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QCD Phase Diagram
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Map out the QCD phase diagram with
the Beam Energy Scan program
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STAR: Phys Rev Lett 130, 082301 (2023)
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Observables - Cumulants

Cumulants ratios cancel

N': Net-proton multiplicity trivial volume dependence

C; = (N) C,,: nt"order cumulant o Xs
C:= (M) SN=N—(N G ox
Cg — < ( ) N) 3 > Stephanov, Phys Rev Lett 107, 052301 (2011)

Higher-order cumulants Ce X
Cy = <(5N)4> 3<((5N)2\2 are more sensitive to 02 o X2
Cs = ((6N)) — 10((5N)3)((6N)?) the correlation length s -
Cs = ((6N)®) — 15((AN)*}{(IN)2) — 10((8N)*)? + 30((6N)2)> ~ Xm 7 P T

> Cumulant ratios are directly related to susceptibilities from theory

> Sensitive probes for the nature of the QCD phase transition
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Predicted Features of Crossover
( CS and C 6}

A Negative for LQCD, FRG (Functional Renormalization Group) - crossover
d Positive for HRG (GCE) and UrQMD (no QCD transition)

sl'2[GeV]: 200 62.454.4 39 27
2

;\]LO, Rg1 (Tpc) L I I R62 _ C6 /C2 .| FRG ‘ fRG-LEFT freezeout: STAR Fit |l Iq

1f RE5(Tpo) -
o Lattice OCD Re = Cs/Cr | ﬂ
_________________________________ | ) e P ————————..
4 \ | 3&3 100 | |
= ) -10' + E
3 . . . . | * R§,=Mg/o} = V.. 1\/s,YN(Ge:>V) y ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 ,\'\ \,7"’ '\?f’) 'S)‘f’ ,<’\ ,,‘,7) o)v?‘é\/?‘ ’\90

HotQCD, Phys Rev D 101,074502 (2020) Weisjie Fu et. al, Phys Rev D 104, 094047 (2021)

Ordering of ratios (Net-baryon): g—i’ > g—;‘ > g—i > % - LQCD, FRG
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Hyper-Order Cumulant Ratios '

A A)

C,/C, — Positive at 0-40%
C./C, — Weak trend with energy
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Increasingly negative with decreasing energy
> Qualitatively matches trend of lattice calculations
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STAR: Phys Rev Lett 130, 082301 (2023)
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Cumulant Ratio Ordering

. . C C C C
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Data trends appear consistent with predicted J

hierarchy between vsvv=7.7 and 200 GeV
STAR: Phys Rev Lett 130, 082301 (2023)

717

> Trend reproduced by UrQMD
> Suggests hadronic matter
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Azimuthal Partitioning

Analysis Goal

Look for azimuthal correlations among protons indicative of clustering
=> possible sign of a first order phase transition

Histogram tracks in

J Steinheimer, J Randrup Phys Rev C 87, 054903 (2013) L ay

90°

Tracks in

event: 6

|

partition over many events fl\

AMPT Protons in 120° Partition for 6 Proton Events

39GeV, 0-5% Centrality, 120° Partitions

150 A

Il 6 Proton Events

135°
125 A
£ 100
E 75 -
50 A
B0 0° -
\\\\\\\\\\\\\\\ 0 -
Partition the e 2 4 6
. . Number of Protons in Azimuthal Partition
azimuth in each
event and hllf_tolgfjatm Separate histogram for each class of events:
° roton multipiici R
225 P i d  Total Protons in Event (N)
Tracks in ey .
ity ——- Tracks d  Partition Width (w)
partition: 3 >70° N
B A Single Event and Mixed Event Data
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Com pa re to Bi nom ial Binomial Distributions |

A0, 0.4 :_— 20 trials
N tracks (/) in event. L N —— 10 tials
How many fall within Partition? o3 H = D —— 3trials
. 360°
If random, expect binomial 01-
distribution .

0 10 20 30 40 50
Number of Successes

AMPT Protons in 120° Partition vs Binomial for 20 Proton Events
39GeV, 0-5% Centrality, 120° Partitions

® Binomial Distribution
2.0 7 B 20 Proton Events

le6

Systematic deviations from
binomial suggest correlation
between proton tracks

Compare measured
distributions to binomial

Partitions

Focus on width
o 2 4 6 8 10 12 14 16 18 20 of distributions

Number of Protons in Partition

QM 2023 9/17
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Distribution Width Interpretation

Small variance — lack of clustering

Negative Correlation

[ Variance proxy for degree of clustering
A Total tracks per event fixed — clusters
and voids are a packaged deal

Large variance — excess clustering

Positive Correlation

: : 1200 - : :
—— Binomial —— Binomial
20001 mmm Simulation _ _ mmm Simulation
1000 1 Excess voids
n n
c c
= 1500 - 2 800-
5 5
(a1 (a1
. “ 600 -
« 1000 i ‘.
(V) (V)
> g = Excess clusters
= - £ 400-
2 No voids No clusters =
500 +
200
0+— . : , 0-
0 5 10 15 20 25 0 5 10 15 20 25
Protons in Partition Protons in Partition
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Define observable 0'2 2

Compare Variance to Binomial | &= |Ag? nomia!

binomial — N(N—].)

AMPT 39 GeV, 0-5% Centrality, 120° Partitions AMPT 39 GeV, 0-5% Centrality, 120° Partitions
94 —— Binomial 2 2 2 ¢ Single Event
® Single Event o = Ubinomial _|_ N(N o ]-)AU 0.0001 - ® Mixed Event
® Mixed Event
8 - Ik
0.0000 ® ) 0—0—.—.—0—‘-‘0—.—,—.—‘—‘-‘—.7'—1# ¢ + |
2 11|14t [
—0.0001 A +
6+ ¢
¢ ~0.0002 - +++++++¢¢¢ ®e +++ + ++
(= o [ ’ +
&5 3
p —0.0003 - ®
41 e 1
—0.0004 A
3 -
. w —0.0005 A ¢
24 P = 3607 i
9 , : —0.0006 A
o-. .. = Np(l — N : Total Protons in Event
11 binomial p( p) p : Fraction of Azimuth Covered
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Total Protons in Event Total Protons in Event
Single and Mixed Event variances very similar to Mixed Event (Ac?)=0—very similar to binomial,
binomial, though slight deviations apparent Single Event is significantly smaller variance
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AMPT Lin, He Phys. Rev. C 96, 014910  (2017)

- MUSICHFIST Vovchenko et al Phys. Rev. C 105, 014904 (2022)
Repu'_5|on Ob se rved MUSIC+FISTEV ~ Vovchenko et al Phys. Rev. C 106, 064906 (2022)
( e, 0 2 ° \
0-5% Centrality, 120° Partitions Positive Ao4 = Clusterlng
0.000754 | @ . -
Negative Ao> = Repulsion
\ /
0.00050 -
oo A Significant repulsion observed in
MUSIC+FIST STAR data
0.00000 .
. ¢ Q  MUSIC+FIST with Excluded Volume
S e - °
~ —-0.00025 1 + + . more repulsive than base model
AMPT i i i
®
000050 - }4 00sssassese ..¢+ which sees little correlation
+ STAR Preliminary | |1 AMPT calculations show stronger
—0.00075 - STAR .
¢ STAR repulsion than MUSIC+FIST models
EE MUSIC+FIST
~0.00100 7 ﬁ,“,i‘*g.s I MUSIC+FIST EV 1fm3
0.4 <pr<20Gev -t MUSIC+FIST EV includes Excluded Volume effects -
0 5 10 15 20 25 30 35 40 no two baryons coalesce within the same 1 fm
Total Protons in Event volume on the freezeout hypersurface
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Repulsion Found at All Energies

[ Negative Ao? observed at all } Dependence on proton
energies for STAR and AMPT event multiplicity flat

MUSIC+FIST 1.7 GeV 11.5GeV | | 19.6 GeV
0.0000 + vﬁ%ﬁg’w— 1 ﬁfv S
Y Rl
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§ —0.0005 # % ﬁ Q."\ "‘ :‘&** +++
T e |
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It | AUl
“2 —0.0005 - +~Oﬂ.o @ 1] @ nnperne’ + - s 3* ——
u+Au
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—0.0010 0.4 < pr < 2.0 GeV - [ MUSIC+FIST EV 1fm?
0-5% Centrality - AMPT
120° Partitions :
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Repulsion Found at All Energies

_ 5 Average over Total Protons in Event )
Negative Ac“ observed at all Dependence on proton 9 9
energies for STAR and AMPT event multiplicity flat — Ao (N) —> <AO’ >
MUSIC+FIST 1.7 GeV 11.5 GeV 19.6 GeV
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© —0.0005 S ;g;ff;q o e S —TTTTTITE 7Y X ' r—« .
5 e U o T | ——
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g
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Correlation Strength vs Energy

0-5% Centrality, 120° Partitions

MUSIC+FIST _| . .
e B e [Negatlve Aoc? = Repulsion }
—QL0aGAL T MUSIC+FISTEV
—0.0002 - d Repulsion observed between proton tracks
in STAR data and all models
—0.0003 -
S -
< —0.0004 - STAR Preliminary A STAR correlations from most central 0-5%
4 centrality showed no significantly beam
~0.00051 ¢ f o ° e :
| STAR energy dependence and larger strength in
—0.0006 - : ¢ STAR correlation than AMPT. In addition, AMPT
Au+Au B, MUSICHEIST showed a moderate beam energy
—0.0007 - ly| <0.5 EEE MUSIC+FIST EV 1fm?3
0.4 <pr<20GeV g \voT dependence.
10 20 30 40 50 60
Energy (GeV)
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(Ac?) vs Event Multiplicity

[ Magnitude of repulsive interaction increases with decreasing multiplicity per event J

[Multiplicity dependence likely dominated by global momentum conservation]

0.000 |
______ ° o
02 __________
)
—0.001 - a
)
(274
—0.002 -
— [ Nearly universal event
o] ‘ o go o o A
d ‘» multiplicity dependence STAR Preliminary
—-0.003 1+ PlcIty dep AMPT STAR
! e 7.7 GeV —4— 7.7 GeV
B 11.5Gey Beam energy dependence —¢— 11.5GeV
o 19.6 GeV . —4— 19.6 GeV
—0.004 - Au+Au Repulsion weakens as
ly| < 0.5 27 GeV 27 GeV
0.4 <pr<20GeV mmm 39 GeV energy decreases —¢— 39 GeV
120° Partitions e 62.4 GeV | —4— 62.4 GeV
—0.005 1 --- AMPT Fit I --- AMPT Fit
0 100 200 300 400 500 600 700 O 100 200 300 400 500 600 700
Reference Multiplicity Reference Multiplicity
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(Ac?) vs Partition Width

Partition width dependence may encode :>[ Evidenced by toy
information about range of correlation model simulations

Trends well described by quadratic
] Curvature related to range of

correlation
MUSIC+FIST
0.0000 - A\ 7
—0.0002 - STAR Preliminary
5 —0.0004 -
d
—0.0006 - 1 Au+Au
ly| < 0.5
—0.0008 - 10.4 < pr < 2.0 GeV !
7.7 GeV 0-5% Centrality 11.5 GeV 19.6 GeV
0.0000
—0.0002 -
5 —0.0004 -
=l ¢ STAR
—0.0006 - { EEE MUSIC+FIST
B MUSICHFIST EV 1fm?
000089 27 GeV ] 39 GeV | mmm AMPT 62 .4 GeV
0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350

Azimuthal Partition Width (°) Azimuthal Partition Width (°) Azimuthal Partition Width (°)
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Summary Thanks for your attention!

A Observed increasingly negative %With decreasing energy within uncertainty O(10)

Trend consistent with lattice QCD calculations from/snv = 7.7 GeV - 200 GeV
d Within uncertainty, data from, /syy= 7.7 GeV - 200 GeV seem to favor ordering
expected from lattice
d C6>0andordering violated at N 3GeV - reproduced by UrQMD

o Suggests hadronic matter dominant
ﬁAttractive
0000 Repulsive
3 Strong proton repulsion observed o001 I
o Stronger at lower event multiplicity —
. . & —0.002 1
m Likely momentum conservation background, 3 : i 7.7 Gev
. . . . 11 g 11.5 GeV
obscuring any possible clustering signal —o003TH —¢— 19.6 GeV
o Trend with multiplicity is energy dependentin  -ooos{ [f STARPreliminary 2 275
STAR data while energy independent for AMPT. 051 ¢ 1% 74 cey
To be further explored in the future. 0 100 200 300 400 500 600 700

Reference Multiplicity
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Backup
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(Ac?) vs Event Multiplicity

Magnitude of repulsive interaction increases with decreasing multiplicity per event

120° Partitions

120° Partitions

0.000 0.000
—0.001 - —0.001 -
AMPT 7.7 GeV AMPT 7.7 GeV
AMPT 11.5 GeV AMPT 11.5 GeV
—0.002 - AMPT 19.6 GeV —0.002 - AMPT 19.6 GeV
< o AMPT 27 GeV < o AMPT 27 GeV
= STAR Preliminary AMPT 39 GeV d STAR Preliminary AMPT 39 GeV
—0.003 - ~1 AMPT 62.4 GeV —0.003 - = AMPT 62.4 GeV
—— STAR 7.7 GeV —— STAR 7.7 GeV
—— STAR 11.5 GeV —— STAR 11.5 GeV
—0.004 —4— STAR 19.6 GeV —0.004 1 AUEAU —4— STAR 19.6 GeV
ly| < 0.5 STAR 27 GeV ly| < 0.5 STAR 27 GeV
‘ 0.4 < pr < 2.0 GeV —4— STAR 39 GeV 0.4 < pr < 2.0 GeV —4— STAR 39 GeV
—0.005 - i —4— STAR 62.4 GeV —0.005 11 —4— STAR 62.4 GeV
50 100 150 200 250 300 350 100 200 300 400 500 600 700
Number of Participant Nucleons Reference Multiplicity
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(Ac?) vs Event Multiplicity

Divide out the naively expected 1/N multiplicity dependence from global momentum conservation to better see STAR

energy dependence
AMPT STAR
0.05 - B 7.7 GeV —4— 7.7 GeV
 11.5 GeV —4— 11.5 GeV

0.00 19.6 GeV —4— 19.6 GeV |
> -
£ 27 GeV 27 GeV
= 0.05- 39 GeV | —— 39 GeV
5 - I 62.4 GeV —4— 62.4 GeV
% ——— AMPT Fit 0, --- AMPT Fit
© —0.10 -
C See K
o I
g =
9 -0.15-
x
B -0.20-
= Au+Au

ly| < 0.5
—0/95 - 0.4 < pr < 2.0 GeV
120° Partitions
—-0.30 1 - -

0 100 200 300 400 500 600 7000 100 200 300 400 500 600 700
Reference Multiplicity Reference Multiplicity
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Parameters not directly comparable between attractive and repulsive

Simulating Correlated Tracks *] = Poanlous Tachs
1.2
e Built simple model of correlation to test E e
analysis é g8
£ 08 Attractive
e ntracksinevent placed one at atime 2 o]
o First track has flat probability distribution in ¢ o5
o Eachtrack placed produces Gaussian distortion in
P(¢) for all subsequent tracks =
1.0 A
e Can model attraction (A>0) and repulsion (A<0)
s 0.8
2 Parameter Model: E,
- Amplitude (A) g oo
- Width (o) e ]
£ 041 Repulsive
baseline E
0.2 i | i
n | A _1(_¢—¢i)2 | | |
P(¢)OCH]_—|——6 2 7 0.0 , E. ' E ' E - , .
Z:’L o V 27.‘- ° ' ’ Phi3AngIe * ’ °
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Simulations vs Total Protons

Gaussian Correlation Model: 120° Partitions, 72 Samples per Event

e Plot Ac? vs the total number of protonsin 0:000751
. . ; 50 A
each event for a handful of simulation 200050
. 0.00025 -
Amplitudes
0.00000 A
Nb —0.00025 4
e Observe consistently flat trends with ~ 0.00050 -
o —1 i =0, =1
average value correlated with A ~0.00075 ] ey
Attractive A=0.002 0=1.0 Toy Model
—0.00100 7 Repulsive A=0.002 0=1.0
A— Repulsive A=0.006 0=1.0
’ [ Repulsive A=0.01 0=1.0

0 10 20 30 40 50 60 70 80
Total Protons in Event

Mixed distributions for toy model are
statistically identical to binomial
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Can Reliably Extract Correlation

e Plotting Ao? vs the total number of protons,
get good linear relationship with input Gaussian Correlation Model: 120° Partitions, 72 Samples per Event
. . . 1 @ Attractive 0=1.2
simulation Amplitude 2% o mtractveo=10 | | | ===
000034 @ Attractiveo=08 | =g
® Repulsivec=08 | _aemm===TT
. . . 0.0002{ @ Repulsiveo=1.0 —__=ZF="
e This suggests the analysis can reliably ¢ Repulsive 0=1.2 =
0.0001 A
extract the input correlationinthe caseof e
) ] < 0.0000 .:5’%
this simple model 00001 pnt S
gl YR
~0.0002 e T Toy Model
e Changing Gaussian correlation width leads Py "“%.._;;;
to different but still linear relationship | | | | | T
0.000 0.002 0.004 0.006 0.008 0.010
Simulation Amplitude (A)
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Slope vs Partition Width Simulation ° Pependenceappearsquadratic

e Different o different x-intercept

Gaussian Correlation Model: 72 Samples per Event

® Repulsive A=0.01 0=1.2
0.0002 A © Repulsive A=0.01 0=0.4
Repulsive A=0.006 0=0.4
0.0001 - ® Repulsive A=0.006 0=1.2

0.0000

S —0.0001 A
—0.0002 A
—0.0003 A

Toy Model
—0.0004 -+

0 50 100 150 200 250 300 350
Azimuthal Partition Width (w)
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Event Resampling

AMPT Protons in Event vs Protons in Partition AMPT Protons in Event vs Protons in Partition
39GeV, 0-5% Centrality, 120° Partitions, 1 Sample per Event 39GeV, 0-5% Centrality, 120° Partitions, 72 Samples per Event
e Take multiple random partitions
from each event (72 standard)
o Agrees with analytical £
expectations for random tracks 2
Samples: 180 90° ° 0 5 10 15 20 25 0 5 10 15 20 25 1°
Tracks: 15 Number of Protons in Partition Number of Protons in Partition
1.0 A E new
_, 0% Resampling improves resolution
by utilizing more information in
0.4
each event
0.2 1
Tracks in 0.0 T T T T T T T T T
bin: 7 270° e 120° bin 0 2 4 6 8 10 12 14 16
Tracks in Bin
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