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Ultra peripheral collisions (UPC)

UPC studies offer insight
into fundamental aspects
of matter

Gluon dynamics, saturation
effects, and nuclear

- structure phenomena like
o TREETY hotspots and shadowing

b e"e'/2///////////////////////////////// 3:1%?58’(:22?; ;Othe origin of

the visible mass in the
universe
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Gluon saturation matters

In Q2

At high energies, or for heavy nuclei at lower energies, gluon saturation is predicted

A
Qg(x)

{ <

pQCD :

evolution i

equation !

? i

<« !

saturation %
non-perturbative region og~ 1

In x

Non-linear QCD evolution equations
introduced, but how is gluon saturation
triggered?

Experimental observables needed to map
out the transition between the dilute and
saturation regimes. The onset of saturation

Can we determine experimentally the
saturation scale (Qg)?

Is there a state of matter formed by gluon
saturated matter with universal properties?
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Evolution of the hadronic structure with Bjorken-x and Q?
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Nuclear shadowing experimentally confirmed, but not fully understood

R

- fZ/A 3 measured
A fz i ™ expected if no nuclear effects
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antishadowing

Fermi-

motion

Experimental observation
that parton distributions are
different for protons and
nuclei

What’s the mechanism
responsible for shadowing?
How is gluon saturation

—_—
D|
Ll

10

related?

The knowledge of the initial
state of nuclei also needed
for understanding the QGP
evolution

Hadron femtography with exclusive reactions

Daniel Tapia Takaki



The LHC is the Large Photon Collider

Interactions mediated by

» Ultra Peripheral Collisions (UPC) can explore the EM interactions

a wide range of energies using almost real photons

Equivalent photon flux
k =yMy exp(+,y) \ ]

Up to several TeV in yp |
Up to ~ 700 GeV/nucleon in YA 'a Z
Up to ~ 150 GeV in yy using UPC PbPb, |

~4 TeV inin yy using UPC pp y -

- UPCs at the LHC probe the hadronic structure over ||| . /\]'—1‘
broad and unique Bjoren x region, yet the precision ' N f=—
not compatible to DIS machines like the EIC Vo

x = My/ym, exp(,y)

L |
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Vector meson (VM) photoproduction in UPCs

e
W?Yp = AVl

Pb Pb

Vector meson

P X
 As in DIS, several reactions are

possible in UPCs:

By studying various VMs, it is
possible to study the Q2
dependence

In the dipole approach, the light
VMs (¢, p°) are more sensitive

to saturation because of the larger
dipole, but pQCD methods not
applicable

-Exclusive photoproduction T 1 r
-Semi-exclusive photoproduction
-Inclusive photoproduction
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Various processes

Fig. from A. Ogrodnik

» By studying various processes, E ol UPC dijets
it is possible to explore both the ©
Bjorken x and Q? dependence | Open charm
» Transition between the dilute I
and dense QCD region, and E
from the perturbative and 1 e
non-perturbative QCD regime °F ﬂ_;_______ﬂ”
perturbative e
1 %on—perturbative ....................
I T R AT R A .Szc.“....
10°  10° 10* 10° 107 107 1

X
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Two-fold ambiguity on the photon direction in symmetric systems

o
W,zyp — QEPMJ/we .

Symmetric systems (pp, A-A) suffer from the two-fold ambiguity on the
photon direction

b Positive rapidity Negative rapidity

s Rl gloll ) Yol

Only UPC asymmetric systems (p-Pb) analyses provide a model
independent way of the energy dependence of o(yp)
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Coherent J/y in UPC Pb-Pb Eur. Phys. J. C 81 (2021) 712

_ , 5 " ALICE Pb+Pb — Pb+Po+J/u VS = 5-02 TeV
» Confirmation of nuclear E T
. . > 10— @ ALICE coherentl J/lp'
ShadOW|ng W|th Run 2 Q | ---- Impulse approximation
) IEECTETEE STARLIGHT
data © | —— EPS09LO (GK2)
10— ---- LTA (GKZ) el )
- -.- lIMBG (GM) o
o :  — — IPsat (LM)
No model can describe ol — - BoKA LY .
idi - --- GG-HS (CCK)
the rap|d|ty - —-bBK(®BCCM)
dependence e ‘
WA 0. +v al-
v = 2EpMy e '
P AR
Mid-rapidity x ~10-3 T
ol | | | |
Forward rapidity 95% at x ~ 102 - -3 2 - 0 y1

5% at x ~ 1073
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Impact parameter flux profile

Broz, Contreras and DTT, CPC 235 (2020) 107181
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Neutron-dependence of coherent J/y in UPC Pb-Pb

The photon flux (n) depends on the impact parameter

Decomposed in terms of neutron configurations emitted in the forward region
do  do(OnOn) . do(0nXn)  do(XnXn)
dy dy | dy | dy

Solving the linear equations resolves the two-fold ambiguity for VMs at y # 0

Positive rapidity Negative rapidity
do
. ol elaen il s 0lE s glel el e

Guzey, Strikman, Zhalov, EPJC 74 (2014) 7, 2942
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Energy dependence of coherent J/vy in yPb

Bjorken-x JHEP 10 (2023) 119
1072 1073 107* 107° PRL 131 (2023) 26, 262301
L1l 1 1 1 Illllll 1 1 Illllll 1 1 Illllll 1 1 llll
3
10 - ¢ ALICE, Pb—Pb VS = 5.02 TeV .
q ¢ coms Po-PoEy=5.02Tev Both gluon saturation
=1 B Guzey et al., using ALICE Pb—Pb Vs = 2.76 TeV N .
3 A Contreras, using ALICE Pb—Pb YSyy = 2.76 TeV ey and ShadOW|ng
— a -~ = impulse approximation o= : .
-% > -.-- STARIlight e describe the data at
— 10° 9§ —Eepso9lo R = . .
= E high energies
= :
o) 1 .
At low energies the
10 E data cannot be
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| | | | | L I | | | | Il | mOdeIS
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https://doi.org/10.1007/JHEP10(2023)119

Coherent Jiy in yPb with Run 3 data ATLAS-CONF-2025-003
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ATLAS preliminary data thanks to new trigger in Run 3

Stronger suppression than seen by mid-rapidity ALICE data. No shadowing?
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Coherent ¢(1020) in yPb

CERN-EP-2025-051

CMS

PbPb 1.68 ub™ (5.36 TeV)
: : :
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CMS data on ¢(1020) data described by shadowing model

CGC calculations not applicable, though
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Coherent Upsilon in yPb CMS-PAS-HIN-24-013
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Stronger suppression than predicted by theory
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Incoherent J/y in UPC

COHERENT

INCOHERENT

J. Cepila, G. Contreras and DTT Phys. Lett. B 766 (2017) 186-191
In the hot spot model, the increase
In gluon distribution with decreasing 47 PVY

Bjorken-x is described by the
energy-dependent evolution of the
number of hot spots

d|t|

T,L

Vector meson
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Incoherent J/y in yPb

CERN-EP-2025-030

Incoh. o(y+Pb — Jhy+Pb*) (ub)
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X 1072
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Shadowing disfavored at high
energies

At high energies, good
agreement with a saturation
model without subnucleon
fluctuations.

Strong quantum fluctuations
expected at high [t|
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Transverse profile of the target

—a UPCs can probe the transverse profile
of the target!
b
— | [ [ Appearance and location of diffractive
dips can be signatures of gluon
saturation

Averaged from pA(x,y,z) Nucleons configuration Hot spots configuration
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Gluonic hot SpOtS » https://cerncourier.com/a/the-other-99/

January/ Fe 025 cerncourier.com Reporting on international hig physics

HOTSPOT SNAPSHOTS Large Bjorken-x Low Bjorken-x

In pursuit of gluon saturation

x=1072 x=10"°

-

Phys. Lett. B 852 138613

L e £ 7

é "j
& -;‘
\.
¥
L 4

Hotspot snapshots Simulations of the transverse density of gluons in lead nuclei at Bjorken x of 1072 (left) and 1076 (right).
Thedistributionsare 10 times broader than for protons and span almost 15 fm. The number of gluonic hotspots increases
from1,400t012,000asxdropsbyafactorof 10,000, fromleft toright.

CLOUD on climate change ® CERN in space, ESA underground ® How to unfold with Al
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t-dependence of incoherent Jiy in UPC Pb-Pb

Editors' Suggestion

First Measurement of the |t| Dependence of Incoherent J/y
Photonuclear Production

S. Acharya et al. (ALICE Collaboration)
Phys. Rev. Lett. 132, 162302 (2024) — Published 19 April 2024

The first experimental measurement of the incoherent

_

photonuclear production of J/i in ultraperipheral heavy-ion
collisions is better explained by the presence of subnuclear

Ccross section
+/

quantum fluctuations of the gluon field.
Show Abstract +

Mandelstam Iti

»
Mandelstam lil
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Evidence of incoherent J/y suppression in yPb cern-EP-2025-057

ALICE, UPC Pb-Pb |5, =5.02 TeV

10

do(yPb— Jy Pb)/d|t | (ub/GeV?)

—_
TTT

T T T T LI | T
(0.36 < |t| < 0.81) GeV?

T T T T T T II T
(0.81 < |t | < 1.44) GeV?

“.“. * ‘-- --'-I
| IHH“/““”“ITI““““““ﬂnnuuu - ‘.“‘ aB i
] as®®
----- Guzey et al. (shadowing) "
L —— Cepila et al. (saturation) 1 STy Y. ..
F - - - Mantysaari et al. (saturation) T e e
1 L 1 1 1 Ll || 1 L 1 1 1 Ll || 1 L 1 1 1 Ll I| 1 L 1 1 L1 1 II 1 L 1 1 1 Ll II 1 L 1 1 1 Ll I|
20 30 10° 2x10° 10° 20 30 10?2 2x10? 10° 20 30 10% 2x10? 10°
W\,Pb!n (GeV)

Shadowing model is disfavored across all measurements

The field is now ready for a global analysis of UPC data on coherent and
incoherent photoproduction
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Inelastic y+Pb -> X events

Experimental signatures for inelastic photonuclear
interactions:

1) There is a rapidity gap on the side of the photon-
emitting nucleus =2 main experimental signature

2) The photon energy << beam energy = particle
production is shifted in rapidity to the side of the
target nucleus

Phys. Rev C 66 (2002) 044906
Total cross sections in Pb+Pb @ Vs =5.5 TeV

o(Pb+Pb = Pb+ccbar+X) = 2b
o(Pb+Pb = Pb + bbbar +X) =830 pb

Nucleus stays intact

Pb

P Pb
Rapidity gap
—— C
y
—<——C
No rapidity gap
X

N\

Nucleus breaks up

Direct production: a bare photon interacts with a parton in the target

Resolved production: the photon fluctuates to vector meson which

interacts inelastically with the target
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First open flavor measurements in inelastic yPb

CMS-PAS-HIN-25-002
CMS-PAS-HIN-24-003

” CMS Preliminary 8 3 b (PbPb 5.36 TeV)
[T TTTTTTTT I IIIIIIIIIII | TTr 1T | L L I T T 17T
(dO'/d )yN pPDF th. Do+ﬁo:
1.2 -from GyA-FONLL Xn0n + 0nXn (y— -y)
- with CTEQ18 (proton PDF) 2< P, < 5 GeV .

T I T T T I T T T I T T T

(2

—
S
w
IIIIIII

ALICE Preliminary
Pb—Pb, UPC |s, = 5.36 TeV

:
o -
o —
= S
c 2 >
g 0 e i
© = ™ y+Pb — D%X and Pb+y — D°+X
S o 3 10 > .
o~ (= | 3
Z - ; | Q i ]
> o4 tDae = S ]
% - GyA-FONLL ] < 05k —
S .2f [EPPs21 = R
IjnNNPDFa 0 (PDF unc. only) 1 < —¢- Data ]
oINS IS S S Lo lo Lol - [+] CMS Preliminary (norm. 2-12 GeV/c)
= —1.5 —1 —o 5 0 o.5 1 15 2 10° = GELM (norm. 2.12 GeV/c) =
D%y F— GSS (GBW) (norm. 2-12 GeV/c) 3
-= GSS (rcBK) (norm. 2-12 GeV/c) ]
Measurements crucial for exploring A e
different regions in Q2 and x, and p. (GeV/c)
different type of theory uncertainties
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Photonuclear dijets in UPCs

Theory / Data

1.2

1

0.8
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1
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1

0.8
1.2

Phys. Rev.D 111 (2025) 5, 052006

Pb+Pb 5.02 TeV, 1.72 nb

— 35.0<H; <453 GeV  —|
- -
B e +7’7 E
- o oo BV ==
o e = = .
— ATLAS 453<H, <586GeV

ot
..

UPC 7+A — jets
Anti-k;, R=0.4 Jets

58.6 < H; < 75.8 GeV

—
Data Scale Uncert.

= ;

3.7 x10* <z, <0.027
0.9H; < M., <4H,

75.8 <H; <98.1 GeV

Data Syst. Uncert. —@-

® nCTEQ ¢ EPPS21
B nNNPDF * TUJU21

981 < H; <1269 GeV —

T

0.8f

Data Stat. Uncert. .

=N
S S

1073 102

107

Direct production Resolved production

Pb Pb Pb
Y
— > g

Pb+X+Xn
Pb Pb

Pb+X, +Xn

Triple differential cross sections!

LO PYTHIAS8 predictions underpredict the data in
the shadowing region, OK in the
antishadowing/EMC regions.

Data useful for nPDF fits with ever more precise
NLO pQCD calculations
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The ALICE FoCal project for Run 4

o "Sl‘--w Telog Ynien
o TPC | Time 1o ection Cramass

34<n<5.8
FoCal

[ 3 JB | TR —"
o YOF | 1me o1 gl

© EMCal | v Crorrwns
O PHOS/ CPV | Moo spantronnin
: Q HMPID | 1158 Mormwntan P e

o ustion Deeuie
o Mm Vwon foraaed Traceer
o L | Fare oenacton Togoer
(D Muon Spectrometer
0 20C I Loes Cagove Lok rrmeter

D

T T

FoCal is positioned 7m from IP2 (A-side)

Hadron femtography with exclusive reactions Daniel Tapia Takaki

25



The ALICE FoCal project for Run 4

- FoCal-E

g ‘20 Layers (LG + HG Si detectors + W absorbers). Tot ( ~ 20 X0)

® Dimensions ~ 90cm x 98cm x 20cm
Designed for:
measurement of direct photons
Measurement of high pt neutral pions (Pb-Pb vs p-p)
Granularity optimized to enable photons separation (~ 5mm distance)
FoCal-H
Transversally segmented calorimeter Tot thickness ~ 6 Ahad

-

" FoCal-E - 2 @ (cated behind FoCal-E (reduce shower blow-up)

Transverse segmentation 1mm

HG cells T Designed for:
» Studying the dynamics of hadronic matter with photons and jets (isolation
WA capabilities (single hadron res ~ 20-25%) )

IBREEES
L1l
1
4101
jan!

Longitudinal segmentation

‘ Aserber ‘“' e m e FoCal is positioned 7m from IP2 (A-side)
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UPC VM projections for FoCal

A. Bylinkin, J. Nystrand and DTT J. Phys. G50 (2023) 055105, 5
VM oc(p+Pb—=p+Pb+ VM) o(3.4<m2<58) Yield

p — FoCal p — FoCal
oY 35 mb 140 nb 21,000
& 1.7 mb 51 nb 7.700
I/ 98 ub 400 nb 60,000
b(2S) 16 pb 8.9 nb 1,300
Y(1S) 220 nb 0.38 nb 60

Pb — FoCal Pb — FoCal
oY 35 mb 17 nb 2,600
& 1.7 mb 5.3 nb 800
I/ 98 ub 36 nb 5,400
B(2S) 16 ub 0.53 nb 30
T(1S) 220 nb 0.67 pb =0

Hadron femtography with exclusive reactions Daniel Tapia Takaki
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Projections for exclusive J/y off protons

UPC p-Pb |/s, =8.16 TeV, 150 nb™ Bjorken-x

1072 10°° 107 10° 10°°
3I_l IIIIIII T T mrrrir i T mrrrr i T Illllll T T lll'
10 -« STARIight projection (no saturation) /
= - = ALICE p-Pb ~ .
5 A H1 g - -
= v ZEUS M_ SEEESE
T o  LHCb pp (W+ solutions) % %%, =
g o LHCb pp (W- solutions) Mé’—*’
t + I FoCal
E’ ’1{?' Acceptance
= 10°F _
@ -
£ ﬂ‘ NLO BFKL
CGC (IP-Sat, b-CGC)
-=-=CCT
Power-law fit to ALICE data
I Power-law fit to ALICE data + ISTARIight projection

30 40 102 2x10? 108  2x108
W, [GeV]

Deviations from a
power-law trend should
signal non-linear QCD
dynamics

Here, projections based
on STARIight which
uses a parametrization
based on HERA data

00(Wap/Wo)°

For all figures, 60%
efficiency. Conservative
assumption after
acceptance selection
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Projections for exclusive J/y off protons

UPC p-Pb |s,,, =8.16 TeV, 150 nb™" Bjorken-x

T 1 0ITI2I LI Ll | 1 0':‘:3I LI | | 1 0I:I4I LI | 1 1 0II_I5I LI L L] 1 OITIGI
10°F x NLO BFKL projection 5 L .
= [ - ALICE p-Pb M * PrOJectlons assuming a
= : géus W | broken power-law
e o LHCb pp (W+ solutions) 6 Q,{gg# ]
=z o LHCb pp (W- solutions) iﬁsﬁ“ . .
I | e - * Projected points based
FoCal
E 102k fw Acceptance _ Onl N Ifci BFKL
o) C ] calcuiation
NLO BFKL ]
CGC (IP-Sat, b-CGC) l
---CCT ] o
Power-law fit to ALICE data ag (’}/p) ~ T
I Power-law fit to ALICE data + NLO BFKL projection 1 _|_ A
1 1 1 L1 1 I 1 L L 1 1 L_1_1 I 1 1 1 W6
30 40 102 2x10? 10 2x10° g
W, , [GeV]
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Neutron-dependence of coherent J/y in yPb

Decomposed in terms of neutron configurations emitted in the forward region

do  do(OnOn) . do(0nXn)  do(XnXn)

o e | |

dy dy dy dy
Neutron configuration o(Pb+Pb — J/¥+Pb+Pb) o0(3.4 <nm12 <5.8) Yield
OnOn 28.8 mb 47 pub 329,000
OnXn + XnOn 7.3 mb 5.0 ub 35,000
XnXn 3.0 mb 2.0 ub 14,000

Solving the linear equations resolves the two-photon ambiguity for VMs aty # 0

% = 0o v vl o

Hadron femtography with exclusive reactions Daniel Tapia Takaki
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Projections for Neutron-dependence of coherent J/y in yPb

Bjorken-x
10" 1072 107 107 10°° 10°° Neutrons measured
"B‘ - rrrre T [rrrre e | R | AL | R I“': .
E Combined FoCal and ZDC analysis, Pb-Pb |5,y = 5.36 TeV, 7 nb'" with Zero Degree
o 1E — - Calorimeters
%‘; Acceptance
| /f A Projections based on
[ room I STARIight
- | Acceptance
102 AR . ALICE will be the only
* STARIight projection ' detector capable of
| ¢ — Impulse approximation ] 6 :
e .CCT i explore x ~ 10°in Pb
3 ---b-BK-A : thanks to FoCal
-l I ! L 1 1 L1 11 I 1 1 1 1 L1 11 I 1 1
7 10 20 30 10° 2x10? 10° 2x10°
W, (GeV)
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Summary

« The UPC (Ultra-Peripheral Collision) program investigates the high-density
regime of Quantum Chromodynamics (QCD), focusing on the initial states of
protons and ions at high energies.

 Recent results from ALICE, ATLAS, CMS, and LHCDb cover coherent and
incoherent photoproduction, as well as inelastic photonuclear processes.

* New and increasingly multidifferential measurements are opening unexplored
kinematic territories. Incoherent data challenge existing models of nuclear
shadowing, while recent studies on photonuclear dijets and open heavy flavor
probe new and interesting kinematic regions

» Very promising future with the complete Run 3 dataset analysis and Run 4 data
in the coming years!

Hadron femtography with exclusive reactions Daniel Tapia Takaki
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t-dependence of coherent and incoherent Jiy in UPC Pb-Pb

First measurement of the |t|-dependence of incoherent J/y photonuclear production

Phys.Rev.Lett. 1

32 (2024) 16, 162302

Probing for gluonic "hot spots” in Pb
using UPCs for the first time!

< _ ALICE, Pb-Pb UPC {5y, = 5.02 TeV
[1b}
0] ALICE incoherent Jiy, |y| < 0.8 & 10 = 1( _
_g -, . —+ Uncorrelated stat. + syst. > . ALICE, Pb—Pb UPC SNN =5.02 TeV
NS Correlated syst. ] T~ S
= N = orreraiec sys Q) i RS Jhy photoproduction, |y| < 0.8
5 102 }‘.\\ RN o | o 4 Coherent: PLB 817 (2021) 136280
K3 s e SRR . £ See e GSZ-LTA
g R = 1 N - — b-BK
- . ~ } SEECNY Ke) E \\_‘ ¢ Incoherent: arXiv:2305.06169
B N. N i £ T iy --- MS-hs
B ~ e, > W
N . o) - N == MS-p
N T L u —— MSS-i
i DO S | — MSS
- 8- MS-h i _ |
o MS?ps \\,,.___‘ 107" i — - GSZ-el+diss
102 —— MssHi . TN e - g GSZ-el
- o+ MSS ", e~ i
| —e - GSZ-el+diss ., B
L -e- GSZ-el .. ‘u\_ o
. \ L ! I L
[ -
g o ; :
SR .
= 1.0 peeneaeees oo e
T 05% ¢ ¢ ° [ =
o 0.0l L * - o | L ‘ ~3 -2 —1
= O 0.2 0.4 0.6 0.8 1.0 1.2 10 10 10 ,
lfl (GeV?) lt| (GeV)

Hadron femtography with exclusive reactions

Daniel Tapia Takaki



Gluon saturation and dissociative J/y in UPC

See talk by A. Ridzikova at DIS"24
Her figures

Phys. Lett. B 852 (2024) 138613
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In the hot spot model, the increase of large hot spots
within the proton reaches a point of significant
overlap, and the resulting uniformity reduces both
the variance and the dissociative cross section

Phys. Lett. B 766 (2017) 186-191
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