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Explore iInternal structure of matter
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Explore mternal structure of matter
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QCD unitarity: growth of gluon density can’t
continue indefinitely!

hidz, EERZF



Explore mternal struct

H1 and ZEUS EPJC 75 (2015) 580

== = —*a——,———@m—;_ — =

ot " "
pe

' \’:
R
R
N

—— HERAPDF2.0 NLO
uncertainties:

0.8 -

B ecxperimental

[ ] model
7] parameterisation

0.6
0.4

xg (< 0.05)

0.2

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

lllI

uz =10 GeV?

“im < &

Rl

— Large x
K. NER-IRTFEIRZTEE

of matter

Splitting Recombination

Z Saturatlon 1::

~N,(linear) ~(Ng) (nonlinear)

QCD unitarity: growth of gluon density can’t
continue indefinitely!

hidz, EERZF



The Crltlcal role of gluon ﬂuctuatlon
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® Only CGC considering gluon fluctuations can describe HERA data

« Geometry, energy density, local saturation scale and color charge
# Ui WIHSEFE: MNEF-RFHRTE TR, EEAY




Photon-nuclear interactions in UPC

Average gluon structure

-
Incoherent (nuclear breaks up) Sub-nucleon fluctuation

Little “EIC” (Pr) ~ 500 MeV
% it REET I NERRTIREE IR, HEAR 4



Photon nuclear mteractlons in UPC
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‘What can we do with photoproduced VM?
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Probe gluon structure at various x and Q?2
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First observation of coherent ¢ meson

i

| CMS Experiment at the LHC, CERN
| Data recorded: 2023-Oct-23 18:04:44.635904 GMT
Run/ Event/ LS: 375531 /526831649 / 370

® Distinctive features
* Low activities in forward calorimeters
* Exactly two tracks identified as daughters of photoproduced VM 6




Flrst Observatlcn of Coherent ¢ meson

CMS, arXiv:2504.05193
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® Super challenging for coherent ¢ measurements for all experiments

The pr of daughter kaon is ~ 0.05 - 0.1 GeV/c
CMS can perform PID at low momentum
Similar signal extraction strategy for all photoproduced vector mesons

Rl “WinSFB I NSR-RFEIRZE MR, EEXZF 7




CMS, arXiv:2504.05193

CMS PbPb 1.68 ub™ (5.36 TeV)
| | ® Strong (~5x) suppression is
- observed
FO NN bbb bbbl fefekfefotded
10 - .
= bz © Gluon saturation models over
5 o o © o o o o 1 predict data by a factor of 2-3
-~~~ T e e e e e i -
_g - ¢ CMS (0.3<lyl<1.0) Systélénc. .
—IA  aa- RP- ;
B [ e GBW - RP-CG 1 ® Nuclear shadowing models
.......... GBW f -..—.. MVMD-GG WS :
© o . mVMD-GG S8 generally better describe data
10| —o0 B —— STARLIGHT 41 + VMD + Gribov Glauber (GG) over predict
005 | | - data
o> 0.2f e © © © o o o - » VMD + Classical Glauber (CG) best
0.15L . | . | - describe data
0 0.5 I 1 - STARIight can describe ¢ but not for J/y
y and p results
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First observation of coherent Y(1S) meson

_— P _—

CMS-PAS-HIN-24-013 CMS Preliminary PbPb 1.66 nb™ (5.02 TeV)
. . 3 B | | | | | | | | | | | | | | | | | | | | | | | | i
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® Y(1S) is expected to be less sensitive to the non-linear QCD effects
» However, strongly (~3-4x) suppressed is observed!

Rl “WinSFB I NSR-RFEIRZE MR, EEXZF 9




Imaglng heavy nuclear W|th COherent J/v,b

ALICE, EPJC 81 (2021) 712

doJ,w / dy (mb)

CMS, PRL 131 (2023) 262301
LHCb, JHEP 06 (2023) 146

CMS PbPb 1.52 nb! (5.02 TeV)
Pb + Pb — Pb + Pb + JAp AnAn ...
o —«— cms -
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— s ALICE 2021 o s e
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4 s LHCb 2022 ++ """""" O _@
e A T
“““““:.‘l‘:l_%""‘ -----------------------
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2 sl AR £ LT —
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O | | | |
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® LHC experiments complement each over
a wide range of y region

» Around ~3x suppression at x~10-3 (y=0)

TR, SEAY



dGJ/w / dy (mb)

Imaglng heavy nuclear W|th COherent J/v,b

ALICE, EPJC 81 (2021) 7192 I f —
CMS, PRL 131 (2023) 262301 ® L HC experiments complement each over

LHCb, JHEP 06 (2023) 146 _ _
a wide range of y region

CMS PbPb 1.52 nb™! (5.02 TeV) A q ~3 _ f ~10-3 0
| | | | ° rouna ~ox su resSIion dt x~ 1U- —
Pb + Pb — Pb + Pb + J/y AnAn ... PP (y )
°I" —«— oms -
—&— ALICE 2019 @) Shoton emitter (b)
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4+ —=— LHCb 2022 ————————————— " o
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o Loy ” e 0_'
RN N B
21 h g L CD_BGK - D % _________________________
o hoton emitter
CD_GBW p(Iower enerlgy)
p: CD_IIM
| . . MJ/I// +y
0 1 0 B S ‘
- 2Eb€am 2Ebeam
| ~B0% Iar
L g --’ dUAA —AA'Jly — N N
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A solutlon to the twc)—way amblgurcy
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Nuclel may exchange soft photon = nuclear dlssomatlon

s

No nucleus breakup

@ Pb | Pb @
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A solutlon to the two—way amblgurcy

Nuclel may exchange soft photon( ) = nuclear dlssomatlon

Pb _ Pb’ 5
—

One nucleus breakup

|
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Rl “Wim = 5
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A solutlon to the two—way amblgurcy
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Nuclel may exchange soft photon( ) = nuclear dlssomatlon

Pb _ Pb’ 5
—

Two nuclei breakup

— A o—
Pb Pb* o—
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A solutlon to the twc)—way amblgurcy

_— _ = = ,_,————m_;_ —

Nuclel may exchange soft photon( ) = nuclear dlssomatlon

Pb X Pb o 1
o— ! ]
STARLIGHT u
—_— A o— _
Pb Pb* o— '
0

LHC beam energy -
Klein and Steinberg, Ann. Rev. Nucl. Part. Sci. 70 (2020) 323

® Control the impact parameter via forward neutron multiplicity
* (b)xnxn < (B)onxn < (B)onon

—— XnXn

10 102 103

b (fm)

% il ARISEBTH: MER-RTFRTETITR, SBAS 11



CMS PbPb 1.52 nb™ (5.02 TeV)
B T T T T ]
- Pb+Pb—=Pb+Pb+Jp
_______________ @ . o—mmemimm
1 [ a —O—_ _____________________ =
--------- - -
e Ly
————— -
’ RO OnOn  OnXn XnXn
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e --ss ss-r --- LTASS
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PR | | |
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7 UM
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A solution to the “two-w

ay

piguity”

— —_—— e o — —— P — —

Experimental
measurements Photon Tlux
00 from theory
dGAA—>AA’J/l// _ A70n0n 0nOn
o =N (@) * Cpa, iy T Nya (@2) * Cpas, sy,
dGXZXXHAA’J/
—AAVlY o onx OnX
dy Nya " (@1) - Opa ey T Nyg (@2) * Opas jiya (e,
dqu(XXHAA’J/
- Y x1XnX XnX
dy — Ny/z ”(a)l) y 6yA—>J/l//A'(601) + N},/X n(wZ) | 6}/A—>J/I/IA/(0)2)

What we need!

|
Solve the “two-way ambiguity”

}
Probe gluons at x~10-°-10-4 in heavy nucleus!

~x
=~

=

P MER-BFIRTE WIS, SEAY

Guzey et al., EPJC 74 (2014) 2942
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Energy dependence of eoherent J/7,b

_— _ = = ,_,—__—-___?.P__ [ — —_— - - - -—

CMS, PRL 131 (2023) 262301

CMS PbPb 1.52 nb™ (5.02 TeV)
ALICE, JHEP 10 (2023) 119 1T 11 | 1T 111 [ I"I‘ _I 1.5 T | 111 | 111 | 1 T | [ Spllttlng Recomblnatlon
107 |- o — mm*gii: :Z';%ww
_,g - (i Saturatlon (4, ponlinean
fe)
al
LO pQCD: < 2
VM oc o 1 ®f ® CMS —LTA_SS —bBK_GG sinel 5 R
g &) 2102 14 O ALIGE --LTAWS - - bBK.A 7PQeD = Oblace = T g
- [ A LHCb* (-4.5 < y <-3.5) CD_BGK CGC IPsat
© | Syst. exp. CD_GBW - - GG-hs ]
i Syst. y flux CD_IIM  --- Impulse approx.] Frankfurt, PRL 87 (2001)192301
| | | | | | | | ‘ Frankfurt, PLB 537 (2002) 51

0 100 200 300 400 500 600 /700 800

Large x ————————- —>» Small x

® Forward neutron tagging is employed to solve the “two-way” ambiguity
® Direct evidence of gluon saturation inside heavy nuclei?
. W)y < 40 GeV: rapidly rising

. 40 < WY < 800 GeV: nearly flat with a much slower rising
Rl “WinF BN MSR-RFAIRZEIR, EEXF 13




The role of energy dependence of mcoherent J/?,b

== == E— —**,————m_;_ — T = =

Mantysaarl Rep. Prog Phys. 83 (2020) 082201 Bjorken-x

1072 1072 1074 107
3 | 1 Illllll | | |llllll | | Illllll | | Illllll |
= : ..
Ly | 9 =102 Dissociative -
— ‘ 5_). L N
S0 2 \
> 11.0 2 :
1l ;';_ Q
x=10-2 10.8 t o Q '
- = j/
10.6 ./
11 - ) ¢ ALICE p-Pb \s, = 8.16 TeV
E 0 _ 0.4 O H1
> ' —CCT
1} | - 0.2
y=10-4 1 I I B A 1 I L1 a1l
' ' ' 20 30 40 10?2  2x10° 10°
-0 W._ (GeV)
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® |[ncreasing energy, probing lower-x gluons

» Gluons eventually largely overlap — reduce variance over configurations — reduce the
incoherent J/1 cross section — signature of gluon saturation
I “Winr &1 NER-RFERZETTT=, EEXZFE
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Extract energy dependence of mcoherent J/v,b

_— e *_,,_,—__—m_;_ P —— . = =

CMS, arXiv:2503.08903 (accepted by PRL)

CMS Pbe 1 52 nb (5 02 TeV) CMS Pbe 1 52 nb (5 02 TeV)
' 19<|y““|<21 295<m <325caev : Z 19<|y““|<21 295<m <3256.ev '
10° F ¢ Data E 10° E ¢ Data =
- — Fit: */ndf = 1.6 : : - — Fit: ¥?/ndf = 0.8 :
= OnXn(Same) — Coh iy ] : OnXn(Opposite) — CohJiy
) | ISS R R I . ---Incoh. Jhp w/o N diss.
S Incoh. Jiy w. N diss. E S 10" - Incoh. Jip w. N diss. ;
[ | Coh mp(ZS) — J/w+X - [0 l Coh P (2S) — Jp+X -
O N — — S ND---S SR O | . S Incoh. (2S) — JAp+X w/o N diss.-
a3 % —Incoh 1p(28) — J/xp+Xw N dISS _ e o — Incoh. ¢(2S) — J/p+X w. N diss. _
T 10 R : - 5 10 ]
Z Z
O O

® Coherent J/i: no correlation with neutron emissions

® Incoherent J/i: strong correlation with neutron emissions
il “WinFm I NER-RFIEIRZE IR, EBEXFE 15




Incoherent J/gb Cross sectlon VS, rapldlty

CMS, arXiv:2503.08903 (accepte

,CMS PbPb 1.52 nb™ (5.02 TeV) ,CMS PbPb 1.52 nb™ (5.02 TeV)
ol ST ) ol Pb + Pb — Pb + Pb* + J/yp ]
61 Pb+Pb —Pb+ Pb™ + Jhy T - CMS LTA
_’51'4_ o —e— | AnAn* o ]
e
E 12 — e o | E'Eme OnAn* o :
> 1r AnAnCI\./IS LTA ------------------ ~ > 1 —i{}l o el OnXn N
O 0 Rl N e
= o8 OnOn . 1 §.08F el T -
o< | OnXn e i €3 T e _
__8 0-6 XnXn e - s°°r T
e 0.4 AnAn ALICE . -
0.2 --mmmmmmmmm e — — 0.2 v-emitter gomg ﬁﬁﬂ___
OO 0.5 1 vl 1.5 2 2.5 —02.5 -2 -15 -1 -05 0 0.5 1 1.5 2 25
y y
nAn* nXn OnOn
dalngb—>Pbe'I/¢ (v) d‘Tngb—mbe T/ (v) , dUPbe—>Pbe']/1P v)
dy B dy | dy

by PRL)

® Relative yield ratio between positive over negative rapidity in OnOn are assumed

to be same as that in OnXn events
ARIRE T TR MBS E-IRFFIBR T4
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CMS PbPb 1.52 nb™ (5.02 TeV)
X 107° 107
I | | | | | | b | | | | b | |
Q . Pb + Pb — Pb + Pb* + JAp
— m CMS
a0 10° ALICE =
ol Co--lA T
T [ --CcGC.SubFluct T
S -CGC_noSubFluct ~_ _.--~7
? LTA T
o [ eemTT T
D-F __________________________________
e - L I
U
8 Syst. exp.
j Syst. y flux
500
-2 Small x

Rl

IR NS R-IRFEIRE

CMS, arXiv:2503.08903 (accepted by PRL)

® First measurement of incoherent J/i as a
function of energy

® Strong suppression compared to impulse
approximation model

® LTA describe the data with w/7 < 60 GeV,

while CGC without gluon fluctuations is
consistent with data with w/? > 90 GeV

BEiHY S, EBKRFE 17



Comparlsons of coherent and mcoherent J/¢

CMS, arXiv:2503.08903 (accepted by PRL)

CMS PbPb 152 nb ' (5.02 Tev) © Uncertainties are largely cancelled
1'2;'§'A'+'A;'A;'A¥J','J'/{p' AR » Experimental wise: correlated systematic
[ = CMS(A=Pb) - 1A - uncertainties
: X:}g‘#f:((: =::’)) ""(L:;AC — :  Theoretical wise: VM wave function, nucleon
i = u uc i
0811 1 systexp. --.CGC._noSubFluct - PDFs, photon flux, nuclear shape etc
OD% - "‘:‘," Syst. vy flux
T S {1 @ Incoherent J/y is more suppressed
8 [ atey e
0AF g T o H _______ H _____ ; compared to coherent J/i
O 2 — ....----“"“"""""""""""--------------E ------ I:I ........ I_: = e

_ | @ Data are consistent CGC incorporating
0 50 100 150 200 250 300 350 400  gluon fluctuations
Win (GeV) \ - Overestimates data at low energy

Rl “Wim = 5
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CMS, arXiv:2503.08903 (accepted by PRL)

Cms_ PbPbi52nb’(502Tev) © Strong suppression towards low x region
0ol PP+ P —=Pb+Pb™+Jhy 1 for both coherent and incoherent J/3
" m CMSiIncoh. ---LTA :
: - —4
0.8F o ALICE Incoh. - -CGC_SubFluct DU E * Flatten out at x < 10
<—Eb 0.7F CMS Coh. ---CGC_noSubFluct D —
~o6f ~ AHOECon 1 @ Compare to coherent J/i, incoherent is
S - Syst. exp. Incoh. 4
% 0.5 syst. exp. Coh. i J/Y more suppressed at large x but
I 043_ Syst. y flux @7 Ty _f . .
2y " .4 remains consistent at small x
1 © No theoretical model can consistently
1 describe the whole photoproduced J/y
measurements
—2>» Small W
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[ R”F’H * [ Long Shutdown 3 (LS3) Shutdown/Technical stop
Protons physics

Ions
Commissioning with beam

J FMAZM??AOSONDJ F'MA2M9J3A150NDJ FMA'2M(J)J3A250NDJ FMA2M9J3A3$0NDJ F'MAZM?J3A4SONDJ FMA'2M9J3ASSONDJ FMAZM??A650NDJ FM'AZM?J3A7$ONDJ FMA2MeJ3A8$OND Hardware CommiSSioning/magnet training
( Run 4 | LS4 Run 5
W aaaaaaaaa d: January 2022
® Exciting opportunities ahead >
. . . . b Xe/Kr Ar/O
» System size scan with different ion species > ‘> ----- —

» Detector upgrade with new technologies

© UPC programs

VS. VS.
(--- _____
<‘ ..... $
» Various vector meson photoproductions
- Energy dependence of photoproduced vector meson cross sections

« Open HF and (di-)jet photoproductions
¥ Ui RIBEBF I MEH-RTIRTEWIR, EEAY 20
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® Multidimensional imaging of nucleil with photon-nuclear interactions
at CMS CMS | PbPb 1.68 ub’’ (5.36 TeV)

CMS Preliminary PbPb 1.66 nb" (5.02 TeV)
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® Multidimensional imaging of nucleil with photon-nuclear interactions
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Imaglng heavy nuclear Wlth Coherent J/v,b
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® Extract coherent J/i signal by simultaneously fit the mass and pr spectra

Same strategy for incoherent J/y signal extraction
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A solution to the “two-

ay

piguity”
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® First measurement of neutron multiplicity dependence of coherent J/i production
» Enable to solve the "two-way ambiguity”
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Coherent J/y photoproduction at LHC
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Extract energy dependence of mcoherent J/z,b
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 Jncoherent cross section accounted for in OnAn*®
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Inccherent J/?,b prOductlon W|th ALICE
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® CGC model with sub-nucleon fluctuations can describe the |t| spectrum
shape of incoherent J/i but not for the magnitude
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