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A time to celebrate in hot QCD

50 years since QCD conceived

40 years since NSAC recommended RHIC be constructed - whole

report only 5-6 pages long
First jets in sSPHENX

30 years Lol for ALICE submitted to CERN n/Bvent: 21615 /1363

Collisions: Au + Au @ /syy = 200 GeV
Peripheral Collision

V. Bailey (Poster)

20 years since FAIR CDR was approved

10 years since Electron-lon Collider white paper -
strictly speaking appeared arXiv in Dec 2012

O years since sPHENIX ran for first time
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From the NSAC LRP 2023 - released Oct 4

Recommendation 1: The highest priority of the nuclear science community
IS to capitalize on the extraordinary opportunities for scientific discovery
made possible by the substantial and sustained investments of the United
States. We must draw on the talents of all in the nation to achieve this goal.

This recommendation requires....completing the RHIC science program, pushing
the frontiers of human knowledge.

Recommendation 3: We recommend the expeditious completion of the EIC
as the highest priority for facility construction.

Strategic opportunities exist to realize a range of projects that lay the
foundation for the discovery science of tomorrow. These projects include ...

targeted upgrades for the LHC heavy ion program,...
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Wealth of datasets available

RHIC energies, species combinations and luminosities (Run-1 to 22)
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« U+U, Au-Au, Ru+Ru, Zr+Zr, Cu+Cu, O+0,
Cu+Au, He3+Au, d+Au, p+Au, p+Al, p+p
Mostly at 200 GeV but Au-Au from 3-200 GeV
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For Pb+Pb mostly at 5.02 TeV A
HUGE datasets e

(significantly bigger at ATLAS and CMS)

+p p+PP po+P Po+PP XX
P

Much of this data is not yet completely mined
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Hot QCD: 6 Opportunities

1) Can We Understand the Phase Transition to QGP and EOS?

2) Can We Detect the Initial Conditions (EM Field and Temperature)?
3) Can We Understand the Nature of Parton Energy Loss to QGP?
4) Can We Understand Small Systems?

5) Can We Understand Nuclear/Hadron Structure?
6) Can We Detect New Physics Via UPC?

Names in footer indicate a presenter at QM23.
Review their presentations for more information
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Can We Understand the Phase
Transition to QGP and EOS?




The phase diagram - Theory input

Cross-over at low yg 300 e

The Phases of QCD
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Significant progress in 50 I
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The phase diagram - Theory input

axis

Cross-over at low s 300 rrr e
The Phases of QCD
xirapoiating of po=0 __ 2
B —
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But still CP might also not exist Baryon Chemical Potential p (MeV)
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Moving around the phase diagram

Number of particles of a given species related to temperature

e Assume all particles described by
same temperature T and s

e One ratio(e.g., p/p)
determines u/ T :

6_(E+UB)/T

p — — o 20B/T
D e—(E—MB)/T
e A second ratio (e.g., K/ 1)
provides T — p
K e PR/T kBT

e — —_— €
T e Ex/T

e Then all other hadronic ratios
(and yields) defined
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Moving around the phase diagram

Number of particles of a given species related to temperature 500 62430 57 196 15 27 GeV
dn ~ 6_(E_ILLB)/Td3p 180 —r 1t 1. r 1. 1+ r.| 1 1 1t 1t | Tt 1 T T [ T 1

'L . .
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 Assume all particles described by 170
same temperature T and s

[ S B

e One ratio (e.g., p/p) _ 160F Prypn :
determines pu /T : > ; + :
1501 ‘
5 e (B+up)/T = U B "
== — ¢ 2nB/T 5 ; A @ O
p e (E—uB)/T = 1401 -
. ~ @ 00-05% .
e A second ratio (e.g., K/ 1) 1301 @ 30.40c, — Cleymans et al.
---- Andronic et al.

provides T — p ~ A 60-80%
I7¢ - Ex /T . i . 120 Glralndl C|ar.]0.ni?a.l Elnfls.elmlblle (lYilelfj I.:it.) .
— = = o (Ex—Em)/ 100 ZO?M V:)soo 400
T e L n e
B
e Then all other hadronic ratios
(and yields) defined

llll!

Chemical Freeze-out temperature Tech
close to that of T,c at top energies
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Varying trajectory through the phase diagram?

With BES-II statistics and new TPC acceptance can explore rapidity dependence

| 4
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Next step: Compare mid-rapidity/low Vsnn and high rapidity/high Vs

Chemical freeze-out parameters match but initial conditions differ.
Can we see the difference imprinted elsewhere?
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Searching for CP

Particle number density, N/V = n (T, 1)

Theoretically susceptibilities of conserved quantities (B,Q,S) can be calculated :

W B5Q _ 9" (p/T*)
M g /T) s /T)" g /T)"

Experiment measure event-by-event distribution

of conserved quantities

Focus on net-proton as proxy for net-baryon

Take ratios to remove volume and T dependence

KO2 =y4/y2

d?’” 1 - (Op/Ouy)
=] )% pexp((4/5 +mE—pu) /) T
ON =N - (N)
mean: M = (N) =VT’x,,
variance: o0° = <(5N ) > VT xs,
3 3
skewness: S = <(5A§) L = 12 =
7 (VT?x,)”
1 3
kurtosis: Kk = <(5A? ) 3= ke ”
o (VT3 v.)
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Hin

ts of critical fluctuations

4= < — 2
S Most Central Au+Au collisions KO
- s Net-proton 1 Scan from BES-I, 3 GeV from BES-II
w I & O4<p <20GeVe, <05 1 Strong suppression at Vsnn = 3 GeV
Y, - Y @ STAR Data 1 consistent with UrQMD which has no CP
W o . . .
s el PrjectegBES -1 consistent baryon number conservation and volume
S [ { ] fluctuations Suggestive of predicted
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> STAR FXT
O S ii __________________ _
_ = g -
- @eto A8 UrQMD
-1 o< —
A IR T T T T B ! R T B B A !
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Collision Energy \s,, (GeV)

STAR: PRL 126 (2021) 92301, PRC 104 (2021) 024902,
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Hints of critical fluctuations

4 % Most Central Au+A |lisi 7 KO?
‘3 oSt Lentral Au+AU COollISIoONS
- s Net-proton 1 Scan from BES-I, 3 GeV from BES-II
w I & O4<p <20GeVe, <05 1 Strong suppression at Vsnn = 3 GeV
R St @ STAR Data 1 consistent with UrQMD which has no CP
W o . . .
S 2rgQu Projected BESIl -~ sonsistent baryon number conservation and volume
— T o stat. uncertainty _
g_ i { ’ fluctuations Suggestive of predicted
I lm e e Akl R _ .
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. TAR FX'I; T T I | | I |
O T §§ """"""""" ~ 3.0 GeV k 7.7 GeV
-1 .87 : o 20 “ —
Pl 2 &P UrQMD B I / Nl == ===zt i
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. S| v
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: o i - i ]|
Cumulant ratios sensitive to nature of phase fransition 3 | -05<y<o |
Vsnn =7.7-200 GeV: falling trend with rising order -20  FixedTarget -
- trend in agreement with Lattice with PT c. ¢ c
Vsnn =3 GeV (FXT): rising trend with rising order T T T T

- trend in agreement with UrQMD no PT
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Evidence for partonic degrees of freedom

e Elliptic flow Is additive

e |f partons are flowing the
complicated observed flow
pattern in v,(pt) for hadrons

d’N
dprde
should become simple at the
quark level
pr — pr/n
Vo — Vo /N

n = (2, 3) for (meson, baryon)

142 v,(p; ) c0s(20)

0.3

0.2

0.1

@ 1t (PHENIX) <= p (PHENIX) _
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K2 (STAR) = (STAR)

; baryons o {Q di) # —
2

@
or o - o
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& |
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mT:\/Z?ZT+m(2)
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Evidence for partonic degrees of freedom

e Elliptic flow is additive 0.1 1 e rn(PHENIX) - p (PHENIX)
. - m K (PHENIX) O A (STAR)
If partons are flowing the KO (STAR) 0 = (STAR) ]
complicated observed flow
pattern in v,(pt) for hadrons
dzN e 9
oo x 142 v,(p;) cos(2¢) E: 005 I - }%QIP - + P
should become simple at the g > )
quark level -
pr — pr/n
Vo — Vo / n 0 - )
n = (2, 3) for (meson, baryon) Au-Au 200 GeV -
lIlIIllIllIllIIlIl
0.5 1 1.5 2
Works for p, &, KO, A, E.. (M1 - mg)/ng (GeV)
VoS ~ Voud ~ 7% Constituents of QGP are partons mr = \/ P+ mg
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NCQ of elliptic flow
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Using BES-II data high precision now available for multi-strange
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NCQ scaling holds at Vsnn= 7.7 GeV and above

Better for anti-particles (~10%) than particles (~20%)

Similar trends observations for vs
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NCQ of elliptic flow
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Using BES-II data high precision now available for multi-strange

NCQ scaling holds at Vsnn = 7.7 GeV and above

Better for anti-particles (~10%) than particles (~20%)

Similar trends observations for vs

NCQ scaling fails at Vsnn = 3.2 GeV and lower

Partonic for Vsny = 7.7 and above

Hadron dominated below Vsyn = 3.2
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What carries baryon number’?

Baryon-junction as

/ @\ Quarks as baryon
baryon carrier?

carriers?
00

If barybn/number carried by:
Valence quarks - B/Q =A/Z
Baryon junctions - B/Q >A/Z

Use Isobar data:

Ru+Ru: A=96,7Z=44
Zr+/r: A=96,7 =40

B = (Np — Nﬁ) + (N, — Ng)
Q = (Nn+ + NK+ + Np) - (Nn_ + Np- + Nﬁ)

AQ = Qpru - Qzx Measure B/AQ
N =ZRy -2z Calculate AZ/A
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What carries baryon number’?

/ @\ Quarks as baryon
carriers?
e6

If barybn/number carried by:
Valence quarks - B/Q =A/Z
Baryon junctions - B/Q >A/Z

Use Isobar data:

Ru+Ru: A=96, Z=44
Zr+/r: A=96,7Z =40

B = (Np — Nﬁ) + (N, — Ng)
Q = (Nn+ ~+ NK+ -+ Np) — (Nn_ + Np- + Nﬁ)

AQ = Qru - Qz
N = ZRu = ZZr

Measure B/AQ
Calculate AZ/A

2.0

—
)

B/AQ x AZ/A
o

0.0

0.5

Baryon-junction as

baryon carrier?

STAR Preliminary
Isobar (Ru + Ru, Zr + Zr)

-.- Vsnn =200 GeV, lyl <0.5 H

=2 UrQMD
—sﬁf— HERWIG 7p+p

0 20 40 60 80 100 120 140 160
(Npart>

Data currently favor baryon junctions

Helen Caines - Yale - CFNS Postdoc Meeting - Stony Brook - Oct 18 2023

14



Softening of Equation of State

Fermi-Landau initial conditions with ideal hydro expansion : cs2 = oP/oe

cs2= 0 for a sharp phase transition

Softest Point: minimum in cs2

dn Ksjlv/j‘v -5 s et (s

=== e ZGy Gy = 4111
dy \/27wy2 3l—c; \2my

Minimum observed at Vs = ~7 GeV

Minimum in the speed of sound?
C32 ~ 026

Indication of softening of E0S?

5125
-

©

—

b

—

©

1.2

1.15

1.1

1.05

095
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0.8

TTI

T|TITI]ITIT|TTITITITI]ITIT]TTITITITIIITIT_I_

. C. Flores QM15
l | | | | | I 1 ll

All rapidity density spectra have been
fit with single Gaussian Functions.

1 I
Dale Observable

E895
m NA4S &
* STARBES n
¢ BRAHMS

STAR PRELIMINARY

i

lllllllllIlllllllll'llll|llll|llll|llll|llll|

lll

1 10

E895: J. L. Klay et al, PRC 68, 05495 (2003)
NA49: S. V. Afanasiev et al. PRC 66, 054902 (2002)
BRAHMS: |.G. Bearden et al., PRL 94, 162301

NAG61/SHINE see minima in similar place for pp data

Confirm csin other ways?
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Speed of sound in QGP

Simple but elegant analysis CMS Preliminary _ ___PbPb (0607 nb') 5,02 TeV
; p>0 GeV (extrapolated) Inl<0 5 s

2 dP _dInT _ din(py) 1025 T> o |

de  dins  dInNg, ) 1.02;— —- _II=_irtat'o extract (c /c)’ oo /f:',' Y

_ o i jectum /

Focus on ultra-central events - avoid AT - Gardimet. al. |

: Q. - ; i
geometry fluctuations Y 101 (0 07 = 0.2410.002 (stat) 20.016 (syst) |- 7 :

- ’ .

9‘1 005 at Teee = (p1)°/3 =219 + 8 (Syst)MeV | ’ -

=¢_,‘_ f'_“.‘ 29 Ce 200000 o ‘ .

1 - T - "."!"=¢-". *-0 o966 > —:

0.995 :_ | O l | O | ' Q l | _:
0.8 085 09 0.95 1 1.05 11 115 1.2
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Speed of sound in QGP

Simple but elegant analysis

28 dP dlnT - dln(pﬁ
S de dlns dInN,,

Focus on ultra-central events - avoid

geometry fluctuations

CMS Preliminary Pbe (O 607 nb " 5 02 TeV

0.3 5T T
non-interacting limit -
0.3 —
i B 'J;_.‘;f;;\‘,‘ | ; i . :;ﬂ ’k.‘ ??",:. .
N 0.25 f Yy ’”:’”.: ue
@ B | A\ ™ (5',
° NoML7
e
_ ® CMS Ultra-Central Data ™" _
0.15} Lattice Quantum Chromodynamics -
Trajectum Hydrodynamic Simulation -
I Nat Phys 16 (2020) 615
01 A | A A A A | A A . | . )
150 200 250 300 7350
T (MeV)

CMS Prellmlnary

1095 :_ p.>0 GeV (extrapolated) Inl<0 5

- e Data
1.02f- — - Fit to extract (c /c)°
5 ---- Trajectum
C’/\}_1 015 Gardim et. al.
o :
X TO1F| (c/c)? = 0.241:0.002 (stat) £0.016 (syst

T

at Teee = (p1)°/3 =219 + 8 (Syst)MeV |

<P
o
S
G

~"-'—-_._._._.-_,~_-._—:_!.’..._i.’_ """"""" ,.

—k
|

Pbe (0.607 nb ) S. 02 TeV

i ‘-."‘0'01““
0.995 O | O . . Q l
0.8 0.85 0.9 0.95 1 1.05 11 1.15
0-5%
I\Ich/Nch

Too good to be true?

Up to the field to run with this
ALICE: Less pT extrapolation

Does particle species matter?

What about other systems?
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Strange resonance production

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

Regeneration gain
1 K

> <

K T

Kinetic Freezeout

Re-scattering loss

Chemical Freezeout

¢

qu ~ 45 fm/c

>

Medium lifetime
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Strange resonance production

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

Kinetic Freezeout

—

Chemical Freezeout

centrality —

>

Medium lifetime
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Strange resonance production

Chemical Freezeout

>

Medium lifetime

Kinetic Freezeout

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

—

centrality —
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Particle Yield Ratios
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----------------------- c7=1.3 fm
po/ﬂ: (x12.0)

)

c7=46.4 fm-
/K (x0.05) ~

0 2 4 6 38 10 12 14

1/3
(dN_ /dn)

ALICE Preliminary
¢ p-Pb |5, =5.02 TeV

O Pb-Pb |5y, =2.76 TeV

7P Pb-Pb ys,, = 5.02 TeV

* Xe-Xe |sy, = 544 TeV
ALICE

X pp Vs =2.76 TeV

® pp Vs=7TeV

* p-Pb \s,, =5.02 TeV

B Pb-Pb ys,,\ =2.76 TeV

+ Pb-Pb s, =5.02 TeV

* Xe-Xe \sy, =5.44 TeV
STAR

X pp Vs =200 GeV

2% Au-Au \s,, = 200 GeV

EPOS3

16 P-PbPb-Pb

— — UrQMD ON

------ UrQMD OFF
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Strange resonance production

Chemical Freezeout

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

Kinetic Freezeout

—
-

only regeneration __---~

pp baseline

centrality —

>

Medium lifetime

Particle Yield Ratios

Ratios suggest hadronic phase is long,
rescattering cross-section also important

Helen Caines - Yale -

CFNS Postdoc Meeting - Stony Brook - Oct 18 2023
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ALICE Preliminary

¢ p-Pb ys,, =5.02 TeV

O Pb-Pb |5y, =2.76 TeV

7P Pb-Pb ys,, = 5.02 TeV

* Xe-Xe |sy, = 544 TeV
ALICE

X pp Vs =2.76 TeV

® pp Vs=7TeV

* p-Pb \s,, =5.02 TeV

B Pb-Pb ys,,\ =2.76 TeV

+ Pb-Pb s, =5.02 TeV

* Xe-Xe \sy, =5.44 TeV

STAR
X pp Vs =200 GeV

- c7r=46.4 fm-
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Can We Detect the Initial Conditions
(EM Field and Temperature)?




Quarkonia - QGP thermometers

Formed only in the very
early stages of the collision
due to their high masses

Color screening of static potential

between heavy quarks
(Matsui and Satz, PLB 178 (1986) 416)

T/Te  1/(r) (fmi] Charmonia: J/y, ¥, xc
a Bottomonia: Y (1S), Y(2S), Y (3S)
2| | Y(15)
= Ebinding (GEV)
~ | %(P) 0.64
L.2(gml I/4(15) Y'(25) 0.05

0.2

b (2P) Y"(3S)

.
Tl ) wes) L1

0.54

0.31

Color Screening

Suppression determined by T and binding energy
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Sequential melting of quarkonia

103 pp 28.0 pb™’ (5.02 TeV)

:l L I | L L I LI I LI L I | L l | L :

8 pt¥ < 30 GeV/c CMS -
_TF o Vol <193 i
4V = -
§ 65 h p. >4 GeVic -
(¢h) N #(ﬁ u ]
5 . :_ | ﬁ h]lab| <24 _:
- - A + pp data -
Z 4r | E
§2 - — Total fit .
S 3r ~
> - ) el Ll N
1) - Background .
2 -

1:_ JUPPR SRR TR ]

O SRR TP ST P W P TSF NP T A ST UNE AT A N S A N Y B

38 9 10 11 122 13 14
m. (GeV/c?)
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Sequential melting of quarkonia

x10’ PbPb 1.61 nb™ (5.02 TeV)
L I I l T I , , ’ : : I
10 —CMS p_ <30 GeVic ¢ Data B
| y| <24 — Total fit

Centrality 0-80% +-+ Signal

0?7 Background 7

W
&)

N
o
L)

Events / (75 MeV/c?)
W

10 10.2 10.4 10.6
m,, (GeV/c?)

Events / (75 MeV/c?)
(@)

—

O ;AhALAJlllzlh..-AuAlAltiJ ‘;b'.l- 1

l | | | ] L
8 9 10 11 12 13 14
m,, (GeV/c?)

Most lightly bound states have melted
at LHC and top RHIC

T>15Tc ~ 300 MeV
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Sequential melting of quarkonia

PbPb 1.61 nb™ (5.02 TeV)
I [ | | I | 1 ]

x10°

'ITTT I l |

]

10 _CMS p_ <30 GeVic ¢ Data _ 1.2__ PbPb \/% _ 502 TeV CMS -

y| <24 - Total fit

Supplementary

Centrality 0-80% +-+ Signal

& » |
1_ ___________________________________________________________________ ]
§ 8 ' ><103 e BaCkgrounq - — @ v(2S)0-20%,16<ly|<24,3<p_<30GeV/c —
Q l) 3.9 - — W Y(39)0-30%, ly| <2.4,p_ <30 GeV/c _
2 6 E) ] 0'8__ — A — Y(25)0-5%, |yl <2.4,p_<30 GeVic __
L‘[\) 0 3 U::E i W Uy 05%,ly|<24,65<p_<30GeVic |
-~ y j 0'6__ ¥ Y(15)05%,ly| <24,p_<30GeVic |
7)) 2 i |
= 4 S 25
- s 3 @ = ) B .
L v 0 ' : \ & 0.4—2s Y(1s) ]
> “n i 10 10.2 10.4 10.6 | V(ES) asy
LLJ | S m., (GeV/c?) : * _
2| P ; : o -
» .o O.Zﬁ —
- .:' ".. 8 B Y (2S) |
! B & 1
O ““‘L“l“““t.“‘“‘l"‘dl L l L . L . . O_ | | | L1 | L1 1 | L 1 | | L 1 1 | | |
8 9 10 11 12 13 14 0 . 04 06 08 1 1.2
muy (GGV/CZ) Binding Energy (GeV)

Most lightly bound states have melted
at LHC and top RHIC

T>15Tc ~ 300 MeV
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Sequential melting of quarkonia

x10° PbPb 1.61 nb™'(5.02 TeV)
, UL ] J I U l I J J I J | | | | | | | | | | | | | | | | | | | | | | | | | 1
10 —-CMS p_ <30 GeVic ¢ Data — 1.2 PbPb |s,, =5.02 TeV CMS -
| yl<24 - Total fit I S / i
~ | ty 0-90% -+ Si i upplementary
< _ Centrality 0-90% Signal N I P '0 ________________ y ] 30-60% 10-30% 0-10% 0-60%
8 8 %10° -= Background - — @ v(25)0:20%, 16 <ly| <2.4,3<p_<30GeV/c - 1.2+ ] - ! ‘[ i -
> ' £~ 35 | B ~ - AutAu 200 GeV, v/ <1L,0<p_<10GeV/c i
Q o - — W Y(8S)0-30%, ly| <24, p_<30 GeV/c _ I il it
= 6 g) 0'8__ — A Y(25)05%, |yl <24,p_<30GeVic | lh.STAR ........................................... ............. )
w 6 - I _ * Y(1S)
L\/ 8 3 | U::E ) 6__ — W Jy  05%ly|<24,65<p_<30GeVic - 0.8} 1 Y(@2S) -
—~— ) 5%, ly|<2.4,p_< eV/c - i -
C\l) p ! > - ¢ Y(15)05%, |y| <24,p_<30 GeV/ : z‘! oql ‘ ¥ Y(S) (95% C.L) | d
= 525 T 1= 8 |
2 L 10 10.2 10.4 10.6 04 yees) a9 ] o4k " - L m -
LL | o m,, (GeV/c?) B = _ _ 7 i
2 . ' o B Jy _ wl] inl]
' P O.2~H — 0.2f - -
- .." :._ n B Y (2S) 7] i .\'m" uncertainty im} . I
! — * — 0 1 I . 2 . 2 I W
) e L T a7 ‘ 0 N R B N 0 50 100 150 200 250 300 350
8 9 10 11 12 13 14 0 | 04 06 08 1 1.2 N,
m (GGV/CZ) Binding Energy (GeV)
Tt

Most lightly bound states have melted ” T
at LHC and top RHIC Eagerly awaiting statistics for SPHENIX to

report on Y (3S)
T>15T: ~300 MeV
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What about the initial temperature?

Di-leptons probe medium over its whole evolution. Escape medium without interacting (no color charge)

-

e Production rate proportional to QGP temperature
— : Early time measurement
= e *
| 1
o e-
Two for the price of one:
Different di-lepton invariant mass ranges e
probe different times
P
uark—gluon 1
Q | g .. Hadronic
plasina p spectral function broadens when sitting in hot bath ~~ matter

- Later time measurement
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Significant enhancement above cocktail

10

. STAR Au+Au |'s,, =27 GeV (0-80%)

—— Data

STAR Preliminar

..... 1 > yee & 1° >ee -~ n —> yee “imi @ —ee &> Toee
‘,:‘.l ___..n|_>,.,,ee -.---d)_)ee&d)_)‘r]ee - Vv — ee
-=: CcC — ee — DY > ee —— Cocktail Sum

s LY
1.5 2 2.5 3 3.5
M, (GeV/c?)

Low mass range

Intermediate mass range

Clear enhancement for
LMR and IMR
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Significant enhancement above cocktail

10

. STAR Au+Au |'s,, =27 GeV (0-80%)
----- ® > yee & n° —>ee vt —> yee St @ ee §ee T ee
p —'=°1n' > yee == >ee& ) > nee T3 v — ee
o == CC —> ee — DY > ee —— Cocktail Sum
-»- Data

STAR Preliminar

.
.' "~.
\.
-‘. ',\'\ )
‘\u \
- " \'o ’ I
N ~, ¢

A\
1.5 2 2.5 3 3.5
M, (GeV/c?)

When Mee above pion mass:
no collectivity exhibited

Low mass range

Intermediate mass range

Clear enhancement for
LMR and IMR

Al 01 55;;5;5;
>
0.1

0.05

Ag+Ag Siin=2- 55 GeV 10- 40%
HADES work in progress

_0.1 5 | | [ 1 1 1 | [ 11 1 | ol Bl | I I I | R (O | [ 1 11 I | I]
We’ve identified a penetrating probe with no boost ¢ Bl R 03 B4 da U8 U4 BE 9
M., (GeV/c?)
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Extracting the temperatures

ch

d?N=°®*S/dM/dy)/(dN /dn) (20 MeV/c?)’
=

I

STAR Au+Au 54.4 GeV (0-80%)
o— STAR Au+Au 27 GeV (0-80%)
*— NAG60 In+In 17.3 GeV (chh/dn > 30)

_ ! STAR Preliminary
‘ if ‘%

_ fit by (a*BW+b*MJ'2 : ?
y'e

TIL\:AEAU 54.4 GeV _ 174 + 15 MeV

Tt\:‘BAu 27 GeV =167 + 20 MeV

| l'.'.llllll

)
A
L )
ram
LU )

’
I ‘
? ’
s W

I o rrrni

]
In+in 17.3 GeV _ ' 1 ¥
T un =165 + 4 MeV l MY,
1
et 10_8i-— 1 l 1 1 1 I 1 1 1 l 1 1 | l 1 | 1 I
0.2 0.4 0.6 0.8 1 1 2
M, (GeV/c®)

Low mass range: Similar mass spectrum, similar T,

in-medium p produced and broadened in similar heat bath from vsyn =17-56 GeV
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Extracting the temperatures

ch

d?N=°®*S/dM/dy)/(dN /dn) (20 MeV/c?)’
S

=— STAR Au+Au 54.4 GeV (0-80%)
e— STAR Au+Au 27 GeV (0-80%)

| L L]

)
L
L )
= o
LU )

| | l"llllll
)

iz : %*

fit by (a*BW+b*M
Au+A GeV
Tom 244 %Y = 174 ¢15 MeV

’
I ‘
? ’
W

¥ NAGO In+In 17.3 GeV (chh/dn > 30)
STAR Preliminary

—
p—
p—
p—
—
—
—
—
p—
—

—A
<
(o)}

ch

L lllllll |

—A
<
(o ]

UL lllllll

(d®N=*°**3/dM/dy)/(dN /dn) (20 MeV/c?)!

. STAR Au+Au 54.4 GeV (0-80%)
. STAR Au+Au 27 GeV (0-80%)
¥ NAGO In+Iln 17.3 GeV (chh/dn > 30)

w ThAY 275V = 301 + 60 MeV

fit by M*? x e™T

L cov =338 + 59 MeV

B TAU+AU 27 GeV - 167 4 20 Mev R =
- WSS = STAR Preliminary bry
- T 173GV = 165 + 4 MeV l Y, N p !
~— -8 l 10—10 =
10 i__ 1 l 1 | . l . . | l | | A l | I E 1 1 | 1 1 1 1 | | | 1 1 | 1 1 1 ] | 1 1 1 |
0.2 0.4 0.6 0.8 1 1 2 0.5 1 1.5 2 2 5
M, (GeV/c?) M, (GeV/c?)

Low mass range: Similar mass spectrum, similar T,

in-medium p produced and broadened in similar heat bath from vsyn =17-56 GeV

Intermediate mass range:

T(Vsnn =54.6)
T(Vsnn=17)

= 338 + 59 MeV ~ T(Vsnn =27)
~ 246 MeV

=301+ 60 MeV

Something different starts to happens below 20 GeV
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Initial vs Freeze-out temperature

<400 —

% 250 STAR Preliminary |

= 4 IMR % LMR STAR A LMR : Extracted T'in

300 MR ¢ LMR NA6O (In+in) S agreement with statistical
model fits

¥ LMR HADES |
250 .. ¢
LMR STAR BES-|

200 l :
150

HMR : Closer to initial T

O

Alternative ways to access

100 bl dm carly T7

©T,SH T, GCE eT,SCE

50

Especially at low Vsnn

0l :
1 10 107 10
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The spinning QGP

IL| ~ 10°in peripheral collisions

spectators il

/ L
\q : -
b\ SLe? N
-/
'y <P i " 4

We generate a “spinning” QGP?

ORI N Spectators create a large magnetic field
SRl participants
after collision M —
- o\ A o/
How does that affect fluid/transport? % N AN
Vorticity - local spinning motion , f . 9. AR \ ¢
— 2 “{‘0 V4 # g N h
—> — | Ne o= Ao
w — v >< /l] \ \\‘ TN ' i 4

Viscosity dissipates vorticity to fluid at larger scales

Can we see any manifestation of this in the data?

Helen Caines - Yale - CFNS Postdoc Meeting - Stony Brook - Oct 18 2023
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Global A polarization

Precision measurements from 3-5000
GeV: Global trend emerges

P [%]

Helen Caines - Yale - CFNS Postdoc Meeting - Stony Brook - Oct 18 2023

FXT
3 GeV

(A)

[

AMPT, A
- primary

| —— primary

STAR Preliminary

19.6 GeV (A + A)
primary+feed-down

UrQMD+vHLLE, A

- — primary+feed-down

STAR Au+Au 20%-50%

Nature548.62 (2017) @A OA
PRC76.024915 (2007) oA OA
PRC98.014910 (2018) ® A OA

PRC104.L061901 (2021) ® A

STAR prelim.

A A+A oA OA

ALICE PRC101.044611 (2020)
+ A &5 A Pb+Pb 15-50%

HADES prelim. SQM2021
A Au+Au 10-40%
A Ag+Ag 10-40%

10 10°
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Global A polarization

Precision measurements from 3-5000
GeV: Global trend emerges

2

P, [%]

I ' I ' I ' I ' I ' I

| STAR Preliminary
- m Ru+Ru
+ r+/r

o Au+Au

>

- Centrality
- 20-50%

[ [ [ [

| [ [ [ [ |

Averag

N N R R

| | | | |

I ' I ' I ' I ' I ' I
STAR Preliminary
m Ru+Ru
+ Zr+2r
o Au+Au

I I I I | I I I I |——

| \'Syy = 200 GeV
- Centrality

" 20-50%

I I I I I

| | | | | |

| | | |

P [%]

STAR
FXT ‘ \
3 GeV

(A)

AMPT, A
primary

UrQMD+vHLLE, A
—— primary

STAR Au+Au 20%-50%

Preliminary

Nature548.62 (2017) ® A
PRC76.024915 (2007) oA
PRC98.014910 (2018) ®A

PRC104.L061901 (2021) @ A
STAR prelim.

A A+A

oA OA

ALICE PRC101.044611 (2020)

19.6 GeV (A + A)
primary+feed-down

- — primary+feed-down

+ A gr A Pb+Pb 15-50%

HADES prelim. SQM2021
A Au+Au 10-40%
A Ag+Ag 10-40%

O O O

>

> >

10

10°

I ! ! ! ! ! ! I !
20 25 30 35 40 45 50

Centrality [%]

No system dependence at fixed centrality
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Splitting of hyperon polarization

Late stage magnetic field should cause splitting

SEN f in (anti)A polarization
< 0.2 1 -
°|” 15| # 14 No splitting observed over wide range of beam
Sl o & | 1 energies
05| 4 th I Erya— 1 None in Isobar data either
0} iy A At 95% confidence level late stage magnetic
05 scaled using apy=0.732 "b j field (|n|t|a| field 1014-1016 T)
: 4 STAR 20-50% Au-+Au, BES-II | -
1 <> STAR 20-50% Au+Au, BES-I | - 12
: <& ALICE 15-50% Pb+Pb : B(19.6 GeV) <9.4x10%> T
-150 | . | » - ‘ i

SNN

Does magnetic field die away too quickly?
Can we probe at earlier time?
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Directed flow difference

Different effects
can/do dominate

In different

regimes - Have

precision to
hopefully
disentangle

§ STAR Preliminary § STAR Preliminary 5 v ¥ STAR Preliminary
- I - P g . - *
>" 0k L R R >" (g B & 200 GeV > ! -
-, 3}; I‘I‘ t, A A 200 GeV T o - - +¥ # » t L R - .
a (v . A q | ¥¥ ¥ ¢ A < LA A o
i 27 GeV - Wy 2
- ¥ - - A + i ’ 9 A f o -": : A A X 200 GeV
s ¢ O X . ok . 2 e
¥ ¢ (I) 19.6 GeV ! ? 27 GeV
¥ 19.6 GeV - K-l- K' M Y . o
10 - X ¢ _0.05 o ! O
- : p.>0.2 GeV/c, p<1.6 GeV/c 46 Gov 19.6 GeV
i r : e !
+ 14.6Gev - Au+Au STAR BES II X o 0
_ ¥ [ + 200GeV ~ -0.1 [ p - p 14.6 GeV
-15 + - - * A 27 GeV X s
- TC TC - () 19.6 GeV P> 0.4 GeV/c, p<2GeV/c X
- p,>0.2GeV/c, p<1.6 GeV/c : & 14.6 GeV :
. 7.7 GeV ¥ 7.7 GeV 7.7 GeV 7.7 GeV |
_20 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 _0.1 l 1 1 1 l 1 1 1 1 1 l 1 1 1 l 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Centrality (%)

@ @ @

Difference in particle-anti-particle slope:
Increases with decreasing centrality - Higher B-field
Increases with decreasing beam energy - Increasing crossing time
Has species dependence - transported vs created quarks

Centrality (%)

@ @

Centrality (%)

@
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A.P. Dash: STAR QM Talk 28




Net-proton cummulants at LHC

| | 0 2 4 6 8 eB/M?
Lattice calculations suggest 181 y2(eB, T.(eB) % No=8
suscepltibilities sensitive to initial X(0, T,c(0) + Neml2
EM field 1.6 [ H.-T. Ding et al., arXiv:2208.07285 o
1.4}
Lo o4 % :
s & 2 v .
1.0 =% }% ----- % B S hiltiohi
08,00 002 004 006 008 010 012 014 016
eB [GeV?]
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Net-proton cummulants at LHC

peripheral events - B-field largest

| _ 0 2 4 6 8 eB/M;
Lattice calculations suggest 181 y2(eB, T.(eB) % N,=8
suscepltibilities sensitive to initial X(0, T,c(0) + Neml2
EM fleld 1.6 H-T Ding et al., arXiv:2208.07285 | |
Ta) 1.05 o 1+ 1 1< 1 v °r > 1 7 1 1.4ar
ala - - :
' _ ALICE Preliminary o -
% ;—l © Po-Pb, (5, = 5.02 TeV 06<p<15GeV/c 1 12} g i i i %
S~ . /<08 e [1.5<p<28GeVic _ e 3 s
e R =
- BH H 1 °%00 002 004 006 008 010 012 014 016
0.95} . _ eB [GeV?]
. E : : % : - : 1 First measurement above 2 GeV/c
0ok o ° ¢ © 1 Fluctuation in high p range increases in

T More discussion with theory and

0 10 20 30 40 50 60 770 80 90 measurement in pp needed
Centrality (%)
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Can We Understand the Nature
of Parton Energy Loss to QGP?




Precision quenching measurements

2
< Data HG-PYTHIA
C 1.8~ % Ru+Ru —7— AUu+AuU " Ru+Ru
~ ~@— Zr+Zr —=— d+Au . 4 7
1'6:_ op uncertainty —— Cu+Cu =& -ZHE
1.4
1.2
-l B
0.8
- S—i—#
0.6
0.4 .
- STAR Preliminary o
0.2 Isobar \s,,=200 GeV
0 — | (h*+h)/2 p_ > 5.1 GeV/c
1C 10°
Tong Liu < Npart >

Helen Caines - Yale - CFNS Postdoc Meeting - Stony Brook - Oct 18 2023

Yield(A+ A)
Yield(p + p) % <Ncall>

Raain 0-60% central events
(Npart>20) decrease with Npart

R, (pr)=

Same Raaat same Npart regardless of
system

Deviation from trend starting at Npart =20

Event selection bias in

peripheral events causes

artificial suppression?

- HG-PYTHIA qualitatively gets trend but
predicts steeper drop

Jet quenching linear with log(Npart)

STAR: PRL 91, 172302 (2003), PRL 91, 072304 (2003),
PRC 81, 054907 (2010) Loizides & Morsch, PLB 773 (2017) 408-4
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Nuclear modlflcatlon of jets

| —

: 2018 Pb- Pb F 502TeV 010%  ALICE Prellmlnary Charged Jet reSUItS at same pT fOr RH|C and

. LHC (N.B. scale by ~1.5 to get to full jet
equivalent pT)

- e p'fad >3 GeV/c
0.6 (rel. to unbiased pp)

|Ill||ll|ll||ll

< . . . s . :
£ b 13_5'Gev_/CT ) | } Similar Raa for both collision energies
0.2— i# +STAR Au+Au, |s, = 200 GeV,
] —: R =03, p*’>5GeV/c _
of unbiased Po-Pb - o Rev.C 102 (2020) 5, 054913 -
I_ | ] | | | | | l | | | I | | | I | | | |—
0 20 40 60 80 100
pi"jet (GeV/c)
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Nuclear modlflcatlon of jets

|
5 2018 Pb Pb \.' 5 02 TeV 0- 10/ ALICE Prellmlnary d
| anti-k;, R = 0.3, AH>O2|77|<06 B
0.8 | Ch-particle jets -
- e p'fad >3 GeV/c a
0.6— (rel. to unbiased pp) ) -
< -' | 2
135 GeV/c a3
iy 0.4— | I 4?% } } { “ |
0.2— i# +STAR Au+Au, |5, = 200 GeV, ]
] —: R=03,p" . 5 GeV/c _
of unbiased Pb-Pb 5 /¢ Rev.C 102 (2020) 5, 054913 -
I_ | | | I | | | l | | | I | | | I | | | |—
0 20 40 60 80 10(
ch
Pl (GeV/c)

Clear difference in Raa for
Inclusive and y-tagged jets

Charged jet results at same pt for RHIC and
LHC (N.B. scale by ~1.5 to get to full jet

equivalent pr)

Similar Raa for both collision energies

2018 Pb+Pb 1.7 nb™, 2017 pp 260 pb™, |/s,, = 5.02 TeV

B | | | | |
12— ATLAS

RAA

In both cases interpretation
complicated due to differing
slopes of pp baselines

B antl k; R=0.4jets i
L | |<2 8 - -
L i T - —
0.8 — * —
= _
%ﬁ aja® _ | -
- Smm 2" 'y ]

0-6 u - ] ) @)
_ :{:)j:(:)j:‘:’:'—@J = T -
- EC): —
04 — —
- For y-tagged jets [PLB 790 (2019) 108] ~
0.2 — p.>50GeV, In'l <2.37 Inclusive jet v-jet —
" AG(y jet) > 7n/8 0-10% 0-10% ]
O B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | I—

20 100 150 200 250 300

Jet P [GeV]

~ 80% quark jets

~ 40—50 % quark jets

Helen Caines - Yale - CFNS Postdoc Meeting - Stony Brook - Oct 18 2023

N. Grunwald, C. McGinn
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Energy loss of jets to QGP

ApTremoves effect of changing pp spectra - first performed by PHENIX

12 2018 Pb+Pb 1.7 nb 2017 pp 260 pb VSNN =5 02 TeV

[ N.Sahoo (STAR) HP 2020 LHC-ALICE
— - — = I | | | —
10~ @ R=0.2 Po+Po276TeV | = 60 — ATLAS Pb+Pb Centrallt o 10% =
1 | y
N R=0.4 5 . O — anti-ky R=0.4jets == Inclusive jets =
© 8:_ * R=0.5 ; o 00 E ety <0 g ---- Inclusive jets (corrected for isospin+nPDF) 5
% e PYTHIA-6 STAR tune pp reference : 4 — For y-tagged jets —— y-tagged jets —
O PYTHIA-8 pp reference + : 40 — p’ >50 GeV --== y-tagged jets (corrected for isospin+nPDF) -
5 4 ' | : ® — InEI<2.37 —
oF E 5 5 ® ; o + N 30 £ Aplvjet)>7a/8
< 2 i E : e PP T TLLLLLLE
oF 1 x : 5 20 Erpooarssinnsnni IS
0l- *x | ' : S N S— e L
[P 11020 GeVie [ |pT" :10-20 GeVic p" 15-25GeVic 1 p% 10-20 GeVic 1 pt" :60-100 GeVie 10 . e =
ok STAR I5“9“”"”610’ iarXiv:2006.00582 PRC 96 (2017) 024905 JHEPO9 (2015) 170 — =
v et +jet Inclusive jet h+jet h+jet " Y00 120 140 160 180 200 220 240 260 280 300

Jet P [GeV]
Apt (RHIC) <ApTt(LHC)

Apt (quark) <ApTt(9)
- Interesting to go in an unfold to “true” Aprtof g and g

Need to also understand variation in ELoss per jet from theory and experimental side
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Energy loss vs energy density

2.5 1

2.0 1

Energy Loss (GeV)

0.5 -

0.0 1

(-
(9 )
A

-
-

20X O

<>

Pb--Pb 5.02 TeV
Xe--Xe 5.4 TeV

Pb--Pb 2.76 TeV
Au--Au 200 GeV
Ru--Ru 200 GeV
Zr--Zr 200 GeV

Cu--Cu 200 GeV
Au--Au 200 GeV

ALICE

STAR

Cu--Cu 200 GeV PHENIX

|

Preliminary

10 20

Energy Density (GeV/fm?)

40 50

More details on estimates see 2308.05743 J. Harris & B. Muller

Helen Caines - Yale - CFNS Postdoc Meeting - Stony Brook - Oct 18 2023

ELoss from: shift of pr spectra

Approximate energy density from:

dNch/dn —> dS/dy —> sf 11= dS/AY/AT = Sinit Tinit

Sinit = 3/4 Sinit Tint

Given number of approximations
reasonably reasonable correlation
between ELoss and ginit over different

species and collision energies

Link between entropy and charged particle
density very sensitive to viscosity.

Maybe worth more careful calculation?

T. Hachiya, S. Schlichting
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Exploiting bayesian inference

Advances continue - especially via
E =100 GeV, 0-10% central data
Prior 90% Credible Interval (Cl) JETSCAPE (but not only)
10 5 Jet Raa: Posterior 90% CI
Jet Raa + substructure: Posterior 90% CI NOW inCIUdeS Jet RAA and SUbStrUCtu re
a measurements
<|: 6 - | Jet = 200 MeV
O Hadron = 100 GeV
0.8 - .
s - | Had. pr> 30 GeVv  Posterior
o 1 Had. pr <30 GeV
2 - o = 0.61 JETSCAPE
JETSCAPE Preliminary = Preliminary
’ 0.115 0.120 0.125 O.IBO 0.135 O.IZlO 0.l45 O.ISO g O 4 -
T (GeV) 0
. : <
Some tension when include hadron Raa 0o
0.0

~r
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Exploiting bayesian inference

12

10

3

A

E =100 GeV, 0-10% central data
Prior 90% Credible Interval (Cl)
Jet Raa: Posterior 90% ClI

Jet Raa + substructure: Posterior 90%

JETSCAPE Preliminary

Cl

Some tension when include hadron Raa

I I | I | I

0.20 0.25 0.30 0.35 0.40 0.45

T (GeV)

|

0.50

Some physics missing?
Uncertainties incorrect?
Theory uncertainty critical?
All of the above?
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Advances continue - especially via
JETSCAPE (but not only)

Now includes jet Raa and substructure

ad. pPr > 30 GeV
ad. pr <30 GeV

measurements
| Jet
08- | :adron
O | F
N
= 0.67  JETSCAPE
c Preliminary
S
-
& 0.4
U
<
0.2 -
0.0

= 200 MeV
= 100 GeV
Posterior

R.Ehlers



Probing energy flow in je

N-point Energy Correlators
Perturbative region grows as jet princreases

Normalized EEC

10

L ]

o g

O i

o T g

N N + TN
\\\\.i-\ + R+ S ﬁ NN
\\\ * *0. N ; | » Ix‘
A\ Y |
N 3’*' d‘n 0?3"5*(

STAR Preliminary: fs = 200 GeV, 15 < Full Jet p_ < 20 GeV/c

STAR Preliminary: fs = 200 GeV, 20 < Full Jet p. <30 GeV/c

STAR Preliminary: fs = 200 GeV, 30 < Full Jet pT <50 GeV/c

ALICE Preliminary: fs = 13TeV, 20 < Charged Jet p. <40 GeV/c

ALICE Preliminary: fs = 13TeV, 40 < Charged Jet pT <60 GeV/c

ALICE Preliminary: fs = 13TeV, 60 < Charged Jet p. < 80 GeV/c

ALICE Preliminary: s =5.02TeV, 20 < Charged JetTp <40 GeV/c

g

[ |

=

—@

—@

—4

1

1

' ): CMS Preliminary: fs = 13TeV

— CMS Preliminary: fs = 13TeV

— CMS Preliminary: fs = 13TeV
o CMS Preliminary: fs = 13TeV

~__AA CMS Preliminary: fs = 13TeV

: a CMS Preliminary: fs = 13TeV

: CMS Preliminary: fs = 13TeV

i

|

CMS Preliminary: ffs = 13TeV
| | [ 1 11

ALIGE Preliminary: fs = 5.02TeV, 40 < Charged Jet p! < 60 GeV/c
ALICE Preliminary: fs = 5.02TeV, 60 < Charged Jet p_ <80 GeV/c

, 97 < Full Jet P, < 220 GeV/c

, 220 < Full Jet P, < 330 GeV/c

, 330 < Full Jet p, < 468 GeV/c

, 468 < Full Jet p, < 638 GeV/c

, 638 < Full Jet p, < 846 GeV/c

, 846 < Full Jet P, < 1101 GeV/c

, 1101 < Full Jet p, < 1410 GeV/c

, 1410I< Full Jet p, < 1784 GeV/c |
| 1 ] ] ] L 1111

10°°

1072 107"
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Probing energy flow In jets

N-point Energy Correlators
Perturbative region grows as jet princreases

Scaling by jet pt: universal transition point
- HF jets’ transition point affected deadcone

Scaled EEC

1.4

1.2

0.8

0.6

0.4

0.2

IIIIIII| | IIIIIII| | |
o STAR Preliminary: fs = 200 GeV 30 < Full Jet p, <50 GeVic

ALICE Preliminary: fs = 5.02 TeV, 20 < Charged Jet p, < 40 GeV/c

ALICE Preliminary: ¥s = 13 TeV, 60 < Charged Jet p, <80 GeV/c

L CMS Preliminary: ¥s = 13 TeV 97 < Full Jet p, <220 GeV/c
<P

CMS Preliminary: ¥s = 13 TeV, 1410 < Full Jet p, <1784 GeVl/c

11 I_t_l_*'*m_l_

—
<
N}

107
(p. )AR[GeV/c]

T, jet
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Probing energy flow In jets

N-point Energy Correlators

O ] | T 1T 1Tl | | | T 1T 1Tl | | |
LL] — o STAR Preliminary: fs = 200 GeV 30 < Full Jet p, <50 GeVic —
LLI 1.4 __ 2% ALICE Preliminary: fs = 5.02 TeV, 20 < Charged Jet p, <40 GeV/c __
. . . . 9 — ‘ ALICE Preliminary: fs = 13 TeV, 60 < Charged Jet p_ < 80 GeV/c —
Perturbative region grows as jet princreases 3 ,,- B s Pl 9 ToV 7 <ol g <320 8 -
(0)) . : . u CMS Preliminary: ¥s = 13 TeV, 1410 < Full Jet p, < 1784 GeV/c :
. . . L . il i
Scaling by jet pt: universal transition point - -
] ) ] ] ] __ __
- HF jets’ transition point affected deadcone 081 -
0.6— _
Ct_l Cf’ 2 T T T : :
S[s | ALICE Preliminary e | N N
b§ J1.8— ppVs=13TeV 60 < p; _.<80 GeV/c — 0.4— —]
°'™® - anti-k;, ch-particle jets =& 40 < P(;h'Je‘ <60 GeVic B ]
16— R=04,17 |<05 —=20 < pM* <40 GeVic ] 02— _
T piack 5 1 GeV/e % B _
14— T — - m
| - L1 |"|'|"|'_-|!h|#|.||.|.|.||._|_

— 107 107

_ ( P, jet) AR [GeV/c]

Free hadron
scaling region

Ratio of 3-point/2-point correlators:

Decrease In slope at large AR with increasing jet pr
consistent with running of as

ENC behavior understood in vacuum from 15 -1784 GeV
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Sensitivity to medium effects

First study using static toy model and no background
Oc - decoherence angle, 6. - where formation time longer than L

0, > 0.(E<gL? o, < 0. (E>qL?)
Two—Point Energy Correlator Two—Point Energy Correlator
Multiple Scatterings: HO 1 Multiple Scatterings: HO
l i i
Medium-induced
1 10-11 10~ . 1
B 107 L e - S i 1. Geviim- radiation effects only at
3 :E ®§=2. GeV*m™' WG =2 GeVifm™ Sma” ang|eS
N 1077 m§=3.GeVim™ N\s 1072 m§=3.GeVifm~ g -
— Total ----- NLL \#acgomn QL —q Total ---r- eOnSGt Independent Of q
| fS0Gev. LS e h || E=S00Gev, ISt
L S R "0 V-5 4
In 6 A3 (1) vac 1
do 01—

Collaborations hard at work on these

" 5 s 5 f? ;
How does more realistic simulation look”. measurements, expect first results soon
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Can We Understand Small
Systems?




Small system flow

%) T ' | i
~ 53k ALICE Preliminary ol o ot N
V _ § _ -
= - p-Pb s, =5.02 TeV & K; * p(p) 1l
=1, - 20-40% (VOA) ¢ K * A(A) .
,\_/_ 0ol Template fit N
~ ¥ p-Pb -
O 0 + + _'* + T
o - = 1
ST L ' g
” . e : Y ! i
e _
_:;; . I
0 o om0 i, e o 10 1 O SST0 S  0 Si —
= ] ] ] ] :

0 2 4 6 8 10
P, (GeV/c)

Low pT - mass ordering

Intermediate pt - NCQ scaling
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Small system flow

—— T [ I .
%" 03 ALICE Preliminary T I 1 Low pt - mass ordering
= - SBPEO% ; A5).02 TeV = Kz * p(p) _
=L = —40% ¢ K, ¥ A(A) - . "
Y ool Templatefi 1 Intermediate pt - NCQ scaling
G F > ¥ & + p-Pb : 0.08} » PHENIX,v, (p {EP}
g i X | : « STAR,v_(p. ){SP}
> 01 o 3 T’ o —~ " 7F p-Au@ 200 GeV

. e & _ 2004

'0;; e, i >

N o S - 0.02
: ] ] ] ] : O
0 2 4 6 8 10 0

vz and vs differences at RHIC largely due 098 305 iatienix defiton

to use of different rapidity ranges __ 0.06[ *Y(P:NSP} (STAR definitpn)

—

’+

% 0.04 d-Au@ 200 GeV
‘e : >
3+1D Hydro critical for comparisons | 0.02 _,
- medium not boost invariant over o} (& d=7
large rapidity ranges 0
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Small system jet v2

0.2

0.1

 ATLAS

O.5<p$’b<4 GeV
pp Vs=13 TeV, 15.8 pb” §
N-h o -
W5-hYE: o AllEvents o Nodets A WithJets  ~
et o p8>40 GeV -

@ cﬁ\ ® & @ & & @ ®» % ®-

| I I | | L1 I R R
20 40 60 80 100 120 140
rec,corr

Nch
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Small system jet v2

>C\,I | | | | | | | | | | | | | | | | | | | | | | | | | |
- ATLAS o.5<pj;b<4 GeV
. pp Vs=13TeV, 15.8 pb” _
0.2 _
. h-h o _
" h’5h“c: o AllEvents o NodJets A WithJets  ~
L WUE LU LG _
0.1 N~ -h" P >40 GeV B
O | o ______fw _&®0 _B _m_ ___ 0 _ | ______ |
] ] ] | ] ] | ] ] | ] ] | ] | ] ] | ] ] ] | ] ]

0 20 40 60 80 100 120 140
Nrec,corr

ch
But...

We’'ve also observed vz of
high pt charged hadrons

S0 what is high pt v2? mini-jets?
Different analysis sensitivities?
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UE in both pp and pPb : strong v>

jet constituent - UE in pPb: v2=10

ATLAS, PRL 124 (2020) 082301

>c\10.15_ B L B L BN B BRI B BB L

- ATLAS -

- pp \s=13 TeV i

0.1__ N:‘CZGO I ]

0.05F .* -

o f Ilw | )

i 5 : -

0__ = Charged hadron 7 T Yoreoooereee ]

. C—=u # #) Q i

e D—u ~

_0'05_1.1....1....|....1....|.1..|.1.1|1._
0 1 2 3 4 5 6 /

p_[GeV]

P. S. Mohapatra



Collectivity within a jet?

v2 also reported between constituents
within jet

CMS Preliminary

138 fb™' (pp 13 TeV)

0.3 ., 0.3<j <3.0GeV
N ® o, Anti k; R=0.8
Well described by theory for Nconst< 80 A ", @, p’ > 550 GeV
* 0.2 /""z,,, * h] |<1.6
~ . .,
Dramatic uptick for Nconst > 80 =~ Vg
= —e— DATA ’*-..,%
— — > 07 PYTHIA8 CP5 %
Density high enough in jetconethat | | e SHERPA
partonic scatterings occurring during e Y
fragmentation? 0 20 40 N,-GO 80 100
ch
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41



Collectivity within a jet?

v2 also reported between constituents

e CMS Preliminary 138 fio™ (pp 13 TeV)
within jet 0.45 - - 1&
O5<j<30
o ..
Well described by theory for Neonst< 80 A 0.3 o
= Ye
Dramatic uptick for Nconst > 80 ﬁh 0.2 '\‘ A
% , _ Different PYTHIA *-a: .
Density high enough in jet cone that tunes *.

partonic scatterings occurring during R S T S

. 0 20 40 60 80 100
fragmentation? N
ch

or small corner of fragmentation not quite modeled?
Can change the v2 in PYTHIA in this region via different parameters

- While these parameters don't reproduce other variables, maybe others
can do both
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Energy Ioss to p(d)-Au medium?

n 22
O o
< 1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

0

—III‘III‘III‘III‘III |||‘|||‘|||‘|||‘|II‘III

ATLAS
sy = 8.16 TeV, 165 nb™
anti k R 04 p+Pb =
| | IIII| | | | | IIII| | | II|_
4><1o4 10 2><1o3 102 2x1072 107" 2x10™" 1
)
(xp> ~ @Nsyw) x P, R “cosh((y*))

ATLAS di-jet studies: centrality
dependence of jet yield initial (xp), not
final, state effect!

CMS: no di-jet imbalance, no Eioss
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Ene

n 22

O

S

medium?

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

:III‘III‘III‘III‘

rgy loss to p(d)-A

N
=

S

sy = 8.16 TeV, 165 nb™

anti-k; R = 0.4, p+Pb
| [ | |

4

-_—kt

x10™% 107 2x107° 102 2x1072 107" 2x10™"

(¥p) ~ @Nsw) x P, . x @ “cosh((y")

PHENIX:
Show usual techniques to determine Nbin

so how determine by forcing Rgau Y to unity :
Strong suppression of 10in high multiplicity events 0.6

Not clear there's a consistent picture
across collision energies yet

ATLAS di-jet studies: centrality
dependence of jet yield initial (xp), not
final, state effect!

CMS: no di-jet imbalance, no E|oss

)

dAu,EXP

| ] || 1 I | | I I I I ] ] l | |

8 | | lllllllllI i
- il
- il
- .
______ T o o o e o b e e e e e
}— —1
- ® -
1

0

T
0.8 prENIX ++

0.7 d+Au |, =200 GeV
: 7.5< p_ < 18 GeV/c

RTC
O
| l?l

(

"11'111111111

L=

0 2 4 6 8 1012 14 16 18

EXP
N

coll
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Can We Understand Nuclear/
Hadron Structure?




fo(980) quark content

Longstanding question “is the fo a diquark, molecular, or tetraquark?”

Difficult/impossible question to answer O @ @
theoretically - up to experiments to answer @ @ e

molecule

g
00

Tetraquark
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fo(980) quark content

Longstanding question “is the fo a diquark, molecular, or tetraquark?”

@ @

Difficult/impossible question to answer

theoretically - up to experiments to answer

a

Diquark

@ @ e

meson-meson
molecule

pPb, s =8.16 TeV (185 < N\ < 250)
I I 1 |

I

f,(980) :
—eo— n=2 hypothesis ]
n,=4 hypothesis -

| Phys. Rev. Lett. 121(2018) 082301 _

| |

In p-Pb
i CMS é:"relim]inary'
n n | K A
Elliptic flow: 015 s 2 i
SCaleS When nq — 2 o 01 CMS Collaboration,
E :
-g i ¢ +
AN i na
> 0.05F W A~
¥ |
O_ﬁ
0 2

g
00

Tetraquark
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fo(980) quark content

Longstanding question “is the fo a diquark, molecular, or tetraquark?”

Difficult/impossible question to answer

a

theoretically - up to experiments to answer

In p-Pb
Elliptic flow:
Scales when ng = 2 -~
2

fo/K*0 ratio :
consistent with
calculation assuming

a

Diquark
pPb, s =8.16 TeV (185 < N\ < 250)
I I 1 |

I I

i CMS (f’?elim?nary' f,(980) -
0.15 oKs 2A ¢~ Ng=2 hypothesis -
- DB 0Q n=4 hypothesis -

CMS Collaboration,
Phys. Rev. Lett. 121 (2018) 082301

0.1

—

-
I | | 1 I

| |

2 4
E,/n, (GeV)

*0 *0
(f /KO KO

1.4

1.2

0.8

meson-meson Tetraquark
molecule
- ALICE Preliminary -
B e p-Pb \/sNN =5.02 TeV B
B vy -CSM |
s o
: fo(1SI=0) H H :
- — 1(S]=2) -

0.6

S| =0 [(uu + dd)/2]

Both results suggest fo Is a di-quark

1 I | 1 | |

PRC 100, 054906 (2019) —~
I | | 1 | l l 1 l 1

2

2.5

3
1/3
<chh/dn>|n|<o.5
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Substructure of oxygen

1.0 1 TTIT] 1 1 1 I TTITI

v2{2} - sensitive to fluctuations

Quark Nucleon

i TRENTO Glauber Glauber 82{4}/82{2}

— .iim — Woods-Saxon(w/o cluster)

. / v2{4} - reduced sensitivity to fluctuations

— .iiim — NLEFT(w cluster)
e

\
|

.-
g —
g’ —

o
(o3
|

: Data:
B In central event but fluctuations

- enhanced, (v2 reduced overall)
- 0+0 |5, = 200GeV -

V{4}vA2} (e{4}/eA2})
T

- STAR Preliminary @ v.{4, 2-sub.}/v{2,|1AnI>1.0, subtr.}

] A N Theory:

10

o
S
|

1

TPC Centrality(%)
160 160

Alpha clusters enhance fluctuations

Data strongly favor alpha-clustering

Woods-Saxon a-cluster
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Can We Detect New Physics Via
UPC?




UPC: Explosion in studies over past 10 Years

: : . 2023: Entanglement
2017: Light-by-Light  2021: Breit-Wheeler Enabled Interference

Pb Pb® Science Advances Article Metrics
AVAAAS | e Share |

€ Tomography of ultrarelativistic nuclei with polarized photon-
Y 4_’__!- gluon collisions
— A Overview of attention for article published in Science Advances, January 2023
Y ) n Scientists See Quantum
- , B
y = Y2 € Interference between Different
. Kinds of Particles for First Time
l
Y B A newly discovered interaction related to quantum entanglement between dissimilar
OUTPUTS FROM PHYSICAL REVIEW LETTERS particles opens a new window into the nuclei of atoms

Pb Pb €Y

Open Access | Published: 14 August 2017 I ;

Evidence for light-by-light scattering in heavy-ion f
collisions with the ATLAS detector at the LHC of 37,322 outputs

ATLAS Collaboration

Nature Physics 13, 852-858 (2017) | Cite this article

41k Accesses | 185 Citations | 521 Altmetric | Metrics

Exploiting both yy and y-A collisions
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Anomalous magnetic moment of z lepton

Recent a, (ai= 1/2(g — 2)I) measurements challenge SM predictions.

If new physics and due to massive new particle, then r would be

much more sensitive

I
. DELPHI, ce—e(yy—tr)e OPAL 1998 ,
E 68% CL, Eur. Phys. J. C 35 (2004) 159 L3 1998 | ®
. DELPHI 2004 : ATLAS
; CMS, Pbpb_)Pb(*)(’yy—ﬂ:u’CBprong)Pb(*) E Pb+Pb m=502 TeV, 144 nb-1
UST-SR  —— ‘ o 68:/° CL
E CMS Phase 2 Projection Preliminary R ! = SRk CL
: . . - * : ——— 0
—— PbPb—Pb" (yy =T Ty 00 )PD »68% CL, 13 nb’ - -
: Based on rate-only-analysis, assuming 4% uncertainty Combined —®
| Expected -
| I [ 1 1 | I | ] I ] I | ] I ] I | ] I ] I | ] I ] ] | ]
-0.1 0 0.1 0.1 -0.05 0 0.05 0.1
d. a
—_ 0, 0 —
ar= 0.001-0.089+0.055 at 68% CL 95% CL -0.057<a;<0.024

First uses of hadron-collider data to test EM properties of
Results are competitive with existing lepton-collider constraints
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Evidence for gluon saturation

CMS PbPb 1.52 nb' (5.02 TeV .
LI L L L I B B B DR B |—‘I—‘I—‘I—I‘—|‘_IIT_J.J--I(---|--I‘| T |el I) J/L') phOtO_prOdUCtIOn:
T i - CMS access to new W range
E [ 7 - Shape of coherent oya-upa (W) Not predicted
BN by models
T | i/ e cus —Ltass —oekee - Gluon saturation? black disk limit?
f 10 [0 ALICE* (-4.0< y <-3.5) -~ LTAWS -- bBK A
= O ALICE* (|y| < 0.15) —— CD_BGK CGC IPsat
© A LHCb* (-4.5 < y < -3.5) -- CD_GBW --- GG-hs
Syst.exp. . CD_IIM - = Impulse approx. |
Syst. y flux i
‘N | I | I | I | I | I I | I I | I I | | |

0 50 100 150 200 250 300 350 400
Pb
WY (GeV)
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Evidence for gluon saturation

CMS PbPb 1.52 nb™ (5.02 TeV :
RN RN RN R ||nJ$ ™ : J/P photo-production:
i T i - CMS access to new W range
£ - Shape of coherent oya-Jpa (W) not predicted
£
> | B by models
Lol if o oms —ms —wee | - (Gluon saturation”? black disk limit?
o - g O ALICE* (-4.0 < y < -3.5) -~ LTAWS == bBKA
< [ O ALICE* (Jy| < 0.15) —— CD_BGK CGC IPsat i 15
© A ;I;IICb* (;)4.5<y<-3.5) -- CD GBW ~-'- GG-hs STAR V?NN = 200 GeV, NN — Ttonox
st.exp. CD_IIM == Impulse approx. | -
T o e - PRL129, 20<n<4Abelz. ]
0 50 100 150 %go 250 300 350 400 092501 (2022) ptT”9=1.5-2 GeV/c
: Won (ClaeV) : : g 1 "% p$55°=1-1.5 GeV/c
Suppression of di-mi0 correlations in pA S o 008 4 0.01
- Dependence on A as predicted = *..
- No broadening, not as predicted i e
. . 0.5 o
Hints saturation RHIC and LHC
- unique opportunity with STAR forward upgrades prior P AL AU
to EIC. Important to have pA before RHIC stops 1 3 5
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Summary

Precision era has been reached

Wealth of high quality data across Vsnn, species and centralities are allowing detailed
studies that highlight underlying physics we could previously gloss over

Next few years: New data from sPHENIX, STAR forward, LHC Run-3
Next-to-Next few years: EIC, ALICE-3, and CBM

Yale group past and present are excited to be involved - hope you are CFNS are too

Much is understood, but lots left to discover!
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