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Ultra-Peripheral Collisions as a probe of gluon saturation
- Kong Tu, BNL

pp & pA & AA machines ep & eA machines
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Two ways to reach saturation experimentally

a) higher energy (1/x)
b) higher nuclear density (A)

0 0.0
]
f Y

1/3

Simply speaking, saturation is a nonlinear gluon dynamics that gluon splitting ~ gluon recombination.
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Complementarity: UPC and EIC

UPC RHIC & LHC EIC
Photoproduction only (real photons) Electroproduction (virtual photons)
Mass or pr— hard scales Q2 — an independent hard scale
CM energy, W ~ [4, 400-1000] GeV, x ~ 10-5-10-" CM energy, W ~ [9, 86] GeV, x ~ 10-4-10-2
mostly Pb208 Au1°7, Deuterium to Uranium
Limited far-forward coverage for breakup products Large far-forward coverage, esp. for nuclear breakup.

Naively, UPCs is an “easier” option to probe saturation.
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UPCs kinematics & challenges

» Zogy ~ O(1), overcomes the weak coupling by
large photon flux;

Three challenges:

a) Impact parameter b > 2R,, but cannot be
controlled event-by-event;

ooR How to know its photon-induced interactions?

b) Kinematics is unknown, unless inferred by the
final-states:
what is the C.o0.M energy (e.qg., W)?

c) Photon energy is ambiguous in AA UPCs:
who is the photon emitter?
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Vector Meson photoproduction sensitive to xG(x,Q3)
- One that ticks all the boxes...

o T s
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Photon provider
-> heavy nuclei
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Vector Meson photoproduction sensitive to xG(x,Q3)

- One that ticks all the boxes...

1-z /1 1
. . (1-2)r
| W< r E ~~~~.—-:\_>:V=J/w,¢,p,v
/ 4 /
X x'

Photon provider
-> heavy nuclei

(o )

UPC VMs measurement:

« Large rapidity gap and only 1 VM in central rapidity.

* tis approximated by: t ~ (K photon * Prvm)? ~ (PTvm)?, Photon <k;>is 30-40 MeV
« W is determined by exclusivity: W? = 2EM\yExp(-y)
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Vector Meson photoproduction sensitive to xG(x,Q3)

- One that ticks all the boxes...

-2/~ (1-z)F‘ >
Y*N\A< r _»_7‘__\.>:V=J/w,¢,p,Y
VA 4

Photon provider X 1.
-> heavy nuclei o

UPC VMs measurement:

Coherent Incoherent
(target stays intact) (target breaks up)

Average gluon density* Event-by-event gluon
density fluctuations™

Momentum transfer (f) and transverse spatial position
(b) are Fourier transforms of each other;

* known as the Good-Walker Paradigm

« Large rapidity gap and only 1 VM in central rapidity.
* tis approximated by: t ~ (K photon * Prvm)? ~ (PTvm)?, Photon <k;>is 30-40 MeV
« W is determined by exclusivity: W? = 2EyMyuEXxp(-y)
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Large suppression has been found in AA UPCs w.r.t
free nucleon (~ Impulse approximation)

’_g 14: ALICE Pb+Pb — Pb+Pb+J/y \/STIN =5.02 TeV
Z 12 7 s o
B L - STARLIGHT
© - —— EPSO09 LO (GKZ2)
10— ----- LTA (GK2) JPPEEEEEEEEE
- e ‘| » Saturation models vs Shadowing models,
B e none of them can describe both forward
6: —" bBK(BCCM)//' and midrapidity data simultaneously.
4:_ » Challenge c) was not addressed: Photon
N energy ambiguity.
RN iy
S W2 = 2E\MymEXP(-Y).
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Proof of ambiguity: two-source interference

x10° Au+Au — J/y+Au*+Au* STAR Preliminary
I I I I I |

[ T Rapidity ] Rapidity deper)dence IS conS|ster)t with
Nolnt. Int. Data 0026};?6 0o theory/model; interference effect is
— —_ ° .0<lyl<0. | . . _
N - 02<lyl<05 _ stronger if photon energies are similar.
XS, - e O 05<lyl<1.0 _
= (S, =200 GeV - ' . [F—
S [ | -
3 20k - :
Al - monochromatic
Q parar iz ~
O : i
B 10 — = | i
C\_JO - ) : two slits screen (front view)
T — - - First observed w. p®in 2008 by STAR
ol oli~oneremt 7 71 (Phys.Rev.Lett.102:112301,2009)
0 0.005 0.01
P2 (GeV/c)?

Reference to CGC: Phys. Rev. D 106 (2022) 7, 074019
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Ambiguity at a closer look

Photon Flux (E dN/dE,)

-
o

T T AT TTT

—

107"

Au+Au = J/\y+Au +Au (\/_ 200 GeV)

- Mirrored + 3I/ |

1

Nuclear breakup:

AnAn

STARLight model

Solid (dashed) line: low (high) E

> If VM at rapidity y # 0, there is a high
energy photon (k,) candidate and a low
energy photon (k,) one;

» Different photon energies correspond to
different flux factors (~number of photons)

> Different neutron emissions associate with
different flux factors and assumed to be
independent of coherent process.

Neutron classes:

*  0nOnNn: no neutron on either side

* 0OnXn: >=1 neutron on one side
« XnXn: >=1 neutron on both sides

10



Au+Au — J/y+Au*+Au* STAR Preliminary

-6 data coherent OnXn
—e— data incoherent OnXn
BeAGLE OnXn

New data tests nuclear breakup
model and assumptions

a) Coherent J/Y production is
independent of neutron emissions

b)Incoherent J/{Y production is highly
correlated with neutron emissions
(e.g., BeAGLE)

Reference to BeAGLE: Phys. Rev. D 106 (2022) 1, 012007
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Neutron emission helps resolve the two-way ambiguity

4 N

Aan/dy - (I)Aan (kl)o"y +Au_)J/¢+Au(k1)

+(I)Aan (k2)0"7 *+Au—J/¢Y+Au (k2)

Measurements Photon fluxes Unknowns
\_(slide 6) (slide 8) -/
Eur. Phys. J C (2014) 74:2942

Need to measure differential cross section in y and in neutron
emission classes; at least 2 equations to solve 2 unknowns.
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Coherent J/Y cross section vs energy W: Smoking
gun for saturation starting at x ~10-2>?

STAR

x~ M T Wy 1
005004 o003 ooz oor CMS PbPb 1.52 nb™* (5.02 TeV)
LY AL L L B T T [ T ||IIIIIIIIIIIIIIIII[l{Il]llllll_l._l_i--]vi"rlllll ’5103
Fy*+Au > J/y +Au STAR Preliminary - T L - =
! v y o'l arXiv:2303.16984 .- | 2
L e _.- a
—— Free nucleon IA r o
| = CGC ! . <
[ o LTA weak shd. E |
20 L — i
= | LTAstrongshd. -~ e a |
3 -t o K 102
- —> > i s
@ CGCx . =0.01 = !
S [T e = B &
[ T 7 e cMs —LTASS —bBK_GG
O L T e e 0102 & . - LTAWS  -- bBK A
10 m o o O ALICE* (4.0 <y <-3.5) . _
= [ O ALICE* (ly] <0.15) CD_BGK CGC IPsat
ot © - T A LHCb* (-4.5<y <-3.5) CD_GBW - - GG-hs 10
o I i Syst. exp. CD_IIM - - Impulse approx. |
- * STAR AuAu data 1 § L Systyfux
o ‘\ ‘\ \\‘\\\\\\\\\\\\\ IiIIIlIIIIlIIIIlIIII‘I\\I‘IIIIlIIIIlIIIIlII
15 20 25 30 35 0 50 100 150 200 250 300 350 400
Pb
W..\ (GeV) W,y (GeV)

CMS

Bjorkengx

1072 1073 107 10”

[rerr T [rerr T [rrrr T
¢ ALICE, Pb-Pb |5 = 5.02 TeV
@ Guzey et al., 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) 015203)
- - Impulse approximation
--- STARlight
— EPS09 LO
LTA
----GG-HS
---b-BK-A

T II\HH[
|

[

|

11

1ol

- %m iR _

|

1

T arXiv:2305.19060 -
1 1 Il 1 1 1 ‘ 1 1 1 1 1 ‘

20 30 4050 102 2x10? 10°

W oy (GEV)

ALICE

Data are compatible to each other, and still none of the models can describe the W dependence.
CGC saturation calculation does not have enough suppression.

13
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Incoherent J/{ cross section vs p;?

Sartre

simulation

Au+Au — J/y+Au*+Au”

,é@

STAR Preliminary

[made by A. Kumar (IIT, Delhi)]

e T T T T T | T T T T T T ] I_
/1 i Incoherent Suppression:
/i B gneeh _ 41992 1 g 1 |
/| _ AU T YT 004 = R
(A A (scale) (data)
o 2| _
—~ 10° ¢ i
L - ]
> C ]
(O} - _
G ]
S~ - .
O
= -
>
©
N+
o 10|
O -
) .
R o) - \/S_NN =200 GeV
. —%— STAR data lyl < 1, all neutron
| —— HA1 free proton data scaled to UPC y*Au'’ _
---------- H1 free proton template fit: x2/ndf = 1.6
1 | | | | I | | | | I I | | |
107 1
p2 (GeV/cy



©

Brookhaven

National Laboratory

SURGE Collaboration Meeting 2023

Incoherent J/{ cross section vs p;?

% Compared to the H1 data with free proton.

The suppression factor ~ is 40%.

Stronger than that for coherent production.

** Models have found that the H1 data

supports sub-nucleonic fluctuation.

[Phys. Rev. Lett. 117 (2016) 5, 052301]

+» STAR data shows the bound nucleon has a
similar shape in pt? as the free proton,

indicating similar sub-nucleonic

fluctuation in heavy nuclei.
[Phys. Rev. D 106 (2022) 7, 074019 ]

S~ 102

ds/dp?dy ub/(GeV/c

Au+Au — JIy+Au*+Au*

Q

é@

STAR Prellmlnary

T T T T T I| T T T T T T
Incoherent Suppression: |

S = 0.41707 +0.01

-0.04 —
(scale) (data)

Vs, = 200 GeV

—*— STAR data lyl < 1, all neutron
— H1 free proton data scaled to UPC y*Au

197

---------- H1 free proton template fit: x%/ndf = 1.6

107" 1
p2 (GeV/cy?

15
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Incoherent J/{ cross section vs p;?

% Direct comparisons to the fluctuation
models do not give a clear answer.

*» The shape seems to be supported more

by the one without fluctuation.

Al
A~

d?o/dpcdy ub/(GeV/c

102

Au+Au — Jhp+Au*+Au” STAR Preliminary

—x— STAR data lyl < 1, all neutron
—— Free proton data scaled to UPC y*Au'®’
---------- H1 template fit: */ndf = 1.6

----- CGC with fluctuation

----- CGC without fluctuation

T | T T T T T T
Incoherent Suppression: |

Sy = 0.41y,, = 0.01
(scale) (data) ]

.....
~s
o

107" 1
p2 (GeV/c)?

2
T
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Au+Au — J/y+Au*+Au”

Incoherent Suppression:

ALICE new data (arXiv:2305.06169) SN = 0.419% 1 0,01
is perfectly compatible with e
STAR'’s in terms of shape.

ALICE claimed the data supported
scenario with fluctuation.

—¥— STAR data lyl < 1, all neutron
— H1 free proton data scaled to UPC y*Au197
H1 free proton template fit: x%/ndf = 1.6

O ALICE 5 TeV PbPb
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A new idea in UPCs: double ratio w. qualitative difference

2-gluon exchange vs

diffractive/exclusive inclusive
Oym / Ojet/high—pr 1-gluon exchange
. Auy,Pb
Rpg1 = " . . —
lffractlve/excluswe / inclusive
Iym jet/high—pr )
proton
- N A
Shadowing models predict Saturation models predict
Rpg < 1 Rpg, > 1
N J Y,
RHIC expects Rpg < 1 LHC? Energy (GeV)

Ongoing theory study for saturation
(see talk by B. Sun tomorrow)
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Future UPCs opportunities

Since 2022, STAR has forward

(mmdms&5<n<40)
J/Y coherent and incoherent
production with high
precision. Lower W towards
a few GeV, and high t to
better understand fluctuation.

* ¢ photoproduction.

* Photoproduction of jets.

* New observables.

RHIC2325

2023 2025 2029 2034+
19
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Future UPCs opportunities

Vertex

New
kc u,ﬁm i M5
M3
Detector M2

Particle ID | Phase-| upgraded LHCb detector
p tNe;” - Calorimeters
etector Reduce PMT gain
slactionics + new electronics e
cin

New Tracking stations ‘ | + trigger-less readout & sw trigger on GPUs

Since 2022, STAR has forward

detectors (2.5 < n < 4.0):

« J/Y coherent and incoherent
production with high
precision. Lower W towards
a few GeV, and high t to
better understand fluctuation.

* ¢ photoproduction.
* Photoproduction of jets. upgrades in Run 3 & 4 (e.g., wide acceptances,
 New observables. ALICE FoCal, etc.). Lower-x reach!

RHIC 23-25 & LHC Run 3I—

2023 2025 2029 2034+

improved muon coverage  new and upgraded forward
and luminosity detector
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Future UPCs opportunities EIC era

detector +
electronics

]% P P“'i”’d LHCb detector The ePIC detector and possible

Muon

o st a 2" detector: the ultimate
machine for understanding
saturation quantitatively with a
wide variety of observables.

New
Vertex
Detector

Since 2022, STAR has forward
detectors (2.5 <n<4.0):
J/Y coherent and incoherent
production with high
precision. Lower W towards
a few GeV, and high t to
better understand fluctuation. e
* ¢ photoproduction. All LHC experiments will have S|gn|f|cant

* Photoproduction of jets. upgrades in Run 3 & 4 (e.g., wide acceptances,
 New observables. ALICE FoCal, etc.). Lower-x reach!

RHIC 23-25 & LHC Run 3 I—
2023 2025 2029 2034+

21
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UPCs studies in the past 2 decades

Number of UPC publications vs time
20

15

10

SURGE Collaboration Meeting 2023

UPC observables

UPC publications by heavy ion experiments

Note:

Only experimental
publications (I counted
46) with at least one
beam is nucleus.

22
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Executive Summary

Introduction

Progress since the last Long Range Plan

3.1 Macroscopic: collectivity, flow and thermal properties

u
H ot ‘ D W h I te P a e r 2 0 1 5 3.1.1 The hydrodynamic limit of QCD: collectivity, flow and transport coeffi-
p cients of quark-gluon plasma

1.2 Mapping the QCD phase diagram
3.1.3 Thermal photons/dileptons
3.14 Initial condition
3.1.5 Chirality and vorticity in QCD
Mesoscopic: emergence of the quark-gluon plasma and approach to equilibrium . . .
3.2.1 Small Collision Systems
. . . . . . o 322 Small systems & small size limit of the QGP
and rapidity discussed in Section 3.2 remains more open. While there are contributions to these 323 Onset of hydrodynamics
correlations that originate already in the nuclear wavefunctions [100], experimental evidence points 3.24  Medium response of partonic excitations
to strong collective behavior also in the final state of proton-nucleus and even proton-proton 3.25  Jet Modification in Small Systems
collisions. The versatility of RHIC to systematically change the size of the projectile nucleus and Microscopic I: Jets and leading hadrons

| t A with d+A 3HetA et llisi id f collisi .. 3.3.1 Simultaneous results from end-to-end simulator frameworks
complement p+A wi +A, e+A etc. collisions over a wide range of collision energies Is 332 Jet quenching theory

unparalleled and a key to exploring where these collective effects turn on. 333  Phenomenology of Hard Heavy Flavors

R . . 334 Jets, leading hadrons and coincidence measurements
Yet another approach to probe the nuclear wave-function is provided by virtual photons produced 335  Jot Substr'u Cgmre and cotne ! '

in ultra-peripheral p+A and A+A collisions. Such measurements are sensitive to the gluon 33.6  Heavy-flavor tagged jets
structure of the nucleus at low x as well as to cold nuclear matter absorption effects on produced 3.37  Bayesian methods for hard probes
hadrons such as the J/¢ . At RHIC studies have been of made of p(1700 production [168] - Microscopic II: Quarkonia, open heavy flavor, electromagnetics and bound states . .
and of coherent production of J/% 's and high-mass e*e~ pairs [169]. Much higher virtual 341 Theory: heavy flavor
photon fluxes are provided by the higher collision energies of the LHC, where detailed studies :ii Eiig:::g: g;:;kl?:;y favor
have explored the role of gluon shadowing in photoproduction of J/% 's in both p+Pb [170] and 344  Exofic hadronic bound states
Pb+Pb collisions [171-173], demonstrating sensitivities to Bjorken-z values in both the proton 345  Electroweak processes
and the Pb nucleus down to z ~ 1075, 346  Ultra-peripheral Collisions
Interdisciplinary
Nuclear structure
Quantum electrodynamics and physics beyond the standard model

O I 1 h U P C Phase diagram and relativistic fluid dynamics in astrophysics
n y p a ra g ra p O n s Machine learning

Hot QCD facilities

4.1 RHIC

4.1.1

3.4 Initial State for Plasma Formation and Low-x Phenomena

~ 10 pages on UPCs
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Summary

» UPCs is an excellent experimental probe to study EIC era

the initial-state physics in nucleon and nucleus
The ePIC detector and possible

and input to the Electron-lon Collider. 2 24 detector: the ultimate
machine for understanding
» LHC UPC J/y data has been found significantly saturation quantitatively with a

suppressed relative to the free nucleon. wide variety of observables.

» Energy dependence is surprisingly weak after 50
GeV in W or x <10-25 . Saturation?

» Incoherent J/Y production is found to be more
suppressed than that in coherent, and similar level
of fluctuation as in free nucleon.

» LHC and RHIC UPCs program are
complementary, covering a wide energy reach.



Special thanks to:

CGC: Heikki Mantysaari, Farid Salazar, Bjorn Schenke
Sartre: Tobias Toll, Arjun Kumar

Nuclear shadowing: Vadim Guzey, Mark Strikman, Mikhail Zhalov
NLO pQCD: Topi Loytainen et al.

Saturation observables: Brian Sun, Y. Kovchegov

For discussions and inputs.
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A full picture: coherent + incoherent

STAR Preliminary

—e— Data, all neutron

o 10% Au+Au—Jhy +Au*+Au* STARlight
g V5o = 200 GeV, lyl < 1.0 — Total
2 N T T Coherent
9103 - == Incoherent
<
>
“E_" ______________________
% 10% —9——¢— [P
s E

S P S L) TP R
i)
[cr‘e 1 p..‘ ........................................................................... -

- _, —e— g g - *
% 0.02 0.04 0.06 0.08
P2 (GeV/c)?

STAR Preliminary

—e— Data, all neutron
Sartre s.n.f.

o 10% Au+Au—J/y+Au*+Au*
) - —_
S VS =200 GeV, lyl <1.0 Total
8 ------ Coherent
= - = = Incoherent
= 08
g
>
©
N
g ——
§ 102 —
[\Y) =
© o
'
I
U
b . . . 1 . . . | PP D TR U U R S T
o ErTT T T T T T R v =
[e} 3 * J
= ——0—
g o g LT .l i
0g 0.02 0.04 0.06 0.08

p2 (GeV/c)?

STAR Preliminary —e— Data, all neutron

o 10° Au+Au—J/y+Au”+Au” LTA weak shd.
o E —
S VS =200 GeV, lyl <1.0 Total
o [ » e Coherent
9 3 - == Incoherent
_c:>L1O E
> -
v F
—— ————

% 102, TRnas s =T $ *
o -
© =]

H

L

i
o _0-0~ - J
[():46 1T e NP SRS S B —

% 0.02 0.04 0.06 0.08 0.1
P2 (GeV/icy?

STAR Preliminary —e— Data, all neutron

CGC

Au+Au—J/y+Au*+Au*
VSuy =200 GeV, Iyl <1.0 — Total
------ Coherent

- = = Incoherent

i . q-ﬁ °
E. . ?
=4 “
=
r .

..............
3 4
;;- ................................................ ... FETTES ]
F ™ ————o—0— ° T
0 0.02 0.04 0.06 0.08 0.1

P2 (GeV/icy?

s STAR data compared with four
theory/MC models.

% Sartre with sub-nucleonic fluctuation
(s.n.f) & CGC are similar models but
different by a normalization factor ~
0.65.

% Question to theorists: Why?

Reference to CGC: Phys. Rev. D 106 (2022) 7, 074019
Reference to LTA: arXiv:2303.12052
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https://arxiv.org/abs/2303.12052

Full momentum region

STAR data is important

to understand

STAR VSNN =200 GeV

—e— Data, all neutron
Au+Au—J/y+Au*+Au*

—— STARIight total

STAR VSNN =200 GeV
Au+Au—J/y+Au*+Au*
lyl<1.0

—e— Data, all neutron
—— LTA total

12
p2 (GeV/c)?

STAR VSNN =200 GeV
Au+Au—J/y+Au*+Au*
lyl <1.0

—e— Data, all neutron
—— Sartre s.n.f. total

T 12
p2 (GeV/cyY

STAR VSNN =200 GeV
Au+Au—Jhy+Au*+Au*
lyl <1.0

—e— Data, all neutron
—— CGC total

04 06
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calculation, constrained by the LHC data

EPPS21 + scale at 2.39 GeV. 5
Only scale uncertainty shown. 5
Could not describe the STAR data aty = 0.

0.2;
Reference to NLO pQCD calculation: 00.15F
a) arXiv:i2210.16048 8 o
b) Phys. Rev. C 106 (2022) 3, 035202 0.05

00 [— ————

Brookhaven : :
National Labaratory SURGE Collaboration Meeting 2023
- Au+Au—VM+Au*+Au* STAR Preliminary
NLO calculation " Conerent
Next-to-Leading Order (NLO) pQCD i ;

3 Data STARlight  NLO
®Jly —Jhy Hdhy
¥y(2S) --y(29)

..................... ;
I ‘ |
0 0.5 1
y
= w(2S) 1 Jhy
0 0.5 1
y

29
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Neutron emissions in UPCs

150 A_\u+Au - e+e+Au*+Au” | STAR Prelirpinary
| | Neutron classes:

- (s, = 200 GeV
:  On0On: no neutron on either side
* OnXn: >=1 neutron on one side
« XnXn: >=1 neutron on both sides

100 1 i

Entries

50

% | 100 200
ZDC ADC

UPCs have large contributions from QED Coulomb excitations

30
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n 200 GeV Au+Au 2002 po PRL STAR https://arxiv.org/abs/nucl-ex/0206004
200 GeV Au+Au 2004 di-electron PRC STAR https://arxiv.org/abs/nucl-ex/0404012
L I st Of U P C 200 GeV Au+Au 2007 PO PRC STAR https://arxiv.org/abs/0712.3320
200 GeV Au+Au 2008 p0 PRL STAR https://arxiv.org/abs/0812.1063
u 200 GeV Au+Au 2009 4n PRC STAR https://arxiv.org/abs/0912.0604
I 200 GeV Au+Au 2009 Jhp, di-electron PLB PHENIX https://arxiv.org/abs/0903.2041
ex p e rl m e n a 62.4 GeV Au+Au 2011 p0 PRC STAR https://arxiv.org/abs/1107.4630
2760 GeV Pb+Pb 2012 neutrons PRL ALICE https://arxiv.org/abs/1203.2436v3
2760 GeV Pb+Pb 2012 Jp PLB ALICE https://arxiv.org/abs/1209.3715v3
7000 GeV p+p 2013 Jip J Phys. G LHCb https://arxiv.org/abs/1301.7084
p a p e rs a 5020 GeV p+Pb 2014 Jhp PRL ALICE https://arxiv.org/abs/1406.7819v2
5020 GeV Pb+Pb 2015 p0 JHEP ALICE https://arxiv.org/abs/1503.09177v2
5020 GeV Pb+Pb 2015 P(2s) PLB ALICE https://arxiv.org/abs/1508.05076v2
2760 GeV Pb+Pb 2016 Jp PLB CMs https://arxiv.org/abs/1605.06966
200 GeV Au+Au 2017 pO0 PRC STAR https://arxiv.org/abs/1702.07705
5020 GeV Pb+Pb 2017 light-by-light Nature Physics ~ ATLAS https://arxiv.org/abs/1702.01625
200 GeV Au+Au & U+U 2018 di-electron PRL STAR https://arxiv.org/abs/1806.02295
5020 GeV p+Pb 2018 Y EPJC CMS https://arxiv.org/abs/1809.11080
5020 GeV Pb+Pb 2018 light-by-light PLB CMS https://arxiv.org/abs/1810.04602
5020 GeV p+Pb 2018 Jp EPJC ALICE https://arxiv.org/abs/1809.03235v2
5020 GeV Pb+Pb 2018 di-muon PRL ATLAS https://arxiv.org/abs/1806.08708
200 GeV Au+Au & U+U 2019 Jp PRL STAR https://arxiv.org/abs/1904.11658
200 GeV Au+Au 2019 di-electron PRL STAR https://arxiv.org/abs/1910.12400
5020 GeV Pb+Pb 2019 PO EPJC CMSs https://arxiv.org/abs/1902.01339
5020 GeV Pb+Pb 2019 Jp PLB ALICE https://arxiv.org/abs/1904.06272v2
5020 GeV Pb+Pb 2019 light-by-light PRL ATLAS https://arxiv.org/abs/1904.03536
5020 GeV Pb+Pb 2020 di-muon PRL CMS https://arxiv.org/abs/2011.05239
5020 GeV Pb+Pb 2020 p0 JHEP ALICE https://arxiv.org/abs/2002.10897v2
5020 GeV Pb+Pb 2020 light-by-light JHEP ATLAS https://arxiv.org/abs/2008.05355
5020 GeV Pb+Pb 2020 di-muon PRC ATLAS https://arxiv.org/abs/2011.12211
200 GeV d+Au 2021 Jip PRL STAR https://arxiv.org/abs/2109.07625
5020 GeV Pb+Pb 2021 Jhp JHEP LHCb https://arxiv.org/abs/2107.03223
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