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QCD Phase Diagram and RHIC Beam Energy Scan

| Early Universe T rreesl ° Determine QCD phase diagram via high
l LHC Experiments energy heavy-ion CO"iSionS.

()
=
=
=
©
| -
O
Q.
5
—

e Formation of QGP

* Crossover at pgcloseto 0

e 1st-order phase transition

e Critical point

Critical Point

Hadron Gas /
Superconductor

Nuclear /
_~Vacuum Matter o5 Neutron Stars

0 MeV—2~ - ' l
0 MeV 900 MeV
Baryon Chemical Potential

August 02, 2023 STAR White Paper 2014 Zaochen Ye at 2023 RHIC/AGS AUM 3



https://drupal.star.bnl.gov/STAR/files/BES_WPII_ver6.9_Cover.pdf

QCD Phase Diagram and RHIC Beam Energy Scan

| Early Universe T rreesl ° Determine QCD phase diagram via high
l kiiC- Expariments energy heavy-ion collisions.
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e Formation of QGP

* Crossover at pgcloseto 0

* 1st-order phase transition at high pg

e Critical point
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Heavy-lon Collision and Why Dileptons
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Most produced
Freeze-out temperature: T, Tkin
Limitation: formation and decouple




Heavy-lon Collision and Why Dileptons
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Heavy-lon Collision and Why Dileptons

SN . final detected
Relativistic Heavy-Ton Collisions
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* Freeze-out temperature: T, Tyin
* Limitation: formation and decouple

particle distributions
cal S
made by Chun Shen -
freeze-out freeze-out Sl

——
Hadronization i

l

Initial energy
density

Hadrons EM Probes
(Yield, py)

3
i
i
3
!

!

Early to final stages
/ Escape freely
collision

4 P e Can probe earlier phases
overlap zone 3 7

R R

Photons
(p+)

—

T, WARNING: blue-shift effects

August 02, 2023

Zaochen Ye at 2023 RHIC/AGS AUM



Heavy-lon Collision and Why Dileptons

final detected

/f‘ﬁcleﬂsfribuﬁons

——
m

Relativistic Heavy-Ton Collisions

Chemical  Kinetic
freeze-out freeze-out

made by Chun Shen

Hadronization

|

Tnitial energy
density

3
i
i
3
!

!

/

collision
overlap zone

—h S 2P RN

Hadrons

(Yield, py) .

* Most produced
* Freeze-out temperature: T, Tyin
* Limitation: formation and decouple

EM Probes

Early to final stages
* Escape freely

 Can probe earlier phases

Photons
(p+)

viscous hydrodynamics free streaming

—

Dileptons

T, WARNING: blue-shift effects

o)

Temperature without blue-shift effect
Only observable to directly access in-medium
spectral function

August 02, 2023

Zaochen Ye at 2023 RHIC/AGS AUM

10



Heavy-lon Collision and Why Dileptons
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QGP phase and hadronic phase
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How to I\/Ieasure Thermal Dileptons?

Inclusive signals
(space time mtegral)

 QGP radiation e 1% n,n >yete
* In-medium p decay °* w, P - ete, w-» ne*e, ¢ - ne‘e

Physical background (Cocktails):
Interested signals:  Drell-Yan
S
o J/Y > e*e, cc > e*eX
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How to I\/Ieasure Thermal Dileptons?

Inclusive signals
(space time mtegral)

Physical background (Cocktails):
Interested signals:  Drell-Yan
S

 QGP radiation e 1% n,n >yete
* In-medium p decay °* w, P - e*e, w-» ne*e, ¢ - ne‘e
o J/Y > e*e, cc > e*eX

Physical background can be determined using the well-established
@’ cocktail simulation techniques

(Interested signals > == [ Inclusive signals } — (Physical background >




Examples of Data vs. Cocktail
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Clear enhancement compared to cocktail contributions in both
low mass region (LMR) and intermediate mass region (IMR)
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Dileptons as a Thermometer of Hot Medium

. X Mass analyzer Thermometer
Emission source \

hY" 4

e 2

QGP: M3/2 * g-M/T

—>

= In-med. p: Breit-Wigner * e-M/T
G J

Rapp and v. Hess, PLB 753 (2016) 586
Shuryak and Brown, NPA 717, 322 (2003)
STAR, PRL 92, 092301 (2004)

How thermal dileptons distribute their invariant mass will reveal the
temperature of their emission source
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[In-medium p dominated }

[ Similar mass spectrum }

16



—
<
(o]

ch

d2N=°sS/dM/dy)/(dN /dn) (20 MeV/c?)"
S

(
—
o

&

3,

“Excess” =

LM Thermal Dilepton

“Inclusive” — “Cocktail Sum”

—=— STAR

Au+Au 54.4 GeV

(0-80%)

—e— STAR

Au+Au 27 GeV ((

)-80%)

I I'lIIIIII

—
‘.:.

fit by (a*BW+b*M*?) x e™T
Au+Au 54.4 GeV
TAurAuS44GeY - 174 + 15 MeV

Tt\m;;Au 27 GeV _ 167 + 20 MeV

STAR Preliminary

} ete-

o
\V)

August 02, 2023

Zaochen Ye at 2023 RHIC/AGS AUM

| 1.2
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[In-medium p dominated }

[ Similar mass spectrum }

[ Similar temperature }
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August 02, 2023
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[In-medium p dominated }
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[ Similar mass spectrum }
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NAG60: EPJC (2009) 59: 607-623
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\17.3 GeV In+In Y
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Ad IM Thermal Dilepton

“Excess” = “Inclusive” — “Cocktail Sum”
—=— STAR Au+Au 54.4 GeV (0-80%) } ete-

[ QGP dominated ]

= —e— STAR Au+Au 27 GeV (0-80%) - ~
b —=— NA60In+In 17.3 GeV (dN_/dn>30) K1~ Tywr from STAR data: ~ 320 MeV
10 T, s from NA60 data:
T fit by M*? x e™T 205+ 12 MeV (1.2<M<2.0 GeV/c?) [1]
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[1]: Hans J. Specht, AIP Conf. Prcd 1322, 1 (2010)
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* 24615 MeV (1.2<M<2.5 GeV/c?) [2]

~

)

emission source is dominantly
\the partonic phase - QGP

/T,MR > Ty (156 MeV) indicating: o

[1]: Hans J. Specht, AIP Conf. Prcd 1322, 1 (2010)
[2]: Private comm. with Berndt Muller 21




A LM+IM Thermal Dilepton

“Excess” = “Inclusive” — “Cocktail Sum”
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' . T, s from NA60 data:
= [ fit by M*? x e™T . 205+ 12 MeV (1.2<M<2.0 GeV/c?) [1]
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=) - Nt IMR = - /. B - : N
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© Y . . . .
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§ STAR Preliminary v, ] /
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~ 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 =
0.5 1 TE 5 5 E ) data, due to longer medium
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[1]: Hans J. Specht, AIP Conf. Prcd 1322, 1 (2010)
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Summary of Temperatures
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Thermal dileptons in LMR
* Tclosetoboth T, and T,
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Summary of Temperatures
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Thermal dileptons in LMR

~

* Tclose to both T, and T,

 Dominantly emitted

around phase transition
N > Y,
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Summary of Temperatures
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Thermal dileptons in LMR

 Dominantly emitted

L around phase transition

* Tclose to both T, and T,

~

/

Thermal dileptons in IMR
* Tis higher than T,
\- Emitted from QGP phase

Note: g (QGP) # pg (Ch. freeze-out)
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Temperature

Incoming Dielectrons with BES-Il and FXT
Large datasets with iTPC upgrade ~10 x BES-I

Ny L)

) 5] © ™
v . v ¢ ' ; v A v v v ) o o & O
4 & & RN o NA © o ¥ o & ooy \ls (GeV)
|> > 10 F y - n Y 7V NN
QL (1] — 3
2 % g 3
lie IS : IBES-Il BBEs-1 fFxT | E
~ S e — B . ]
- | —]
1= 1= 107 ¢ S
= (A=
h - e ?ﬁ: —
14 asma = | i :
B K3 828
[ | e B ::*: R AR
(s KK A
(- 2 D e . o AR ww S |
I 10°E M RR B RN S
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| > - “ ORI O O ORI
A ST R R SR
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I LL] “ SR T T T RIS
10 “ AOSEOIIR OIII OR RO O
I = 3 R S R T I AR RS
g ’ SRR TR T RIS
- 2 DO SO ORI OB OO
I : I R R MR S

01 02

Kinetc Freeze.our Exciting new results are coming soon: A
" \i® Temperature measurements towards lower

energy collisions (higher p;)

Baryon Chemical Potential i, e Search for non-trivial enhanced thermal dilepton
\_ vield = a potential critical point Y,
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LM Thermal Dilepton at Low Energy Collisions

HADES Nature Phy5|cs 15 1040 1045 (2019)

1I_ — | I | I —_ ‘I_A 1 I T T T T I T T T T I T T T T 1 T 1 T I T T T T I T T T T I T T T T I_
& 1072 H AD E S T b 107 E HADES Ag+Ag [5,,=2.55 GeV 0-40% | _|
S 5 Au+Au \'s\,\=2.42 GeV|] 3 S o . E
© 103L NN 3 % g HADES work in progress .
O, g (T = 71-882.1 MeV/ky | 3 S B Cocktail + NN sub. -
2 104k ~ — 10°F E
= E E S - -
= S5 _: I i
g 10 S E ;Q 5
£5 . ol . g, 107¢ , E
Z 10°E = Z = dANOM, o« M2 exp(-M, k) s
% . C = HADES data 0-40% - 3, B ¥’IN=14 %
g 10 E— — in-medium p spectral function _? z 10_10 = kT =779 +1.2 +1.8 +3.0 406 MeV 3
~— g N —_— M3/2 eXP('Mee/(T)) ] ~— E 1 331at 1 2 2 3 0 6 E
10 E E - i
1 L | I | 1 1 l | 1 1 I | 1 | | [ 1 — 10—11 L | L Il 1 1 I 1 1 1 1 l 1 1 1 1 l L 1 1 1 | 1 1 L L I L | | | l | l
0 0.2 04 06 0.8 1 1.2 200 300 400 500 600 700 800 900

e*e” invariant mass [GeV/c?] M., (MeV/c?)

/ L] L] \

* High baryon density, uz~700-900 MeV
* In-medium p melt via frequent scattering with surrounding baryons

S Tyvr ~ 70-80 MeV, much lower than that at RHIC and SPS

)
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Chiral Symmetry Restoration

Rapp and Hohler: PLB 731 (2014) 103-109

008 1 Vacuum I T=100 Mev | Measure a, theoretically
2 006 | — Vector 1 — Vector 1 ¢ Utilizing in-medium Weinberg sum rules
= — Axial-vector | —— Axial—vector .
< oo to relate a,and p spectral function
S

* pspectral function and T dependent
order parameters describing RHIC/SPS

002 |

0.00 F

. RSOSRVIRRA ] e data as input
0.08 T=150 MeV . T=170 MeV .
; | * Observe how does a, spectral function
&0y e § — Vector ; behave under finite temperatures
= [ xial-vector | Axial—vector |
<004 | |
S} [ ]
" P —& —
000 N ST : Experimental evidence is
0.0 . 0.5 1.0 1.5 2.0 2.5 3.0 35

s (GeV?) | needed for final answer!
a, is theoretically observed to be merged with p

in hot medium =2 chiral symmetry is restored
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Recent Direct Photon Measurements

T4 [GeV/c]

| T | f I ' | f T | T T T T TTT I T T T T TTT I T T T T TTT ] T
~ PHENIX Au + Au, VS_NN =200 GeV . 1 0 ? Direct Y (1 O< pT <5.0 GeV//c) 3 _E
0.6 Nonprompt 1 = AuAu—N,_, *pp B - = PHENIX Au+Au 200 GeV . s
- . 1= — fit to new data —
| T, extraction range i = fit p+p 200 GeV -
- . - scaled by N, 7
0.5~ ® 08<p <1.9GeVic — > 1071 3 =
- © 20<p <4.0GeVic [ - :Q : SHENIX 3
L | o -2 —
0.4— 376 MeV/c — i1 0 = -7 o Au+Au 39 GeV E
[ N R = = T s © - e Au+Au62.4GeV 7
I |E| ] 10—3 - = Au+Au 200 GeV =
Iﬂ § S o Cu+Cu 200 GeV 3
0.3 ? — u - - fit to published data -
i p e e e !IL == 10 ALICE E
S 260 MeV/c | g o Pb+Pb2760 GeV -

0 2 — — L 1 1 11 1.1 lI 1 1 1 11 1.1 II 1 1 1 L1 1.1 Il
- | | 1 | | 1 | I | 2 3
0 200 400 600  PHENIX: 2203.17187 10 N/ 1|O 10
dN_ /| dN,/dnl
ch =0 n=

* Extracted T is larger at a higher p; region
 Universal scaling of production yield with dN_, /dn
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d2N=esS/dM/dy)/(dN /dn) (20 MeV/c?)"

Data vs. Model

—@— STAR Au+Au 27 GeV (0-80%)
Rapp Model: In-med. p + QGP
e PHSD Model: In-med. p + QGP

-
. -,

LR
—+

10—7;/ !
- STAR Preliminary
~ 10_8 __ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I\'\
0.2 0.4 0.6 0.8 1 1.2,
M, (GeV/c?)

Rapp model: PRC 63 (2001) 054907, Adv HEP 2013 (2013) 148253, PLB 753 (2016) 586
PHSD model: NPA 807, 214 (2008); NPA 619, 413 (1997) PRC 97, 064907 (2018)

Both models can well describe the
p broadening at LMR

Rapp model: macroscopic many-body approach
medium described by cylindrical expanding
fireball with IQCD EoS; in-medium p-propagator;
resonance + Tt cloud + baryons

PHSD model: microscopic transport approach
medium described by Dynamical Quasi-Particle
Model (DQPM); microscopic partonic or
hadronic scattering; collisional broadening
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Data vs. Model
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Rapp model: PRC 63 (2001) 054907, Adv HEP 2013 (2013) 148253, PLB 753 (2016) 586
PHSD model: NPA 807, 214 (2008); NPA 619, 413 (1997) PRC 97, 064907 (2018)

Both models can well describe the
p broadening at LMR but
underestimate the IMR 2 QGP is
hotter than model expectation

Rapp model: macroscopic many-body approach
medium described by cylindrical expanding
fireball with IQCD EoS; in-medium p-propagator;
resonance + Tt cloud + baryons

PHSD model: microscopic transport approach
medium described by Dynamical Quasi-Particle
Model (DQPM); microscopic partonic or
hadronic scattering; collisional broadening



