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1) Charged Hadron Production
in 5.02 TeV Pb+Pb photonuclear collisions.

2) Identified Hadron Production (K g, N, BE7)
in 5.02 TeV Pb+Pb photonuclear collisions.
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Charged-hadron and identified-hadron (Kg, A, E7)
yield measurements in photo-nuclear Pb+Pb and
p+PDb collisions at y/syy = 5.02 TeV with ATLAS

The ATLAS Collaboration
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This paper presents the measurement of charged -hadron and identified-hadron (K, OAE
yields in photo-nuclear collisions using 1.7 nb~! of VSN = 5.02 TeV Pb+Pb data collected
in 2018 with the ATLAS detector at the Large Hadron Collider. Candidate photo-nuclear
events are selected using a combination of tracking and calorimeter information, including the
zero-degree calorimeter. The yields as a function of transverse momentum and rapidity are
measured in these photo-nuclear collisions as a function of charged-particle multiplicity. These
photo-nuclear results are compared with 0.1 nb~! of vVsnN = 5.02 TeV p+Pb data collected in
2016 by ATLAS using similar charged-particle multiplicity selections. These photo-nuclear
measurements shed light on potential quark-gluon plasma formation in photo-nuclear collisions
via observables sensitive to radial flow, enhanced baryon-to-meson ratios, and strangeness
enhancement. The results are also compared with the Monte Carlo pPMIJET-111 generator and
hydrodynamic calculations to test whether such photo-nuclear collisions may produce small
droplets of quark-gluon plasma that flow collectively.
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Quark Gluon Plasma (QGP): state of matter formed in the early universe
where quarks and gluons are deconfined.

QGP behave as a nearly perfect fluid: Experimental indications
from Au+Au collisions at RHIC followed by Pb+Pb collisions at LHC.

Lowest specific shear viscosity (/)
observed in nature so far!
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Ultraperipheral Heavy-lon Collisions

In heavy-ion collisions, the nuclel generate V

extreme strong electromagnetic (EM) fields

These EM fields correspond to a flux of quasi-real R‘
high energy photons; O(30 GeV) at LHC =

~
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In heavy-ion collisions, the nuclel generate
extreme strong electromagnetic (EM) fields

These EM fields correspond to a flux of quasi-real
high energy photons; O(30 GeV) at LHC

When two nuclel miss each other, these EM interactions

occurs —Ultra Peripheral Collisions (UPC)
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1) Photon-Photon interactions
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In heavy-ion collisions, the nuclel generate
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These EM fields correspond to a flux of quasi-real
high energy photons; O(30 GeV) at LHC

When two nuclel miss each other, these EM interactions

occurs — Ultra Peripheral Collisions (UPC) y < p

Vector Meson Dominance!

2) Photon-Nucleus interactions

. Photon breaks up the other nuclel!
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Sruthy Das (UIC) BNL Seminar

Nice job by ChatGPT!




Now, a real

/Ultra eripheral
0|I|S|on Event

:“w{mt- 9203837

2023-09-26 20:24:30 CE




Characterization of PhotoNuclear Collisions

111

Modeling of photonuclear collisions are particularly
challenging due to the event-to-event fluctuations
of photon energies!

12

Characterizing photo-nuclear events places constraints on YA models
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Characterization of PhotoNuclear Collisions

11t

Modeling of photonuclear collisions are particularly
challenging due to the event-to-event fluctuations
of photon energies!

11

Characterizing photo-nuclear events places constraints on YA models

1.The Monte-Carlo model used: { Photon-flux from STARLIight

DPMJET-1lI+STARLight yA DPMJE -1l collides YA

2. Comparisons to hydrodynamic model: 3DGlauber+MUSIC+UrQMD
Wenbin Zhao, Chun Shen, and Bjérn Schenke Phys. Rev. Lett. 129, 252302

We look forward to Pythia yA!
Sruthy Das (UIC) BNL Seminar 8
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Flow in Heavy-lon Collisions

o9

A tiny drop of QGP is created in heavy-ion collisions
and it expands like a fluid.
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Flow in Heavy-lon Collisions

._> 4_. A tiny drop of QGP is created in heavy-ion collisions
and it expands like a fluid.
y

v

Sruthy Das (UIC) BNL Seminar



low in Heavv-lon Collision

F

S

A tiny drop of QGP is created in heavy-ion collisions
and it expands like a fluid.

i
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i~ 2y dprdy T 222 el = WDy, - Flow coefficients
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Flow in Small Systems

superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, vs=5.02 TeV, 0-5%
*data for vs=13 TeV
0.14 **v,, subtracted
0.12 ATLAS, Nen=60+ +—@— |/ @ T ATLAS, Nep=110-140 +—@—
01 ATLAS*, Ny =60+ +—@— 2 | CMS, Ni=120-150
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Theory: Physics Letters B 774 (2017) 351-356
ATLAS: Physical Review C 90, 044906 (2014)

Hydrodynamic models can successfully describe v, v,

In systems of wide size ranges: pp, pPb and Pb+Pb!
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Flow in PhotoNuclear Collisions
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Flow in PhotoNuclear Collisions
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Radial flow

Due to the velocity boost, particles get pushed to higher p

O
% 10° _—\... ﬂ'+
g 104 B ..’0.
— m... L
T % — wﬂ!’!x,‘“:" "'-.Kﬂ
S . -
¢ Sl e
E B M x "‘K
Q‘U *’N"'q.,‘ S“ @
Q>J 1 N B ) -.-*-.- )
P q g e P

T e Sl —— . .
10°  o0-5% T - A
~ ®ix*x200 =g=
- - K+X50 s
1074~ ®p
© % Kex10
W AX005 ;‘\LlCE Pb-Pb s, = 2.76 TeV
) wox0005 WI<05
10 6 L1 1 1 | I L1 1 1 1 1 1 | I I
0 1 2 3 4
arXiv:2211.04384 [nucl-ex] p_ (GeV/c)
=

Sruthy Das (UIC) BNL Seminar


https://arxiv.org/abs/2211.04384
https://arxiv.org/abs/2211.04384

Radial flow
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Due to the velocity boost, particles get pushed to higher p
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Radial flow

Radial flow can be quantified by (pr)
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Radial flow

Radial flow can be quantified by (pr)
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Radial flow: Hvdro predictions for y+Pb

3+1D hydrgdynam|cs pred|ct|0n Wenbin Zhao, Chun Shen, and Bjérn Schenke Phys. Rev. Lett. 129, 252302
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Radial flow: Hvdro predictions for y+Pb
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v, lower in y+Pb due to longitudinal decorrelation (py) similar between p+Pb and y+Pb!
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Radial flow: Hvdro predictions for y+Pb
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v, lower in y+Pb due to longitudinal decorrelation (py) similar between p+Pb and y+Pb!

Motivation to compare between y+Pb and p+PDb!
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Baryon Anomaly

Pb-Pb at |s,,=2.76 TeV, lyl<0.5
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Phys. Rev. Lett. 111 (2013) 222301
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Baryon Anomaly

1) Effects due to radial flow: Heavier A gets pushed to higher p+ compared to Kg
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Baryon Anomaly

1) Effects due to radial flow: Heavier A gets pushed to higher p+ compared to Kg

2) Quark Coalescence model: Overlapping quarks in QGP combine
to form baryons or mesons.

Pb-Pb at |s,,=2.76 TeV, lyl<0.5
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Baryon Anomaly

1) Effects due to radial flow: Heavier A gets pushed to higher p+ compared to Kg

2) Quark Coalescence model: Overlapping quarks in QGP combine
to form baryons or mesons.
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Dominance of gluonic channel and
high gluon density in QGP produces
abundance of strange hadrons

Historically, one of the first proposed
observable for QGP formation

trangeness Enhancement

ch/drl>|;ﬂ<(),5 Nature Phys. 13, 535 (2017/)
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Dominance of gluonic channel and
high gluon density in QGP produces

trangeness Enhancement

o

{ p-Pb, Vs = 5.02 TeV
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abundance of strange hadrons A T

Historically, one of the first proposed

observable for QGP formation (AN_j,/dN)\y1<0.5 Nature Phys. 13, 535 (2017)
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Event Selection
and

Analysis Procedure
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Pb+Pb, 5.02 TeV

AI I AS Run: 365681
Event: 1064766274

EXPERIMENT 2018-11-11 22:00:07 CEST

Z—Aﬂ“’c > 2.5
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Multiplicity selection

y+Pb p+PDb
8"1 1 i | | | | | | | | | | | | | § &)f'-\c —1 _I | | | | | | I | | | | | | | | | I | | | | I_
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Analysis event class:

N © integrated results are reported in the range: V_ “: [25,60].
N differential results are reported in the range: Ngec [15,60].

* For later comparisons, /V_ = distribution in p+Pb is re-weighted to match that of y+Pb.
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Analysis Procedure

Charged-hadron analysis

Track Selection

@ Tracks with pr > 0.1 GeV and |7
reconstructed vertex in both long

@ Observables:
Charged-hadron yields

< 2.5, and a distance of closest approach to the

itudinal and transverse directions of less than 1.5 mm.

1 NG, Vo) = o
Nev dprdn Nev dn

Yl(ﬂaPT) =

@ Iracks entering these observables in bins of p1 and 7 are corrected for reconstruction and

selection inefficiency, and contribution of secondaries and fakes.
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Analysis Procedure

ldentified-hadron (KO, /A, =) analysis

Decay track 1
@ Decay channels:

-»Kg—>7r++7r_
m» A >p+7a

m 5 > A+ op+n +a SV Decay track 2

@ Oppositely charged tracks with p > 0.1 GeV and y‘ lxy.’..........

|| < 2.5 are fitted to a common secondary vertex.

@® Reconstructed candidates are required to have: .
- Kg: pr > 0GeV Z
A: pr>0.5GeVfor ly| < 1.6, pp > 0.8 GeVfor1.6 <|y| <2.5

——

= :pr>1GeV,and |y| < 1.6
y? <15
cos @ > 0.999

Optimized minimum values on

1 1381

L.,/oy,,| and | pr/ (pr|
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Analysis Procedure __K¢

E’ BO-A'TLAs'"'""""""";b;t;""'-

. 0 p— . N [ PDHPD, 1.7 1, {5,=5.02 TeV :Gilo:al fiit -
Identified-hadron (K. A, =") analysis g [masatezs o, o A
s Plvreszs :?5?4.“4‘?;‘%5

: : _ & [p,:[0.0,80]GeV !

@ Signal yields can be very cleanly extracted from fits ° 40 -
to the various invariant mass distributions. :

20 —

e e .................. errrrrrraraeaaes .....-v.~..~.....,.u._.._.

|||||||||||||||||||||||

0
420 440 460 480 500 520 540 560 580

My [MeV]
| o [J—
A =
—

x10 > llllll T I 1T 171 I | L | | L | | L | | L L | 1T T T/
> L | L I L ] | l | l | I L l | L q) —ATLAS + Data _—
2 50 ¢Da@ 1 ATLAS - = 4008 b, pp, 1.7 nb™, {5y =5.02 TeV  —Global fit
~ | —Globalfit  Pb+Pb, 1.7 nb”, s, =5.02TeV - R rec __ Signal fit -
Ny -  —Signal fit rec . 0 - OnXn, ZYAT] >2.5 g -
» - g OnXn, ZYAT] >2.5 @ B rec —Bkg POly 2
Q 40__ ....... Bkg POly 3 25 < N < 60__ .'(-U' 300 _25 < Nch < 60 . . 2 -
8 | --Bkg:Mis-id Vil 2°“5 25] 2 -y: [-1.6, 1.6] .
S - — Total Bkg fit e el - [ - i
S 30 ) p.:[0.5,8.0] GeV — g [ P[05,50]GeV )
O B Signal T m © 200— - Signal_ —

L N, 129263 A - ) N 1412 ]

20 W 11163 _ - u: 1322.3 |
[ 0.:27 ] i o,.2.6 |
[ 0,/0,2.5 i 100 0,/01: 2.5 .
10[ gewe®®™ T T TR : :
0 _. .. ....... .. 1 %I [ | I I | |N ..... .. e
1080109011001110112011301140115011601170 1280 1290 1300 1310 1320 1330 1340 1350 1360
m, - [MeV] m, - [MeV]
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Analysis Procedure

ldentified-hadron (KO, /A, =) analysis

@ Signal yields can be very cleanly extracted from fits

to the various invariant mass distributions.

@ Signal yields are extrapolated to p1 = 0 GeV

using Modified Hagedorn Fits:

1 dN P% pr\

Nde_

1/i

-
I 2\
i/

>

()

o,

N

= :

: e
= 08+ I/
>

(qV]

S

>

=z

~

d

(0] [¢] [m]

| ATLIAS _'
Pb+Pb, 1.7 nb”" |
'Sy = 5.02 TeV
OnXn, Z,An°>2.5 |
25=< Ny, <60 -

y: [-2.5,-1.6] []y: [1.6,2.5] |

y: [-1.6,-0.8] [(]y: [0.8,1.6] _

y:[-0.8,0.0]  y:[0.0,0.8] .
— Mod. Hagedorn Fit: y < 0_'
--‘Mod. Hagedorn Fit: y >0

Fit/Data

> xl110131 I 1T 171 I T 11 ] | L I 1T 171 I 1T 171 I | l lllllllll

% 50— ¢ Data ATLAS _

~ [ —Globalfit  Pb+Pb, 1.7 nb”, {s,=5.02TeV -

> [ —Signalfit onXn, 2,An*°*>2.5 -

o 40__ ------- Bkg: Poly. 3 o5 < N™° < 60—_

© - - Bkg: Mis-id ch :

- [ 9 :[-2.5, 2.5]

5 | —Total Bkg fit y-1e-9, .91 -

S 30 p_:[0.5, 8.0] GeV ]

O i T i

[ NSO 129263 A

o0l— m:1116.3 _

- 0:27 i

- 0,/0.:2.5 i

10|, gowes 2t tF T T RS ew e e R e esea
108070907100 111011201130 1140 1150 1160 1170

m, - [MeV]

1280 1290 1300 1310 1320 1330 1340 1350 1360
m, - [MeV]

x|1 03 ||||| | | | I I | | | | I I | | I I | I | | | I I |
T _ [ATLAS + Data —
= 90 Pb+Pb, 1.7 nb", {5 =502 TeV —Global fit
P -0nXn, £,An°>2.5 — S:?"all fllt -
[ - re¢c _~an [\ e g: FOly. = -

- 25< N 60
S 60 525°“2§ - - Bkg: Mis-id —
5 y-b ] — Total Bkg fit -
S [p,:[0.0,80] GeV .
S | ]
4or KO Ny 550489 |
- 'S 0 498.3 ]
i 0,:5.5 _
20— 02/01: 2.1 —
O kg -_"'““- iz~ S EeeS00000000008
420 440 460 480 500 520 540 560 580
My [MeV]
p—
=
—

g 400 :_1A|T|LAls| T | 1T 171 I | L | | L | T |+| |D|a.|ta| I | | L |_:
~ [ Pb+Pb, 1.7 nb" s, =5.02TeV —Globalfit -
- LonXn,Z,An*>25 —Signal fit ]
D n rec —Bkg: P0|y. 2 -
2 300[25 = Ni* = 60 -
% "y:[-1.6, 1.6] i
S -p_:[0.5, 5.0] GeV .
O - Signal |
200 = NPT 14120 T
. u: 1322.3 -
i o: 2.6 i
1001— 0,/0,: 2.5 _
. s

_. .. ....... .. T %I T A |N ..... .. o
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Charged Hadron & Identified Hadron Yields

o2 HLL L L L L L —_— | L
3 olh* (n) (x 1) ATLAS S h* () (x 1) ATLAS
5‘ 25 h T = K2 (y) (x 10)  Pb+Pb, 1.7 nb™_ 5 25 mKS(y) (x 10)  p+Pb, 0.1 nb™_
< Llefelg WA () (x20)  VSw=5.02TeV " < YA (y) (x20) Sy =5.02TeV |
= [ e 5 F= (y) (x 50) ONXN 2,AN®>2.5 - = JE (v) (x50) B NG <60 1
< 20 o 25 < N, < 60- < 20f Extrap. to p_>0 GeV -
v . ® ~ Extrap. to p.> 0 GeV - v
! ® - o[e]®oT® _
15r U ® - 15] e Slslele
i S [@] i i .
[@]
= @]
10 - — IZIJIII _ 10F _
. : 080 Il | Ll | || | | N -
(1 1]
L o @
5 - » o E":.::.: _
— * f B . :.:Il:.:l -
. - R @5
| > A s —_— l
oL | L | | —
1 2
y (n)

@ Y+PDb distribution is highly asymmetric; photon energy is lower compared to energy per nucleon in Pb.

p+Pb is nearly symmetric for selected low-multiplicity events.
Given the extreme asymmetry, it is important to study y+Pb properties in different 7 regions separately!
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Charged Hadron & Identified Hadron Yields

Hybrid model W/th eprICIt QGP assumpt/on and hydrodynam/c ex,oans:on

A
o
T ™

-

)

[Ill

! Hybrid model TR ows.-os

Extrap. to p.> 0 GeV-

o~ [T T T T T T T T T T T T T T o~  r r Tt T ] T T T T T T T T 1
S olh* () (x 1) ATLAS - 5 | Blowe olh (1) (x 1)
3 25-_;' ......... h T [@Ko(y) (x10) Pb+Pb, 1.7nb" 3 o5l | 2K (y) (x 10)
< Llefelg = WA (y) (x20) S = 5.02TeV . < [ T Hybridmodel 5, () (x 20)
5L Tl = () (cs0) 0K EANT>25¢ 5 | A= (y) (x 50)

< 20 DR 25 < Ny <60- < 20f
- i o % | - i

: “® Extrap. to p.> 0 GeV : .

: 0 - o/

15[ K() 0 2|Data - 15
_ @]

e
ATLAS |
p+Pb, 0.1 nb

sy = 5-02 TeV |
25 <N, =60 ]

o

@® Charged hadrons are well described in p+Pb, only qualitatively in y+PDb.

@ Over-predicts for KO, under-predicts for A, describes =~

well.
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Charged Hadron & Identified Hadron Yields

Models with DPMJET-III model HIJING model
Nno QGP § I ®|h™ (n) (x 1) ATLAS § i ol Data ®|h™ (n) (x 1) ATLAS
, .5 o5k + & K3 (y) (x 10)  Pb+Pb, 1.7 nb™ -5 o5 5K (y) (x 10)  p+Pb, 0.1 nb™"
assumption % ®[ols = A (y) (x20)  VSwy=5.02TeV % - — HUING WA (y) (x20) Sy =5.02TeV -
> ® T —- onXn, = An°>2.5 - > T ] 25 < N:° <60 -
o - ® v = (Y) (X 50) Y rec - ® - v | = (Y) (X 50) c -
3 20+ 25 < N <60- 3 20r Extrap. to p_> 0 GeV

Extrap. to p_> 0 GeV

! - NOOO0 :
15 KO S ®|Data - 15_’ S0 — solele
- S III — DPMJET-III i
1 10[ -
— N | N [ = —— e
o ¥ x 2 S — ¥ —
— _
h: i X X >
0

:—T 1 I ] 1 1
-2

@ Both calculations describe charged hadrons and KO, and overall normalization at 15-25% level.

® In contrast, A and =~ yields are poorly described: HIJING under-predicts by a factor of 2,
DPMJET under-predicts at backward rapidity, over-predicts at forward rapidity.
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Charged Hadron & Identified Hadron Yields

Charged hadron yield as a function of p in different rapidity slices
.' T ATias”

€ ’ ILLE R P ——
o Rt N Pb+Pb, 1.7 nb™- B B - p+Pb, 0.1 nb™ ]
Q) = ’ — ~ 105 *"' =
— 105 i 02 TeV, OnXn = = - ¥ VSny = 5-02 TeV -
_gl_ - ), ZYAT]reC S 25 'cl_ 1 — 25 < NL‘;C < 60 -
% 1 g_ 4 ' 25 < N;ic < 60—§ % % %
> 10’15— = NZO 10'15— =
R T 1 O i .
> >

3CI> 10—2§_ _ _§ 3(D 10—2 E_ _E
M [ | ¥ N A - §
10°E 5 = 1073 =

- [+ -
107 [4)m: 11.6.25 % 1074
B ] ] | | ] 11 1 I ] ] ] ] ] l..*l E | | | | O IE

—1 -1
100 2x10 1 2 3 4567 10 10" 2x107" 1 5 3 4567 10

p; [GeV] p. [GeV]

@ Y+PDb distribution is highly asymmetric; p+Pb is nearly symmetric for selected low-multiplicity events.
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Charged Hadron & Identified Hadron Yields

ldentified hadron yield as a function of p in different rapidity slices

- L L - L L L - e L L L
> ATLAS | o | ATLAS | o | m ATLAS -
S, Pb+Pb, 1.7nb"3 & 1F Pb+Pb, 1.7nb 'S S 4011 Pb+Pb, 1.7 nb™'-
> [s=502TeV] 2 | (sw=502Tev ZF | Sy =5.02 TeV -
S OnXn, A0 > 2.5 %"10_1:_ onXn, T A*>25 | & |, OnXn, =, An"® > 2.5 -
S \ B<NT<60] S | 5= Noy <603 3 0o iy 25 = Now =60
“o ¢ 1 o i 1 o - g YR :
S % AR ; — 3, .l ﬁ 3 e :
Z 107°F A AE = I Z107°%F ERE-| ¥ _
- asiDe 1~ 1T i 2

I t‘:n L 4 == ] - o i 10 E_ 2 —
10°E = — 1073 + =4 — . - ‘ =
- [o]y: [2.5,-1.6] —— : [ely:[25-18] : i _
- (% y: [-1.6,-0.8] % : - [#]y: [1.6,-0.8] == : Al B
104:_7y: -0.8,0.0] _ 10.4:_7_y: -0.8,0.0] ! = 10 = y:[-1.6,-0.8]
- [41y:[0.0,0.8] § - [41y:[0.0,0.8 ¢ : - % y:[-0.8,0.0] :
- [#]y:[0.8,1.6 : - [#]y:[0.8,1.6 ] L[4 y:[0.0,0.8] .
wosp tyeRs 4 estymeRs g ospEvlse
0 2 4 6 8 0 2 4 6 8 0) 1 3 4 )
p. [GeV] p. [GeV] p_[GeV]
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Radial Flow /ePb

—83 o

%I 1.4 pp4pb, 1.0 ub™- 1.7 b M) [1:6,-08] —
OB L {5y = 5.02 TeV _
el i onXn, =,An"° > 2.5 -
P 1.2 Extrap. to p_>0 GeV { s -
Sl M ; _
\% =1 ¥ ¥ -
L ¥ _

L ) _

0.8\ I KG—

S _

0.6 _
ul hE
04_, ' AN T T NN TN [N TN T TN N TN TN TN M AN TN NN N I—

Nrec
ch
® (pr) follows A > Kg > h™, and clear multiplicity dependence
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Radial Flow

y+PDb p+PDb

o

| | I | | | | | | | | | | | | | | | | | | I | | I | | | | | | | | | | | | | | | | | | I
- ATLAS | i

> 4L b 10t 17 gt MO)[16,0.8] 1.4f- ATHAS n(y):[1.6,-0.8] -
() - U | . - p+Pb, 0.1 nb” -
(D . F Vs =5.02TeV - L
— [ OnXn,ZAn">25 /\ 1 L \syy = 5.02 TeV
P 1 .2_— Extrap. to p_>0 GeV ] 1 -2__ Extrap. to p_>0 GeV |
_ _ X -
QP.: x| * ' X S ’
=1 * - I -
~N
R
I — - 61 _ - y
0.8  Cm—mE K - 0.8 e -
T S e :
O'G;F-::cﬂlm 0.6/ ¥
- | —@— _
O.4__I | I | | | | | | | | | | | | | | | | | | | I—_ O.4__I | I | | | | | | | | | | | | | | | | | | | I—_
20 30 40 50 60 20 30 40 50 60
rec r}elc
ch C

® In the Pb-going direction (<=4 ) similar amount
of (py) between y+Pb and p+Pb is observed.
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Radial Flow

—9

y+Pb

— :[0.8, 1.6] —
%I [ |®|h: (n) n(y): [ ]
O, /\ L ks )
A [ FIA (y) -
g [
~ [ X |
+ X | ¥ £
KO =) -

IecC
ch
® In the Pb-going direction (<= ) similar amount @ In the y/p-going direction ( @)—p-) lower amount
of (pr) between y+Pb and p+Pb is observed. of (pr) is observed in y+Pb compared to p+PDb.
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Radial Flow Models with

Y+Pb  ho qGP assumption l.

p+Pb

o

o I o | | ol ol | rr ol | | rr ol | I 1 I | I I | L | L | | I N I | | | I | | I
" ATLAS Caa T _ i | ATLAS Internal ] na l |
%I 1.4_ Pb+Pb, 1.0 ub'-1.7nb" (y): [-1.6, -0.8] T [®h: m) =[N (y): [0.8, 1.6] _ 1.4_ 4P, 040 b 1.6<n(y)<-0.8 T [®]h: ) =~ 0.8<n(y)<1.6 _
.} Vs =5.02TeV =, 1 1=,
9 - gin,;mfei 25 /\ + [FKs () — DPMJET-IIl y+Pb _ L \syy = 5.02 TeV 1 ®mKS(y) — HIJING p+Pb
o 1 .2__ Extrap. to p_>0 GeV T A ) 7 1 .2_— Extrap. to p_>0 GeV Ty i o _
- X T : ‘ B . ¥ T [y
Q. X * T ' g v M. oo
> T * + - 1— ¥ -
- X 4 X - +
| ] 6 M Il O
I ] i - 1 :
0.8f mmem T K = 1 os8F T ik = -
] 1 4 | + = =
; — S:.::l:l:l:":':F-:: . | e 7 y
0.6 — — — 0.6 —
O.4__I ] I L1 L1 | L1 L1 | | I | ] | | I | ] I—_I l I L1 1 1 | L1 1 1 | L1 1 1 | I I I—- O.4__I ] I | I | ] | | I | ] | | I | ] | | I | ] I—___I l I L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I—
20 30 40 50 60 20 30 40 50 60 20 30 40 50 60 20 30 40 50 60
IccC Irec
ch ch
® Both DPMJET and HIJING models substantially ® Both models under_predict the difference in <pT>
under-predict the (py) of all particles between hadrons of difference masses.
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Radial Flow J+Pb

| | I | |
S‘ 1 5l ATLAS | | |
Q© | Po+Pb10ub™- 17 ¥):[1.6,-0.8] 1 g ) oD, Vo816l
O " \syy =5.02 TeV T ko |
N L OnXn, S AN > 25 /\ 1 s (¥) == Hybrid model
/; I Extrap. to p_> 0 GeV 1 PEA ()
S gl ,
Loa e T - -
= [ —:¢‘—"¥ ¥ ¥
= e J O &
__________________ IS S .
0.5F h T e eSO eI
i ] I ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I_ ] ] I ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] I
20 30 40 50 60 20 30 40 50 60
IcC
ch

® Hydro model provides a reasonable description
of {py) in both y+Pb and p+Pb.

Hydrodynamic model

with QGP assumption .

p+Pb

o

o I I D | I D | I D | I D I
_ATLAS 4 _
1.5 n(y):[16,-08] T gl n(y): (08, 1.6]
 p+Pb, 0.1 nb” | (n) ®|Data
Sy, =5.02 TeV [®Ks(y) == Hybrid model
I Extrap. to pT>OGeV - XA (y)
_______ f Koo
_ X X X ¥_ _________
i x| Xl
1"“---*’ _7‘*-..—."’ —
—m “ | = .
e - - = =
Z.:II:.:I ___________________ _:-:I _______________________
0558 M_
] I | ] | | I_I 1 I 1 1 1 | 1 1 | | 1 1 | | 1 1 1 I

60

20
IecC

30 40 50 60

ch

® However, KO is under-predicted always. Stronger

conclusions about QGP formations remains premature.
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Radial Flow Hydrodynamic model

. Y+Pb  ith QGP assumption .

| | I | | | | | | | | | | | | | | | | | | 1 I | | I | | | | | | | | | | | | | | | | | | | I
1 5| ATLAS

Pb+Pb, 1.0 b - 1.7np? N ¥):[1.6,-0.8] oh: () o (y): [0.8, 1.6]

p+Pb

" \syy = 5.02 TeV

L OnXn, AN >2.5 /\ 1
Extrap. to p_> 0 GeV

== Hybrid model

(Pr) [GeV]

4"'"
>

ch
@ Strong rapidity dependence for y+Pb: (pT> Pb-going > (pT>

.
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Barvon

Anomaly

1L AKg [ m ] /K (x 2) ATLAS

[ Solid marker y: [-1.6,-0.8] Pb+Pb, 1.7 nb™" -

-~ Solid marker y: [-1.6,-0. _ :
Open marker y: [0.8,1.6] sy = 5.02 TeV

OnXn, =,An°>2.5 _

25 < N, <60

Baryon / Meson

1o Ak [w] =K (x 2)

- Solid marker y: [-1.6,-0.8]
gl- Open marker y: [0.8,1.6]

| T T ] T ! . | T I T

Baryon / Meson

ATLAS _

p+Pb, 0.1 nb™"
s\ = 5.02 TeV
25 < N;ehc < 60

I 1 1 | I | |

0.6 - 0.6/

: + A/ Kg : : = /\/ Kg
0.4 - 0.4/ 4’;‘ |

: 5 : : | 5 :
0.2} - 0.2 -
% e e % I

pr [GeV] pr (GeV]
- Enhanced ratio at the intermediate p.
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Baryon Anomaly

] | | l. ]

C i | | | | I | I I | | I i C B I | I | | | |

QO q-[e]AKS [W]E/KS (x 2) AT'-AS1 _ O q-[e]ak [E]=KS (x2) ATLAS

O Pb+Pb, 1.7 nb™" - @ b p+Pb, 0.1 nb" -

= "~ Solid marker y: [-1.6,-0.8] \/37 — 502 TeV - S - Solid marker y: [-1.6,-0.8] P -

— 0.8/~ Open marker y: [0.8,1.6] NN == _ 0.8 Open marker y: [0.8,1.6] s\ =5.02 TeV _

Rl onXn, . An~ >2.5 _ ~ YO ec _

C i oc ] - i = 25 <N_ =60 _

g - 25 = Nch < 60 i O I -
- =

= 0.6 T’ 0.6 O —

S 0 = S Ol :

an B A/K . m - , A/KS _

I o A\ I 5 ]

0.4 — 0.4/ | | N

i ¢ . - ? B

0.2 - 0.2 _

i | | | | | . i | | | | | I | | | .

X0 6 8 % 4 6 8

pT [Ge\/] pT [Ge\/]

- Enhanced ratio at the intermediate p.
® In the Pb-going direction (<= ) similar amount @ In the y/p-going direction ( @)—p) lower amount
of A/KS between y+Pb and p+Pb is observed. of A/Kg is observed in y+Pb compared to p+Pb.
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Baryon Anomaly
- e .  ATLAS -

1o JAKS [ B ] E/KS (x 2)

" Solid marker v: | ] Pb+Pb, 1.7 nb™" -
-~ Solid marker y: [-1.6,-0.8 _ i
Open marker y: [0.8,1.6] IS 5}83 L
L i OnXn, 2 An " >2.5 _
I Pb'go'"g 25 < N, <60

Baryon / Meson
o o
o)) Q0

: %I + A/Kg

0.4f , ¢ —
- & 7-going ¢ :
0.2_ () .
O— | _l | | | | | I | | | I | | | i
0 2 4 6 8

Pt [GeV]
- A/Kg Pb-going > y-going

Strong rapidity dependence !
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Strangeness Enhancement

| | | I I | I | L I L I L | r 1 1 1 |
+H 0.08- Pb+Pb, 1.0 ub'1 -1.7 nb™ y:[1.6,-0.8] T = K(S) (x 1.0) y:10.8,1.6] B
= | \sun=5.02TeV | A (x2.0) _
-8 | OnXn, Z,An°>25 O i 1 ¥4 E (x5.0) _
v 0.06- Extrap. to p.> 0 GeV S 1 _
E I 1 _
O 'm [ m | W W W m t = -
>’o 04 apmlei=
D - — —
@ |
® | x X X & 2L
)
Fooz| A/h*EY .
oL P S NP .
0.0 T
‘_
0||||||||||||||||||||||||||||||||1|||||||||||||
20 30 40 50 60 20 30 40 50 60
IcC
ch

- Kg/hi, A/h* Pb-going >
Strong rapidity dependence !
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Strangeness Enhancement

| 0.08

f yields to h

Iiatio of

Pb-going
I 1 | | I I I I I I- | | I | I | I | | | [ | | | I-
- Pb+Pb, 10 Mb_.' 17 nb'1 y. [-1 .6, '08] —+—'m K(S) (X 10) Y. [08, 16] _ 008
| \sun=5.02TeV | PEA (x2.0) ]
| OnXn, Z,An°>25 O i 1 4= (x5.0) |
| Extrap. to pT>0 GeV Irg S / 1 4 006
. W B N Ll [ N :_ _
[
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® In the Pb-going direction (<=4 ) similar amount

of A/Kg between y+Pb and p+Pb is observed.
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Conclusions arXiv: 250508181 Cnuel-ex]

3 25

@ First measurement of strange hadron yields 3 !

In photonuclear collisions §“’ 20}

15:

® y+Pb events exhibit strong rapidity dependence |

in QGP-like signatures 10
(pr)» A/K, ratio,

strange hadrons/charged hadrons ratio
Pb-going > y-going

@ Similar magnitude of QGP-like signals in Pb-going direction

between y+Pb and p+Pb

y+Pb collisions are dominated
by vector meson dominance

@ Stronger statements about QGP formation require
more accurate theoretical comparisons.
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https://arxiv.org/abs/2503.08181

Future Directions

2025 2030 2035+

\> Upcoming O+0 collisions at LHC ALICE projections for 0+O collisions
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Future Directions

2025 2030

e

LHC ATLAS/CMS Run4, major tracking upgrades: |7 | < 4.0
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Future Directions
EIC: Future home at BNL

2025 2030 2035+

/

Electron-lon Collider physics has close connections to UPC physics,
allows precise measurement of the energy and virtuality of the colliding photon!

Small systems test the limit of QGP formation.

At EIC, one can use the photon virtuality as a
dial to change the system size!
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Future Directions
EIC: Future home at BNL

2025 2030 2035+

Predictions by hydrodynamic model and CGC, in opposite directions /
r.r 1 1.1 1 1 1.1 1 T T T T T T T T 1
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O 05 1 15 2 00011 I 121 - 10131 [ 10141 [ 105
p_ [GeV/c] 0. 0. . . .

| Q/Qs Phys. Rev. Lett. 129, 252302
EIC can be a “tie-breaker” between the initial-state and final-state models!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.252302

Future Directions

EIC: Future home at BNL

2025 2030 2035+
Predictions by hydrodynamic model and CGC, in opposite directions /
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| Q/Qs Phys. Rev. Lett. 129, 252302
EIC can be a “tie-breaker” between the initial-state and final-state models!

Thanks for listening!
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Reconstruction Efficiencies
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Systematic Uncertainties A T K
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Multiplicity
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Study of photon energy and
particle production
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Arbitrarily re-weigh photon energy distribution to relatively allow:
1) more high-energy photons 2) more low-energy photons.
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Study of photon energy and
particle production
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() is matched with “low-energy photon” re-weighting,

(pr) couldn’t be matched

. However, the very substantial energy re-weighting is quite likely ruled out by
other Pb+Pb UPC measurements.
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