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Gluonic saturated matter

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

gluon gluon recombination
emission

el T

Dynamical equilibrium of
gluon saturation state reached

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

« Can we determine
experimentally the
saturation scale (Qg)?

* |s 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>

) « Experimental observables
v/ Qs(x) needed to map out the
bQCD o <1 transition between the dilute
. evolution and saturation regimes
c equation _ _
= * For nuclei, the saturation
-—> scale is enhanced by a A3
factor
saturation
. 1/3
non-perturbative region Qg 1 A9 9 A
= (Qs ) ~ CQO o
In x Xr
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Nuclear effects at low x not fully understood

R = fZ/A - measured
Afi/p ™~ expected if no nuclear effects ° Experlmental Observat|0n
that parton distributions are
15 = . Fermi- || different for protons and
- - HeHon nuclei
g -
Q I~ .
g 10 « What's the mechanism
5 i responsible for shadowing?
z : How is gluon saturation
3 % related?
@ N shadowing
[a)
o} — T
02 « The knowledge of the initial
i | | state of nuclei also needed
107 102 10" 1 for understanding the QGP
- evolution
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The LHC as 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(ty) \ 1/
Up to several TeV in yp \|
Up to ~ 700 GeV/nucleon in yA =
Up to ~ 150 GeV in yy using UPC PbPb, (
~4 TeV inin yy using UPC pp

UPCs at the LHC probe the hadronic structure overa /|| ‘
broad and unique Bjorken x region, yet the precision """
not compatible to DIS machines like the EIC '

X = My/ym, exp(zy) |

ET ¥ Y
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Vector meson (VM) photoproduction in UPCs

+
W?yp = 2E,M;/ye™

Pb Pb

Vector meson

P X
« Asin DIS, several reactions are

possible in UPCs:

-Exclusive photoproduction
-Semi-exclusive photoproduction
-Inclusive photoproduction

By studying various VMs, it is
possible to probe 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
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THE ALICE DETECTOR

i®

ITS
FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal

DCal

PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.zZDC

19. ACORDE

CoNoprLOOE

AW .Y RN IR Ym a ' aVh .

PoooTw

. ITS SPD (Pixel)
. ITS SDD (Drift)
ITS SSD (Strip)
. VOand TO

. FMD
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Two-fold ambiguity on the photon direction in symmetric systems

W2 = 2B, My pe™

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

do_ Positive rapidity Negative rapidity

dy n(+y)o(yp, +y) + n(—y)o(yp, —y)

Analyses of UPC asymmetric systems (p-Pb) provide a model independent
way to study the energy dependence of o(yp)
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First exclusive Jly measurements by ALICE using Run 1 (2013)

Phys. Rev. Lett. 113 (2014) 23, 232504

=~ 10} ———————— . -
2 °f u ALCE }g—Pb; : No change with
= [ ¢ ALICE (Pby o~ respect to HERA
é - II:-‘ic;)wer law fit to ALICE data ; ! power-law growth
_’T v ZEUS T observed at low
o energies up to
P : 1 700 GeV
I« JMRT LO « UPC pPb collisions
I RR— JMRT NLO have no ambiguity on
— - b-Sat (1-Pomeron) P 9y
~~~~~~~~~~~~~~~ STARLIGHT parameterization 2 +y
10 PR L L L L PR T W,yp S QEPMJ/we
10° 10°
See talk by A. Gautam for Run 2 results W, (GeV)
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ALICE UPC results using Run 2 data

Coherent J/y photoproduction at forward rapidity in ultra-peripheral Pb—Pb collisions at Vs = 5.02 TeV
Phys. Lett. B798 (2019) 134926

Coherent photoproduction of p0 vector mesons in ultra-peripheral Pb—Pb collisions at Vs = 5.02 TeV
JHEP 06 (2020) 035

Coherent J/y and ' photoproduction at midrapidity in ultra-peripheral Pb-Pb collisions at \s = 5.02 TeV
Eur. Phys. J. C 81 (2021) 712

First measurement of coherent p0 vector mesons in ultra-peripheral Xe—Xe collisions at Vs = 5.44 TeV
Phys. Lett B 820 (2021) 136481

First measurement of the |t| dependence of coherent J/y photonuclear production
PLB 817 (2021) 136280

Neutron emission in ultraperipheral Pb—Pb collisions at Vs = 5.02 TeV

arXiv:2209.04250. Accepted by PRC _— _
Two new preliminary results presented:

- More on the energy dependence of coherent J/y
- t-dependence of incoherent J/y
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Comprehensive UPC vector meson program at ALICE

Eur. Phys. J. C 81 (2021) 712

12

do/dy (mb)

10

‘1“\\\‘\\\‘\\\‘\\\‘\\\‘\\\

ALICE Pb+Pb — Pb+Pb+J/y

[ ALICE coherent Jiy
- - - - Impulse approximation
------ STARLIGHT
—— EPS09 LO (GK2)
——— LTA (GKZ)
—— 1IM BG (GM)
— — IPsat (LM)
— . BGK-I (LS)
- - -- GG-HS (CCK)
— - b-BK(BCCM) -~

[ = 5.02 TeV

Confirmation of nuclear shadowing with Run 2 data

[c1 ALICE coherent '
---- Impulse approximation

------ STARLIGHT
— EPS09 LO (GKZ)
20 ___ LTA (GK2)
---- GG-HS (CCK)
| 5T —~ b-BK(BCCM)

.:1‘\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

ALICE Pb+Pb — Pb+Pb+y' |s, =5.02 TeV

do, p/d]t] (mb ¢ GeV?)

Model / Data

PLB 817 (2021) 136280

10 ALICE Pb+Pb — Pb+Pb+Jly Sy = 5.02 TeV -
B J
j‘q N ALICE coherent J/y, |y|<0.8 ]
L "‘f\_\‘ + Experimental uncorrelated syst. + stat. |
L \*\\—\iﬁ Experimental correlated syst. i

\‘\\ . UPC to yPb model uncertainty
L S=
NN
N B
L S
NS
[R S —
N
SO
1= AN -
L N J
C N ]
[ — STARIight (Pb form factor) AN 4
b --- LTA (nuclear shadowing) AN B
- —-b-BK(gluon i -
NN
L NI
AN
N
I . L . |
oL ® o STARIight/Data_|
1.5 ° LTA/Data _
e ° o g b-BK / Data
L A AR A B o
0 0.002 0.004 0.006 0.008 0.01 0.012
t] (GeV? ¢?)

t-dependence only described by shadowing or gluon saturation model
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Coherent J/y in UPC Pb-Pb Eur. Phys. J. C 81 (2021) 712

. _ o T ALICE Pb+Pb — Pb+Pb+J/y |5y = 5.02 TeV
« Confirmation of nuclear E T
; ; - - [ ALICE coherent J/y
ShadOWIng WIth Run 2 ®) 12__ - - - - Impulse approximation
B L - STARLIGHT
data © | —— EPS09LO (GKZ)
10— --- LTA (GK2) el -
- -- IMBG (GM) ' -
« No model can describe of — gori L9
. g - ---- GG-HS (CCK)
the rapidity L a moom
dependence 6l
2 +y al-
W2 = 2E,M; e :
Pl Ry o
Mid-rapidity x ~10-3 T
0_ I ! I ! I ! I ! I !
Forward rapidity 95% at x ~ 102 -4 -3 2 - 0 1

5% at x ~ 1073
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Nuclear suppression factor for UPC J/y: Comparing yPb to yp

Spp (%)

V. Guzey et al. PLB 726 (2013) An experimental definition, which can be
. linked to PDFs at LO
. ' ' L | N ' L | v v ¢
- - — Wop) zga(z, 1*)
rr === ', ; SPb(iE> _ UWA—>J/1/)A( w o _ - )
0.9 p=o———" - A . OﬁﬁeﬂﬁwA(Mﬁm) / Azgn (z, 1?)
0o WD R A e |
0.7 , il T - Run 1 data from ALICE was the
0.6 pomma—s - 1 first at indicating nuclear gluon
- I ~ -3
0.5 BVs. Run 1 shadowing at x ~ 10
0.4 ALICE,Run1 ®
ALICE,Run2,y=0 A | o
0.3 AL OTEGE Large scale NITO uncertalntles_
0.2 F EPS09 - - - - should cancel in the Spy(x) ratio
5.1 L HKNO7 ------ 1
nDS — - -
0 = - oot ——— ] ALICE results at y=0 have no
to +o R % ambiguity on the photon energy

14 determination
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Analysis using peripheral and UPC J/ys

J.G. Contreras, Phys. Rev .C 96 (2017) 1, 015203

10°

W,p, (GeV) o

i—l Illllll
S

0.8;_ /II
] —/

X8:|11|11|l|1111|1|1\\_
|

Run 1 data from ALICE observed
coherent-like J/y from peripheral

hadronic PbPb events. Process
later confirmed by STAR

The photon flux depends on the
impact parameter, these

0.4 peripheral J/\y explore yPb
energies beyond coherent J/y at
0.2 the same y interval at the same
1 | 1 cms energy
107 107 107 1072 o
Sensitivity to x ~ 10-°
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Energy dependence of coherent J/y in yPb — ALICE Run 1 data

Bjorken-x
1072 1073 1074 107°
5\ 3 \7\ I ‘ T T T°T ‘ T T T T ‘ T T T I ‘ T
3 10°F oy
5 - o GKSZ, using ALICE Pb-Pb |s,,, = 2.76 TeV ( (2013) ) Compllatlon of
| , using - Sy = 2. eV (PLB 726 (2013) 290-295 .
35; ~ A Contreras, using ALICE Pb-Pl:h:N\/siNN =2.76 TeV (PRC 96 (2017) 1, 015203) B pUbl |Shed reSUItS based
o - - Impulse approximation - on ALICE Run 1 data,
-~ STARlight JPiae
 EPS0sLO - compared to Cyrrent
10° - LTA model calculations
~  ----GG-HS - e e
| ---b-BK-A -7 P BEEEER R _
i T Low x described by
- shadowing and
0 T saturation models
"ﬁ Sensitivity to x ~ 10
/fA | | | | | | L1 ‘ | | | | | | L1 ‘
20 30 4050 10? 2x10° 10°
Wbe,n (GeV)
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Nuclear suppression factor — ALICE Run 1 data

Coherent J/y in yPb o

For x ~ 10-° data
favor both shadowing
and saturation
models

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

1072 1073 1074

Bjorken-x

107°

7 GKSZ, 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) 1, 015203)

- - Impulse approximation ----LTA
--- STARlight ----GG-HS

— EPS09 LO --b-BK-A

1 1 llllll‘ 1 1 |

20 30 4050 10° 2x10?
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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 aty # 0

Positive rapidity Negative rapidity

do

dy n(+y)o(vp, +y) + n(—y)o(yp, —y)

Guzey, Strikman, Zhalov, EPJC 74 (2014) 7, 2942
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do/dy for different neutron configurations

—~ = —~ 25
E 8 ALICE Pb-Pb |5, = 5.02 TeV £ [ ALCEPb-Pb Sy = 5.02 TeV
& _E ¢ ALICE Preliminary 0non e & [ ¢ ALICE Preliminary OnXn+XnOn
¥ 7 -- Impulse approximation - o % 2.0 - - Impulse approximation i i
© E -.- STARIight I -- STARIight
6 —EPS09LO r— E$§09 Lo . .
- I Interesting on its own
55 obBKA e P b-BK-A B .
s e i 1 right
E - 1.0 -
3 . T e
E B ) g g e = :ﬁ, B
2 05— , g
1= A
E Bl L. ‘ ‘ Ll i\ 71
b oy Gensitivity to test
R theoretical models
o)
5 12 € 107 ALICE Pb-Pb |5,y = 5.02 TeV
E [ ALICEPb-Pb |5, =5.02 TeV & L ALICE Preliminary XnXn
3z ¢ ALICE Preliminary XnOn T B - -~ Impulse approximation
i) 1'Oj - - Impulse approximation - © 0.8~ --- STARIight P
© [ .- STARIght - —EPS09LO
[ —EPS09LO F oo LTA .
0.8 --LTA L . GGHS
F ----GG-HS 0.6 ---b-BK-A
[ ---bBKA [ L
0.6 L i -
L . 04— -
i -
r 0.2—
021~ L
— 0.0
0.0t
APS GHP Daniel Tapia Takaki April 12,2023 19



Energy dependence of coherent J/y in yPb — ALICE Run 1 and Run 2 data

Confirmed Run 1 results.

At low x, both shadowing 210°
and saturation models o
describe the data 5
Energy dependence 102

across the whole range
not described by models

In a single experiment
exploring (20,800) GeV in
W,p, and x from 1072 to
107°

10

Bjorken-x

1072 1073 1074 107°

¢ ALICE Preliminary, Pb-Pb |s,, = 5.02 TeV

1 GKSZ, using ALICE Pb-Pb \s,,, = 2.76 TeV (PLB 726 (2013) 290-295)

) Contreras, using ALICE Pb-Pb \s,,, = 2.76 TeV (PRC 96 (2017) 1, 015203)
- - Impulse approximation
--- STARlIight
— EPS09 LO
----LTA
----GG-HS
---- b-BK-A

PR
.-

20 30 4050 10° 2x10? " Gmf/
: e
Unprecedented exploration vpon (GEV)
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Nuclear suppression factor — ALICE Run 1 and Run 2 data

102 103 10 Bjorlﬁ%qéx At low X, bqth shadowing
o 2pT [T ‘ AR ARRRR [T and saturation models
«n 18l ¢ ALICE Preliminary, Pb-Pb |5, = 5.02 TeV describe the data
- 7 GKSZ, using ALICE Pb-Pb |s,, =2.76 TeV (PLB 726 (2013) 290-295)
1.6 _4&_ l(:rc])::rlz(raaas;):injr:;zi Pb-Pb |s,, =2.76 TeV (PI_:{.C_?(SL;?;)‘W) 1, 015203) Confirmation that |
1.4~ __ sTARiight GG-HS peripheral hadronic events
{ o —EPS09LO -~ b-BK-A can be used to
EANY extract the energy
1= dependence. Already
0.8— explored downto x=4.4
0_6; x107° using Run 1 data
0'4§ With the neutron-
0.2 dependent analysis using
ot 1 ] 1 o m Run 2 data, down to x =
20 30 4050 10° 2x10? 10° 1.1x107%, Run 2
Unprecedented exploration ~ Vrpon (GEY)
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Dissociative/incoherent J/y in yp

H. Mantysaari and B. Schenke,

J. Cepilia, J.G. Contreras and DTT
Phys. Lett. B 766 (2017) 186-191

Phys. Lett. B772 (2017) 832 . ©
Pb+ Pb — J/¥ + Pb+Pb, /s = 5.02TeV,y = 0 Event-by-event fluctuations S
103 , . : , , . —
—— Geometric and Q; fluctuations in the nucleons AN
- == No subnucleon fluctuations 1t 1 =
2 !1.0 g
102} —
& E of {1 B S
=z > los -
9 104 1 : <
Q i
£ o)
= 100( ““““ 1 g ®
S 1t )
5 10.4 =3
107! E of | %S
= 0.2 N Q
102} , l , . . ! =1 2
00 01 02 03 04 05 06 0.7 . =
It| [GeV?] -1 0 1 -1 0 1 0.0 = X
f f ©
In the Good-Walker approach, o e 3 <
iti i do(yp — IWY) R |2 V2 § ¥
sensmv.e to_subnucleonic | o(yp = I/4Y) _ R <<‘A(x7Q2’A)‘ >_ ‘<A(I’Q2’A)>‘ >§ <
fluctuations of the gluon density dt 167
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t-dependence of incoherent J/y cross section ratio in yPb

‘\; . ALICE Preliminary, Pb—Pb UPC ﬁ=5.02 TeV .
R F N ALICE incoherent Jjy, y| < 0.8 Data favor models with
.CE> B —+—"~',:::\ —4 Uncorrelated stat. + syst. .
ORI | Corrlated syst. subnucleonic degrees
T 1020 N\ IRRETRLTE
g PN EsE— T of freedom (MS-hs and
I O N RN :

: N et = (GSZ el+dis)

I e

I . \\\s\~~

4 ... . .
o b S Probing for gluonic "hot
B a MG R -
h E —e-ggzriendiss s ~\ SpOtS” In Pb for

o eszel , 1 the first time!
s 20F
a 155 = - .
.| Fimet—te—— e e
8 0518 ¢ ¢ 0 s
= 00753 04 06 08 1.0

It] (GeV?)

APS GHP Daniel Tapia Takaki April 12,2023 23



The ALICE FoCal project for Run 4

@ 7S | e Tiackng sysiem

34<n<58
FoCal

o TPC | Time Projecticn Chamzer

o TRD | Trarsition Radiation Detector

o TOF | Time Of Fight

o EMCal | Electromagnetic Calormeter

@ PHOS / CPV | Fhown spectrometer

© HMPID | Hon Momentum parice
Igentification Detector

o M FTl Muen Forward Tracker

o AT | Fast Interacton Trigger

»
“hogtl] o0

() Muon spectrometer
0 2DC | Zero Degree Calcrimeter
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Projections for exclusive J/y off protons

A Bylinkin et al 2023
J. Phys. G: Nucl. Part. Phys. 50 055105

Power-law behavior (STARIight)
UPC p-Pb |s,, = 8.16 TeV, 150 nb

¢ STARlight projection (no saturation) FoCal
= ALICE p-Pb Acceptance

Models / fit to data
N wW

-
Sa
S -~
~

R P IR
2390343 0‘0:0.0;-

Broken power-law behavior (NLO BFKL)
UPC p-Pb \/s, =8.16 TeV, 150 nb™

x NLO BFKL projection FoCal
= ALICE p-Pb Acceptance

—_

Models / fit to data
: N wW

0.8F __ sTARiight 08F __ sTARight
NLO BFKL “e NLO BFKL
0.7 CGC (IP-Sat, b-CGC) i 0.7 CGC (IP-Sat, b-CGC)
-- CCT 788 -- CCT

0.6 Power-law fit to ALICE data “d. 0.6 Power-law fit to ALICE data
05 Il Power-law fit to ALICE data + STARlight ;irojection 0 Il Power-law fit to ALICE data + NLO BFKL Frojection

) L L L L L L L L L .5 1 1 1 1 1 1 1 1 1

102 2x10? 10° 2x10° 10? 2x10? 10° 2x10°

W, [GeV] W, [GeV]
FoCal measurement would be sufficient to observe
a deviation from a power law behavior, if exists
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Summary

« ALICE has provided evidence of strong nuclear gluon effects since Run 1
Energy dependence of coherent J/wv has been obtained using four different
methods probing down to x ~ 10-° like no other LHC experiment!
Preliminary results on the neutron-dependent studies were presented

« At the lowest x, data favor both shadowing and saturation models. At high
X, no model can describe the data. Confirmation that coherent J/ys in
peripheral hadronic events contribute to this physics program

* First measurement of the t-dependence of incoherent J/y. Data have strong
sensitivity for “gluonic hotspots” fluctuations in Pb

« Exciting program for Run 3: upgraded detectors and the trigger-less read
out system. For Run 4, FoCal will be a superb detector for UPCs
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