Small-x Physics at LHC
(Status and Upgrades)
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Why Small-x Physics are Important?

Explore the nucleon/nucleus structure via high energy probes

Deep Inelastic Scattering
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Why Small-x Physics are Important?
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https://link.springer.com/article/10.1140/epjc/s10052-015-3710-4

Why Small-x Physics are Important?
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What is the fate of gluons at
extreme densities?
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Why Small-x Physics are Important?

H1 and ZEUS
e H 1 L AN T T TTorT L LA
littin -
Sp tt g Z EPJC 75 (2015) 12, 580 n2=10 GeV?
—— HERAPDF2.0 NLO
uncertainties:
I experimental

(] model xu
[ 1 parameterisation

.......... HERAPDF2.0AG NLO

~Ngy(linear)

Gluon Saturation?

Recombination

0.2 -

~(Ng)2(nonlinear)

August 19, 2026 MR (£ X)) @ RixQCDIHITE
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Why Small-x Physics are Important?

» Why “Gluon Saturation” matters?

Splitting
J A new regime of QCD:
Reveals transition from Linear to nonlinear QCD dynamics
~N,(linear) A natural limit to gluon growth:
Prevents the unlimited growth of gluon density and
Gluon Saturation? preserves unitarity
. . A fundamental aspect of hadron/nuclear structure:
Recombination

Determines gluonic structure at high-energy (small-x) limit

A key ingredient for understanding HI collisions:

Set the initial conditions, shaping particle production and

2
~(N,) (nonlinear
( g) ( ) early dynamics of QGP



Advantages of Gluon Saturation Search in Nucleus
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» Gluon saturation can be more easily reached in heavy nuclei
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Key Goal of Future Electron lon Collider

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
(2012) that binds us all

» Exploring small-x gluon dynamics is one of the key goals of EIC.
» But: EIC operation is still ~10 (+?) years away.
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Advantages of Studying Small-x Physics at LHC

i

CERN Site -

» The LHC provides a unique
B ke Geneva opportunity to explore high-density
S QCD at unprecedented energies,
reaching the smallest-x regime
ever accessible.

Wide range of collision systems and energies:
* pp, pPb, PbPb, XeXe, OO, NeNe, p-O
* PbPb @ 2.76, 5.02, 5.36 TeV
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Probe Nuclear Gluonic Structure via VMs in UPCs

Vector Meson photoproduction is sensitive to the gluonic structure of target nucleus
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Probe Nuclear Gluonic Structure via VMs in UPCs

Vector Meson photoproduction is sensitive to the gluonic structure of target nucleus

v}

Coherent production:

* Photon fluctuated dipole couples coherently to entire nucleus
e Target nucleus remains intact at ground state

¢ VM <p> ~ 10! MeV

* Probing the average gluon density

|

Incoherent production:

* Photon fluctuated dipole couples to local gluonic hotspots
e Target nucleus get excited, or breaks (mostly)

VM <p;> ~ 10%-103 MeV

* Probing the local gluon density and fluctuations

o  [xG(x,Q2)]2 Excellent probe for the gluon saturation search!
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CMS Experiment at the LHC, CERN

Data recorded: 2018-Nov-12 21:48:04.525285 GMT Inte resteo! gyeqts. _
Run / Event / LS: 326619 / 2320827 / 8 1 Low activities in forward calorimeters.

-1 Exactly two tracks.

A clean laboratory for studying small-x nuclear gluonic structure!



Probe Nuclear Gluonic Structure via VMs in UPCs
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Explore in 2 dimensions: Q2 vs. x
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Coherent J/W Photoproduction viay + p (Free Nucleon)
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nyp — 2\/(4.} : Ebeam

y+p—=J/Y+p

Data from LHC and HERA follow a common
power-law trend, consistent with the
expectation from the rapidly increasing
gluon density in a proton

No clear indication of gluon saturation, even
down to x~10- in a free nucleon!
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https://link.springer.com/article/10.1140/epjc/s10052-019-6816-2
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Coherent J/W Photoproduction in Pb-Pb UPCs

y+Pb — J/p+Pb

v

» However, the rapidity distribution
was a puzzle

do,,, / dy (mb)

CMS PbPb 1.52 nb™' (5.02 TeV)
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CMS: PRL 131, 262301 (2023)
LHCb: JHEP 06 146 (2023)
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Two-Way Ambiguity in A-A UPC

For a given |y| window

photon emitter
(higher energy)
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» This ambiguity exists for both coherent and incoherent processes
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Two-Way Ambiguity in A-A UPC

CMS

PbPb 1.52 nb! (5.02 TeV)
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Two-Way Ambiguity in A-A UPC

CMS PbPb 1.52 nb™ (5.02 TeV)
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Method to Solve Two-Way Ambiguity in A-A UPC

V. Guzey, M. Strikman, M. Zhalov, EPJC (2014) 72 2942
* Control/select the impact parameter of UPCs via forward emitted neutrons

Po—» d"?&XnAA /4
—AA'J
dy - N’?/nj(n(wl) " OyA—J /A (w) + N,?}f"(wz) " Oy A—sJ 1A (ws)
Y QA S “
I from;hgoretical calculation
g doXnXn AN
93 AA—AA T |9 —n X
/ dy — NﬁAX (wl) Oy A—J/pA (wr) -+ N’ﬁAX (’w2) * Oy A J YA (ws)
o—
B 1
Neutron emission via EMD with additional photon exchange: 4 N
«  Soft photons (energy ~10s MeV) O-VA—>J/¢A’(w1) Larger-x

* Independent of interested physics process
e Large cross section ~200 b (single EMD)
* The smaller b - the more neutrons

O~vA—J /A (ws) , Smaller-x
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Neutron Tag with Forward Zero Degree Calorimeter

POINT 5
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—> Tag events with neutrons:
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https://cds.cern.ch/record/2621978?ln=en

Total Coh. J/W Cross Section in Different Neutron Classes

CMS PbPb 1.52 nb™ (5.02 TeV)
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CMS: PRL 131, 262301 (2023) » Separate small and large x contributions
by solving equations
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Coherent J/W Cross Section of Per y+Pb

CMS: PRL 131, 262301 (2023)
ALICE: JHEP 10 119 (2023)

CMS PbPb 1.52 nb™ (5.02 TeV)
L | L | L I L IJ-_I_J_,.{.-f L | L | T | [
@ % ® CMS — LTA_SS — bBK_GG

| if O ALICE -~ LTALWS -- bBK_A |
Z% A LHCb* (-4.5 <y <-3.5) CD_BGK CGC IPsat
I Syst. exp. CD_GBW --- GG-hs
‘:I Syst. y flux CD_IIM --= Impulse approx.]|
:I L1 1 | I I | | | I | I I I | | I I | | | I | | I | | I | | [
0 100 200 300 400 500 600 700 800

W (GeV)

o vs. W (y-N center-of-mass energy)
e Rapid increase at W < 40 GeV
e Turn into a nearly flat (slower rising) trend
for W > 40 GeV
e Strong suppression

Strongly saturated cross sections
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August 19, 2026

—

—
<

<

N

Coherent J/W Cross Section of Per y+Pb

CMS: PRL 131, 262301 (2023)
ALICE: JHEP 10 119 (2023)

CMS PbPb 1.52 nb™ (5.02 TeV)
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5% (£ IhK) @ thimQCDHHT =

o vs. W (y-N center-of-mass energy)
Rapid increase at W < 40 GeV

Turn into a nearly flat (slower rising) trend
for W > 40 GeV

Strong suppression

Strongly saturated cross sections

Gluon Saturation?

2
~(N,) (nonlinear .
(M) ¢ ) ~N, (linear)
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oy Pb — Jip Pb) (mb)
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Coherent J/W Cross Section of Per y+Pb

CMS: PRL 131, 262301 (2023)
ALICE: JHEP 10 119 (2023)

CMS PbPb 1.52 nb™ (5.02 TeV)
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W (GeV)

o vs. W (y-N center-of-mass energy)
e Rapid increase at W < 40 GeV
e Turn into a nearly flat (slower rising) trend
for W > 40 GeV
e Strong suppression

Strongly saturated cross sections

Nuclear shadowing?
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Coherent J/W Cross Section of Per y+Pb

CMS: PRL 131, 262301 (2023)
ALICE: JHEP 10 119 (2023)

CMS PbPb 1.52 nb™ (5.02 TeV)

T el
| | I A2 ! | |

(!:_)/,' ; ® CMS — LTA_SS — bBK_GG
= O ALICE --LTAWS -- bBK_A _
E@ A LHCb* (-4.5 <y <-3.5) CD_BGK CGCIPsat
[ Syst. exp. CD_GBW - - GG-hs
% ‘:I Syst. y flux CD_IIM - - Impulse approx.

0 100 200 300 400 500 600 700 800
W (GeV)

o vs. W (y-N center-of-mass energy)
e Rapid increase at W < 40 GeV
e Turn into a nearly flat (slower rising) trend
for W > 40 GeV
e Strong suppression

Strongly saturated cross sections

Black Disk Limit?

(not in the figure)

~inel A D2
UPQCD < Oblack = 71'Rtaurget

L. Frankfurt, et al.,
PRL 87 (2001) 192301, PLB 537 (2002) 51

Exact underlying physics is still unclear!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.192301
https://www.sciencedirect.com/science/article/abs/pii/S0370269302018828
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» Both shadowing model and gluon saturation model describes the data
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CMS PbPb 1.68 ub™ (5,36 TeV) CMS PbPb 1.66 nb™ (5.02 TeV)
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CMS, PRL 135, 262301 (2025) CMS, arXiv:2604.05814 , submitted to PRL

» Their cross sections are strongly suppressed, exceeding gluon saturation predictions
» Shadowing models generally better describe the data
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How About Incoherent J/W Photoproduction?

v 1)

ool

Incoherent production:

* Photon fluctuated dipole couples to local gluonic hotspots Target
nucleus usually breaks

* VM <pr> ~10%-103 MeV

* Probing the local gluon density and fluctuations
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Solve “Two-Way Ambiguity” via Forward Neutrons

photon emitter
(higher energy)
““““““““““ Myv ., 7
Wy =
2
Jh)
C =
_ Mym _
wy = MQVM eV target Nl
€ e R e (- e ———— e o N
photon emitter
(lower energy)
J/W-Xn (Same Direction) J/W-Xn (Opposite Direction)

V. Guzey, M. Strikman, M. Zhalov, EPJC (2014) 72 2942

* Incoh. J/W photoproduction itself has ~85% chance to induce the forward neutrons
— Detecting these neutrons will identify target nucleus
— Help to solve the “Two-Way Ambiguity”
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Incoh. o(y+Pb — Jhp+Pb*) (ub)

Incoh. J/W Cross Section Per y+Pb

CMS PbPb 1.52 nb* (5.02 TeV)
X 107° 1074
LI I I I | I I | LI I I I I I 1 | LI I I
. Pb + Pb — Pb + Pb* + JAp
m CMS
102 - ALICE T
F - 1A \eaf eﬁef’fﬁ_,_,/\.,. f
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Syst. exp.
- [ Syst. y flux

50 N | 500
WiN (GeV)

CMS, PRL 135, 112301 (2025), Editors’ Suggestion

CGC: PRD 109 (2024) 7, L0O71504, PRD 106 (2022) 7, 074019
LTA: V. Guzey et al. PRC 108 (2023) 024904, PRC 99 (2019) 015201

ALICE: EPJC 73 (2013) 2617

Oine o {|AP") = [(4)[
Measuring the variance of gluonic configurations

First energy-dependent measurement of
incoh. J/W photoproduction
e Strongly saturated trend again

Strong suppression compared to Impulse
Approximation (IA)
LTA model describe data at W < 60 GeV

CGC without sub-nucleonic fluctuations
better describe data at W > 90 GeV


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.192301

Cross Section Ratio of Incoh./Coh. J/W

s CMS PbPb 1.52 nb™ (5.02 TeV)
TUATASALA R I
1—_' m CMS (A = Pb) -~ 1A b
s ALICE (A = Pb) ---LTA
3¢ STAR (A =Au) CGC_SubFluct
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CMS, PRL 135, 112301 (2025), Editors’ Suggestion

No clear W dependence (40 < W < 400 GeV)
* Not support Black Disk Limit is reached

* ALICE data agrees with CMS data, STAR data
slightly rises towards lower W

LTA and CGC with sub-nucleonic fluctuation
qualitatively describe data trend

Theoretical uncertainties from VM wave function, nuclear density, nuclear form factor, free nucleon PDFs,
photon flux, and J/W formation probability are largely canceled.




1CMS PbPb 1.52 nb (5.02 TeV)
095Pb+Pb—>Pb+le*+J/1p | :
' - ® CMS Incoh. ---LTA ]
08F o ALICE Incoh. - -CGC_SubFiuct D D E
<_io 0.7F © CMS Coh. --- CGC_noSubFluct D -
< F © ALICE Coh.
2 0.6} -
L - Syst. exp. Incoh. \\\9 .
o) 0.51 Syst. exp. Coh. X\ e
I g4f O Systyflux O g L
= C e e
03F | L g T .
M T W z
o2f U O .7 FEY Y E
A Y . .
0.Af Ll \nCo E
0:—5 HII—4 IHI—3
10 10 Bjorken x 10

Nuclear Suppression Factor

CMS, PRL 135, 112301 (2025), Editors’ Suggestion

g/
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coh(x’ ]’12) = (Rg)2

gy —

o
Y

exp

Pb—]/yPb’

Ty

IA

Pb—]/¢ PV’

/v No nuclear effects

Both Coh and Incoh J/W show stronger
suppression towards lower x, and
eventually flattens out

Incoh. is more suppressed than Coh. J/W

Incoh. J/W get closer to Coh. J/W for x < 10
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First Energy (x)-Dependent Incoh. J/W in Various ¢ Intervals

Incoherent production is sensitive to event-by-event gluonic fluctuations.

ALICE, UPC Pb-Pb {s, = 5.02 TeV
LI I I I I 1! | I - : 1! 1 I I LI
i (0.36 < |t | < 0.81) GeV?

(0.09 < |t | < 0.36) GeV? (0.81 < |t | < 1.44) GeV?

<
[}
Q
o
=
:10— RANNTY) YRR AAALARAR = -
S - .
3 B - ---l-
o - ‘---"
> B o ‘--“ &
) B | R (| -"-
T | e Guzey et al. (shadowing) N
£ 1= —Cgpilaetql. (saturation)‘ 4 4 'u.,,r,,...m.,,,,,,,,,,,‘............,,, _
< - - - - Mantysaari et al. (saturation) T - .
s L ) - )
1 L 1 1 L IIII 1 L L L 1 lIlI L 1 1 L 1 IIII 1 1 L 1 1 IIII L L 1 1 1 IIII 1 L L L L lIII
20 30 102 2x10° 10° 20 30 102 2x102 10° 20 30 102 2x10? 10°

W,eon (GEV)  ALICE, PRL 137, 052301 (2026)
» t-dependent measurements probe gluon fluctuations at different transverse spatial scales.
> At large t, data exhibits a slower growth compared with the low-¢ region, favor the gluon
saturation models over nuclear shadowing model.
» Saturation suppresses gluon fluctuations, reduce the increase of incoherent cross section.
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What We Learnt So far?

> First energy-dependent Coh. and Incoh. J/W are measured
* Both are strongly saturated at high energy or small x
* Ratio of Incoh/Coh J/W stay at a constant
e Stronger suppression towards lower x, eventually flattens out
* Incoh. J/W is more suppressed than Coh. J/W
* tslope of Incoh J/W support the subnucleonic fluctuations
* |Incoh J/W show slower growth with energy at larger t region

» First Coh. ¢ and Y (1S) photoproduction off heavy nuclei is observed:

* Nuclear suppression factor ~5 and ~4



What We Learnt So far?

> First energy-dependent Coh. and Incoh. J/W are measured
* Both are strongly saturated at high energy or small x
» Ratio of Incoh/Coh J/W stay at a constant
e Stronger suppression towards lower x, eventually flattens out
* Incoh. J/W is more suppressed than Coh. J/W
* tslope of Incoh J/W support the subnucleonic fluctuations
* |Incoh J/W show slower growth with energy at larger t region

» First Coh. ¢ and Y (1S) photoproduction off heavy nuclei is observed:
* Nuclear suppression factor ~5 and ~4

» Current models based on gluon saturation or nuclear shadowing provide valuable
insights but cannot consistently reproduce the full set of measurements.

» A complete understanding of the small-x dynamics and the onset of high-density
gluonic matter remains an open question.



Looking Forward Upgrades at LHC

¢ Run3 —» LS3 <4—— Run4 —p LS4 <+ Run5...

O T T AT "R R0

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037
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Looking Forward Upgrades at LHC

4 Run3 ——p LS3 <4—— Runi —p <« Runbs...

T " A T W_E/

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

Improved Trigger ! Muon é
ZDC HGC HCAL CAL ZDC
and DAQ oAl

PPS Tracking PPS
ATLAS Simulation Prellmlnary ITk Layout: 03-00- 00

Pixel Strip HGTD ITk simulated passive materlal

... ATLAS, CMS phase I

CERN—LHCC—2012—O22

»~ ¢ HL-ZDC (CMS-ATLAS joint)
f o~ Extend trackingto [n| = 4.0

- * Extend muon |n| (2.4->2.8) by CMS
« MTD (time resolution ~30ps) by CMS
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Looking Forward Upgrades at LHC

G RUN4 ——p

EWWW

<+ Runs...

¢ RUN3 =—p LS3
VN RPN YA LT
2022 2023 2024 2025 2026 2027 2028 2029 2030 2031
1 Muon
ImprOVEd Trlgger ZDC HGCb HCAL éCAL ZDC
and DAQ ECAL
| PPS 1 Tracking r PPS
ATLAS Simulation Prellmlnary ITk Layout: 03-00- 00
Pixel Strip HGTD ITk simulated passive materlal
oo 8 6 4 2 0 2 4 6 8
| 0o

CERN—LHCC—2012—O22
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ATLAS, CMS phase Il

* HL-ZDC (CMS-ATLAS joint)

* Extend trackingto |n| =4.0

* Extend muon |n| (2.4->2.8) by CMS
« MTD (time resolution ~30ps) by CMS

5% (£rhK) @ tRisQCOA TR

2032

2033 2034 2035

Side View

2036 2037

PicoCal
RICH2

TORCH
Mighty
Tracker

LHCb upgrade Il

Tracking upgrade

* New Upstream Tracker (timing)

e Mighty tracker (SciFi+silicon)

* VErtex LOcator upgrade

TORCH, RICH, ECAL and Muon upgrades
* Timing across multiple detectors
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Looking Forward Upgrades at LHC

¢ Run3 —» LS3 <4—— Run4 —p LS4 <+ Run5...

N T T

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

ALICE FoCal: most important upgrades for small-x physics -

e FIT | Fast Interaction Trigger

o FoCal | Forward Calorimeter

Forward Calorimeter
e Electromagnetic: FoCal-E

o HMPID| High Momentum Particle
Identification Detector

e ITS| Inner Tracking System

* Hadronic: FoCal-H ! © 11 o ctng Crmrs

* Positioned 7m from IP ® e ""HWRVWQ : 5 S — Forwarjmcker

* Covering3.4<n<5.8 Nk a ¥ i s 4 i e © Vo] Muon identifier

* Forward pa rticles: ‘ == L © rHos/cPv| Photon Spectrometer
* Photons € 0¥ | Time Of Flight

Q TPC| Time Projection Chamber

e Electrons

* Neutron particles decay into
di-photons or di-electrons

* Hadronic /Jet energy showers

@ TRD| Transition Radiation Detector

@ ZDC| Zero Degree Calorimeter

@ Absorber

@ Dipole Magnet

@ L3 Magnet
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Vector Meson in UPCs with ALICE FoCal

Bjorken-x
~ = —1 —2 -3 -4 -5 -6
8 E ALICE SimUIatiO ’Pb_Pb UPC wSNNZS'STeV’ Lint:7nb_1 ~ T 10||||||| T 1 10|IIIIII T 1 10|IIIIII T 1 1OIIIIII T 1 1 10|IIIII T 1 1 1O|lll
% - STARIlight, Jiw and y(2S) — e'e’ -g X ) ]
— | |3.4<y<538 = Combined FoCal and ZDC analysis, Pb-Pb|ys,,, = 5.36 TeV, 7 nb
<0.2 GeVic o) _ -
S 10 o 1 FoCal E
] n © Acceptance
o N
(%] - _—
— _1 —
5 10%E 107"k {.HH I
3 i F | Focal .-
- 1/) (2 S) - | Acceptance
"' s —2 - 4 =
10°E ¢ data ¥ 10 5 E
- — model & C » STARIight projection
L ... J/y Crystal Ball : . — Impulse approximation
- ----y(2S) Crystal Ball _3 ----CCT
10 10° F 3
= | Lty | L} | F " b-BKA
1.5 2 2.5 3 3.5 4 .l I i 1 L L L1 1.1 I 2 L 2 1 1 1 L1 1.1 I 3 1 3 L
m, . (GeVic?) 7 10 20 30 10° 2x10 10° 2x10
cl pair VV&Pb((Be\/)

» Extending coverage in W up to 2 TeV,
probing gluon x down to 10-.
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Vector Meson in UPCs with ALICE FoCal

UPC p-Pb |Syy = 8.16 TeV, 150 nb™" Bjorken-x
N [ NN [+ 2NN [ SN | . AS— |02

3 B LI T I LI I LI
10 -« STARIight projection (no saturation)
— - = ALICE p-Pb
2 .+ H1
2 o LHCb pp (W+ solutions) 6 ¢9¢;?$ i
= o LHCb pp (W- solutions) 2
R |
I_ |'T, FoCal
+ 2 Acceptance
%‘ 10° .

NLO BFKL

CGC (IP-Sat, b-CGC)
=-=-=CCT

Power-law fit to ALICE data

I- Power-law fit to ALICE data + ISTARIight projection 1

30 40 102 2x10? 100  2x10°
W,, [GeV]

» Extending coverage in W up to 2 TeV,
probing gluon x down to 10-.

» Look for a slower growth trend due to
gluon saturation in y + p interaction, where
nuclear shadowing is turned off



Vector Meson in UPCs with ALICE FoCal

UPC p-Pb \s,, =8.16 TeV, 150 nb™' Bjorken-x

» Look for a slower growth trend due to
gluon saturation in y + p interaction, where

nuclear shadowing is turned off
UPC p-Pb |s,, = 8.16 TeV, 150 nb™

A H1
v ZEUS

$(28)
=T/

o
w

o
()
(3]

® STARIight projection (no saturation
ght proj ( ,6‘\

1072 1072 1074 107° 107°
3_I IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T III'
10 -« STARIight projection (no saturation)
— - = ALICE p-Pb
2 .+ H1
o . 3
g o LHCb pp (W+ solutions) 6 ¢9¢f‘$
= o LHCb pp (W- solutions) 2
- |
T | T‘ FoCal
Q_ L
s ) Acceptance
< 109 -
© 5
NLO BFKL
CGC (IP-Sat, b-CGC)
---CCT
Power-law fit to ALICE data
I- Power-law fit to ALICE data + ISTARIight projection 1

2x10°
W,, [GeV]

30 40 102 2x10? 10°

» Extending coverage in W up to 2 TeV,
probing gluon x down to 10-.
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oy p = v (2S) p)
o(y p = Jlyp)

0.2

.0. saturation

0.15
B 1 = BGK saturation |Run3
B | I = GBW saturation FoCal
0.1 Acceptance
L~ msmuss BGK linear
B = = GBW linear
0.05 L L I 2 L L I 3
10 10
W, [GeV]

» Look for a significant rising trend in ratio of
Y (2S) / J /P due to gluon saturation
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o(y +p — Jly +p)

o(y + p = Jy +p*)

Vector Meson in UPCs with ALICE FoCal

_ ¥ : :
UPC p-Pb |syy = 8.16 TeV, 150 nb > Look for decreasing trend in the ratio

1.6
: between dissociative and elasticy + p
e FoCal interactions due to gluon saturation
- N Acceptance
1.2 — L
Fa *1 oo Moo saturation T RuNSL s §
0.8 | ’ | | . w. Sat
= Upa,.
n l o ~_ atloh
06— S
B m ALICE UPC pPb Preliminary ™~ ++++(**#
B v H1Data ~ 4+
04— O Run 3 Projection N ++
R ® Run 4 Projection ~ ~
~  emmas No saturation S~
- — - CCT —~—
0 B 1 1 1 1 1 L1 I 1 1 1 1 1 1 1 1 I
3
102 10 W, , [GeV]

As the energy grows —> variance grows = cross section
grows —> until saturation is reached and variance starts to
decrease > cross section starts to decrease!
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Vector Meson in UPCs with ALICE FoCal

UPC p-Pb \/s, = 8.16 TeV, 150 nb

N
>

—
N

o(y + p = Jy +p*)
o(y +p — Jly +p)

—

W.0. saturation

FoCal
Acceptance

0.8
0.6
m ALICE UPC pPb Preliminary +<
v H1Data 4+
0.4 O Run 3 Projection - +
® Run 4 Projection ~
..... i S~
0.2 gl(\)ll saturation d —
]
— = CCT
0 1 I 2 1 I 3
10 10
W,, [GeV]

decrease = cross section starts to decrease!
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As the energy grows —> variance grows = cross section
grows —> until saturation is reached and variance starts to

» Look for decreasing trend in the ratio
between dissociative and elasticy + p
interactions due to gluon saturation

1l

L T

do(yPb—s JAy Po)/d|t | (ub/GeV?)
F

' oo ! t
(0.81 < |t| < 1.44) GeV? |
Incoherent J /Y I

L . Lo & FoCal

N
gy,
hH
14
lllll'ln'lllllllI|ll||||lll| 11y

Acc.

20 30

10°

0? 10°

» Look for a turn over trend in incoh.
J /¥ due to gluon saturation
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Prompt Photons with ALICE FoCal

* At LO, prompt photons dominantly produced from g-g Compton scattering (gq = vq) and
quark fragmentation (q q = vg)
* Photon isolation suppresses fragmentation and decay photon background allowed by FoCal

ﬂ TrprTT . . n g. 14_1 LI L R L L R L B ]
c FoCal simulation | s L . . i
=3 pp /s =14 TeV L FoCal simulation B
o ’ - —
o FoCal-E + FoCal-H 12 INCNLO V1.4 -
=l _ - Vs =88TeV32<y* <438
T10 clust ] - NN -
@ 5<pi* <8GeV/c ] L PDF uncertainties given at 90% CL 4
5 4<n<5 - - .
E + Signal 10__ .......................................................................... _—
o — background -
c n
102} E “F .
i 06— ]
j 1 - [ nNNPDF3.0 (no LHCb D =
i B [ nNNPDF3.0 (with LHCb D°) ]
10—3IIIIIIIIlIIIIIIIIIIIIIIIIIIIIIII n mm]’ 04_ :nNNPDFSO(WlthFoca|+nOLHCbD0) ]
0 2 4 6 8 10 12 14 16 18 20 B [ e ] FoCal pseudo data ]
H+E
p i (GeV/c) i 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 [ 1 1 1 1 ]
Tiso 02 5 10 15 20 25

30 35
P, (GeVic)

» Prompt photons are not affected by final-state effects:
 ideal for constraining small-x nucleus/nucleon structure
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Summary

»Recent LHC measurements reveal significant < o[~ "7 T T T
= L 4|

nuclear modiﬁcations Q 1052_ :Zﬁg‘z"-—tz: ‘/CMSSTeVpi-PbDijets _E

. 4; A7ASp+Pbﬁ I_I_ _f

» A complete understanding of the small-x fé e | 7
. . . 103; ‘;'_ﬁ /// /]
regime remains an open question o i
102__ AglcsFocA'l'UPCDé ’ //////++ j

. = Q:(Pb) - ST AN

>Fu ture LHC upgra des WI" Open new ; .............. ‘p ////éﬁé?;;r?;"%?
ok L [ Tl L

opportunities to explore gluon saturation and N 2 s

1 Lol Ll A 1 L1l Tl LA L

10° 10° 10* 102 102 10" 1

the high-density QCD g
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Homework For Experiment and Theory

— - STARIlight MC
—— CGC w/ shape fluct. model
- = =+ b-BK-GG model
----- LTA weak shadowing model
m CMS data [PRL 131 (2023) 262301]
o refitted CMS
ALICE data [JHEP 10 (2023) 119]
O refitted ALICE
¢ ATLAS mid-rapidity (no EMD veto corr.)
0 ATLAS mid-rapidity (w/ EMD veto corr.)
EMD veto model uncertainty

Coherent J/y in PbPb UPC

/¢| Loy | ! R

IIII| T T IIIIII|

]

E 10:I | I | | 1% 4 I L | B I O I | BN IO | I LI I | 7 G T | | | B T | I | I S | l:
E.  gE ATLAS UPC exclusive, coherent Jiy = i
< aF — STARIight, 5.02 TeV L
© = v ALICE, 5.02 TeV =
O 7E A CMS,5.02 TeV 3 = 102
=
L # LHCb, 5.02 TeV = = F
=2 & This study, extrap. to 5.02 TeV 2 _
- P > i
5__ \\ — =
A v T OUS E =
= L ﬁ\\ - © ~
o s 3
- i W
1= = 10
O:I L1} | | | I | [ [ | I | [ . | | Lol 1§ | L1 11 I { Y A | | | N ) I | . | l: _l
0 05 1 15 2 2.5 3 3D 4 4.5 10
y

Further investigations across multiple experiments,
theoretical studies, are needed for a final conclusion.

10?
W\ [GeV]

10°

A First Account of the Impact of Ion Electromagnetic Dissociation on Event

Exclusivity in Ultraperipheral LHC Collisions

M. Dyndal*

AGH Unaversity of Krakow, Faculty of Physics and Applied Computer Science, al. Mickiewicza 30, 30-059 Krakow, PL

L. A. Harland-Lang!
Department of Physics and Astronomy, University College London, London, WC1E 6BT, UK
(Dated: April 30, 2026)
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Coh. Light VM Photoproduction in UPCs

e Data | GKZ prediction -
- ¢ ALICEPbPb5.02TeV — - GKZ W, solution .
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Fluctuating Gluons inside Nucleon

CGC IPsat considering the fluctuations of geometry (shape and size), energy density, local
saturation scale and color charge, successfully describe the HERA data

J/W Photoproduction at HERA

103}

10%}

101}

100}

do /dt [nb/GeV?]

1071

— With shape fluctuations i
= == Only color charge fluctuations H1 Data

0.0
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Rep. Prog. Phys. 83 (2020) 082201

y[fm]

y[fm]

® o !

10.6
| o

© |

1T 0 1 T 0 1 0.0

x[fm] x[fm]

CGC IPsat is a h-dependent saturation model under the CGC framework
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Reveal Average Distribution and Fluctuations of Nuclear
Gluonic Structure via ¢ spectra

Probe average transverse Probe local gluonic fluctuations

T 10k acice roalistribution,, - 5.0z Tev . | { | ~ pz . ALICE, Pb—Pb UPC sy, = 5.02 TeV
m = . ~ AT, .
&? 7\"\\.\' ALICE coherent J/vs, |y|<0.8 ] T 3"_.;\_:“ % -+ Gtﬁﬁ;?:tzze::tt i/\g’ls}t/' S
o | 'ei\_‘ -+ Experimental uncorrelated syst. + stat. T NG, c i ESh
a N _ = o SR orrelated syst.
c | H\—' Experimental correlated syst. i \ —+"T\ i- i,
- b \\\\,\ UPC to yPb model uncertainty _ 102 \\ 3 N S InCOhere nt
= . _ I = Y Ny i S . -
= = S B N === e J/Psi
) NN N ~. .
T B NN C h t _ 8 B =V s
S N oheren S N ) B
H_—.\ e . - ". ."h. T ......
NN J/PS' g/ S \\ “'.;.."
N = - . .
1 [ \\ .\»\ i § b \ "", \'N“.

| — STARIight (Pb form factor) AN ] _8> - &- MS-hs b .

- --= LTA (nuclear shadowing) \\ N n 3 i mz;)ﬂ ‘\‘ =~ \ -

- — - b-BK (gluon saturation) \{ = 10 7._7 MSS- "‘." = . =

i \\\\4\ ] ~ —e - GSZ-el+diss : b o

NN L - e- GSZ-el
| | A |
© ! ! ! ! !
T ol ° o STARIight/ Data_| S 20F
()] o © m} (m]
~ 1.5 . o LTA/Data n e 1.5 A = )
3 . ° ° . v b-BK/Data 5 1Ot o — AR s
3 L A o Fommmemmeeeeee e i '8 0.5[% ¢ S o [
St ap ) g g g0 ¢ opop il e s e | ¢ 0§ 0§ ) & &5
= 0 0.002 0.004 0.006 0.008 0.01 ) 02812 S 00 0.2 0.4 0.6 0.8 1.0 1.0
ALICE, PLB 817, 136280 (2021) ALICE, PRL 132, 162302 (2024)

* Both gluon saturation and shadowing models describes the coherent |¢| spectra
* No models describes both magnitude and slope of incoherent |7| spectra
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Energy (x)-Dependent Incoh. J/W ¢ Spectra

Alexandra Ridzikova CTU FNSPE
Large scale probes - Low [t/

ke
For small values of [t/
the cross section raises
with energy

-0.8fm 0.8fm

|t| =0.01 GeV?, (do/d|t]) *1/5

|t|=0.1 GeV?, (do/d|t]) *1/5
Pb — |t|=0.5 GeV?, (do/d|t]) *1/2
— -2
x=10
L

L4

[]

-0.3fm 0.3fm a

The cross section reaches a maximum at |
larger t (corresponding to the size of hot
spots) and then decreases
1|

Small scale probes - Large [t/ nearly empty almost fu

August 19, 2026 See moredetails at:Alexandra’sitalkat UPC 2025



https://indico.global/event/9992/contributions/122563/

First Open Charm Photoproduction in UPCs

Q2(GeV)
(100)
- pertubative @
saturation

Rapidity gap (10)2

Y

C

No nuclear
overlap!

Ql

non perturbative T R 2 e Yy/Q?/sNN

! 104 108 102 10 " xay

e Mass of charm — pQCD control at pt =0!
e Probes Q? ~ (charm/bottom mass)?
e Complements higher Q2 of dijets down to Q? J/v
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First Open Charm Photoproduction in UPCs

CMS 1.34 nb™ (PbPb 5.36 TeV) CMS 1.34 nb™ (PbPb 5.36 TeV)
L B L L L e L
S - XnOn + (y— —y) OnXn D +DY2] = © XnOn + (y— —y) OnXn (D° + D%/2 1
8 0.3 Norm. uncert. +6.44% 5<p_<8 GeV] 8 - Norm. uncert. + 6.44% 8 <p_<12GeV
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- 0.2 ° [ ] ] - - [
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> — — > 0.02- — .
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© I 1 ©
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L e L L L L e L L B
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f o CGC ] e CGC ]
© r 1 ®© r — 1
I 18 ?F E
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~— -] ~ IR T P TS SR —
g ——————— g‘ F—+—
g 3 t 1 GyA-FONLL + PDF CT18NLO _GCJ 3 - 1 GyA-FONLL + PDF CT18NLO 1
= = ]
2F ] 2F ]
C  eveveRTRTRTRTTRTT. B E—. r . .
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y y

CMS, PRL 136, 122303 (2026)

e Data agree with pQCD FONLL w/ PDF, nPDF
* Hint of data-CGC deviation at p;region
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(do/dy)'/(dordy)"™ P

4 CMS preliminary 8.3 ub™ (PbPb 5.36 TeV)

5 IIIIIIII|IIIIIIII|IIII|III]|IIII|IIII
i ( do/ dy)yN, pPDF th. Do+ﬁo ]

1.2]-from GyA-FONLL XnOn + 0nXn (y— -y)
- with CTEQ18 (proton PDF) 2< p < 5 GeV -

=
©

[T T

0.6 + i
0.4 ¢ Data B
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CMS-PAS-HIN-25-002

e Suppressed w.r.t. calculation without

nuclear effect
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