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Ultra-dense gluonic state is the form of matter
inside heavy nuclei at high energies (or small x)
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Nuclei “miss” each other (b > R4, + Rp)

 Boosted EM field of nuclei are source of
guasi-real photons

* Interactions via photon-photon (QED) or
photon-nucleus (QCD)
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Pb, Xe] [Pb, Xe] Well-defined kinematics:

What we study (y, p'12~) - (Wyzp, t)

0 ’ 2
P Iy, W(y, pt) M
o W2 = MVM SNN eiy L — vM e:Fy
SNN

pomeron

Low Q? ~ 0 but heavy quark mass
can provide a hard scale for pQCD.

[p, Pb, Xe] t [p, Pb, Xe]

Cross section « (xg(x, Qz))zat LO pQCD

» | Coherent: average distribution | <——= Focus of this talk
 Incoherent: event-by-event fluctuations
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UPCs

 Low activities in forward calorimeter

» Exactly two tracks identified as muons.
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A “two-way ambiguity” in symmetric systems ~__, Eur. Phys. J. © (2021) 81712
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Proposed by Guzey et al., EPJC 74 (2014) 2942

Control the impact parameter or “centrality” of UPCs via forward neutron multiplicity

Neutrons emission —r S —— -
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Nucleus excitation probability: -Analogous to centrality:
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Control the impact parameter or “centrality” of UPCs via forward neutron multiplicity

Dimuon acoplanarity from yy - u*u~ Energy distribution of ZDC+ vs ZDC-
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For each J/y lyl bin,

Photon flux
What is measured  from theory What we want
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Guzey et al., EPJC 74 (2014) 2942 | |

0,492’ (Wyy or x), probing x ~ 10~* — 10> gluons in nuclei!
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cms == AnAn: Al possible neutron emissions

Pb + Pb — Pb + Pb + JAp
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AnAn .../ CMS data cover a new y region
and follow ALICE high-y trend
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* will be able to cover full lyl<2.4 in the future SOIVing the two-way ambigu“y is the key!



CMS arXiv:2303.16984 PbPb 1.52 nb™* (5.02 TeV)
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* First separation in different UPC centrality classes!
« LTA or STARLight cannot describe data in all neutron classes
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CMS arXiv:2303.16984

PbPb 1.52 nb™ (5.02 TeV)
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CMS  @Xiv:2303.16984 PbPb 1.52 nb™ (5.02 TeV)
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CMS measurement up to W ~ 400 GeV

£ ___————-,:.’_.‘_’.:.:.:.’_.’:'._.‘._3-_3_7-_-'_' * W <40 GeV: rapidly rising

o EEEEEEREEEE u S { + 40 < W < 400GeV: nearly plateaued

= with a much slower increase

<

Il\ P — LTA_SS — bBK_GG

2| — - .

&0 0 ALCE' (40<y<-35)  ~-aws --wka | The observed trend in data is not
ALICE* (lyl <0.15 —— CD_BGK CGC IPsat i . .

5 o s s o cow - oo predicted by theoretical models
Syst.exp. CD_IIM == Impulse approx. | (e.g., gluon saturations, LTA ShadOWIHQ)

[ ]Syst.y flux T
11 | L1 1 1 | L1 1 1 | L1 1 1 | L1 11 | L1 1 1 | L1 1 1 | L1 1 1 | L
0 50 100 150 200 250 300 350 400

Pb
Wy (GeV)
ALICE, EPJIC 81 (2021) 712
LHCb, arXiv:2206.08221



g ? 9
CMS  aXvi2s03.16984  pppp 1,52 nb™ (5.02 TeV) @gym —_ @mm@ggzz
L | L | T | I | L | [ I—l 1 _J--t-‘i"'l’ [ | Il g g

1L N T . .
R > Direct evidence for strong gluon
s ——————---1 saturation!!?
5 | ST TIIRRET OR
2 Sl
< »Near the “Black Disk Limit”
! 02 - © TLTASS  mebBR e totally absorptive
f i O ALICE* (-4.0<y <-3.5) -~ LTAWS  -- bBK_A i
= i O ALICE* (lyl <0.15) —— CD_BGK CGC IPsat ]
o - A LHCb* (-4.5 <y <-3.5) - - CD_GBW --- GG-hs - EV - ® R
Syst.exp. CD_IIM - - Impulse approx. | .
[ ]Syst. vy flux T
L1 | L1 1 1 | L1 1 1 | L1 1 1 | I | L1 1 1 | L1 1 1 | L1 1 1 | L1 Ainel 2 2
0 50 100 150 200 250 300 350 400 OpQeD < Oblack = TR, et

Pb
WYN (GeV) Physics Reports 512 (2012) 255
ALICE, EPJC 81 (2021) 712

LHCb, arXiv:2206.08221 OR
[ J



CMS  2ivi2303.16984 PbPb 1.52 nb™ (5.02 TeV)

| | IIIIII| | | IIIIII| | | IIIIII| | | _VII—
1= Pb + Pb — Pb + Pb + JAy i
—_ - e CMS = E691y+Pb — J/y+Pb _;' :
°‘> 09 0O ALICE*(-4.0<y<-3.5) m
) O ALICE* (lyl <0.15) i
O 0.8 2 LHCb*(-45<y<-3.5) —
ﬂ' : L 2 P .
. [ Syst.exp. =TT PR IES 2ELTNNN N
[Q\| I
| 07F [ ] Syst. y flux
V - e
= e
~ 0.6 '
X - . — LTA_SS —DbBK_GG
£ [ e =, -~ LTAWS =-- bBKA -
mm 0.5F S > ——CD_BGK -~ GG-hs  —
= r - - CD_GBW
04 5 A\ T-1 /A CD_IIM B
: | IIIIII| | IIIIII| | IIIIII| | III:
10°° 10 107 107

Bjorken x

Nuclear gluon suppression factor
(valid at LO approx.)

exp 1/2
galx, Q%) _ <0yA—>]/¢A>

quq = 2\
A ) gp (x) Q )
e Aflattrendatx~10"2%2 - 1073

« Rapidly decrease towards very small
X (~6x107°) region.

I1A
Oya—j/pA

-> Not described by any model

NLO contributions important?
K. Eskola, PRC 106 (2022) 035202, arXiv:2210.16048



» For the first time, directly disentangled coh. a,,,_,; 4/ (W) in UPC AA

* Probed a new low-x gluon regime (10~* — 10~°) in lead nuclei.

* Flattening of coh. a.,,_,; ,, .- (W) at high W not predicted by theoretical models
 Direct evidence for gluon saturation? Or Near the black-disk limit? Or ...?

New insights to ultra-dense gluonic matter!

A rich future program ahead:
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«10° CMS PbPb 1.52 nb™ (5.02 TeV) CMS PbPb 1.52 nb™ (5.02 TeV)
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Signal yields are extracted by fitting the mass and transverse momentum spectra

AnAn: All possible neutron emissions



* The correction can be obtained by inverting migration matrix

N0 o P2 0 o0 O Koy Y
Sk P(‘%’?X PX 0 0 Nox
NXO PX0 0 PX 0 Nyo
N*X Po* Pox Pxo Pxx/ \Nxx

 The matrix element can be obtained from ZB fraction

o ng:foo
o Py = fox: Pox = foo + fox
o P’ = fxo. Pxg = foo + fxo

o Pii* = fxx:Pox = fxo+ fxx: Pxo = fox + fxx PXx = foo + fox + fxo+ fxx =1



Guzey et al., EPJC 74 (2014) 2942
Control the impact parameter or “centrality” of UPCs via forward neutron multiplicity

Neutrons emission ALICE, arXiv:2209.04250
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In strong absorption limits, the interaction probability may approach the unitarity.

Yy 4q , q
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— “Black Disk Limit (BDL)”

BDL - a novel regl_me Of QCD T.C. Rogers M.I. Strikman, arXiv:hep-ph/0512311
where new theoretical tools are needed Physics Reports 512 (2012) 255
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Fig. 99. The impact factor ['4(x,b,d ) for 2%®Pb at Q? = 4 GeV? as a function of the impact
parameter b for different values of z and dipole sizes d; . The solid (red) curves correspond to
model FGS10_H; the dotted curves correspond to FGS10_L. For comparison, we also give the
impulse approximation predictions for I' 4 (z, b, d ) by the dot-dashed curves and the free proton
['(z,b,d ) by the thin solid (black) curves.

Physics Reports 512 (2012) 255



Quark contributions at NLO + cancellations between LO and NLO gluons may lead to strong
modifications to LO results, although uncertainties are still large.

PRC 106 (2022) 035202
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arXiv:2111.11383
* The flux of a point-like source with

additional cut-off at RA is widely 102 Pb-Pb. {5 =502 TeV| = 10° Pb—Pb. (5. =5.02 TeV
used in phenomenological = | NN < | NN
calculations for UPC processes, < | k=100 MeV < | k=100 GeV
such as STARIight. X | \;_&:_ | —Point-like
 This approach is well motivated in 3107 | 3107 ' —Realistic
photon-nucleus interactions since | —Point-like |
the flux at impact parameters 107 : _Realistic 107 :
smaller than the nuclear radius is L R
effectively suppressed by the 5710 15 20 25 75710 15 20 25
requirement of no strong b, [fm] b, [fm]
interactions between nuclei. () (b)

(Color online) Photon fluxes coming from a nucleus in the point-like source approximation
and the realistic description as functions of impact parameter b calculated at different photon
energies: 100 MeV (a), 100 GeV (b)



* Both relate to the same concept: density of gluons in nPDF at small-x 1s
reduced wrt the simple addition of the gluon PDF

 Saturation: Dynamical description via gluon self-interactions that tame the
growth of gluon =2 CGC

* Nuclear shadowing: Gribov-Glauber model of multiple scatterings = LTA

A
o

og « 1
pQCD :
& evolution :
< equation
B A ON
< > '
saturation *

non-perturbative region g ~ 1

L

In x L. Frankfrut,, V. Guzey, M. Strikman (Physics Reports 512 (2012) 255-393)
Gluon saturation Nuclear shadowing




* Impulse approximation (IA): Photoproduction data from protons, does not include nuclear effects
except coherence

* STARIlight: Photoproduction data from protons + Vector Meson Dominance model, includes multiple
scattering but no gluon shadowing

* EPS09 LO: parametrization of nuclear shadowing data
* LTA: Leading Twist Approximation of nuclear shadowing

* [IM BG, IPsat, BGK-I: Color dipole approach coupled to the Color Glass Condensate formalism with
different assumptions on the dipole-proton scattering amplitude

* GG-HS: Color dipole model with hot spots nucleon structure

* b-BK: Color dipole approach coupled with impact-parameter dependent Balitsky-Kovchegov equation
 JMRT NLO: DGLAP formalism with main NLO contributions included

* CCT: Saturation in an energy dependent hot spot model

* CGC: Color dipole model

 NLO BFKL: BFKL evolution of HERA values

 STARLIGHT: Parameterization of HERA and fixed target data



Impulse approximation: Exclusive .
photoproduction data off protons, neglecting all
nuclear effects except coherence.

STARIight: Vector Meson Dominance model
with Glauber-like formalism to calculate cross
section in Pb-Pb

EPS09 LO parametrization of the nuclear
shadowing data

Leading twist approximation (LTA) of nuclear
shadowing

CCK: Color dipole model with the structure of
the nucleon described by the hot spots

BCCM: Color dipole approach coupled to the
solutions of the Balitsky-Kovchegov equation

GM, LM, LS: Color dipole approach coupled
to the Color Glass Condensate formalism with
different assumptions on the dipole-proton
scattering amplitude
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ALICE Pb+Pb — Pb+Pb+J/y s\, =5.02 TeV

I ALICE coherent J/hy
- - = - Impulse approximation
------ STARLIGHT
—— EPS09 LO (GKZ)
-.== LTA (GKZ) o .
~= IIMBG (GM) 5
— — |Psat (LM) »<
— - BGK-I(LS)
- === GG-HS (CCK)
— - b-BK(BCCM) .-~

- -

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



