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QCD Phase Diagram — Ask ChatGPT

tell me about QCD phase diagram

The Quantum Chromodynamics (QCD) phase diagram represents the various phases of
matter and their transitions as a function of temperature and baryon density in the context of
QCD, the theory that describes the strong nuclear force. Understanding the QCD phase
diagram is crucial for exploring the behavior of nuclear matter, particularly at extreme
conditions. The primary phases and features of the QCD phase diagram include:

. Hadronic Phase: At low temperatures and low baryon densities, nuclear matter exists in the

hadronic phase. In this phase, quarks and gluons are confined within hadrons, which are
color-neutral particles like protons, neutrons, and mesons. The strong force is dominant in

this phase, binding quarks together.

. Quark-Gluon Plasma (QGP) Phase: At high temperatures and/or high energy densities, it is

believed that nuclear matter undergoes a phase transition to the quark-gluon plasma. In
this phase, quarks and gluons are no longer confined within hadrons but are free to move
independently. The QGP is thought to have existed in the early universe shortly after the Big
Bang.

. Crossover Region: Between the hadronic phase and the QGP phase, there is a region where

the transition between these phases is not a sharp phase transition but rather a crossover.
In this region, there is a gradual change from hadronic matter to quark-gluon plasma. The
exact location and nature of this crossover are areas of ongoing research.

. Critical Point: In the QCD phase diagram, it is hypothesized that there may be a critical

point, which is a unique set of conditions (specific temperature and baryon density) where
certain properties of the system change dramatically. The existence and precise location of
the critical point are still subjects of active research and experimentation.

The QCD phase diagram is a topic of great interest in nuclear and particle physics.
Researchers seek to better understand the behavior of nuclear matter under extreme
conditions, such as those found in high-energy nuclear collisions, to gain insights into the
early universe and the fundamental forces that govern it.

Experiments at particle accelerators like the Large Hadron Collider (LHC) and the
Relativistic Heavy lon Collider (RHIC) are conducted to study the properties of matter at high
temperatures and energy densities, effectively exploring the QCD phase diagram. The
experimental results help refine our understanding of the phase transitions and critical
points in the QCD phase diagram.
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Outline

Monday: QCD Phase Transition and QGP Properties

Tuesday: Beam Energy Scan (BES) Program and
Selected Results from BES-I

Thursday: BES-II Status, Prospects and Future

Format:
Mainly Lectures
Questions any time
+ Quizzes (first two lectures)



Monday Outline

QCD and QCD Phase Transition
Introduction to Heavy lon Collisions
QGP Signatures and Experimental Evidences

Recent Developments and Future Directions at (3 =0



Quantum Chromodynamics

http.://pdqg.lbl.gov

QCD - theory to describe quarks and gluons, and
strong interaction between them Review of Particle Physics

R.L. Workman et al. (Particle Data'Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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QCD is not just a stronger version of QED

QCD is a non-abelian field theory! Gluons can self-interact!




Running Coupling and Asymptotic Freedom

PDG 2022
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the theory of the strong interaction August 2021 QI[GeV]

QCD is calculable perturbatively at high energy scale!




Color Confinement

& % 1L Charmonium potential
o 00 © 2
@ = - ©® : ~
o — @ ,

Coulomb-like interaction Confinement

Color confinement / hadronization is non-perburbative
and remains a challenge in QCD!
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Lattice QCD

2000
1500
1] %‘ ]
= 1000 i
S e
Kenneth Wilson suggested 1974 to regularize QCD by 500{ ——K
introducing a 4-d (Euclidean) space-time lattice.
K. Wilson, PRD10 (1974) 2445 0 -

—— experiment
== width
o input
¢ QCD

S. Durr et al, Science 322 (2008) 1224

« 4D Euclidean lattice => continuum limit
« Choice of mass scale = physical mass
« QCD gauge fields = g/g and 2+(1)+(1) QCD

* Monte Carlo technique = statistics with super computer

Lattice QCD calculations often considered as the first-principle results!
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Deconfinement — QCD Phase Transition

Lattice QCD on thermodynamical parameters Lattice QCD on QQbar free energy
16.0 | | | | ) V(r,T=0) —%—
= T=232 Mev —+—
14.0 _£/T4 835/T4 7 3t T=279 Mev —v— # ﬁ A
12.0 . . & — T=348 Mev —— iﬁ
: " — T=464 Mev —o—
10.0 + E T=696 Mev —=— ‘? -
8.0 1 =) -
S 2 -
6.0 | 3 flavour T, "! -
2+1 flavour B, -—
40 r 2 flavour ;.-'
29 M, | y
0-0 . : . L L L l ' L 1 1 I
1.0 1.5 2.0 2.5 3.0 3.5 4.0 0 0.2 0.4 0.6 0.8 1
r [fim]
F. Karsch et al., PLB 478 (2000) 447 CP-PACS and JLQCD Coll. PRD 78 (2008) 011502

Lattice QCD calculations predict a phase transition at sufficiently high temperature
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QCD Phase Transition Temperature

|deal gas of quark-gluon system in thermal equilibrium:

Pion Gas Quark Gluon Plasma
T2 at phase transition T2
P:gH%TLI- P:gQGp%TLI-—B
7 7
gu =3, 9oepr= g(gq‘hgq) +99= chNstXZ + (N¢ — 1)Ng = 37

B: “bag” constant. B/ ~ 200 MeV estimated from 3-quark proton radius

90
m2Ag

T, = (B )1/4 ~ 144 MeV

Quiz: Estimate ideal QGP gas energy density at T = 200 MeV
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T. and Equation-of-State from Lattice QCD

igi T.(up = 0) [MeV] 0 e ® 16 s =0 o
162 N & Xsub 4 - ol ‘——Il—'_-
160 | (@] Zsub LS I ‘ [ :
158 “ = = >I< a/%stub 7 ’ [ | | |
156 © ; % a/%BXdisc b _ | 3p/T* ]
154 ¢ (156.5+ 1.5) MeV m | g W
152 | ] 3s/4T3 X
150 R\ |
C‘o,) < 1 <} T [MeV]
g}o P \\?\ \\ P \\ e \\ 0 | N [N (N N S N N O [N [N [ [N Y N [N N N N N N I AN N B |
(/(’0) \/6‘ \/{) o X 1% 130 170 210 250 290 330 370
(2+1) flavor Lattice QCD predicts at ug=0:
Physical quark mass T. =156.5 4+ 1.5 MeV
Continuum extrapolation cross over phase transition

HotQCD, arXiv;1807.05607



Introduction to Heavy lon Collisions

15



Heavy lon Collisions

Nuclear matter energy density R—rg- A3
Amy,, My, 3 m,, = 0.9315 GeV

Recall: energy density for ideal QGP gas at 200 MeV: 2.5 GeV/fm?3

Initial energy density
< my > (dN/dy)**
B Vo

€o

~ 0.14°7?/3In <2ﬁ> GeV /fm?
Mp Z. Lin, Ph.D. Thesis, 1996

High energy heavy ion collisions: an effective way to reach high energy density

Initial Bjorken energy density €Bj = A7 dy

RHIC (200 GeV): ~ 5 GeV/fm?3 in central Au+Au collisions
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Kinematics

rapidity pseudo-rapidity
1. E+p, 1 +
2 E — &2 2 P — Dz

Invariant cross-section/yield:
d3o do do

dp3 ~ 2mprdprdydd  2nmpdmpdydd

E

Natural unit; h=c=kB=1 hc = 197.3 MeV - fm

Collision energy:
Center-of-mass (CoM) energy per nucleon-nucleon pair: Vv SNN

Fixed-target: single beam energy (Ey) / kinetic energy (T=E,-m,)
SPS energy 158 A GeV <« kinetic energy

Quiz: SPS 158 A GeV (T) and RHIC 3.85 GeV (E;) = CoM +/SNN ?
Quiz: Show Yy is additive in Lorentz transformation, and Ed3c/dp3 is boost-invariant,
Quiz: QCD T, @ /=0 in standard unit (Kelvin).

17



Major Heavy lon Collision Facilities

Bevalac (~ 2 GeV) SPS (~ 17 GeV) LHC (~ 2760 - 5500 GeV)

______________

SPHENIX

LINAC N
EBIS

BOOSTER

AGS (~ 8 GeV) RHIC (3 - 200 GeV) FAIR (2-5 GeV)
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Relativistic Heavy lon Collider

BRAMHS

p, d, 3He, O, Cu, Au, U
=% £, 3.85-100 (255) GeV
M /s,y 3.0- 200 (510) GeV

Quiz: Estlmate how much gold does RHIC smash every RHIC Run (~6 months).
- 10° ions per bunch, ~100 bunches per store (avg. 8 hr), down time ~50%




Heavy lon Collision Evolution

. n, K, p
x K, p tlTe /
To
\ X 5 T f o e
Py ’g t Tc
O T %
=

Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1)
=

a) without QGP// \\ b) with QGP =
A B

RHIC 200 GeV collisions:

Two nuclei collide
passage time: 2R/y ~ 0.1 fm/c

<1 fm/c

~ 5-10 fm/c

Pre-equilibrium:
QGP evolution:
Hadronization:
Hadron gas evolution:
chemical freeze-out

kinetic freeze-out ~ 10-20 fm/c
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Heavy lon Collisions - Geometry

‘o o
P spectators 1 N

Number of participants: N,

Number of binary collisions: N, or N

participants
before collision after collision
— (a) Au+Au |s, =200 GeV
s 102 e Data (|[VZ'" °| < 6cm) — Glauber MC
Ezo
©
3
Collision centrality g o
. . s .
ideally to trace impact parameter 210+ 8
Experimentally determined through final state i B
multiplicity distributions and a fit to Glauber 10° [~ N\
Model calculations: g \_/
centrality classes / bias §
0

Npart @and Ny, etc. 0 200 400 600

N (nl <0.5)
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Chemical FO:

PA N A SR P AT & &
I [ I ! I . I
(7]
.9 1 L .O.-_Q;--é. ........................................ _O_ .................. )
e
- *
c -1 L
O 10 E
3 L2
5 o =
s t
-C 2 T T T o I I
210 .
o ; 5 @ © Y
a 075 | © _
© i
it -3 o) Ys
10 (OS5 7
'6 E | 1 i 1 A 1 i 1 -O-
— 0 100 200 300 400
= Nurlnber of plarticipantls 1 1
200 GeV "¥’Au + "®"Au central collision
Quiz:

Chemical Freeze-out

inelastic collisions cease and particle yields freeze

FO parameters extracted through thermal model fit to particle yield (ratio)

Thermal model description:

Grand Canonical Ensemble:
quantum numbers conversed on average

NzGC gz Z( 1 k+1 m2TK <%) eﬁkui

Canonical Ensemble:
quantum numbers conversed event-
by-event

Complications: Ensemble applicability / Feed-down contributions

pbar/p ~ 0.8 at 200 GeV, determine /5 (ignore (s /gand Ty, = 160 MeV).
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Kinetic Freeze-out

Kinetic FO: elastic collisions cease and particle momenta freeze
FO parameters extracted through Blast Wave model fit to particle pt spectra

R - -
dN ~ / rdrmTIO(pT sinh p)Kl ( mr cosh p) Au+AU (s, = 200 GeV
demT 0 T T 0.3
boosted I 5
= %805
© 0.2
random 9} 60-809; :
_ —1 < 5%
p _ ta’nh /87’ |_¥ i . 0-10%
%:*%.’ _p (I \n oq P ©0 oo
Br(r) = 68(?) 4 0.F 70-809 oy

- = nKp 0-5%
o L I L | | I L l | l | I L
0 01 02 03 04 05 06
B> (c)

Multi-strange/charm hadrons freeze-out earlier than light hadrons
- FO temperature close to T,
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QGP Signatures and

Experimental Evidences

24
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Jet Quenching in QGP Medium

p+p A+A
Boai o) = d® N g4 /dndpr

AA\PT) = (Noon) d2 Npp /dndpr
E No medium
- R=1 N effect
R "hard"
L Rﬁ 1 Medium
il OO energy loss
» soft —
0 1 2 3 4 5 6

Tranverse Momentum (GeV/c)

RM(PT)

X.N. Wang and M. Gyulassy, PRL 68 (1992) 1480

RPA(PT)

2000

1000

500

200

100

r_

Au+Au(b=0)

_ [ with shadow

with shadow
and quenching

no shadow
no quenching

no quenching
no jets

QGP drags/quenches fast
moving partons!
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QGP Signature — Jet Quenching

T I I T T T II I I I T T TTT | | I
> i SPS 17.3 GeV (PbPb) GLV: dN//dy = 400 ]
L O ° WA9B (0-7%) GLV: dN/dy = 1400 A
i B mon e iy GLV: dN,/dy = 2000-4000 |
i O 2 PHENIX (0-10%) YaJEM'D ]l
1 51 # h* STAR (0-5%) elasgc' =" _
. k -~ elastic, large P__

B SPS LHC 2.76 TeV (Pbe) - - YaJEM =
i ® CMS (0-5%) R :
- ¢ ALICE (0-5%) PQM: <&> = 30 - 80 GeV*/fm —
.| R —
Y AL o
] & |
A i
0.5 | ++# . ..... 1
Ul ¥, WL | e 8
- [!:B LI - i
0 i 1 Lol | Lol 1 1 ]

1 2 34 10 20 100 20

P, (GeVlc)

SPS: Raaincreases with py

RHIC/LHC:
Raa~ 0.1 -0.2 at pt> 6 GeV/c

Suppression due to hot and
dense medium — QGP signature

pQCD works reasonably well
in describing the large suppression
of RAA

Quiz: pQCD o« 1/p+5, assuming Ry, =
0.2 flat, what is the equivalent Ap+?
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Mass/Flavor Dependence of Parton Energy Loss
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STAR Preliminary

Au+Au =200 GeV

SNN

" DUKE c—e

| ||||*||||

$ $ %5 Nullhyp. o DUKE |

Raa(D) ~ Raa(h)

Raa(ey) > Raal(ec)
consistent with energy loss hierarchy
AE, > AE, > AE. > AL,



Parton Energy Loss

radiative energy loss radiative energy loss for heavy quarks

suppressed due to “dead-cone” effect

E /'/AE S lleg/;ylzu])ool
i 0.3 L=5fm
! dominate at high pr
I E-AE
| coherence effect
X L2-dependence 0.2
(medium)

Quark AE/E

collisional (elastic) energy loss

E E-AE

+AE

dominate at low pt E GeV)

Energy loss hierarchy for both
radiative and collisional energy loss

AE, > AE, > AE. > AE,

28



Collective Flows

Y o0
3 [ , d*N 2N
'.Qv g % b dp3  2mprdprdy (1+ g 2upcos[n(¢ — Vpp)))
O/

fe vp, = (cos[n(¢ — V,,)])

Vo. radial flow
v¢. directed flow
vo. elliptic flow
vs: triangular flow

Pz/‘ V456---

pressure gradient / Equation-of-State

Geometry anisotropy — Momentum anisotropy

QGP pushes partons to flow!

29



Hydrodynamics

— Energy-momentum 0, T (x) =0
conservation THY — oyty’ — (p + H)Auv + kv

Equation-of-State Lattice input for (g =0

— Initial and freeze-out conditions Glauber/CGC(in), Cooper-Fryer(out)

0.3

- ' e : -
Hydro model _e_e-\""f‘ﬂ o 105 AAA (central ) Au;Au g::g::l():a;sa.lé%l
_____ U1 _.en""f'rﬂ. 3104 9 PHENIX n° [0-10%]
2 v a > & PHOBOSE0-19%)
..... (] 103 BRAHMS r [0-5%]
o 5 n PHENIX'K'[D-?%]x1g'2
0.2— ¢ I =10 T
> ¢5  PHOBOS K [0-15%)] x 107
—h— * o 10 A BRAHMS K [0-5%] x 102
L * - Ni PHENIX p [0-5%] x 10
+ 1 STAR p [0-5%] x 107
T PHOBOS p [0-15%)] x 10°
53 -1 BRAHMS p [0-10%] x 10
0.1— | K10
- —
Z 102
PHENIX Data STAR Data % 10
O mHT * hh | 10°
RSN, ¥V K'+K A K§ 1046 [
Ol ] O p+p ® A+A | |
! 4 , | . I . | 10°
0 2 4 6 10 | '
p; (GeV/c) 107
10° H |
. . ydro L p
Hydrodynamic model describes low pr 1000l L LT

spectra and v, well! pr (GeVic) "




QGP Signature - Partonic Collectivity

0.15 H (c) 0-306%

=m xKg +¢ #E

[ ]
W)

° oA STAR Au+Au \/STJN =200 GeV

=i -
- 0.1 — AKep 0A ¢Q >:\I 5 [ AE 0K i 10-40%
[ o _
® : ( Toiage 8 5 0
£ - *E@Tﬁ~9 T 2 2= - 7T
N vt °
& 0.05 [~ @ —
> [ &8
> _
. ;
oyt -06 L
P 8 giEs=— Mg = 4/ Ph +mf e b)
-E < C | | | | |
o 0 0.5 1 1.5 2 2.5
2
(mT - mo)/nq (GeVic?)
2
(M -my)/n_ (GeV/c’) STAR, PRL 116 (2016) 062301, PRL 118 (2017) 112301

v, of light, strange and charm hadrons follow the same universal trend
- low p1: mass ordering = hydrodynamic behavior
- intermediate pr:  Number-of-Constituent-Quark (NCQ, n,) scaling

Partonic Collectivity
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Shear Viscosity-to-entropy Ratio

Va
= [ uitra-Cold o W Quark-Gluon
& ol Atoms L ! Plasma
: E \/
9 3
-06 L
o E
y = L
g. /
£ 0F \/
o :
= 5
E -
. String Theo[y Limit
E 1 1 1 | o )f A | 1 | 1 | L /11 1 1 1 |
0 4 B * 4 B 12 i 8 12

x107 x10° x10°
Temperature (K)

7]
Quantum bound /1 < 4”5 < 2.5
suggested by AdS/CFT




E d°c/d’p (mb/GeV?)

Quark Recombination / Coalescence

enhancement in baryon/meson ratio

8 ) AR
&‘5 (T+70) P 2K
§ 1k t)-l."e..°.. 4 OOQO o o
@ . 'o.. 80 @
= - e " s )
= o‘%o% . = ¢
Recombination & g‘fm wn® 0F éi H
gl ¢ i
@
. . 107'% 9‘1 S S R R R
baryon gecclamblnatlon Transverse Momentum (GeV/c)
oalescence .
NCQ-scaling of v,

0.15_I110361lll Ill_

T *K +h) ¢
o 0.1F 4Kep oA ¢Q

: c
: ragmentation
10 L
meson K .
_F 0.05
10 & L
NN T T CUT T FIRTU AT e ..
0 1 2 3 4 5 6 7 8 9 10

pr (GeV/c) e

2
(mT-mO)/nGI (GeV/c)



n's

Perfect Liquid / sQGP

10 -

0.1 o

J.E. Bernhard et. al, Nature Physics 15 (2019) 1113

~2 ~6 pr (GeV/c)
I I
| | >
hydrodynamics coalescence pQCD
b RS e
RHIC Scientists Serve Up
ﬁ} “I'ertecr’ Liguid
Gt i New st of matier mae remcrcbie o E =100 GeV
Water S AN i Posterior
Helium ‘ AM ERICAN
SCAPE Preliminary
Quark—-gluon plasma L:f&?&lg“.r .
: 1 _ JET Collaboration
0.5 1.0 1.5

TIT,

: 03 04 05
T (GeV)
JETSCAPE, QM23
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What is discovered is not what you planned

Strongly-interacting liquid
- sQGP

—

Weakly-interacting gas
- wQGP

Columbus's Discovery of America

America

C—

Asia

g ATLANTIC OCEAN, TOSCANELLL, 1474
w0 6s

5 s s o i imo ms 1o oo o0 05 v w5 8 w w5 o = s o
S PP i 0 R
D 3 e o,
Ry \\1 "(‘m ~r
\
§
o
=
CRANUS | 0GOIDENTALLS
-
FoER
K 3 naftiiaf
1 : T
N
ambn~, ST
By =
—
rdl - [»
£ih 12

145 10 185 W0 125 120 N5 W0 105 100 o5 00 85 80 75 70 65 60 55 50 45 40 35 30 2 20 15

The Correct, ouline of North, America, is shown in light. blue tnt
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QGP Evidence — Quarkonia Suppression

T. Masui and H. Satz, PLB 178 (1986) 416 ‘ P
Quarkonia suppression in QGP medium ~a %"G’
due to color screening F s ar | sl . @
- Sm0king_gun for deconfined medium Pertu-ltba‘tiv/e Vacuum ‘ s ;\‘.Colmueen}-hg

V(r) c-cbar potential

N V7] S &

r

Pbe 368/464 ub pp 28 0 pb (5. 02 TeV)

1.2 A A AL R AR AR
i - 30 GeV T ]
[ ® This analysis: Au+Au, 14.6, 19.6, 27 GeV . 1'2: |pyT|< 54 © CMS T
1~ o0 Au+Au, 54.4 GeV 5% s 1 Cent.
[ o Au+Au, 39, 62.4, 200 GeV 0-10% F 8% CL 95%cClL T 100%
0.8 ¢ Pb+Pb, 17.3, 2760, 5020 GeV 0.8 © TSy A es) vy reEs) u ]
s i - O] = Y(2S) Y(3S) ¥ Y(39)
o i 20% i
> 0.6 0-20% ’ o 0.6 1 4
@ i " —Total (0-20%) * T
0.4r @ - -Primordial 04 - @ T —
_______ ~ -- Regenelation i © T ]
0.2 T e e 0.21- * “ $ T ]
i STAR prellmmary i % * N T [!% 1
0 — 1(')2 ' 10 0O 50 100 150 200 250 300 350 0
F (GeV) <Noar>
NAG6O CMS, PLB 790 (2019) 270
STAR . . . .
ALICE Sequential suppression of different quarkonium states

— Strong evidence of color screening due to sQGP
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QGP Evidence — Net-Proton Cumulant Ratios

Multiplicity cumulants N =N —(N) C,=(N),Cy= <(6N)2> |
- susceptibilities of conserved quantities Cs = ((BN)?),Cy = ((6N)*) = 3((6N)?)

Calculable in Lattice QCD Cy =02, S =Cs3/(Co)}? K = Ci/(C)?

St [GeV]: 200 62.454.4 39 27 o e o e
2 T T ol CJ/C,(STAR Preliminary) - | C/C, (STAR Preliminary) B
NLO, RE, (Tpe) Crossover 2
g e s o = 1 1= 4 = o = N A e D
1p Re2(Tpc) . I i 1 ® Lo ® § ¢ 1 ol +@ACM2 i -
Lattice QCD 0 X s
ol Au+Au: i -2 Au+Au: ‘ -
ZrdRu: " . PR— = Zr®Ru:
, . - EH;tG GCE +p+p oOzZrtzr |-4F o
- =4 Alice 3 =200 GeV Net-prot
RE,=Mg/c? Pythia (8.2) A Au+Au ® Ru+Ru . VS_NN PHISHRIOS
~ I ] I I 1 12 : s s e honrcns o . L S | S |
0 01 02 03 04 05 06 07 o8 0 100 1000 10 100 1000
HotQCD, PRD101 (2020) 074502 Charged Particle Multiplicity
Wei-jie Fu et. al, PRD 104 (2021) 094041 STAR, PRL 127 (2021) 262301, SQM 2022

Net-proton cumulant ratios decrease as multiplicity increases
= consistent with Lattice QCD for thermalization + crossover transition
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Recent Developments and

Future Directions at [l =0
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nls

10 -

0.1 5

Properties of sQGP

~2 ~6 pr (GeV/c)
! ! >

hydrodynamics coalescence pQCD

E =100 GeV
Posterior

21 JETSCAPE Preliminary

Quark-gluon plasma / + J ET Collaboration
05 1.0 15 20 25 0 0:2 0:3 0:4 O:5
e T (GeV)

Precision determination of sQGP properties (T, p-dep etc.) and their relations

77/87 q, €, DS7 OEM
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Future Direction: Heavy Quark Transport in sQGP

= 1 Femtoscopic “Brownian” motion dp L o
~ aa®® o =~ +§
. “/ '\ Langevin stochastic simulation
/'/{-;\ Mq>>T, Mq>>gT D, = (z2(t)) — (z*(0)) _ t
— 2dt Mnp(p = 0)
/ 4 ' apprm;imate ralnge of' by LHC \ f 7 »ee MART ' '~ McGill-AMY \
maximal initial temperatures == HT-BW ==« GLV-CUJET
i probed by RHIC : _m HT-M " ]
\g @ 4 F e
2 (g
3 -
1
2 -
% o1 o2 4 05 06 07 1 EI\AJ'I‘_:{{(DI %atm a5 o
0001 02 03 04 05
D.(27T) ~ nls T (GeV)
ratio depends on the strong/weak Apt _ 4Dy Ey 2w TDs = 5% T3

: q= =
coupling nature of QGP A P 4(p —0)
\ R. Rapp and H. van Hees, 0903.1096 \ collisional vs. radiative energy Icy

Heavy quark transport — to probe QGP with comprehensive p; coverage
- unique insights to both perturbative and non-perturbative regimes
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Future Direction: Heavy Quark Transport in sQGP

LI I L L L L L L

0251 PbPb 5.02 TeV, Cent. 30-50%
- e ALICED® D', D™yl <0.8
e CMSD°lyl<1 ]
AuAu 200 GeV, Cent. 10-40% |

0.2F )
- e STARD lyl<1
0.15 [ 13 ]
N ]
> LB
0.1H .
i i lh =
0.05 o ]
0_|III||III|IIII|IIIIIIII|IIII|IIII|II|I_
0 5 10 15 20 25 30 35 40
p. (GeV/c)

27.4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
1.6F B [= Jcmsiyi<1
146 Do+ D° [ JALICElyI<05

E CMST,, and lumi. [e ]sTAR2014

1~2:_ uncertainty

o:llll 1 1 IIIIIII 1 1 llIlIlI
1 10 102

»n 50

S

&

Lattice QCD
© Ding et al.
40 = Banerjee et al.
A Kaczmarek et al.

e HotQCD

30

|J~|«r| T 1 | T T 1

20

10

||II|[II]|I

Weakly coupled scenarios ruled out
2n1Ds~1-4 @ T,

LQCD calculation ~1-3

close to quantum bound from AdS/CFT
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Future Direction: Dileptons

Hard scattering QGP phase Hadron phase Freeze-out
Bremsstrahlung  QGP radiation Resonance (p) decay Long-lived particle (x,n) decay

Thermal dileptons: no strong interaction, no blue-shift effect

Golden probe to characterize hot QCD medium at different stages!
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Dileptons — Chiral Properties

(\'TL; 106 __ STAR —e—¢'e’ — Cocktail Sum
= Au+Au 0-80% —— e T noree : : : : : . , . , ,
% = pe>0.2 GeVic [ o—ee & won’ee — n—vee - Vacuum -1 T=140 MeV
(D | m=<1, lyeel<1 o—ee & o—omnee E Jhy—ee p .
N - 2 5
e |\ e A <. --- DY—>ee Z 0.06 — Vector T — Vector 1
0 [ = — Axial-vector - — Axial-vector
%’ 102 R
[ < 0.04F E T 1
s 5 aq :
ke 0.02F -1 1
Z ]
© 0.00 ; . . ; ‘ e . , . . ‘ . e
- o 1 £ & v ¢ T " i ! i y L g t i
102 0.08 - T=150 MeV T T=170 MeV 1
: 0.06 - — Vector T — Vector
= — Axial-vector - — Axial—vector
<z
b 0.04 - = o p
R, )
I e, S .
105 |-, ooz -1/&/\,_'
L T ——— L '
VVVVV 0.00 ; . i . . . poese . . . . . . L
AL, 0.0 05 1.0 15 20 25 3.0 35 0 0.5 1.0 15 20 25 30 35
5 1 s (GeV?) s (GeV?)

P. Hohler and R. Rapp, PLB 731 (2013) 103
STAR, PRC 107 (2023) L061901

Significant broadening of dilepton low mass spectra from SPS to RHIC
- p in-medium interactions with baryons in the hot QCD medium
- consistent with (partial) CSR in the hot QCD medium
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Dileptons — Medium Thermometer

__ “Excess” = “Inclusive” — “Cocktail Sum” ___ —~400 J—
[ —=— STAR Au+Au 54.4 GeV (0-80%) > L
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Q

-
<
~
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IllllllllllllIllllIllllllllllllllllllll
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0.2 0.4 0.6 0.8 1 12 sof O JaSH °T,GCE T, SCE °
M, (GeV/cZ) = T SH: P. Braun-Munzinger et al. Nature 561, 321-330 (2018)
I [ T.. GCE/SCE: STAR PRC 96, 044904 (2017)

OT L gl L iaal e
[ —— STARAu+Au54.4 GeV (0-80%) 1 10 10 10°
E —e— STAR Au+Au 27 GeV (0-80%) NAGO0: EPIC (2009) 59 607623 HADES: Nature Physics 15, 1040-1045 (2019) uB (MEV)

——— NAG60 In+In 17.3 GeV (chhldn > 30)

STAR, QM2022

y)(AN_/dn) (20 MeV/c?)’
3
j]f

fit by M*? x e™T
5 ThaeAuSt4GeY _ 338 + 59 MeV dN
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S0°F N X Mee e e
s | g a2 AMee
% E  STAR Preiminary
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Dileptons to Prob QGP Properties at Different Stages

Thermal dileptons at IMR (1.1 <M < 3. GeV/c?)

Polarization (angular distribution) to

Partonic or Hadronic thermal source — Elliptic flow
probe the degree of thermalization

0.061- AUAU@|5,,=200 GeV 20%-30% centrality
i 1000 events hadronic, . ......-«- _ do ,
! Sy e —— x 1+ acosf
0.04f-  hemedenianett d)*
= g = Total (Eq. 7)
----- Hadronic (Eq.7)
== Partonic (Eq.7) oy . -
0.02 - -.- Hadronic (EQ.5) Initial Drell-Yan, fully polarized o=1
i - -« Partonic (Eq.5) _ Completely thermalized, isotropic  a=0
i , partonic
e E— E. Shuryak, 1203.1012
M [GeV/c?

H.J. Xu et al., PRC 89 (2014) 064902

‘ Cross section, v,, a (M, p7)
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/ QGP Properties\
@ DB ~0

approximate range of by LHC

maximal initial temperatures
probed by RHIC

T[GeV]

foee MARTIN " McGill'AMY
--- GLV-CUJET

The Phases of QCD

Quark-Gluon Plasma

BES-I|
Yoo

RHIC Collider

Temperature MeV)

Color n/
Supercoriductor

0 200 400 600 80 1000 1200 | 1400 1600
Baryon Chemical Potential p (MeV)

At [z ~ 0, overwhelming evidences : sQGP at RHIC and LHC
Exp. + Lattice QCD: Crossover phase transition

Future focus:
Quantitative characterization of emergent QGP properties
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Homework

1) Estimate ideal QGP gas energy density at T = 200 MeV.

2) SPS single beam kinetic energy 168 A GeV (T) and RHIC single beam
energy 3.85 GeV (E,). Convert them into CoM energies.

3) Show rapidity (y) is additive in Lorentz transformation, and Ed3o/dp3 is
boost-invariant.

4) QCD T, @ /=0 in standard unit (Kelvin).

5) Estimate how much gold does RHIC smash every RHIC-Run (~6 months).

- 10° ions per bunch, ~100 bunches per store (avg. 8 hr), down time ~50%

6) pbar/p ~ 0.8 at 200 GeV, determine [ (ignore /s, [igand T, = 160 MeV).

7) pQCD o« 1/p7% assuming Ry, = 0.2 flat, what is the equivalent Ap+?
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High Energy Frontiers

Jets

Heavy Flavor

Chirality / Vorticity

— Yaxian Mao

— Zhenwei Yang, Xiaoming Zhang

— Qiye Shou, Qinghua Xu
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Answers

1)

1)

3)
4)

5)

6)

7)

Calculate ideal QGP gas energy density at T = 200 MeV
£ =3P = goep Z—OT‘* ~ 2.5 GeV/fm® @ T =200 MeV

SPS single beam kinetic energy 1568 A GeV (T) and RHIC single beam energy 3.85 GeV (E,).
Convert them into CoM energies

Show y is additive in Lorentz transformation, and Ed°®o/dp? is boost-invariant.
QCD T, @ /5=0 in standard unit (Kelvin).

Estimate how much gold does RHIC smash every RHIC-Run (~6 months). - 102 ions per bunch, ~100
bunches per store (avg. 8 hr), down time ~50%

pbar/p ~ 0.8 at 200 GeV, determine [ (ignore s qand T,, = 160 MeV).

pQCD o« 1/p;5, assuming R,, = 0.2 flat, what is the equivalent Ap;?
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Tuesday Presentation



Tuesday Outline

QCD Phase Structure at Finite [

Beam Energy Scan Program at RHIC
Selected Results from BES-|

Preparation for BES-II
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QCD Phase Diagram

/QGP Properties\
@ DB ~0

approximate range of by LHC
maximal initial temperatures
probed by RHIC

300 I LHC

The Phases of QCD

01 02 04 05 08 07

e 250

7 [ MARTRY MGl AMY.

S il oo GLVCUET = AR Quark-Gluon Plasma
©

RHIC Col ider
o e S IT
E g
o
8
e 100
©
= as Color n/
50 Supercoriductor
0 0 200 400 600 800 1000 1200 1400 1600

Baryon Chemical Potential p (MeV)
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QCD Phase Structure at Finite [ 1B

/QGIZ@PSZEGSES\ QCD Phase Structure

@ finite (g

approximate range of by LHC

maximal initial temperatures
probed by RHIC

300 lLHC

The Phases of QCD

7 R VARTI ‘T[GEV] " McGill'AMY: 250
e S R e i Juark-Gluon Plasma
5F > f '4/[1 2
) ©
B < /0 BES-j \
RHIC Col ider
o S e e W BT
3 R e
i
S 8_
e £ 100 ca
= as Color n/
50 -~ Supercoriductor
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Baryon Chemical Potential p (MeV)



Critical point
o1g= oo\ _(374°C218atm) .
€
T o
— solid
D
?
b B e & S
Q
o
0006 I " Triple point .
' (0.01° G, 0.006 atm),
| Phase diagram of water |
1

Is There a Critical End Point (CEP)?

Temperature (°C)

T T
0.01 100 374

155MeV

Lattice QCD:

Te~ 155 MeV

pseudo-critical line up to O(u4)
sure (EoS) up to O(p8)

Nuclear Measurements
Liquid-Gas ’\

Pion gas

~920 MeV

Model calculations suggest a first-order phase transition at sufficiently high [z

Is there a critical end point (CEP) of first order phase transition?
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Model Predictions on QCD CEP at Finite [z

200

Temperature T (MeV)

—
0
o

o
o

9]
o

A  Chemical freeze-out

Lattice-QCD crossover

r LHC l SPS LGS J-PAIRC/FAIR/NICA/SIS I CSR | l I ]
<4 RHIC-BES P4~ = = RHIC-FXT = = = =»>
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2 1 2- -\(JHEP-2002)
_A ¢¢ A A PAY .é "3 . 53- LQ-IluHeP-2004) |
. M’ ;4- LQ-llprD-2017)
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7A 8 ¢ ; 6- DSE-lrrp-2014)
ﬂ 9 ;7- DSE-llrrp-2014)
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1 2- LSMprc-2001)
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CP LOCATION

0 200 400 600 800

7000 1200 1400

Baryon Chemical Potential U, (MeV)

A. Pandav et al, PPNP 125 (2022) 103960
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Lattice QCD on CEP

At finite [z: Tyler expansion method — sign problem makes it challenging

P(Tpp) _ p(T0) i 1 /T
e T4 1 n! 5(”TB )
175 : r . ; ;
170 T. [MeV] crossover line: O(u%)
i constant: e
165 | s B |
freeze-out: STAR e
160 L4 ALICE =
155 e ~
150 | + —
145 1 ng=0,2=04 +
140 + -
ps [MeV]
135 : ' '
0 50 100 150 200 250 300 350 400

A. Bazavov et al., PLB 795 (2019) 15

()" = 3 eu(T)(22)"
pp=0 n=0

Calculations for y,, up to
8th order favor:

Tcep < 140MeV uCEP > 400MeV

or CEP likely locates at

HUB

> 3
T
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Experimentally Accessing Phase Diagram

Empirical fit to chemical FO parameters E-by-E simu from hydro calculation
wof T Nuclear Matter Phase Diagram
160;_ 200 = _ —=—=—LQCD cross over line GP
140 E STAR thermal fits

3 120f Y .
E:_ : Parameterizations ] , 0-5% AuAu
~ 1005_ Statistical hadronization _ a In| < 0.5
80F [ dN/dy yields E N
60 [ O 4rn yields v . 19.6 GeV 943/77
40 F .
i +—HHHH——— - ——— - O 0.: 50 GeV
800 |
600
< I
2 400
= I
200} Hadron Gas
0: 0.4 0.6
E T 5 (GeV)
Vsun (GeV)
A. Andronic et al, Nature 561 (2018) 321 C. Shen et al., arXiv:2010.12377
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Beam Energy Scan Program at RHIC
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[
-
=}
)
©
-
QJ
Q
5
[t

LHC 2.76 TeV

Beam Energy Scan Program at RHIC

Quark-Gluon
Plasma

CritiCa/ POint

Kinetic Fre—;e~z;e;-;c;t>1;t\ -

Hadronic Gas

Baryon Chemical Potential

BES-I (2010 — 2014):
[g: 70—400 MeV

62.4, 39, 27, 19.6,
14.6, 11.5, 7.7

BES-Il (2018 — 2021):
[g: 150 — ~720 MeV

Collider mode
27,19.6, 17.3, 14.6,
11.5, 9.2, 7.7

Fixed Target mode
13.7,11.5,9.2, 7.7,
71.2,6.2,5.2,4.5,
3.9,3.5,3.2,30
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Why Should We Return to AGS/SPS Energies?

Established evidences for sQGP
formation at 200 GeV

Jet quenching

partonic collectivity

THE EARLIEST
UNIVERSE

Theoretical advances in understanding heavy-
ion collisions

pQCD for energy loss in medium
standardized hydro model

Experimental technique advances

machine dev. allowing high stat. collision
much improved detector technologies

Community expansion
new generation of researchers
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STAR Detector (2010-2014)

o T
5 £

Uniform acceptance at mid-rapidity across collision energies |
Excellent particle identification, fast DAQ '




STAR Detector Upgrade 2010

Full Barrel Time-of-Flight (BTOF) in physics data taken starting 2010

A major US-China collaboration project
Multi-gap Resistive Plate Chamber (MRPC)

sedsssassnistatadeteiatataseiiattatiasitatsizestasists

e 1.6 "
- I~ ’I

YN

18

18 g% Phys. Lett. B 616, 8 (2005)

u“?3 is3siatatatatetedetetetatatatsistatatatatetstets

121 " | -
Timing resolution < 75ps e e
proton PID extended to ~ 3 GeV/c AT
0.8~ Tl
Key contributions from USTC, Tsinghua, E e
CCNU, SINAP etc. %% o5 1 15 2 25 3 a5 |

p (GeV/c)

DAQ 1000 TPC read-out upgrade to enable large statistics (both MB and
triggered) datasets to take advance of RHIC luminosity upgrade

Quiz: time resolution needed for STAR TOF to allow 3o separation
of protons from /K? (L~ 2.1m)
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BES-I (2010-2014)

Pilot run 2009, Au+Au 9.2 GeV, 3k events. - one Ph.D. thesis, one publication

BES Phase-|

2010 Au+Au 7.7 GeV

Year VS Events by
(GeV)  STAR (10°)

2010 62.4 67
2010 39 130
2011 27 70
2011 19.6 36
2014 14.5 20
2010 11.5 12

Central Au+Au @ 7.7 GeV 2010 7.7 5




Particle Identification

AutAu @ 39 GeV

0.014 — - s
- Au+Au 39 GeV o r Au+Au 39 Ge
T 0012 n, K 2r : .
s f P g RS
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= C @ 1.6 <
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05 0 05 1 15 2 -15 1 05 0 05 1 15 2
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3 '_ 1] 1 4 : '=_"_ 1 T 1 :
= | A ] €l i ] =
T o 1 €% 1 &
3 | ] 3 | | 2
3 4} 1 = 0.2[ § 2
N 3 < -— | | ol
3 of 1 3 of 1 3
Z - T z [ ] pd
© © L ©
. ) o ) . (R | e g e e
0 1.1 1.15 0 13 135 14
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><106I . .
0 :
6 T
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- — same event
[ (3 mixed event '
i 1.05 EK
M(K* K) (GeV/c?)
x10°
X ﬁ"‘ T T T
41
2_
0 1656 17 175
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PID in Full Momentum Region

rdE/dx for PID beyond TOF

K -8% I70I

K +8% 17
—e -8% 170
—e +8% 170

log, (dE/dx)

........

—p -8% 170
A —p +8% 170

x-8% 170
x +8% I70

xxxxx

3 3 'y 45‘ 1 ) A

M. Shao et al, NIMA 558 (2006) 419

v AuAu n* (dE/dx)
o AuAu: 7 (dE/dx)
+ AuAu:* (TOF) =,
o AuAu:w (TOF)

LENLE L L L L L L L L L L L LA |

v AuAu: p (dE/dx)
© AuAu: p (dE/dx)
» AuAu: p (TOF) -
O AuAu:p (TOF)

L 40t B

2 [ B
3 | T G
o - -+ -
S ® —4 —
F i 0 Oo T :
% R L © O’, s 2z E
> =5 ‘ 000 ® b B
Ortod Bh% % 0, ° ®0-12%x10° | B
gL BRS % e T1020%ca0’ ] :
= L R0, " o ©2040%«10 | ]
«f, 107 00000 ® o °MB(0-80%)+ N
= o, " o *40-60%/10 .
2 ® o ©40-80%/10° | E
107 60-80%10° | E
L é °q o A il W ric Bl el el i e =
0T e e 2 e e 0 2 T e e e 12

Transverse Momentum P, (GeVic)
STAR, PRL 97 (2006) 152301

8% dE/dx resolution = ~ 26 separation between pions / K+p

dE/dx + TOF + rdE/dx. =
|dentification of pions and protons in full momentum region

Quiz: Can this be applied to kaons? Any way to identify K+/- at high p?
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Signatures

-

o
o

Anisotropy Parameter, v, Ing

\_

0.05

Onset of
sQGP evidences

STAR, PRL 118 (2017) 212301

~

oD’ o A STAR Au+Au \sy

AE

=200 GeV
10-40%

(m_ - mg)/ n, (GeVc 2

Au+Au @ 200 GeV

partonic collectivity
jet quenching

/ Softest Pressure Poinm

- 1st order phase transition

P. Huovinen and P. Petreczky,
NPA 837 (2010) 26

c§ 0.35
03¢t EoS Lattice
EoSQ -
EOS HRG ------

025}

0.2} =
0.15

150 300 450 600 75C
T [MeV]

Potential signatures

* minimum in (net-)proton dv,/dy

* plateau in particle spectra slope
parameter

Q\hancement in dielectron y@

/Enhanced Fluctuations\

— critical point

M. Stephanov, PRL 107 (2011) 052301

C4/C2
baseline

\/g_-.

* Nonmonotonicity in net-B,
net-Q, net-S high order
cumulants

- /
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Selected Results from BES-I
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Chemical Freeze-out Properties

Statistical thermal model THERMUS used for
extract chemical freeze-out parameters

Particle yields/ratios including all measured
particles (n*, K%, p, p, Ks, A, ATETE") used
in the fit

» Grand canonical ensemble (GCE)
 Strangeness canonical ensemble (SCE)

V & m2T km,;
Nee = 9 D1 g [ 28 ) Bku
Zg_g.
NS = (—) NSC
’ Zg ‘ ’#s=0

THERMUS: Comput. Phys. Commun. 180 (2009) 84
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Energy Dependence of Chemical Freeze-out

-
)
%250j Quark-gluon plasma
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Chemical FO temperature from SPS to LHC
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Energy dependence = empirical function fit
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A. Andronic et al, Nature 561 (2018) 321
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Kinetic Freeze-out Properties

ALALELELE ELELELELE ELELELELE ELELELELN BN LR ELEML 200F, 7T ' ]
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Evidences of the Formation of sQGP at 200 GeV

“Jet Quenching”

- Significant suppression in particle

yield at high pt in central heavy ion

collisions

~o-d+Au FTPC-Au 0-20% |
—4—d+Au Minimum Bias

 * Au+Au Central ]
o-—— . . . L

0 2 4 6 8 10

STAR, PRL 91 (2003) 072304

“Partonic Collectivity”

- Strong collective flow, even for multi-strange
hadrons (¢, Q) and charmed hadrons (D9)

- Flow driven by Number-of-Constituent-
Quark (NCQ) in hadrons

STAR Au+Au |s,, = 200 GeV
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Disappearance of R, Suppression
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Rep (0-5%/40-60%)
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V2(X) -VZ(X)

Breakdown of Universal NCQ-scaling

T T T T T T T T
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STAR, PRL 110 (2013) 142301, PRC 88 (2013) 014902

« Significant difference between baryon-antibaryon v, at lower energies.
* No clear baryon/meson grouping for anti-particles at <=11.5 GeV.

Universal NCQ scaling is broken at lower energies!
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Dielectron Production
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First Order Phase Transition Search

: — o2 0.35
First order phase transition s
P - a low/zero (“soft”) oo e
pressure point ' g
EoS HRG -----
0.25[ i
0.2} e
Pc
E<(Tc) E>(Tc) I 015 [ "
150 300 450 600  75C
T [MeV]
Observables:

* Transverse momentum spectrum

- flattening of <p;> could be an indication of 1st order phase transition
L. van Hover, PLB 118 (1982) 138

* Directed flow of protons

- A hydro model calculation including 15t order phase transition predicts a double-
sign change in the proton directed flow slope parameter.
H. Stocker, NPA 750 (2005) 121
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Flatness of <m:> could be an indicative of mixed-phase

10 100 1000

STAR, PRC 96 (2017) 044904

- caution: my contains contributions from thermal + collectivity

Quiz: invariant spectrum follows exp(-m+/T), derive <m>
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Dip in Directed Flow of (Net-)Protons

-0.02

-0.04

7 0.01

dv./dy|

0.01

10-40% Centrality e

é/)/f i

- + a) antiproton

i b) proton

* Proton v, slope changes sign from + to —
between 7.7 and 11.5 GeV and remains
small but negative up to 200 GeV.

* v, slopes for other particles are negative.

* “net-proton” v, slope shows a minimum
around 11.5-19.6 GeV.

« UrQMD models cannot explain data.

STAR, PRL 112 (2014) 162301

P =r ol + (1 —7r) o) P

r=p/p
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Critical End Point Search

Lattice calculation of QCD critical point at finite [g is still challenging.
At critical point with an infinite system

- correlation length should diverge S 1

- susceptibilities should diverge o

Proposed Experimental Observables:

Moments of conserved quantities: net-baryon number, net-strangeness, net-charge etc.

- directly related to the susceptibility ratios (calculable from Lattice QCD)
- sensitive to correlation lengths (v. A. stephanov, PRL 102 (2009) 032301)

b 1
mean : M = (N) = (i, ;
variance : 02 = ((6N)?) = Oy, L\CJ: baseline
skewness : S = ((6N)?)/o® = 03/03/2, ©
kurtosis : k = ((6N)*)/o* -3 = C,/C2. \/:

Quiz: what are skewness and kurtosis for a Gaussian distribution (/] c)?
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“Non-monotonic” - Higher Moments of Net-protons

1 lll'lll I ) lllllll 1

(2) KG? STAR
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|
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* k*o2 in peripheral collisions
~1

* Non-monotonic distribution
vs. collision energy for k*c2in

central collisions
- evidence of CEP?

« UrQMD (no QCD CEP)
shows a monotonic
dependence vs. energy

5> 5 10 20 50 100 200
Collision Energy \'s,, (GeV)

STAR, PRL 126 (2021) 092301
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Summary from BES-I

Many observables show drastic change at energies below 20 GeV

- compared to the results obtained at 200 GeV (formation of sSQGP)

= Beam Energy Scan Phase Il with focused energies + increased statistics
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Preparation for BES-II
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Proposal for BES-II

Observables:

Rcpupto pr =5 GeV/e

Elliptic Flow (¢ mesons)

Chiral Magnetic Effect

Directed Flow (protons)
Azimuthal Femtoscopy (protons)
Net-Proton Kurtosis

Dileptons

Require increase of beam luminosities
with electron cooling - LEReC

luminosity 1/(cm”2 sec)

1x10%8
1x10%7
lx1026 p g.::,r—" _ ” - - -
f»'ﬁ - -
—= =

; 5

1x102° —_—
*,
4
’
1x10%4 - : ~
5 10 15 20

center of mass energy [GeV]

Studying the Phase
Diagram of QCD <
Matter at RHIC _g )

A STAR white paper summarizing
the current understanding and
describing future plans

01 June 2014
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STAR Detector Upgrades for BES-II

iTPC Upgrade:
* Rebuilds the inner

sectors of the TPC

* Continuous coverage
* Improves dE/dx

* Extends 1 coverage
from 1.0to 1.5

* Lowers p; cut-off from
125 MeV/c to 60 MeV/c

upgrade
ndcap

vent Plane Detector

/ /;"

EPD Upgrade:
* Improves trigger

* Reduces background
* Allows a better and
independent reaction
plane measurement
critical to BES physics

Endcap TOF Upgrade:
* Rapidity coverage is critical
*PIDatn=1.1t0 1.5

* Improves the fixed target program
* Provided by CBM at FAIR
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inner TPC (iTPC) Upgrade

TPC Sector
] e Ry R -y A ] Y B
08 - el - & et ++++HJ(
0.6k ] + Proton1<|n|<15
0.4f 3 " ! J[
: - : - :* Jes m*f++++++ +
0-2_ f’roton efﬁcuenC)_/ “ Proton |n| <1 .* +++ |
) S L L T T
; / pl p(
— Of’ 3 } full coverage Key contributions from SDU,
\;: =0 - iTPC USTC, SINAP etc
i $S
ey 5 [ qY]
\L B | :3 \Q 1 -

engineering run
Significantly improved tracking efficiency at 1<n<1.5 in 2018

: fully operation
Improved dE/dx and momentum resolution in 2019
Tracking threshold pushed to 60 MeV/c (125 MeV/c)

Quiz: iTPC 40 layers (r= 566-128cm), tracking need 15 hits minimum

(B=0.5 T), derive tracking pt threshold. 6




Endcap TOF (eTOF) Upgrade

n=150

CBM MRPC TOF modules (FAIR Phase-0)
New PID capability
extend rapidity range (1<7<1.6) (Collider)
midrapidity in CoM frame in FXT mode

0 025 05 078 1 126 1§ 178 2

fully operation in 2019 Rapidity (y)




Event Plane Detector (EPD) Upgrade

| fully operation in 2018 | __Sim, Au+Au @7.7 GeV.

P(multi hits) < 10%
optimal * X

* EPD, 12 ¢ seg. *

[ * EPD, 6 ¢ seg.

I @ BBC inner z

*
% ¥
*

\P, resolution
ot
[ ]

1 PR W iy A Lk AR il ST
0 10 20 30 40
centrality (%)

UrQMD, \s,,=19.6 GeV

' ' 10°
(a) Beam-Beam Counters (b) Event Plane Detector e 10 g
=
32 channels 768 channels c % 10
% 200 102
Significantly * Event plane recon. & o 3
mm) - Centrality selection

improved granularity

« Triggering

RefMult
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iTPC

TPC

Summary

With the LEReC and STAR upgrade
detectors, RHIC launched Beam Energy
Scan Phase-Il from 2019 - 2021

* high statistics
« extended kinematic coverage

« extended PID capability

54.4 GeV in 2017 and 27 GeV in 2018 are broadly considered as BES-II as
well, though these datasets didn’t benefit from the detector upgrades
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Hoeworks

1) Time resolution needed for STAR TOF to allow 3o separation of
protons from #/K? (L~ 2.1m)

2) Can the rdEdx method be applied to kaons? Any way to identify
K+/- at high p?

3) Invariant spectrum follows exp(-m+/T), derive <m> .

4) What are skewness and kurtosis for a Gaussian distribution
(L0)?

5) iTPC 40 layers (r= 56-128cm), tracking need 15 hits minimum
(B=0.5 T), derive tracking pr threshold.
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Thursday Presentation



Thursday Outline

Beam Energy Scan Phase-ll Data Taken
Recent Results from BES-I|

High g Physics: Future Prospects from BES-II
and Beyond
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RHIC Beam Energy Scan Program

\/Wv (GeV) Beam E (GeV) # of Good Events BES-|
2017 54.4 1350 M _
IE 3 : 27 560 M : 70M
fie '8 : 2018 7.2 26.5 (FXT) 155 M '
5 Quark-Gluon Y St
1= 12 : 19.6 582 M © 3BM
111 Plasma 14.6 324 M 20 M
L 2019 7.7 31.2 (FXT) 50.6 M :
11 3.9 7.3 (FXT) 52.7 M
ol | (| 3.2 4,59 (FXT) 201 M :
3 111 115 235 M 12M
o | 1] 9.2 162 M
8 7.7 31.2 (FXT) 12M
g‘ = 7.2 26.5 (FXT) 317 M
ﬁ 2020 6.2 19.5 (FXT) 18M
5.2 13,5 (FXT) 103 M
4.8 115 (FXT) 235 M
Kinetic Freeze-om ' 22 bt 12N
3.9 7.3 (FXT) 1M7M
35 5.75 (FXT) 116 M
. 17.3 250 M
Hadronic Gas Gm b oo
- 135 100 (FXT) 50.7 M
; 15 70 (FXT) 51.7M
Baryon Chemical Potential p; o1 445FM 53.9M

3.0 3.85 (FXT) 20B




Electron Cooling - LEReC

LEReC — Low Energy RHIC electron Cooling

Good Event Rate
VSwn (GeV) BES-I BES-II
19.6 80 500
17.3 - 400
14.6 25 190
11.5 20 120
9.2 6 40
7.7 7 30

Au+Au 7.7 GeV.in 2021

X
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o
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T Tl LT T T LT T T PR (P

Coémpletze '

Machlne W 01 IS F NP SR

optimization / '

Illl’lll!lllll

-=== Latest 7
day trend

............. "'. . Recorded

llllll]lll

T

31%an 28/Feb 28/Mar 25/Apr 23/May 20/Jun 18/Jul
day

7.7 GeV goal finished within 12.1 weeks!
(estimated 20 weeks)
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Vo(X)-v (X)

Key Findings from STAR BES-I

/B

reakdown of NCQ-scaIinc\
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PRL 126 (2021) 092301

5 10 20 50 100 200

Collision Energy |sy, (GeV) /

Many different features observed at low energies, while uncertainties at < 20 GeV are limited
— Beam Energy Scan Phase-Il (high statistics + extended kinematic coverage/PID capability)
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STAR Detector Upgrades for BES-II

iTPC Upgrade:
* Rebuilds the inner

sectors of the TPC

* Continuous coverage
* Improves dE/dx

* Extends 1 coverage
from 1.0to 1.5

* Lowers p; cut-off from
125 MeV/c to 60 MeV/c

upgrade
ndcap

vent Plane Detector

/ /;"

EPD Upgrade:
* Improves trigger

* Reduces background
* Allows a better and
independent reaction
plane measurement
critical to BES physics

Endcap TOF Upgrade:
* Rapidity coverage is critical
*PIDatn=1.1t0 1.5

* Improves the fixed target program
* Provided by CBM at FAIR
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Detector Acceptance Coverage

STAR @ BES-I|

Collider Mode

STAR @ BES-II

=S
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STAR Fixed-Target (FXT) Configuration

Target@ z=2m
250 ~m gold foil

Courtesy of Benjamin Kimelman

98



STAR Acceptance: Collider vs. Fixed-target

Collider Mode : CMS/lab-frame
bTOF eTOF

/|
Fixed-target Mode lab-frame
i bTOF eTOF
0 16 20 25 55 !
Ymid 1.05 1.53 2.1

Vsnn (GeV) 3.0 4.5 7.7
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dE/dx in TPC (keV/cm)

Particle Identification
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Proton Acceptance in Center-of-Mass Frame in FXT

N | I
L2 Dashed box:
% L B - 0.4<p1<2.0 GeV/c
O) * ly[<0.5
~ - Used in collider net-proton
= cumulant measurements

O 451 ]

1= |

0.5 —
At 3.0 GeV, STAR with iTPC+eTOF
= covers full range of 0.4<p1<2.0,
0 T ly|<0.5 for proton cumulants
) — measurements.

center-of-mass frame
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Datasets from Beam Energy Scan Phase-ll

« x10-20 more statistics compared to BES-I at collider energies
« 8 collider energies (7.7 — 54.4 GeV) / 12 fixed-target energies (3.0 - 13.5 GeV)
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Detector Performance
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Recent Results from BES-I|
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Particle Yield and Chemical Freeze-out

PRC 96 (2017) 044904 102006243927 196 115 77 Gev
F E : Au+Au Collisions (a) .
o AutAu 7.7 GeV 0-5% Py Aut+Au 39 GeV 0-5% 1 170 -
100F @ @ > . - ]
g o ] = |
: < o : 1601 Tk O AQT L., E
B 10k o * - » . S : ]
Q = 1 - 1
) : : S 150} B
> 1 5 ®e: i A
01; @ Data A @ Data — Sl o
"' == SCE Model @ 3 —— SCE Model 130F S i — Cleymans et a. =
o —t——— —_— ASO -80% - Andronic et al. :
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Strange Production and “Canonical Suppression”

SHM: A. Andronic et al, Nature 561 (2018) 321

HADES, PLB 778 (2018) 403

2
g T —w 18"F i N B =7 T
n:o.zs:— SHM ——xiw - .é : :5:‘ 1 = A FOPININ
- 2 FOPI Al+Al
C ] % o/l 0.6 : E917 A:+Au Central ||
0.2 — g : v NA49 Pb+Pb Central
i 1 &8 . * STAR Au+Au Central
Q - V=1000 fm _
015 | : 132" —_— 1 0.4 -
0.1 —
0.2+ -
|} _ bIfrhy e 4t
0.05F | : . |
: ; 1 2 ] 0 1 1 Lol 1 1 Lol 1
[, markers: data , i L 1 10 10°
10 102 10°
{5 (GeV) 10 Vs [GeV]
Vs, (GeV)
canonical suppression ¢ _,.GC . Li(Ng) :
. N AN=TKA" - K, $[(E — probe canonical ensemble
(correction) factor for open g,A Gé{ A Io(Ns) 9K, ¢ P
strange hadrons g = Ny - Hint of ¢ Klenhancement at SIS energies

106



Multi-strange Hadrons in Au+Au Collisions at 3 GeV

vvvvvvvvvvvvvvvvvvvvvvvvvvv

- Au+Au, \sy, = 3.0 GeV
0-10% 10-40%
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130f
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120}

dN/dy [x 10°]
5

j ‘10_/'\_

-0.5 0 -
Particle Rapidity y__

At 3 GeV Au+Au collisions:
* ¢/Kratio ~56 > 0 (~Grand Canonical Ensemble)
« ¢/K and ¢/= favors Canonical Ensemble

- event-by-event strangeness conservation

- However, same r, parameter cannot describe ¢/K

and ¢/='simultaneously in central collisions
- threshold: 2.9 GeV (¢), 3.2 GeV (%)

— Different medium in 3 GeV collisions
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STAR, PLB 831 (2022) 137152
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Different Kinetic Freeze-out Properties at 3 GeV

Au+Au @ 3 GeV, midrapidity, 0-10%

IIIIIIIIIlll]lllllllllllll[llll[
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O
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— Different medium properties in Au+Au collisions @ 3 GeV

Similar trend of (T, Br) at 7.7 — 200 GeV
Significant different at 3.0 GeV

- lower Ty, and/or smaller S
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Azimuthal Anisotropic Collectivity

Directed Flow (v4) Elliptic Flow (v5)
(a) reaction plane 4
<2rget (n<0) . | | projectile (n>0) |
TN z

% .' / @ participant zone
(O projectile spectators

O target spectators

momentum space anisotropy < pressure gradient in system evolution
Vq, Vo ... Equation-of-State (EoS)
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Directed/Elliptic Flows at 3 GeV

| ;_e (b) o (c) -
|

Au+Au Collisions

VSun = 3 GeV 10-40%

AT VT

02<p <16 GeV/c 0.4<p . <16GeVic
1 1

£00.€} (2202) 228 91d ‘HVLS

|
|
|
|
|
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OK' &K VKg |
|
|
1)
|
|
|
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e | I

| T T R |
_0.08 | P : | 2 lBaryon~Me?an-1ield Ce:scade . : 1, . | . :
-1 -0.5 0 - -0.5 0 - -0.5 0

Particle Rapidity y

» Midrapidity v, slope positive for all particles (negative at high energies)
» Midrapidity v, negative for all particles (positive at high energies)

« UrQMD/JAM with baryonic mean field describe proton v,/v, data
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Particle Collectivity at Au+Au 3 GeV

Au+Au Collisions at RHIC

e p
STAR o A
oot (a)
10-40% 4o K
A ¢
qp )
0.04 |- " o 28 8 81
R (b) ]
] S e
= _Q‘ﬂ] O p E895 .
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Baryon-Mean-field Cascade
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STAR, PLB 827 (2022) 137003

| b | . | ! I

I ! | L |
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0.08f ----. 200 o (AT s 2 N —1
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-0.02}- =1 SN i + A 4 A -
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0 0.2 04 0.6 08 O 0.2 04 0.6 0.8

(M. - m)/n, (GeV/c?

Au+Au collisions at 3 GeV:

» Negative midrapidity v, for all particles

* No Number-of-Constituent-Quark (NCQ) scaling

« UrQMD with baryonic mean-field potential
qualitatively consistent with data

— Equation-of-State dominated by baryonic
interactions in 3 GeV Au+Au collisions.
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es at 3.2 and 14.6 GeV from QM

New Updat

14.6 GeV

NCQ scaling
holds within 25%

3.2 GeV

No NCQ scaling
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Zuowen Liu (STAR), QM 2023

112



(Net-)Proton Directed Flow
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- Connection to 15t order phase transition? T —Ts—35—35— 30
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Y. Nara et al, PLB 769 (2017) 543
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Kaon Anti-flow from QM23

E895, PRL 85 (2000) 940
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Zuowen Liu (STAR), QM 2023 explain v4 reduction at low pr
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Dielectrons Production

si#& STAR Preliminary
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New dielectron invariant mass
measurement at 19.6, 14.6 and 7.7 GeV

Energy dependence yield: hint of
decreasing at low energy?
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Heavy-lon Collisions — “Light Hypernuclei Factory’

BES-II

2 6 1 ] ] III 1 T IIIII ] 1 LI II 31 1 Ill:
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g 10 Fo >He e M
()] 5 SN 4 7 s '."AAH ]
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: 103_ x";l
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SHM Calculations
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\/Syy (GeV)

A. Andronic et al., PLB 697 (2011) 203

Courtesy of Yue-Hang Leung

Hypernuclei in heavy-ion collisions

hyperon-nucleon (Y-N) interaction

EoS under high baryon density region
- connection to compact stars

Lifetime, binding energy
Production yields, collective flows
New hypernuclei states
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Hypernuclei Structure: Y-N Interaction

arXiv: 2110.09513 Nature Physics 16 (2020) 409
g, o Dalitz et al (1966) 4 1.0 ]
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Lifetime [ps] AH
n
t(GH, 3H) ~ 0.8 (1) » | ©
A loosely bounded inside hypertriton,
BA(3H) = 0.4 + 0.2 MeV lifetime impacted by final state interactions (n-N)
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Hypernuclei Production dN/dy in Heavy-lon Collisions

JAM + coalescence reasonably consistent

with data

Coalescence parameters < Y-N interaction
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STAR, PRL 128 (2022) 202301

@ Au+Au 0-10% (STAR)
[ O Pb+Pb 0-10% (ALICE)
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« Thermal model w/ CE consistent with
3H, but underestimate {H

* Transport models (JAM or PHQMD)
reasonably consistent with data
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Mid-rapidity (pT) [GeV/c]

Hypertriton Collective Flow
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STAR, PRL 130 (2022) 212301

Both midrapidity <pt> and dv,/dy follow the mass number scaling

Coalescence production mechanism dominant for hypernuclei at 3 GeV
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dN/dy (lyl<0.5)

Energy Dependence of Hypertriton Production
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« Hadronic transport + coalescence models qualitatively describe the data

- Thermal model calculation ~2 times higher than data in BES-Il energies

IWw (
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Energy Dependence of (Net-) Proton High Moments
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M. Stephanov, PRL 107 (2011) 052301

« Non-monotonic energy
dependence in central Au+Au
collisions (3.1c)

» Strong suppression in proton

C4/ C2 at 3 GeV
- consistent with UrQMD
hadronic transport model calculation
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Cs/C, Cumulant Ratios
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STAR, PRL 127 (2021) 262301 (2021), PRL 130 (2023) 082301

g,‘{.? [GeV]: 200 62.4 54.4 39 27

NLO, R§1 (Tpo)
1r Rg2(Tpo)

Lattice QCD

RE,=Mg/02
1 1 1 1 1 12 W B
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Increasingly negative Cg/C, down
to 7.7 GeV (1.7c) — consistent with
Lattice expectation

Ce/C, > 0 at 3 GeV, consistent with
UrQMD calculation
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High Moments Measurements in FXT Dataset

p. (GeV/ic)

T
n
T T T

Proton Acceptance

0.5

Time of Flight above |p| > 1 GeV /c in Fixed Target

|

+

! N
e = 3.0 GeV]
L L L | L

PR

= 0 1

- Time of Flight above pr > 0.8 GeV//c in Collider

0.5 seasasasnet

-05<y<05

0.4 <pr<2.0GeV/c

“Pile-up” effect
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—— Glauber Fit

Pile Up modeled by summing -]

Top 5% an event from Glauber Model

10* —[—\\ and FxtMult3 Distribution
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FxtMult3

Sam Heppelmann, Yu Zhang

 “Two-component” unfolding technique
T. Nonaka et al, NIMA 984 (2020) 164632
* Controllable precision on pile-up level (0.6 + 0.1)%

with centrality dependence
- negligible in collider data
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Reference Multiplicty

Volume Fluctuation Effect at Low Energies

120 -Illlllll|||lll||||||ll||||||lll 1&
- (@) UrQMD Au+Au

100 10°

80- 104

60 & 10°

a0f- 102

20} 10
(St . D ST 1
0 50 100 150 200 250 300 350 400

Number of Participating Nucleons N__

STAR, PRC 107 (2023) 024908

| UrQMD: Au+Au at 3 GeV (34/02

! ,’.--.-~'\
4?‘ ‘e 05 <y<0
. M. pr:04 —2GeV /c
. AQ A AN proton
L
2r O é A o \
! E]D \
AV
[« woVFcor. "Z"’. """
| o VFcomr (UQMD) __.... . L
0_ A VF corr. (Glauber) ﬁ\ T
| ¢ Db<3fm
.|IIII|IIII|IIII|IIII|
0 100 200 300 400

Npart

Low collision energies = much reduced multiplicity

= worsened centrality resolution / large volume fluctuation
Currently corrections rely on models (model-dependence)

= A data-driven way to assess the IVF?
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Summary

Temperature (MeV)

1 I 1 1 1 I 1 1 1 l 1 1

1 I 1 Lry I 1 1 1 l 1 1 1 I

The Phases of QCD

Quark-Gluon Plasma

200 400 600

800 1000 1200 1400 1600

Baryon Chemical Potential p (MeV)

Lattice QCD predicts
[g(CEP) > 400 MeV

‘ BES-II

AuAu collisions @ ~3 GeV — hadronic phase
*v,/v, dominated by baryonic mean field

* pLE[production driven by CE

* Proton C,/C,, C¢/C, consistent with UrQMD
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High [z Physics:

Future Prospects from BES-Il and Beyond
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High g Physics Goals

The Phases of QCD

Quark-Gluon Plasma

BES-J|

RHIC Collider
-——

== =1

Temperature (MeV)

Color n/
Supercoriductor

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p(MeV)

1) Search and locate the QCD CEP or 1st-order phase boundary
2) Constrain the QCD Equation-of-State at high density region
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Nuclear Matter Equation-of-State at High Density

Z

Bayesian analysis using HIC v4, v, data n-p asymmetry Y, = 1
-.........,....,....,.'.......,T..,,,.; 200 . . | . |
symmetric matter - — isospin-symmetric matter
- = neutron-star matter
Ry Lo 3 150 - lattice QCD. —
[ and relativistic
E heavy ion
= — L collisions ]
% % Igw energy
s 2 100} = -
o : e~
10k =====Fermi gas 1
: it BOQUta neutron star _
== Akmal 4 mergers
——K=210 MeV 1 |
mmm VDF Bayesian =———K=300 MeV i neutron stars
7 DLL constraint __exp.| [ neutron stars |
1 ot a s a l e s el aa sl ety 1000 1500 T
ol SRS e 0 W25 V2 = 3.5 i 4.5 8 u MeV) :
plp, ~0 13-
. 0.3-0.5 V. Dexheimer, 1708.08342
D. Oliinychenko et al, PRC 108 (2023) 034908 n

n N _
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Prospects from (Net-)Proton Fluctuations at BES-II

Rapidity windows at BES-II
Collider:  extended rapidity window
FXT: -1.0<y<0.5 @ 3 GeV

" Vs\w=7.7GeV JSux=3.0 GeV

p. (GeVic)

T

— i

C4/Co
E
g

""" } iTPC

P, (GeVic)

Rapidity Cut ymax
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Hypernuclei Measurements

Sg =

~ *H/°He

A/p

1.6
1.4
1.2

»’ 0.8
0.6
0.4
0.2

|- Data

| ® Au+Au 0-40% (p,/A>0.4 GeVic)
M E864 Au+Pt0-10%

" Yk STAR Au+Au 0-80%

- 4 ALICE Pb+Pb 0-10%

~ STAR preliminary

—ik
Ll

(o]

III|III|III|III|III|II

| IIIIIII| 1 IIIIIIII L

Models

- Coal. (Default AMPT)

~— Coal. (String Melting
AMPT)

== Coal. (DCM)

-=- Thermal Model

— Hybrid URQMD

Assuming B.R.( ‘iH—o’He +7) =25%

10 10°

10°

sy [GeV]

w Entries

100

A=4,5 hypernuclei from X-press prod.

— M = 3921.8 MeV/c?

6=15MeV/ic? S=521.1
S/B=1.86 S/{S+B=18.4

H ‘He—Hepm

, STAR Preliminary
| Express Stream Production

L A"MT""’FM

It
A
39

4 4.1
m,, {*Hepr'} [GeV/c?]

— M = 4839.9 MeV/c?
6=15MeVic® S=118.4
S/B=2.48 S/{S+B=9.19

Entries

“He—*Heprn

STAR Preliminary
|| Express Stream Production

it
M %W.‘HMM*M. S
4.9 5

m,,, {‘Hepr'} [GeV/c?]

]

Search for double-A hypernuclei
- access Y-Y interaction

TCum

JUSAS YHVOVN

(Top View)
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Two-Particle Correlation (HBT)

Two-particle momentum space correlation function

Py »(p1, P2)
C(p1, P2) =
Pi(p1) - P2(p2)
CKk*) = /S(k*,r*) (w(k*, r*)|*d*r* k= 5-|p} —p3|
emitting source  wave function between two particles

Experimentally, this is measured via

NCOrr(k*) ZNNsame—evt(k*) . .
Nuncorr (K*) Nmix—evt (k%) « Strong interactions

 Fireball source size

C(k*) =N
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Baryon-Baryon/Hyperon Correlations

LY T T S| T T | ]
. [ I A ]
scattering o1, 1 7E— e sk
. — i _ — 2 - 3 i i Data 1
amplitude  f(k) = (7 + 5dok™ — ik) | 18 =
0 | E 6 - : Data 30
25 [ STAR Preliminary | N~ [ : : d-A
p-A Au+Au Vsyy = 3 GeV _OO 5L - /i . Models
I 1 ‘ mm Data 1o
2| T (4h) [ ! ; 1 Data 26
9 10-20% CCD AL ! | Data 3¢
01_5 + -©- Data © (S)'. v v 1
— L-L fit (total) m [ | : (T) | v ]
e o 5| *— : fittd S e
§ ‘
b — : [al | =
9.1 LL [ 0 L <)
:*15 1 Feeenl & 1 E L5 : = ‘ <
Sl e LR | E " STA
N TE V) prelminay
80 -20 10 0 10 20 30
K 5 100 150 Scattering Length f, (fm)

k* (MeV/c)

p-A/d-A strong interaction parameters through Lednicky-Lyuboshitz fit

- New insights in Y-N and hypernuclei structure
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P, (GeV/c)

New 2.0B Dataset at 3 GeV in 2021!

s [ i "]
30 L [:
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15/ &)
) 2018 ,‘\: 1
4 S/
N
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" oo
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N
o
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a
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Yield (dN/dy) for 10° events

-
o

‘(i\ofi |
ABO~
Tpe = 156 + 1.5 MeV
/ dielectron -
1 2 3456 10 2030 100 200

Collision Energy \'syy [GeV]

6 — 3 —
10 -©-°He, *He _'_":i E
10°k -5 “He, “He =l

- ,%He
10°
+ ,atHe

10? ) P -

102 =
10°k
10* hypernuclei -
10° Sey| Lol Lo

10 102 10°

\[Sy (GeV)

Highest /g ~ 720-750 MeV
RHIC has reached

2.0 B high statistics data with
iTPC+eTOF recorded in 2021

*Proton cumulants (C4-Cg) in
full rapidity window

*Dielectron yield/ Tgope

¢/ yield with low pt reach for
better systematics

*Hypernuclei production and
search for AA-hypernuclei

*N-N/Y-N/Y-Y correlations
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Next Phase BES Program at CBM@FAIR

. 4 T ! ! ' ' ‘ ‘ ‘ ‘ ]
L1006 ¢ ®copioear- { . ]
. g(?'%“’!?fp‘m | Heavy lon Collisions

I 0 cci0 o000 Foeveee ferees Sy

STARFXT ® ,555
S I

Transition

- - - - —_ -
o o o o o o
N w B (3.} [+)] ~

Interaction Rates (Hz)

Radiation W, 1 e
Ring Imaging Detectors i‘ , E]l:;:;'lc oo ...............
gzs;:g:ov ™ S Calorimeter ]
_Srilic(:? 10 I - ccBoccoss OSSR S SO O Y SUUUUE SN SO SO
rackin L
srationsg:‘ : BELEE IR EEE

> 5 10 20 50 100 200
Collision Energy |s,, (GeV)

Vertex
Detector

Compressed Baryonic Matter (CBM) @ FAIR facility, Germany (\/syy = 2.9 — 4.9 GeV)
physics anticipated to start in ~2027+
Collision rate ~ 10 MHz, dedicated detectors enabling unprecedented statistics
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Next Phase BES Program at CBM@FAIR

Proton full midrapidity at BES-II:

VSNN (GeV) 3.0, 7.7-19.6
ug (MeV): 750, 400 - 200
CBM@FAIR:

VSNN (GeV) 29 --- 49

ug (MeV): 800 - 540

300

Temperature (MeV)
= o S
o o (@]

(o)
o

o

#1 priority in Europe NUPECC LRP 2017

The Phases of QCD

Quark-Gluon Plasma

:— Critical

C Point

:_ Vacuum Nuclear

L Matter o ‘

% 1 I 1 1 1 I 1 1 1 I | 1 1 I \I I 1 1

0 200 400 600 800 1000 1200 1400

Baryon Chemical Potential p,(MeV)

. PANDA.

[Complete urgently the construction of the ‘NIIPI((
ESFRI flagship FAIR and develop and bring into
operation the experimental programme of its
four scientific pillars APPA, CBM, NUSTAR and
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CBM Scientific Goals - |

Baryon FIuctuatlonsICorreIatlons

Dileptons

4_1 T T ] © T r—TTT—TT
I ‘Central Au + Au Collisions o w S STAR
s & < _
3l STAR (0 - 5%) — - z i
~ | ;fﬁ @ net-proton s B 15—= +
C\L 2 _Q%:f % o proton — % -
O | £=¢ (lyl <05, 0.4 <p (GeVic) <2.0) | Z“’ 0 o
© - . w
SN T MR -
i e GCE i 51— BES-Il proj. —]
N T I N 1st-order PT
|- D‘H(-O.5<y<0) net-proton_|
(OA4<pT(GeV/c)<2.0) S ® PEgRRen n O 1 I_I n(l) ‘IIStl-olrdlelr oT L L |
1 I 1 1 [ e Lo | I 1 1 1 1 | I | l 1 1
2 5 10 20 50 100 200 3 10 30 100
CO"iSion Energy V?NN (GeV) C0"|S|On Energy \SNN (GeV)
- critical point search _ . - 15t order phase transition / chiral
- /Sy~ (ug) coverage for full mid-rapidity property
coverage - significantly high statistics
- dedicated instrument for controlling - dedicated instruments for both
initial volume fluctuation dielectron / dimuon channels
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CBM Scientific Goals - |l

Polarization / Spin Alignment

Hypernuclei

w LB l L T T 1T 1T07TT T T L T T rTr I L T 1 - —_—
— -3 o
S 10° o 3un 37a - H Xt . STAR Au+Au 20%-50%
o He, “He A 3 o STAR Preliminary [ < cie0 2017) @A ORX
D 45 4o 4 = zH ] B .
% 10 “He, "He p g aV PRC76.024915 (2007) ® A ORA
o - 3 e
- 10 asHe 5 L PRC98.014910 (2018) ® A OA
é E PRC104.L061901 (2021) ® A
_— 10° O S STAR prelim.
§ 102 . B , AA+A eA OA
© 1 ALICE PRC101.044611 (2020)
N i
- 10 | B # A & A Pb+Pb15-50%
;_‘3 a7 HADES prelim. SQM2021

und voomd ool |
T T

’ A Au+Au 10-40%
A Ag+Ag 10-40%
@ L =
]
----------------------------------------- *-§

AMPT,A 19.6 GeV (A + A

-— ab
o o
[ A

N

B — e B B primary primary-+feed-down
10 3 UrQMD+VHLLE, A ’ a, =-0_ =0.732
i - = primary - - primary+feed-down
10 thermal model 3 1 1 11l lll  F 1 1 | N 5= IlI02 1 1 11 lI3 1 1 1 1
» Ll ' - I l I 1 Ll ll l L 1 0 1 1 0
10°H e
10 102 S [GeV]

10°
\/Syy (GeV)

- Y-N/Y-Y interaction / EoS
- high statistics enabling S=-2 hypernuclei
- dedicated tracker for reconstruction

- medium properties / EoS at high up
- high statistics for multi-dimension
analysis
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2023 LRP draft

US participation in the international collabora-
tion of the Compressed Baryonic Matter experiment
at this facility, driven by unprecedented beams from
the superconducting heavy-ion synchrotron SIS100,
will allow the US nuclear physics program to build on
its successful exploration of the QCD phase diagram,
use the expertise gained at RHIC to make comple-
mentary measurements, and contribute to achiev-
ing the scientific goals of the BES program.
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Temperature (MeV)

£ 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

The Phases of QCD

Quark-Gluon Plasma

‘%

RHIC Collider

e RHIc FxT
150 | vor SN
= 1st
100 = Critical Nl
B Point? ‘9%7
50
= Nuclear
— _Vacuum Matter
O 1 1 L I 1 1 1 I 1L 1L L I 1 L 1 I 1 1 C I 1 1 L l 1 1 1 I 1 1 L
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Baryon Chemical Potential p (MeV)
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= Backup
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Available Datasets

/5wy (GeV) Beam E (GeV)

# of Good Events

BES-I

: 2017 | 544

1350 M

27

: 2018

© 2019

: 2020

2021

560 M

70M

Data production all ready
Analyses ongoing

To come soon
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Pion HBT Volume (fm®)

S

2000

g

Particle Emission Source Size

Pion Source Size Kaon-Kaon Proton-Proton
AR e ; . : : : :
(2) Volume i 1:;_ + Authu @ VSNN0=3-° GeV L : ‘ ' :
= e Centrality: 0-60% '®)
A o] 5
B A 1.4F c
— A A A - 3122 + o LE
A g T —o] T&
s ad h 5 = Tt S
- A 4 1 s = . 420-60%
M 0.6 —e— K'K*only QS @© : Data e:0- 60°
B '4‘ V= (21t)3 /sz*R N 0.45 12p0.570, pri0471.2 9 0.5 ~ iE ¢ WOWIOO ‘‘‘‘‘‘ i
1 1 ) | 1 lllll I & 1 11 11111 02: + KOKoonlyQS 5 (a) p p ( 0 5 < y < O)
2 4 10 20 40 00 200 ot i), O o Pr0:4:.21(GeVie)
Collision Energy |s,, (GeV) ' " q_(GeVic) ' ' i

0 20 40 60

* Non-monotonic energy dependence of pion source size? softest dp point?
» BES-II (collider+FXT) data allow us to systematically measure pion, kaon, proton
(and others) source sizes and their energy/centrality dependence
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Baryon-Baryon/Hyperon Interactions

/g 8 _L | | ] | o
Lednicky-Lyuboshitz S [
formulism: o = - =
(S N ki %
Scattering amplitude: % 4| o
F = (L lagp—imr T
fo 2 g
= 2
O
qq_) L
H— repulsive
W o — =717

T O Experimental data |

A Model prediction —

p-A(t) >

A aA‘
B o,
< A,

Scattering Length f, (fm)

« Search for exotic states (e.g. H-dibaryon)

« Important ingredients for nuclear matter Equation-of-State
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(dN/dy)/(dN_ /dy)

arXiv: 1810.10159

—
N

-
o

@

D

H

N

Energy Dependence of Dielectron Yield

R. Rapp, 2021

20 ' T ' - -
- x10° ' STAR 0.3 GeV <M_ < 0.7 GeV
. 0.4<M,<0.75 GeV/c? i w/ PT
— ~ 15
i =
- ) ( A L
' iH : 5 s no PT
= 2 10F -
- Au+Au 0-80% . 722
_— * Cocktail Uncert. Z“J —- Yield/N
i In+In dN/dn >30 TP
B (’) F&appetal.n < — T [fm/c] = 115
L <= Endres et al. Sk Yield /N . with PT 7]
ey , 7 PHSD | e
20 30 40 50 60 100 200 : T, 115 with P1 i
SNN (GeV) 0 | L | L |- |-
o2 4 8 16

/2
" 1GeV]

Mild energy dependence of dielectron yield from SPS to top RHIC energy

Potential 15t-order phase transition (PT) signature
— latent heat leads to an increase in lifetime / dielectron yield
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1IN AN 5/dM__ [(GeV ¢)7]

Dielectrons — Slope Parameter

HADES, nature physics 15 (2019) 1040

Au + Au |5, =2.42 GeV 0-40%
NN ref., y, ® subtracted
107 kT =71.8 + 2.1 MeV
In-medium p:
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» Boost-invariant measure of the medium temperature

« Sharp transition in Ty, at energy of 3-20 GeV
- no 1st-order PT included
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US-CBM White Paper

arXiv: 2209.05009
QCD Phase Structure and Interactions at High Baryon Density:

Completion of BES Physics Program with CBM at FAIR

BNL, UC Davis, UCLA, UCR, Duke, UH, UIC, UIUC, 1U, KSU, LBNL,
MSU, UNC, NCSU, OSU, Pepperdine, Purdue, SBU, Rice, UW, WSU

Executive Summary

In order to complete the Beam Energy Scan (BES) physics program, including the search for the QCD critical
point, the extraction of the hyperon-nucleon interaction, and the determination of constraints on the nuclear

matter equation of state at high baryon density, active US participation in the international collaboration of
the Compressed Baryonic Matter (CBM) experiment at FAIR* is scientifically necessary and cost effective.

Without these measurements in the FAIR/CBM energy region, the scientific program pioneered at RHIC with
the BES program would risk to be terminated prematurely in the US, and some of the key physics questions
may remain unanswered. ... US participation in CBM will not only greatly enhance its physics program, but will

also strengthen US leadership in nuclear physics.
*recommendation as new initiative
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dN/dM,, (c%/GeV)

Ratio to Cocktail

Dielectrons Mass Spectra (17.3 — 200 GeV)

200 GeV - STAR 17.3 GeV — NA6O 19.6 — 200 GeV - STAR
PRL 113 (2014) 022301 PRL 100 (2008) 022302 arXiv: 1810.10159
T T T T T T T T T % 4000 ~ f STAR o' = Cocktall S
- H H | [ | ee ocktal um
10 A Au \Swn = 200/ Ge (MInBIaS) = N In-In NAGO = Rapp/Wambach § 10°F Au+Au 0-80% — myee --o-noyee
B p$>0.2 GeVlc . 7, o, Jy, ¢’ 8 3500[— semicentral -~ Brown/Rho > = p:><01.2 Ge\/<l1c [[Do—ee & wsn’ee — n—yee
L mn°|<1 ‘lyee|<1 i, o, bb, DY 5 " ch :“ —-= Vacuump g - n°l ,IYel o_—;ee&o—mee Jly—ee
10" - : — — cEPYTHIA o 3000:_ < dnr$=140 :' “. ¥ CO_th p % !  CC—)ee -'=-DY—ee
, — i = . f 1. DD z
- % Cocktail Sum S ook all p, | = 102}
10°} i E g %
[ A i pd
L | i 2000[ °
101 : i ] : 102
— 18001
251 (b) 4 —— Rapp: broadened p +QGP - s
2+ o0 T PHSD: broadened p +QGP — 1000~
15} & 500_ 100
1 C
2 Mo (%EeV/CZ)s ¢ ® o2 o4 06 08 1 14

1.2
M (GeV)

« Enhancement in dilepton invariant mass spectra at 0.3-0.7 GeV/c? from
17.3 — 200 GeV

* In-medium p-broadening through interactions with baryons describe
data consistently from SPS to RHIC
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BES-II Datasets and Data Quality

Vv (GeV)  #ofGood Events  :  BES

15 235 M . 12M
92 162 M
77 101 M © 5M

* other FXT datasets not listed green — datasets calibrated/produced
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Critical Point Search

Lattice calculation of QCD critical point (CP) at finite (g is still challenging.
- Recent development (Tyler series) predicts CP location:
g>400 MeV or [/T>3 (F. Karsch, 2021)

Proposed Experimental Observables:

Moments of conserved quantities: net-baryon number, net-strangeness, net-charge etc.
- directly related to the susceptibility ratios (calculable from Lattice QCD)

- sensitive to correlation lengths (M. A. Stephanov, PRL 102 (2009) 032301)
AN
8 A
mean : M = (N) = Cf; 5
variance : 0% = ((§N)?) = (jy, ) _
3/2 < baseline
skewness : S = ((6N)?)/o® = C5/C;" O
kurtosis : k = ((6N)*)/o* —3 = C,/Cx3. NE
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Net-proton Cumulant Ratios from BES-

R | R L R s e [ (|| LI TS B R R 5
c | (1)Se | | (2) xo? STAR

o 3.0 O 70%-80% -
> i Il Stat. uncertainty
c 0.6 - i mm Syst. uncertainty

(@)} I UrQMD 0%-5% 202 Projected BES-Il
f Bl HRG GCE = ' = stat. uncertainty

c 04 —=HRrG CE u) . ¢ ‘ !
S | =1« HRG EV (r=0.5fm) 1 1oll---. = ———

g 0.2~ Au+Au Collisions 1 ‘ ﬂ,ﬁ: tj"‘:‘ ‘i:] 'f

N L Net-proton J B T
B o | bi<os, 04<p<20Gev) " 1 ool d 1 “ _______ i

Lo aaal L e gl . ) gl ) PR T A O B L L
5 10 20 50 100 200 2 5 10 20 50 100 200
Collision Energy |syy (GeV) PRL 126 (2021) 092301
p-value from y2-test
Moments 'HRG GCE| HRGEV |HRG CE | UrQMD Non-monotonic energy dependence of
(r=0.5 fm) net-proton C4/C, (3.1 o) from BES-I
So < 0.001 < 0.001 0.0754 | < 0.001 - connection to critical pOInt7
xo? 0.00553 0.0145 0.0450 | 0.0221
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physical masses

TP = (156.5 & 1.5) MeV

A. Bazavov et al [HotQCD],
arXiv:1812.08235

chiral limit extrapolations
T? = 1327 MeV

H.-T. Ding et al [HotQCD],
arXiv:1903.04801
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