et al., EPJC 80 (2020) 288



Search for the Odderon

hadron-hadron collisions deep-inelastic scattering
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Search for the Odderon at the EIC




Search for the Odderon at the EIC
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