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Pb atom Pb nucleus Proton

e . . - & & - » »
p . o » » - - » » .
) ° © e
g e Vgt (Y W W » ===
* . °
. Contains nucleons (protons Contains quarks and gluons
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and neutrons) Quark content dictates whether it’s a proton,
nucleus
neutron or other hadron
Gluons are the glue which binds the quarks
together
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Collision!
Nucleons melt into
quarks and gluons

Quark gluon plasma (QGP)

expands and cools

1 x 1023 seconds

(e]

5x 1012 (C

Reaches the critical temperature
and forms back into hadrons like
protons

_ e



he QGP expands like a fluid!

* A fluid flows and equalizes internally — fast

e particles interact so frequently that local
temperature & pressure are fully descriptive

= * Not all matter is a fluid — it depends on how
g often particles collide

* few interactions - non-interacting gas

* many interactions = liquid

, e The same math that describes ocean currents
A fiuid cell has, describes the QGP

a pressure, temperature and velocity.



Do small systems flow?

Large systems (Pb+Pb) clearly form QGP and flow collectively

Small systems are a stress test of everything we think we know
If hydro works here, why? If it doesn't, where does it break?

collective flow?




Probing the QGP with high energy quarks

High-energy quarks lose energy traversing the QGP

Fluid picture Particle picture
Like a bullet through water, Loses energy in discrete collisions with the
they smoothly lose energy quarks/gluons of the QGP

QGP QGP
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oday’s roadmap

1. Particle physics background
* Quarks and gluons are strongly coupled making theory challenging

2. Relativistic heavy ion collisions and the QGP

3. Photonuclear and other ultraperipheral collisions

‘WW\"Pb> e ATLAS measurement of photonuclear

4. Probing the QGP with high energy quarks




QUARKS
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Standard model

What we need for today

e e: electron

e —P—

* g: any quark

e g: gluons
gLQLQQQO
* y: photon

Y
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Four fundamental forces

* Electromagnetic force

* Photons and particles with
electric charge

 Strong nuclear force

* Gluons and quarks which
both have “color” charge
(red, blue, and green)

 Weak force
* Gravity

e*orqgr

q*

e*orqg
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-
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strength

Interaction
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Quantum field theory and Feynman diagrams

The most precise and straightforward tool for calculations of
phenomena in the standard model and beyond

Many allowed

CENEINE
Interaction must obey things like Add amplitudes
v Energy conserved
v/ Momentum conserved \2
V' Charge conserved Square
v/ Spin conserved d
Probability

Incoming particles | Outgoing particles

12



e+

q+,r

Feynman Diagrams

Electromagnetic force

e+

Strong nuclear force

T~
b
=)
=

q 7 q+,r
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Vertex Factors & Probability

Electromagnetic force

et et

q+,r q+,r

l, Each vertex contributes one factor of the coupling constant

Pxa® (a=1/137, so a* = 5x107°)

Strong nuclear force

q+ q"

g

A +’r

g+’ q

l, Each vertex contributes one factor of the coupling constant

P o< as®* (as = 1 at low energy!) 14



Higher-Order Interactions (adding amplitudes)

Electromagnetic force

+ 000
V +
q q
oC Oy, oC Olgp,”

agy = 1/137 K1 - each new order is
~(1/137)x smaller = series converges!

Strong nuclear force
q q q

S YT A __ ¥
E ,

g +

P i SEIS D

a. =1 - every order contributes
equally - series does NOT converge!
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Important phenomena are challenging theoretically

as(Qz) v T decays (NI )m
€8 onis

* At low momentum transfers o, is
large making perturbative
calculations impossible

Strong coupling | Weak coupling
4 Low energy gluons in the proton b Why we are building the EIC

Homogeneous sea of quarks and ’
gluons over a wide temperature Why we built RHIC
range

“T¢ L Ahigh energy quark shooting —> Why we built sSPHENIX
through this sea 16



Heavy ion collisions

The creation of the flowing quark gluon plasma

17









-~
/
/
[
1 \
[} \
....................................... (NP N SRR
(1 | : '
o — |
N \ ) \ 1
| \ \ 1
I \ \ ]
) 1 b \ 1
1 | \
I —_—yy \
\ | \ <
....... r,\’-.-
\ |
\ 1
h ..
) : Participants
/
7

Before collision

Spectators

After collision
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Participants

Spectators
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Initial state

23



Initial state of heavy ion collisions

Parametrize spatial anisotropy

The “eccentricity” y“
\/(rin cos(ng;))? + (r"sin(ng;))? o~
= n pd ri
(") e

24



Parametrize spatial anisotropy

The “eccentricity” y“
\/(rin cos(ng;))? + (r"sin(ng;))? o~
= L
n 7) HE A

Viscous Hydrodynamics
TH = eutu” + Ple] AP — nlelo — Cle] AWV yu?

Equation of stae: P|e] relates pressure (P), enrgy (e),
temperature, and entropy (s)

& mg H dl’ d i
e Initial state W) expancion
e

25



Energy density, b = 9.3 fm t=1.000 fm/c

10 Parametrize spatial anisotropy
The “eccentricity” y,
2 . 2 »!
. \/<rin cos(ng;))” + (rsin(ng;)) r
n — A .
<f in> e’/(pl\“ : »X

Viscous Hydrodynamics
TH = eutu” + Ple] AP — nlelo — Cle] AWV yu?

Equation of stae: Pl[e] relates pressure (P), enrgy (€),
temperature, and entropy (s)

Transport coefficients: shear viscosity (77), bulk viscosity (¢)

All we need for hydro

Initial conditions Fluid properties

P[e] & shear/bulk viscosity

L — A fluid cell has,
" I pressure, temperature and velocity (u).

26




Parametrize spatial anisotropy
T}b\ The “eccentricity” y,

. 2 t
. \/(ri” cos(ani)>2 + (rsin(ng;)) r.
n — .
\ Ub e

' @ Viscous Hydrodynamics
TH = eutu” + Ple] AP — nlelo — Cle] AWV yu?

Equation of stae: P|e] relates pressure (P), enrgy (e),
temperature, and entropy (s)

Q Transport coefficients: shear viscosity (n), bulk viscosity ()

oy Hydrod '
Initial state W) expancion
£
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¢

Parametrize spatial anisotropy
The “eccentricity” y

_ \/(f,-” cos(ng;))° + (r"sin(ng;))° /0’

En = 2~ T.
n Y 1
<ri > (L X
Viscous Hydrodynamics

TH = eutu” + Ple] AP — nlelo — Cle] AWV yu?

Azimuthal Momentum anisotropy

dN
do a 1+ 2v,cos(d) + 2v,cos(2d) + 2vycos(3P) +...
- Hydrodynamic Momentum
Inltlal State EXpansion an|sotrop¥

'gn Vn

Vh =~ Kpén 28



Hydro can model lots of things!

Many things can be described by hydro: water, billiard balls, glass, pitch tar,

etc. That doesn’t prove we have created a QGP

* World's longest-running lab
experiment: Set up by Thomas
Parnell in 1927

* Pitch, a tar-derived resin that
looks solid — is actually a fluid
roughly 230 billion times more
viscous than water

* Only nine drops in ~95
years: Drops have fallen
in 1938, 1947, 1954, 1962,
%8;2, 1979, 1988, 2000, and

Substance Temperature Viscosity (cp)

Air 18°C

nosr—

Water

Water

Water
Glycerin
Mercury
n-Pentane
Argon

He!

Superfiuid He*
Glass

0.018
1.8
1

n "0
W26

PAS



Measured QGP viscosity

* Measured n/s: the smallest
suitably normalized shear
VISCOSity

* Need to divide by something
like the density, s (entropy)

* Measured viscosity is in line
with expectations for QGP

Quark—gluon plasma /
. . . I L D e
supporting confidence in 0 05 1.0 15 20 2
creating the QGP in heavy ion /T,

collisions

* One of the main pillars




Why a low viscosity

Weak coupling = Large viscosity

MaglaLab Productions (2007)

Inhibited
diffusion

!

Small
BT viscosity

!
Perfect fluid

l
Strongly Coupled

LR Iﬁ.‘;::_:“%‘[‘;p 3 1




How small a system can flow?

T = eut'u” 4 P[] A" —qlelah” — ([ AP V3wt +,..
(— ~—.) (|  —.)

Zeroth order hydro First order hydro

Perfect fluid

Heavy ion collisions are large enough to be well modeled by first order
hydrodynamics

The smaller the system, the larger the corrections at first order, second order, ...

Does the series converge?

This is the fundamental question of small systems

32



System
size

920 GeV

33



Ultra-peripheral collisions
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Electromagnetic fields of Relativistic ion

Lorentz
contraction

S=ExB
(photon)

35



EM fields of moving charges

q vb

E. = :
lp — — AT (b2 + 7)27%2)3/2 »EM field a distance b away as
b E(t) = o vyt the charge g passes
L ogv L 4 (b2 4 v272t2)3/2
T 1 +00 >Fﬁuger transfor]En: express )
B _ n iwt the E(t) as set of waves wit
E(w) — % E(t) e dt frequ(e%cy w
— 00
ﬂ — 4W‘E—}(w) |2 » Calculate energy per unit
dw frequency
1 dI
N(hw) —_— —_— » Convert into number density
h2w dw of photons
2 p.
N(hw) = ¢l 1 wb & wb + LKg wb » Full photon flux where K, , are
47 w w2v2b% \ yv YU v2 YU Bessel’s functions '

Very accurate description of photon energy spectrum from “basic” E&M 36



EM fields in collision

H'Hu

Equivalent photon approximation (EPA)
’)  EMfield is a flux of quasi-real photons
k TPhotor

’

W’ * Developed by : , and
* Implemented in STARLIGHT, SuperChic

nm ’
b
J" ‘IN‘H\‘ E, proj. frame E, lab frame W,

1/(2*1.2 AY3fm)  y/(1.2 AY3fm)  V(4EE,)

LHC 30 MeV 160 GeV 1.7 TeV
/ ’ RHIC 30 MeV 6 GeV 50 GeV
~ I\H\\\
E

iy
2

At the LHC/RHIC we can study the most energetic photon interaction in the world
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https://cds.cern.ch/record/550708/files/0205086.pdf
https://link.springer.com/content/pdf/10.1007/BF01333110.pdf
https://journals.aps.org/pr/pdf/10.1103/PhysRev.45.729

he structure of the photon

The photon can undergo quantum fluctuations into other st: qH!

Quantum doesn’t mean there are no rules!!
Consider two

1. Charge conservation
2.  Angular momentum conservation

Which hadrons can a photon fluctuate into? Vector mesons

Proton (p*) Neutron (n°) J/ly Meson (cc) P’ Meson (uaédd>

Ve N 7 N | ———

& ~

, ’ : - ‘ S
/R o , \
(’,t W //'(—/t\ > " y ¢ V4 / /‘/ . \\\
A o W 0l '\/y\ l f | \
2 ( ( )7L
\ /

\\
® T € Jﬁ

/NS ZHR> l
Y J /'(\ : / \ /
A \
ak \\% /f \\\ ) /
\ 4 N P
\_/ \__/ A w4 ——
m = 938.3 MeV/c? m = 939.6 MeV/c? m = 3096.9 MeV/c? m = 775.3 MeV/c? 3 8
J=%h J=%Hh J=1h J=1h



Photon wave function
Low (Q? = 0) virtuality photons

D= Vs e+ 3 VIO

174
Total V=p w, ¢ /
wave function ( - - ) .
Bare photon Vector meson component -
v W< from experiment
Two-photon interactions Photon-nucleus interactions

v) @ |7) Y) ® |Pb) 39



Two-photon interactions |’Yba,re> X "Ybare)

s gkt e N
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Two-photon interactions |’Yba,re> X "Ybare)

Y
_—ry
/L @
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Two-photon interactions |’Yba,re> X "Ybare)

Pure EM interactions
« Back-to-back products
« Good agreement with EPA

ATLAS
V5,,=5.02 TeV, 1.72 nb”!

e Data 2018

[ STARIlight+Py8 yy— e'e’

72 SC4+Py8 dissociative e'e”
STARIight+Py8 Y(nS) — e'e’

YY —€€ 2 STARlight+Py8 yy— 11

MC stat. @ syst. unc.

Events / GeV

Ph Pb

Data / MC

Pb Pb 42


https://arxiv.org/abs/2207.12781
https://arxiv.org/abs/2207.12781

Other photon-photon interactions

» Pure EM ts by ATLAS
Ybare) @ [Vbare) YY —€€, @and many others ure EM meastrements by /

* YY— MM

V) ®|V)  Notbeen measured L Wy e

vy —MM

[Ybare) ® |V)  Not been measured

43


https://arxiv.org/abs/1904.03536
https://arxiv.org/abs/2008.05355
https://arxiv.org/abs/2011.12211
https://arxiv.org/abs/2204.13478
https://arxiv.org/abs/2207.12781
https://arxiv.org/abs/2408.11035

Comparing photonuclear interactions

Resolved photonuclear collision Direct photonuclear collision
‘V> X ‘Pb> |’Ybare> &) ‘Pb>
v q+,r
4=
S -,r
q ’
=g
= Pb nucl o, g
Pb nucle%\‘\ nucleon / Lo 2
/ q+,r
Probability o o ag,, Probability o o o,

Both processes contribute a similar order of magnitude

44



Measuring photonuclear events with ATLAS

45



A Toroidal LHC Apparatu$S (ATLAS)

Tile calorimeter |n| < 1.7 LAr EM calorimeter |n| < 3.2

Charged-particle
Tracker |n]| < 2.5

Zero-degree
Calorimeter

In| >8.3 Hadronic endcap 1.5< |[n|< 3.2 Forward calorimeter 3.2< |n| <4.9

46



Muon
Spectrometer

Hadronic
Calorimeter (TileCal)

EM Calorimeter
(Liquid Argon)

Trackers of charged Transition Rad.

particles Pixel & Silicon
____________________ » Strip Detectors

47



Pb

going
direction

=

Pb+Pb, 5.02 TeV
365681
1064766274
11 22:00:07 CEST

ATLAS

EXPERIMENT

2018-11-

\ photon
- going
v direction

VAVAVa -

o"”

17}



Pb+Pb, 5.02 TeVv

Al LAS fvants 1064
Event: 1064766274 il i

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

Pb . .. photon
going ~_ going

direction VAW, | " V direction
? | \ | : \
< a | ! g AN

’ 17 ]

-
-,l' &
i‘.’.‘ i

l
i
|

-



Charge particle n distribution and Nm

E: :| T | T | T T | ] T | T 1 ;ecl | T |:
© 0.7F ATLAS ¢1 <N; <5
S - Pb+Pb, 1.0ub"-1.7nb" 45 <N5P<9 ]
S 0.6F ISy, = 5.02 TeV, 0nXn 0 < N < 14
= . E L,AN>25 ' f:c_ E
=5 (. 5le 0-4 <P, <50GeV P14 <Ny <20 3
< YYF e 20 < N%5° <25 1
= ody:
Takngg, }30 < N <37
0.3F ﬁ@ﬁ § 37 < NG <60
N g, .
0.2F '?éﬁé -
- o & .
- ® a -
L °® ﬁ .
0.1 "E“n -
B ..E i
[ Eﬁﬁ 1
O_I l | 1 | | | l | | | | | | | | | 1 | | | Iﬁ-

1 2
n

6_“ — I I L L Y B N B B B I
R | ATLAS -
2 K Pb+Pb, 1.0 ub™'- 1.7 nb™' ]
< 107'E , 1.0 7nb" ]
: 2E \Syn = 502 TeV, OnXn -
%-mr§ :
< S oty 3
S0 e
~ 109} .
10°F -
1078 %_+ LAn>25 - _

[ | ‘ s
109t ZAn<1 > -
10710k o B
0 20 40 60 80 100 120

ni<2.5, p_>400 MeV N(r;c

Photonuclear events have less particle production in the photon-

going direction and a steeply falling multiplicity distribution.


https://arxiv.org/abs/2101.10771
https://arxiv.org/abs/2101.10771

Two-particle correlation

For the purposes of this talk

All charged particle tracks

\ 4

-~ rapidity

deair
dAd

Enhancement at
Ad = 0and T

al+2v,,cos(2Ad)+.
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Two-particle correlations and non-flow

@‘\

Momentum conservation

Jets & particle decays
Termed “nonflow”
Not collective phenomenon

o
Y ATLAS :
> 1.16— Pb+Pb, Sy = 5-02 TeV

2.0<|An|<5.0
— Fit YIIdQE+F YLM[O]

L]

G+FY"™™ ¢ HMData

YgldgE+F Y LM[OJ



https://arxiv.org/abs/2101.10771

Non-flow removal in yPb correlations

=
: e : ) ATLAS 1.0pub"-1.7 nb”
High-multiplicity (HM) correlation data > 1.16]- Pb+Pb, |5, = 5.02 TeV "
2.0<|An|<5.0
] . . — Fit - Y:L‘JQE+FYL|-.-|[O)
Low multiplicity (LM) G+FY™ ¢ HMData

ATLAS Preliminary E NOnﬂOW SuU btra Cthﬂ
BT A R - 1\ fit with LM data
20<|An|<5.0 :‘:,;:;? a nd ﬂOW Coef.
o Bl © HMand LM assumed
- 1s=NT20 to have same flow
04 < p: < 0.7 GeV
0.4 <p? <20 GeV shape
* Different LM selection

leads to similar results

3

| +2 2 Vi L*::-ra[u&gfa]}

After nonflow subtraction clear modulation

Y™ (Ag) = FY*™(A¢) + G

. . - ridge LM . rec _ '
template for jet/non-flow correlation L PO S HMB0 < NG <37
LM 15 < N3;° <20



https://arxiv.org/abs/2101.10771
https://arxiv.org/abs/2101.10771

v, in photonuclear collisions

ATLAS Template Fit
Pb+Pb |[s, =5.02 TeV 2.0<|An|<5.0
1.0 ub™'- 1.7 nb™
LAn>2.5, 0nXn
0.4 < pj;b <2.0GeV

¢ v, Photonuclear

® v, Photonuclear

Significant nonzero v, In
photonuclear collisions

Flat v,(N_,) within statistical
precision

System with 20-30 particles shows
hydrodynamic response

54


https://arxiv.org/abs/2101.10771

v+Pb theory comparisons

Nonzero yPb v,

0.12—ATLAS 3DGlauber + MUSIC + UrQMD . .
V,{2} v4{2) Va{2} v4{2) comparison to hydrodynamics

P+PD |5,,=5.02 TeV
PO « Gl

Using shear viscosity = 0.08

All we need for hydro

Initial conditions Fluid properties

P[e] & shear/bulk viscosity

I\lch

Vh =~ Kpén

Great hydrodynamic description of y+Pb with QGP fluid properties 55


https://arxiv.org/abs/2203.06094
https://arxiv.org/abs/2101.10771

The Electron lon Collider at BNL

Even smaller QGP?
With even more precision?

56



he Electron lon Collider

* First collisions and early physics around
2034/5

Big physics questions
* What happens to the gluon density in nuclei?
* How do the nucleon properties (mass & spin)

Electron =

Rapid Cycling ~ 7~ m ?
Synchrotron y e e rge (]

(RCS)

* See Abhay Deshpande’s summer lecture talk

September 2024 5 7



Comparing photonuclear interactions

YA at LHC and RHIC eA at the EIC

DETECTED

We can select varying mixtures of
direct/resolved with detected electron

DETECTED



Initial state geometry in eA collisions?

Photoproduction Scattered
¢ - 5 - @ electron DlS © Scattered
Incoming > electron
electron »
® o NNAAN . ¢ - >
€ LA Incoming
' s electron
¢
¢
(¥
¢ ¢
(™ ¢
s ¢ & ¢ =8
k.' ’
o :
¢ ¢
¢ ©
¢ " & g

. h/bare> Point-like interaction region would suggest little geometry

¢ \V) provides an energy deposit with a transverse extent and possible
elliptic geometry.
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3+1D Hydrodynamic model comparison in YA

0
Q?
o

6 0l 3DGlauber+MUSIC+UrQMD

\'s,. =894 GeV
Q? = 0.04 GeV?

g, ellipticity

V —— Q%2=0.0625 GeV?
4 ™ ATLAS data Q% =0.1 GeV?
— — Q%=0.25GeV?

Changes in probe virtuality affect the shape of initial
energy density

No direct access to Q? in UPC yA

Example: 100 GeV e on 2.5 TeV Pb
Q?=0.25-0.04 GeV?
Deflection angle 0.0014 — 0.00056

Q> = —(k—k)? = 4E,.E' sin® (%)
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The sPHENIX Experiment

Studying the QGP with high-energy quarks &
gluons

61



Source of high-energy quarks and gluons

WA

NN
N\
AN
N
WYAYAYS
IR

v

q

Rare hard energetic scattering

leading to high energy particles

62



High-energy quarks/gluons and the QGP

Rare hard energetic scattering

leading to high energy particles

Energy loss occurs while traversing

through the medium

63







SPHENIX jet event

Event recorded last year

21615/ 1362

WU+ Au @ +/Syy = 200 GeV
-ollision

Jet,

Jet, p;
Jet, p;

— L] Higher energy jet in the denominator, x,<1
IHCal
EMCal

Jet,

x]:




SPHENIX p+p jet x,

Y1 — Where p;, is
/ PT,2/PT,1 the leading jet

»No QGP effects in pp

p+p

30.0 < p_ <43.2GeV

p.. =10.1 GeV
» X; close to 1 A
0-10%
op+p
/%
%’\/\/\r
NV
M
q VY
W
L R
)
2
W,
| 66



SPHENIX Au+Au jet x,

Y — Where p;, is
] PT,2/pT,1 the leading jet

SPHENIX Preliminary
5 VS = 200 GeV
>Xj around 0.5 L anti-k, R=0.3
300< p_,<43.2GeV
p., > 10.1 GeV
Ad >7m/8
0-10%
ep+p


https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05

Au+Au dijet x, centrality dependence
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=5 - SPHENIX Preliminary + SPHENIX Preliminary 1 SPHENIX Preliminary + SPHENIX Preliminary ]
'C"_ 5 4:— \/S—NN =200 GeV 50 -90 % T sy = 200 GeV 30-50% T sy = 200 GeV 10 - 30 % T |syy = 200 GeV 0-10% E

< 3 53_ anti-k; R=0.3 +Au+Audata T anti-kf R=03 +Au+Audata T anti-kg R=03 =Au+Audata T+ anti-kf R=0.3 e Au+Au data -

g 30.0515%1(; A{;’:.Z GeV +p+p data 1 30.0< p  <43.2GeV +p+p data 1 30.0>S p,,<432GeV +p+p data + 30.0515%15 16.2 GeV +p+p data ]

3 Prp = 7028 —PYTHIA8 _ T P12 = 10.TGeV —PYTHIAS T F12° b —PYTHIAS T h12Z. 0 7C —PYTHIA-8 ]

- Ad =7n/8 Ad =T7n/8 1T A0 >T7n/8 T Ad 27n/8 .

: = A S A
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sPH-CONF-JET-2025-05 IS Talk Link

Centrality



https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-05
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Conclusion

Results

Photonuclear collision measurements show evidence of
hydrodynamic flow of the QGP

Many measurements in small systems show this

Future/current theoretical and experimental questions

Why is hydrodynamics accurate in this extreme scenario?
Can we measure a breakdown?

First measurements of jet energy loss from sPHENIX
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Au+Au dijet x

SPHENIX Preliminary 0-10%

» Consistent with all hybrid model 40 o200 Gev Ao deta
predictions with various forms of - anti-k, R=03  Bvora - vacuum
. Roln Os= <43.2 GeV rid - no Elastic no wake
medium response o S 1OTGeY  -hya-no e wake
 AP® - Hybrid - w/ Elastic no wake

Hybrid

» All of these calculations, with various
physical effects turned on and off,
agree within the uncertainties (red
shaded bands) of the data

We need more precise data
or

Need a different observable where the
physical phenomena Enake more of an
impact.

Motivates additional measurements

- w/ Elastic w/ wake
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System
size

Pb+Pb

CMS PbPb s, =2.76 TeV, 220 < Nji'"™ < 260

1< p:ig <3 GeVic
1<pf** <3 GeVic

528

g
g

CMS pPb s, = 5.02 TeV, 220 < NJi'"™ < 260

1<p!®<3Gevic )
1<pl**<3GeVic =

CMS pp |'s = 13 TeV, N:::"ne > 105
1< P < 3GeVic

LN

“\“ “\‘\““‘\
nv«“{ﬁ“’{v““g»»“
‘%\\»\:\\}}‘\Q\‘\y‘; X
SRR

arp.

Momentum conservation

\ \\ 4.«‘-;;;',
)

RN ‘ \‘;'\; N
Ly

70748
= \)2:"‘\’4 \ J

Jets & particle decays
Termed “nonflow”
Not collective pheno

CMS pPb |s,,, = 5.02 TeV, 220 < NJy'"™ < 260

1<p,°<3GeVic
1<pi**<3GeVic



Two-particle correlations and non-flow

Momentum conservation

ATLAS HM 37 < N° < 60 .
Pb+Pb, 1.0 ub™'- 1.7 nb"* PR Jets & partlcle decayS
\%=5.02TeV,Oan g T, “ )
An>2 TV N Termed “nonflow

Not collective phenomenon

«i\‘f ‘\‘h’.g

\
\ \\ '\T" -|‘:' A@

- \
AR
/ ,‘ ‘\\\ R \\‘* ity

A\'; RO

0.4 < p2 <2.0 GeV
04< p‘; <2.0GeV
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https://arxiv.org/abs/2101.10771

Two-particle correlations and non-flow

Momentum conservation
ATLAS HM 37 < N° < 60 .
\l?b_+P_b,51(.)(;p_lx_b'\‘/- 17" s Jets & pPa rticle decayS
Termed “nonflow”
Not collective phenomenon

= :
Y ATLAS 1.0
> 1.16— Pb+Pb, Sy = 5-02 TeV

2.0<|An|<5.0
— Fit Y”dgE+F YLM[O]

L]

G+FY"™™ ¢ HMData

0.4 < p2<2.0GeV
04< p: <2.0GeV

VITHEYM0) S HMB0 <N <37 ©
7 LM 15 <N <20

& 1

R

1] LR,
] 1 | | ]

No clear
nearside ridge

Need to remove nonflow



https://arxiv.org/abs/2101.10771

v, in photonuclear collisions

ATLAS y y Template Fit
Pb+Pb, 1.0 lLLIE.! -1.7nb 20 < ‘Afﬂ <50

V/Snn = 5.02 TeV, OnXn
2 An>2.5

20 < N™° < 60

¢ Photonuclear

* p+Pb, N° = 60
mpp, N~ =60

& W

Similar trend in v,(p;) as
other hadronic systems.

Similar low-p; behavior as pp
and p+PDb but systematically
lower.

High-p; v, is falling to large negative values (see
backup) which is from the over-subtraction of
nonflow. This effect is present in pp but is larger
and sets in at lower p;in YA (ATLAS-CONF-2020-018)
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CGC model comparison

Color Glass Condensate model calculation
containing initial-state correlations
which gives rise to nonzero v,

A (nuclear target)

B, (projectile size)

Correlated color domain
size is ~ 1/Q,

ATLAS Preliminary

Pb+Pb

1.0 ub*-1.7 nb”’
\S—NN =502 TeV
L An> 2.5, OnXn

20 < N < 60

CGC Theory - Shi et al.
2=5GeV?
2z 4 GeV?
2= 3 GeV?
2=2GeV?
2 = 25,20, 15, 10, 6 GeV >

¢ Photonuclear .= . .

* Larger number of domains struck

—lower v,

* Quasi-real photon is predicted to

have large B,
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(3+1)D hydrodynamic model comparison

Collectivity in Ultra-Peripheral Pb+PDb Collisions at the Large Hadron Collider

Wenbin Zhao,! Chun Shen,"? and Bjorn Schenke?

Initial state Final state
— Viscous Hydrodynamics
N . \/1?T0]:I\r1 -
V) =V 23 bare) + Y [ V) (3+1)D MUSIC+UrQMD
1% ‘,(}U,Lu,(ﬁ v
Rho Wave function:
Gaussian hot spots
Rho PDF:

<size> is ~ 1/Q
rv¥M = N,z%(1—z)"

a Defines the longitudinal
extent of energy deposition
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Recent measurements

Today

e+p

@

H1 experiment

y+p collectivity

y+A collectivity

224 color

g dipole

talk
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https://arxiv.org/abs/2101.10771
https://agenda.infn.it/event/28874/contributions/168935/attachments/94719/130290/20220701-ICHEP_yenjie_v8.pdf
https://arxiv.org/abs/2204.13486
https://arxiv.org/abs/2204.13486
https://www-h1.desy.de/publications/H1_sci_results.shtml
https://arxiv.org/abs/2106.12377
https://arxiv.org/abs/2106.12377
https://indico.cern.ch/event/895086/contributions/4705215/attachments/2422061/4145811/QM2022BelleTPC.pdf

2AAN 4,

ATLAS calorimeter and tracker

Event Selection: 22, An ., > 2.5




Photonuclear collisions

Direct yA collisions Resolved YA collisions
Photon couples directly to nuclear parton photon virtually resolved into hadronic state

\ - uon” On t T
Ry E— AN ; "
\“—'67 Rapidity %Z,z (>|} artially +y
gap filled

/ |
\ Rapidity

gap

/an

No rapidity

Select events based on primarily
» Single-sided nuclear breakup “OnXn” (zero-degree calorimeter ZDC)

« Rapidity gaps
Minimum bias selection includes both but is dominated by resolved events.




Rapidity gaps LY, and A

8 < ' N I I L &’?% S - T I =
;'_?-0140 ATLAS "'2 13 ATLAS —§
I Pb+Pb, 1.0 ub™ i .Eg 10K Pb+Pb, 1.0 ub'- 1.7 nb™ .

1208 PhHPDh Vsw=502TeV,0nXn 88 44 5 o (Syy=5.02TeV, 0nXn

- MB trigger i 3 10 l? -

100} - ! —[ - —~107%E -
I 13210 > 14 et

80 ) | — = 10 E .
- (Photonuclear: < 105k -

60 - =) 14107

: PN 10°F E

40 107 F 5

: 10 o e :

20_— | i 10 ?+ EY‘&n> 25 \‘ —§

:II I!IIIIIlJIJ r 10—9%_+EY&T]<1 » _é

0 1 2 3 4 5 1 10_10 IS IO TS NS T S m I :

Sum of rapidity gaps S An 0 20 40 o0 80 100 120

between particles Y rec

greater than 0.5 nj<2.5, p>400 MeV N ch

Photonuclear events have large rapidity gaps in the photon-going

direction and a steeply falling multiplicity distribution.


https://arxiv.org/abs/2101.10771

dN,./dn in YA collisions

o~  [r T v r T T 7 rv r T T T T T T T T T T T T
:oi ATLAS : ; IIIIIIIIIIIIIIIIIIII ] ;
<) (y) (x10)  Pb+Pb, 1.7 nb™"] 3 | o
% (y) (x 20) m =5.02 TeV ] E_ s I_E'.
> OnXn, £.AN™ > 2.5 1 2 °l 43
50 Y i —
g; ) (50) 25 <N <60 10 - ] 10° =
Al Extrap. to p.> 0 GeV | E -
— B 'S 1 10 2 — m
¢ > i
¢ 8
(1 1 | 10 E 10—4 l_::— _
I:-:IIZ.ZII:‘I s %
10° 85
¥ 5 n.::.: i | >
or o s | o
| e T orweriizey B € o
ob—m—t v v e N 15- EA 25 v qog —10
~2 -1 0 1 2 il n> 107
y () 0 1 0 20 30 40 50 60 70 80
rec
Pb N

dN_,/dn of photonuclear events - very similar shape with N, > 10
MC comparison shows 200 GeV to 1 TeV CM energy (W)

W, \(N,,) trend comports with N, trend in data dN,,/dn


https://arxiv.org/abs/2101.10771

Why is yPb v, smaller

* Correlations in small systems are

performed with a rapidity gap AMPT Xe+Xe 5.44 TeV
between the particles

* The event plane can fluctuate
between these rapidities, which
decreases the observed v,

* This effect is larger at forward
rapidities.

* Because yPDb is so boosted the
"forward rapidities” are probes

relative to other systems with
the ATLAS detector.
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Rapidity gap comparison to MC

An

o

N
o
~
>
[0]
=
©
s
[0]
P
—
~—

MC / Data

102 EPb+Pb, 1.0 ub™"- 1.7 nb™'--~ DPMJET-IIl y+Pb  DPMIJET-IIl y+A
VS = 5.02 TeV, OnXn - DPMJET-IIl y+p

10k-pree > 1 Pythia8 y+p * Photon flux generated by STARLIGHT

~—HIING Pb+Pb - « DPMIET simulates YA collision

« DPMJET-III y+p

« Utilizes a Pb+Pb photon flux from
STARLIGHT

« Serves as a comparison to
PYTHIA8

« PYTHIA8 y+p
 Reweighted to STARLIGHT flux

* HIJING Pb+Pb background MC

05 1 15 2 25 3 35 4 45 5
2yAT] MC normalized to data in control regions

Qualitative agreement with MCs, PYTHIA being the most compatible

Indicates high purity y+A sample for £ An > 2.5
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Collecting photonuclear events

Trigger name: HLT_trk25 FgapC5 L1 TE3 ZDC A VZDC C VTE200 7?77?
M

Level 1

ZDC

Signal

Background

Select photonuclear

events based on

* Single-sided nuclear
breakup

* Upper and lower bound
on event activity

* Personally tuned for high-
multiplicity YA

* Presence of rapidity gaps
(FCALV< 5 GeV)
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Why is yPb v, smaller

* Correlations in small systems are
performed with a rapidity gap
between the particles

* The event plane can fluctuate
between these rapidities, which
decreases the observed v,

* This effect is larger at forward
rapidities.

* Because yPDb is so boosted the
"forward rapidities” are probes
relative to other systems with
the ATLAS detector.

3DGlauber+MUSIC+UrQMD, 20<Nch<60
v*+Pb@894GeV, Ref: 1.0 <n < 2.5
p+Pb@894GeV, Ref: 1.0 <n < 2.5
p+Pb@5020GeV, F{ef 1 0 <n <2.5
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Comparison to DPMJET-III

ATLAS Preliminary 04< ,O:_b <2.0GeV - ATLAS Preliminary 04 < p:b <2.0GeV
Pb+Pb, 1.0 ub™-1.7nb" 2.0 < |An| < 5.0 Pb+Pb, 1.0 ub™- 1.7 nb" 20 <|Ap| <5.0
Sy = 5.02 TeV, OnXn $v,,MC : \'Syn = 5.02 TeV, OnXn $ v, MC
LAn>25 ¢ v,, Data Z,An>25 y Vo, Data
DPMJET-IIl y+Pb truth $ Vv, MC DPMJET-IIl y+Pb truth §v;, MC

Fourier fit 4 v, , Data ' Template fit v, Data

ATLAS Preliminary

Simulation
DPMJET-III y+Pb
I,An>25

10 20 30 40 50 60 7

=
[0}
O,
-
©
"85
=
©
P =
o

OH/Nd

20 25 30 35 40 45 50 55 60 O e 5 5 4e 45 50 B8 o

truth rec -
N N truth psrec
ch 7 " “ch N ch * N ch

* DPMIET-III predicts the photon energy changes by about 1-2
standard deviations over the multiplicity range of the
measurement and a doubling of the mean W, for 10 to 60 N, .

* Large difference between measured v, , before and after template
nonflow subtraction for data and DPMIJET-III.

* Small negative v, , after template fit 88



DPMIJET-IIl 2PC example

DPMJET-IIIVA truth® HMMC - vy**+F vt

: - : : 20<[a|<5.0 —Ft_ T
More jet-like away side in S ;\'}Jtt'l:' <o
DPMIJET-III than in data. This

O4<p <20 GeV
produces the larger 46504 < pt < 2.0 GeV

unsubtracted v, , seen on the
previous slide. Small
remaining modulation after 8151 v, x10°= 0.2 + 0.1
) ] V,x10°=-0.1+ 0.1 *MCData s 7
nonflow subtraction seenin B —" :
the lower panel. DPMIJET-III is e

of limited use in modeling the [EXTEMERTECaR RN i:-+~;.+.,..

soft correlations in
photonuclear events.
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Purity of the photonuclear selection

ATLAS Internal

Pb+Pb 2018, 1.73 nb™
Sy = 5.02 TeV, OnXn
¢ DPMJET-IIl + HIJING N'*° derived

% DPMJET-III + HIJING X,An derived
4 Pythia8 + HIJING £, An derived

* A two-component fit was
performed (signal MC) +
(background MC) to data
distributions to determine the
purity.

* The N, and 2 An distributions
were used.

* A conservative approach was
taken and the worst purities were
used to assess possible effects.

* A pp Ad correlation with the
same selections was subtracted
#according to the bins purity)

rom the photonuclear data as a
systematic variation and the
sensitivity is included in the final
result.
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Factorization v,(N,)

ATLAS Preliminary 20<|An|<5.0
Pb+Pb, 1.0 ub'- 1.7 nb" 0.4 <p?<2.0GeV
sy =5.02TeV,0nXn LM 15< N3° <20
Z,An>2.5

$ 0.4 <p°<2.0GeV

5 0.4 <p?<0.9GeV

ATLAS Preliminary 20<|An|<5.0
Pb+Pb, 1.0 ub™"'- 1.7 nb" 0.4 <pZ<2.0GeV
VS =5.02TeV,0nXn LM 15< N© <20
A= 2.3 § 0.4 < p®<2.0 GeV
L 0.4 <p2 <09 GeV
n0.9<pb<2.0GeV

0.9 < p: <2.0GeV

Q
20 25 30 35 40 45 30 35 60 20 25 30 35 40 45 50 55 60

Nrec Nrec

Vi (pfl{) = Vn,n (])'CII" pglz)/vn (p!lz) = 1"?1"1._1'1(]?7%’ p!lz)/ 1",’"3.-.’"3(1'7!12’ pglz)

V,(Ng,) shows insensitivity to associated particle p; range. This is
consistent with a hydrodynamic paradigm where particle anisotropies
are generated from a single-particle flow vector for all px.
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Measurements of longitudinal decorrelation

F, is the fractional change in v, , per
a unit rapidity

It characterizes longitudinal

AMPT initial-state partons

decorrelation effects well =F, 1eF,
. pop T

This class of measurements probes

the shape of the initial state energy : e £ Non-fiow aub.
denSIty e W F; Non-flow sub.

|4?0| < iy.re‘c<4.9
_ . . 0.3 <p2 <50 GeV
First decorrelation measurement in R TRE PP

small systems N
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Strangeness enhancement in YA

* Strangeness enhancement, baryon
anomaly, baryon stopping...

* Novel incoming quantum numbers in
vPDb
u: 498.3

* Plots of displaced vertex identified particle |
candidates in yPb iy

ATLAS + Data
Pb+Pb, 1.7 nb™, s, = 5.02 TeV — Global fit
OnXn, £,AN* >2.5 Sil?nallfilt ,

rec oly.
25 = Non =50 Bkg: Misid
y:[-2.5,2.3] | — Total Bkg fit
p.: 0.0, 8.0] GeV

Candidates / 2 MeV

Signal

0 ‘ N 550489
KS

¢

¢ Data
— Global fit

OnXn, £AN®> 25 Signal fit

25 < N"™ < 60 ' —Bkg: Poly. 2
y: [-1.6, 1.6]

p.:[0.5,5.0] GeV

60 580
m,. - [MeV]

¢ Data ATLAS

—Global fit  Pb+Pb, 1.7 nb™, s, = 5.02 TeV
Signal fit . OnXn, £,AN* > 2.5
Bkg: Poly. 3 25 < N' <

- - Bkg: Mis-id > = Nep <60

— Total Bkg fit y: [-2.5, 2.5]
p.:[0.5,8.0] Gev

Candidates / 2 MeV

Signal_

N_-— 1412
w: 1322.3
.26
0,/6,:2.5

=
[}
=
[aV}
~
w
)
©
9
©
c
©
©)

N 129263

n:1116.3
.27
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|dentified particle <pT>in yA

* <pT> with

* Higher energy density achieved
ATLAS in higher multiplicity collisions

Poepb, 1.0 ' 1.7t VNS08 Tl ) oy, MO 081 leads to stronger radial
VS = 5.02 TeV

) [GeV]
o

(p,

0 . M
OnXn, £,AN > 2.5 Ks (¥) == Hybrid model expansion.
Extrap. to p_> 0 GeV a E‘A )

* Thought of as a signature of
QGP formation

e Larger <pT> in the Pb-going
direction

e Qualitative agreement with
the Hydro model excluding K°

e Common in these new data-model comparisons

Behavior in data is consistent with qualitative picture of radial flow 94
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Baryon anomaly in yA

Phys. Rev. Lett. 111, 222301

Pb-Pb at \s,,=2.76 TeV, lyl<0.5

—&— 0-5%

—&— 20-40 %

—¥— 40-60 %
60-80 %

—e— 80-90 %

—+— ppat {s=7TeV, lyl<0.5

—&— pp at {s=0.9 TeV, lyl<0.75
systematic uncertainty

0
A/KS

* Larger hydrodynamic push to baryons as the QGP velocity field cools into hadrons
* Observe large baryon enhancement at mid-pT in YA, similar to pPb
* Possibly see larger baryon enhancement in the Pb going direction


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.222301

Single-photon interactions V+A

Elastic scattering: V+A—->A+ YV

V) ® [Pb)

Example measurement of vector meson production



Baryon anomaly in yA

y+Pb

oAk ] =K (x 2)

[ Solid y: [-1.6,-0.8]
0.8l- Openy: [0.8,1.6]

Baryon / Meson

0.6~

: L
o

ATLAS |
Pb+Pb, 1.7 nb™ -
[Sp = 5-02 TeV |
OnXn, AN >25 |
25 < N;° <60

Baryon / Meson

p+Pb

1o AKE [m]Z7KE (x 2) ATLAS _|
I >
- Solid y: [-1.6,-0.8] p+Pb, 0.1 nb |
0.8~ Openy:[0.8,1.6] (S = 5.02 TeV ]
- 25 < N3’ <60 |
i z
0.6 3 213 -
[ |u§ E |—(J_
C = .
0.4} ﬁ — B
LB |

Phys. Rev. Lett. 111, 222301

Pb-Pb at \s,,=2.76 TeV, lyl<0.5

—&— 0-5%

—&— 20-40 %

—¥— 40-60 %
60-80 %

—e— 80-90 %

—+— ppat {s=7TeV, lyl<0.5

—&— pp at {s=0.9 TeV, lyl<0.75
systematic uncertainty

* Larger hydrodynamic push to baryons as the QGP velocity field cools into hadrons
* Observe large baryon enhancement at mid-pT in yA, similar to pPb
* Possibly see larger baryon enhancement in the Pb going direction

Observe large baryon enhancement at mid-pT in yA, similar to pPb
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Multi-subsystem tracking for precision

vertexing and momentum
resolution




MAGNET

Full electromagnetic + hadronic

calorimetry for unbiased jet
reconstruction and triggering
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