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. LHC. Outline

» Introduction of the gluon saturation

» Indications of gluon saturation from existing ALICE data

» The ALICE for LHC Run 4: new FoCal and ITS 3 upgrades

» Key observables for gluon saturation with FoCal
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A Large Ion Collider Experiment

> Location: France—Switzerland
border

» Circumference: ~27 km

» Main experiments: ALICE,
ATLAS, CMS, LHCb

» ALICE Collaboration: 38
countries, 165 institutes, 1930
members

» Why do we need such a powerful
infrastructure?
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LHC Motivation (some 50 years ago)

“It would be intriguing to
explore new phenomena by

distributing high energy or

— == high nuclear matter over a
: relatively large volume. , In

this way, one could possibly

- >
; TD.lee (FEUT) [N create abnormal states of
© (11.24.1926 - 08.04.2024) | S
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LHC« Hot and cold QCD Medium in Heavy-Ion Collisions

quark-gluon plasma (QGP)

: , : Final state: hadron scattering
fluid dynamic expansion

Initial stages
CGC?
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LHC. Cold QCD and Small-x Physics
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» How are quarks and gluons distributed inside protons and nuclei (Partonic structure) ?

» At small x, the rapidly increasing gluon density may lead to nonlinear QCD evolution?
and gluon saturation?
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LHC. Phase Diagram of Cold QCD
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»The growth of the gluon density is suppressed by nonlinear gluon recombination.
» Gluon splitting and recombination reach a dynamical balance, leading to gluon saturation.
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LHC. Non-linear QCD evolution

splitting recombination
ON (x,rT) )
= a, K N N
811’1(1/33) = Qs IABFKL & (J,‘ TT) as[ ('T; TT)]

» Dilute regime: gluon splitting rapidly increases the gluon density, described by BFKL
linear evolution, g—g+g

» Saturation regime: gluon recombination suppresses further growth, described by BK
(CGC) nonlinear evolution g+g—g (indications but not yet confirmed )
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LHC. Nuclear gluon distributions at small-x
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Bjorken—x decreases

» A strong suppression is observed at small-x, due to nuclear gluon shadowing

» Nuclear gluon distributions still have large uncertainty at small-x
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LHC, Introduction to ALICE detector

THE ALICE DETECTOR a. ITS SPD (Pixel)
,, b. ITS SDD (Drift)

TS R RTSICRERE SR L) & c. ITS SSD (Strip)

/ d. VOand TO

e. FMD
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—
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9. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.zDC

19. ACORDE
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LHC, Introduction to ALICE detector
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LHC. Gluon saturation improves the NRQCD
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LHC. J/y suppression is consistent with gluon saturation

g 141 p-Pb |5,y = 8.16 TeV
= - i NN B ' . . .
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LHC, J/y versus multiplicity probe the gluon saturation

H 1 1 Hard scale dominates . T
J/v yield (normalised to its (Samraﬂon of the soft scale?)  Linca tron: Charged-particle multiplicity

mean value) increases with A ! o difference inthe  (normalized to its mean value)
N ' evolution between ) .
MPhard '\ both scales increases with Npp,

-
-

.-~~~ " Soft scale dominates

14 (saturation of the hard scale?)
Ji

07/07/26 Overview the physics of small-x with ALICE



In p-Pb collisions: with the gluon saturation

dN/dy
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» Different Bjorken-x regions are probed in the Pb
nucleus:

xpp ~ 107> in the p—going direction,

xpp ~ 1072 in the Pb—going direction.

» CGC calculations including gluon saturation
reproduce the observed trends at forward and
backward rapidity

F. Salazar et al, Phys. Lett. B 827 (2022) 136952.
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J/y Photoproduction in UPCs

PLB 817 (2021) 136280 PRL 132 (2024) 162302 » Coherent and incoherent J/\y photoproduction

iy 0 ALICE, Pb—Pb UPC |5, = 5.02 TeV provide complementary information on the
O ee— Jiy photoproduction, y] < 0.8 average gluon density and its fluctuations
o) e - N ¢ Coh.: PLB 817 (2021) 136280
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LHC

Coherent J/y photoproduction

o(yPDb) (ub)

10

1073

104

z = g(z) t= o(yPb — J/¢Pb) 1

Bjorken X
107
TSN T 1

¢ ALICE, Pb—Pb \s,, = 5.02 TeV (arXiv:2305.19060)

¢ CMS, Pb-Pb s, = 5.02 TeV (arXiv:2303.16984)

i Guzey et al., using ALICE Pb-Pb s, = 2.76 TeV (PLB 726 {2013) 290-295)

A Contreras, using ALICE Pb-Pb |s,, = 2.76 TeV (PRC 96 (2017) 015203) _ - - }
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ALICE, JHEP 10 (2023)119
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» A strong suppression is observed in
the small-x region, possibly due to
gluon saturation and/or nuclear
shadowing

» No single model describes the cross
section over the full Bjorken-x range.
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LHC. Coherent J/y and y(2S) photoproduction
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» Models including nuclear shadowing, or gluon saturation provide a better description of the
data
» More precise measurements are needed to disentangle nuclear shadowing from gluon
saturation
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LHC, The FoCal detector at the ALICE experiment

o EMCAL | Electromagnetic Calorimeter

o FIT | Fast Interaction Trigger

e FoCal | Forward Calorimeter

HMPID| High Momentum Particle
Identification Detector

e ITS| Inner Tracking System

e MCH | Muon Tracking Chambers

e MFT| Muon Forward Tracker

e MID| Muon Identifier

e PHOS/CPV| Photon Spectrometer

€@ 70F| Time Of Flight
(e € Trc| Time Projection Chamber
@ TRD| Transition Radiation Detector
@ ZDC| Zero Degree Calorimeter

@ Absorber

@ Dipole Magnet

@ L3 Magnet



LHC, The FoCal detector at the ALICE experiment

3.2<y<58

with the potential
to discover the CGC
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LHCX Kinematic reach of small-x measurements

" EM and DIS measurements ¢ Hadronic+UPC measurements
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FoCal EIC

FoCal extends the experimentally accessible Q-x kinematic domain and complements
current and future facilities, such as the EIC, enabling high-precision studies of the evolution
of gluon saturation effects.
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LHC. FoCal in perspective future measurements

» Study of saturation requires to study evolution
of observables over large range in x at low O?

» Forward LHC: significantly lower-x

» Testing QCD universality: does saturation
provide a coherent description of all
observables, and is therefore a universal
description of the high gluon density regime?

~98cm
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LH_CX FoCal-E detector

1 mm
. -
Transverse segmentatlon T
LG cells 1) .
INNEEEE
:::H_ T H
NN
1 HG cell

Longitudinal segmentation
FoCal-E:
« W absorber: 20 layers ~ 20 X0
* S1 sensor:
18 low-granularity pad layers

2 high-granularity pixel layers (30 x30 pum?)
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LHC, Prompt photons

(7] LA RAR RN RS LR RAR IR LERE RRRE RN
q Y a v E FoCal simulation
3 pp, Vs = 14 TeV
g B FoCal-E + FoCal-H
310 5<p* <8 GeV/c
g q q g :t_; 4<n < 5
L = —— signal
a) Compton b) annihilation ‘5 i background
c
; 7 10 ;
g q I
10— ll" dl |ww m |HJ|
c) bremsstrahlung d) fragmentation 0 2 4 6 8 10 12 14 16 18 20

;"Ifo (GeV/c)
» Prompt photons: gg — yq, no final-state interaction — clean gluon probe
» Colourless and does not undergo strong final-state interactions, provides a relatively clean

reference for the initial hard scattering
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LHC. Prompt photons to constrain nPDF
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» FoCal pseudo-data reduce nNNPDF3.0 uncertainties (< LHCb Dmesons) , forward photons
provide strong nPDF constraints

> QGet rid of the final-state effect
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FoCal performance: n° and n mesons

[T5) y
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ALICE Simulation FOCAL upgrade -

—— Same event

o Rotation bkg

* Signal
— Fit
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6.0<p_r<3.0 (GeVic) 4.0<n<4.5

Li,; = 100 pb

[T il R NS R YN

{1 + 1T
03 035 04 045 05
M,, (GeV/c?)

o e "
0.05 0.1 0.15 0.2 0.25

> GEANT simulations confirm FoCal capability for ©°, 7, w reconstruction

» Run 4 luminosity enables measurements up to ~ 2 TeV over wide rapidity range

» High granularity pixel layers achieve ~80% efficiency with <5 mm photon separation
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[ HC«x Measurement of isolated y—hadron and Y—jet correlations

1x107 ‘ T
i ';g pPA - Jet+y
f Central dAu collisions L P ITMD+Sudakov using KaTie MC
0.026 |-
% © STAR Preliminary CGC calculations r . .
% py <2 GeVic <ng>=3.2 @ stasto et ai . y+jet correlation
0.024 |- py>py>1GeVic<n,>=32  —— Ajpacete-Marquet
i "non-CGC" calculations o)
e 002 T === Kangetal &
< 5 1x10°
E 0.02 5 i
o - 3 VS = 8.16 TeV
Pry. P1j>10 GeV
0.018 -5.1<y},yb<-3.8
0.016 | see arXiv:1503.0342
and ALICE-PUBLIC-2023-001
0.014
100000 ‘ ‘ ‘ ! :
2 2.2 2.4 2.6 28 3
Ag

» Azimuthal correlation of the y—jets, y—hadron correlation can access to the low-x gluon
dynamics
» Expectation of yield suppression and de-correlation due to saturation effects
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LHC, Measurement of the jet at forward rapidity

A P1>10Gev PA - Jet+jet
lpT>30GeV ITMD+Sudakov using KaTie MC
C 2 V5 = 8.16 TeV B
L see arXiv:1503.0342 5 1<yiyi<38
= B and ALICE-PUBLIC-2023-001
s |2
I ®
> |2
=]
=
(0]
oy
=
o
: = -
2l 2 | | | | | |
Aqcp InQ 25 2.6 27 28 29 3 3.1
og ~ 1 ag <1 Ag
» Dryjet azzimuthal correlations and momentum imbalance are sensitive to low-x gluon
densities.

» Yield suppression and decorrelation are expected due to saturation effects.
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LHC, Vector meson photo-production in UPC

Without saturation With saturation

\f . — -1 [ .
UPC p'Pb \/37 =816 TeV. 150 nb-1 Bjorken-x UPC p -Pb SNN = 81 6 TeV, 150 nb Bjcrken X
NN J -2 -3 -4 -5 -6
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- | L |
T FoCal f FoCal
T Acceptance by Acceptance
=107 E = 10°F E
© C = s 7 ]

L gg$ (IP-Sat, b-CGC) CGC (IP-Sat, b-CGC)

- . ---CCT

Power-law fit to ALICE data CF C r-law fit to ALICE data
J? o - Power law flt to ALICE data + STARI|ght pr0|ect|on F Power-law fit to ALICE data + INLO BFKL projection 1
30 40 102 2><1o2 1o3 2><1o3 ' — —

30 40 100 2x10° 100 2x10°

W,,, [GeV] W, [GeV]

» Photo-production cross section of vector mesons in proportional to gluon density

» Deviation from power-law growth of cross section with increasing Wp expected due to
saturation effects
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LHCx The timeline of ALICE FoCal

» ALICE Run 3 with the major detector » FoCal Physics

upgrades and successful data taking Probes the very small-x ~ 107

from 2022 to 2026 » Key Observables

» During LS3(2026-2028), the ITS will *  Prompt photons
undergo further upgrades, while new » m°and 7 mesons
FoCal detector will be installed and * Jets and y—jet correlations
commissioned « J/y and Y(2S)

e Particle correlations

» Run 4 data taking is expected from
2029 t0 2032 (pp/pA/AA)

LHC LS2 LHCRUN 3 LHCLS3 LHCRUN 4
2026-2028 2029-2032

Overview the physics of small-x with ALICE

* New observables?

LHCRUN 5 and RUN 6

2032-2034 2035-2041

2019-2021 2022-2026
07/07/26




LHC, Summary and outlook

» The Color Glass Condensate (CGC) is a novel state of high-density gluonic matter

expected at very small Bjorken-x.

» Existing measurements provide indications of gluon saturation, but not yet experimental

confirmed.

» ALICE FoCal will significantly extend the small-x (10°) reach and has the potential to

reveal nonlinear QCD evolution, gluon saturation, and possible signatures of the CGC
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ALICE

Thanks
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