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Beam Energy Scan

1Ear/y Universe The Phases of QCD

£ Future LHC Experiments

* STAR Beam Energy Scan gives us access
to a wide sweep of phase space to
search for critical point and to
understand the QCD phase structure
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* Hydro and nuclear transport models
suggest that v, offers sensitivity to the
dynamics of the expanding medium

Critical Point ) /- * Proton flow is predicted to be sensitive
Hadron Gas SRS Gr dustor to the softening of the equation of state
near a first order phase transition

Neutron Stars

900 MeV
Baryon Chemical Potential




Motivation
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* In BES-I we saw a nonmonotonic trend in the -0.02- ,,1/! -
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Motivation

* To capture this behavior, net proton v, was defined as:

val,p = Np,producedvl,produced + (Np - Nﬁ)vl,net

__(”Lp"“rvLﬁ)
anet“ 1 —7r

(ris the yield ratio of anti-protons to protons)

* Net proton v, slope at mid-rapidity also exhibits non-
monotonic behavior in the same region
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Motivation

* Driving phenomena behind Proton v;:

* Interaction between hadrons in the initial
compression stages contributes to positive

flow

* Tilted matter produces negative flow in

expansion stage

mid-central Au + Au
at11.5 GeV
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Baryon density distribution for Au+Au collisions,
blue arrows indicate flow, red arrows antiflow.
Phys. Rev. C 105, 014911 (2022)



Anti Proton v, as a Proxy for Medium Flow

* Initial geometry values scaled to match the v, in 10-20% centrality
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« Initial geometry largely captures the centrality dependence of anti-proton v+
 Agrees very well in JAM
* Reflects origin from medium response to initial geometry
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Motivation R
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* Thus, we can instead break it down to the -
A \ : =
initial interactions and the medium “ 0
expansion: X
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Baryon density distribution for Au+Au collisions,
blue arrows indicate flow, red arrows antiflow.
Phys. Rev. C 105, 014911 (2022)



E BES-Il Dataset
Iie
1 Quark—Gluon « We are using the BES-Il dataset:
- * 10x the statistics of BES-I
I Plasma * Upgraded detector to include the EPD, iTPC, and eTOF
|
I
ol * Ranges from /syy =3.0 GeV (Fixed target) up to 27
:5_, | GeV (collider mode)
o |
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el * Extends the p, range to 200 — 420 MeV
|Q_J * Upto 720 MeV with FXT
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STAR Detector Upgrades
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Event Plane Detector

* Pseudorapidity range: 2.1to 5.1
e 372 tiles are Eljen scintillators

* Significantly increased Event plane
accuracy as compared to Beam-
Beam Counters (BBC)

(a) Beam-Beam Counters (b) Event Plane Detector
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Procedure

 Measure the event plane angle for
each event

* |dentify the (anti)protons from the
collision

* Measure the v, of (anti)protons and
calculate excess v,
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Resolution

§ G Au+Au 14.6 GeV East EPD » ] § é" e Au+Au 14.6 GeV West EPD
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Particle Identification

— 10 905106
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p, (GeV)
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Acceptance

= 25
C Proton Acceptance Au+Au 7.7 GeV E’ C Anti-Proton Acceptance Au+Au 7.7 GeV
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We see that we have good acceptance in the mid rapidity window (-0.5<y<0.5)
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BES-| to BES-II Comparison

5 Au+Au 10-40%
—_ L
3 0.4<p;<3.0 GeV
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Collision Energy Dependence

val,p = val,medium + (Np - Nﬁ)vl,excess

ybeam(\/m) = COSh_l(m/mp)

* Clear scaling of excess Proton flow
with collision energy

* Scaling starts to break at 11.5 GeV
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Comparisons with JAM model: Cascade and Meanfield

= >‘—U.Z >‘—U.Z
Au + Au, 7.7 GeV, 10-40% Au + Au, 7.7 GeV, 10-40% Au + Au, 7.7 GeV, 10-40%
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* Vastly different values for the two components between different modes, but proton v, similar
* More sensitivity to change in medium dynamics/EoS than just looking at proton v,
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Model Comparison

* Models fail to show the £
scaling behavior above o
14.6 GeV Pe

.
O

* Below 14.6 GeV models o
overpredict the %
magnitude of the data ¢

GJ>\—
©

* Adding momentum
dependence to the
potential increases this
overprediction
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summary

* Precision measurement of proton and antiproton v, from 7.7 to 27 GeV
* Excess v, of transported protons vs y/y, .., is constant from 200 — 14.6 GeV

 Deviates from scaling at 11.5 GeV and below — change in medium/collision
dynamics

* Mean field calculations overpredict the data, even for the softest EoS
* New data expected to offer better constraints on EOS parameters



Thank youl!




Backup



Excess Proton Flow and Net Proton Flow

e BES-II Fitis linear over
range -0.5<y<0.5

* -0.8<y<0.8 for BES-I

* We see monotonic
behavior in excess proton
flow

* This behavior scales with
beam rapidity from 14.6
GeV to 200 GeV

* Net-Proton systematic
error for BES-Il dominated
by cubic fit at low energies

* This check was not
included for BES-I

Directed Flow

(dv /dy)
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Energy dependence of vi slope 1=/ )

nt/n:0.2< p, < 1.6 GeV/c
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STAR preliminary @p (A JAM2
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e
I L € £ 5. Syt 1), . A
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3 3.5 4
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1) vi slope of baryons drops as collision
energy Increases

2) JAM with baryonic Mean Field better
describe data

? Mean field potential play important role

Li-Ke Liu

CPOD2024, Berkeley, May 20th — 25t 14/20



PID Purity

* Signal purity
decreases at higher
momentum so its
important to check

* At 7.7 GeVupto1l.5
GeV the anti-proton
signal is not pure
enough to just to sum
up identified tracks.

Mass? Proton 0.5<|P|<1.0 GeV

Mass? Proton 2.5<|P|<3.0 GeV
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Background subtraction of Anti-Proton signal

* The mass? of tracks satisfying the protonminus 10-40% Central, 0.0<y<0.2, 0.5<|P|<1.0 GeV, 0.6r<¢<0.7x
<dE/dx> PID were divided into
bins based on centrality, y, ¢-U,,
and | P | . 2000

* The signal and background of
mass? was then measured for
each.

2500

1500

1000
* Then the signals were combined
over |P| to get the signal vs -, 5
in 10 different rapidity windows.
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RQMD Modeling

* |dea is to use classical Hamiltonian formalism

* We start with 8N phase space variables and reduce them with 2N constraints:
* On-mass-shell constraint (gives N constraints)
* Time fixation (gives N-1 constraints)
* Define evolution temporal parameter t (gives 1 constraint)

* Each one of these constraints can be written as an equation ¢; = 0, and so the
Hamiltonian consists of the constraintZI(\:,oqditions with their lagrange multipliers.

H = z u;p;

i=1
For RQMD/S the on-mass-shell constraint is: ¢p; = pl-2 — ml-2 — 2m;V;
For RQMDs and RQMDv: ¢; = (p; — V;)? — (m; — S;)?



200 GeV
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Model (g 0.05— . ~e- JAM:MF,RMF
oac T ——
prediction of ° e
flow at 200 .GeV ‘8 i s
turns negative 5 o
* This further i ;
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equation of ~0.05\— 1 ==
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Time
Dependent
Flow

YASUSHI NARA AND AKIRA OHNISHI

3f/  —=- no spectator 3} —— default
s IR A pre-formed
Q24 2t 4
£
Q 1t

RQMDs2 MS2

. 0 mid-ce;ntral i 4 Rid 0-()((’)'mid-ce'ntral ALu + Au '
2 002 | !.\.\ at 11.5 GeV _ /-,-\.. at 486 GeV
S i\ ,
>
*; ,.
I
0 5 10 15 200y 5 10 15
time [fm/c] time [fm/c]

FIG. 6. Time evolution of the invariant interaction density (upper
panel) averaged over the central cell of |x| < 3 fm, |y| < 3 fm, and
|z] <1 fm, and sign weighted directed flow v} of baryons at mid-
rapidity |y| < 0.5 (lower panel) for mid-central Au 4+ Au collisions
at \/syy = 11.5 GeV from the RQMDv?2 calculation are shown in the
left panels. Right panels show the same but for the beam energy of
4.86 GeV. The solid lines show the results from default calculations.
The dotted-dashed lines show the results of the calculations that
include the potential interaction for pre-formed baryons. The dashed
lines represent the results of the calculation without interactions of
spectator matter.
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Directed flow of protons and pions from BES-I

(PRL112, 162301 (2014))

105 0 05 1
Yy

Directed Flow (v,)

Hydro and nuclear transport models suggest that
v, offers sensitivity to the dynamics of the
expanding medium

Proton flow is believed to be sensitive to the
softening of the equation of state near a first
order phase transition

The behavior at mid-rapidity is highly linear, thus

an important characteristic is the slope v, w.r.t
rapidity

v, = (cos(n(p — ¥,)))
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Hadronic Transport Model Calculations

* Using JAM Model
* Centrality defined using N,
* Rapidity dependent flow evaluated for 0.4<p;<3.0 GeV (as in data)
x10°
105é~ so0F—____
104;_ : 4503—
C JAM Au+Au 19.6 GeV C
‘°2§_ | 350
d 3 3003—
i -
Eov il s upinar ol e g [ pudla g p it g o f oo T 250__1 e (1 I I i s
0 50 100 150 200 250 300 350 400 0 2 2 6 8 10
Noar Centrality bin

* 1 :
/d3pE f(p) + m w? 4+ U(o) m*=m-—-8S=m-—gso U(,,)z’”?zg+%g*+4

RMD EoS, K=210 MeV, Y. Nara et al. Phys. Rev. C 100, 054902 (2019)



Modeling Collision Medium Behavior

+ JAM Cascade mode, looking at spatial distributions at early times
+ Radial distribution of all particles at given rapidities

— 20 : — 20
E T E F
= Au+Au77GeV 10- 20%,-10<n<-08 % % b Au+Au7.7Gey, 10-20%,08<n<10 135000
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