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Outline

» QCD Phase Diagram and Heavy-ion collision

* Dileptons as probe

» Experimental setup in STAR

* Dielectron analysis at RHIC BES-Il energies
» Spectrometer, Thermometer

* Dielectron physics in the future

 Summary and Outlook



QCD Phase Diagram

* Hadronic phase: quarks are
confined within hadrons.

o Quark Gluon Plasma
3 A Dilepton Emission
E Early Universe t~1fm/c g
* Quark-Gluon Plasma (QGP) o —
. A -,
phase. _ GE) E Phase Transition
* Deconfined quarks and gluons. = T
» Local thermal equilibrium T e
- g S | R U _ QGP Phase
. . ngn .‘0 (\ A
 Hadronization: Phase transition \,, 8fmie ' 8 Mee
F == S 0‘/%/ $
(PT) to the Hadron Gas phase. | —~ ""7roeenl 5 ®x
':{2}7@,. ":ZV go
o/f\,(\ ‘(2-\ 3 COIOr
. Hadron Gas ’ﬁ'%? “o\o /?}'
* First/second order phase o " N Superconductor
transition or Crossover? 0 "~‘,.,\.uc.ei Neutron Stars

Baryon Chemical Potential
* Existence of Critical Point (CP)?



Charting QCD Phase Diagram

» Experimentally, one can access different
regions of phase diagram by varying centre-
of-mass energy of colliding ions.

» Current experiment data already cover
around 4 orders of magnitude.

* Low psregion: LHC, RHIC, FAIR

* Higher pysregion: discovery potential with
possible 1storder PT and a conjectured CP.

« HADES, RHIC beam energy scan (BES: this
thesis)

« CBM, NA60O+ in the future

Sketch of a heavy-
lon collision

Jerome Jung, EP Seminar CERN, 2024




Relativistic Heavy-ion Collision Evolution

Relativistic Heavy-lon Collision Evolution

* Initial state & pre-equilibrium.

* QGP fireball expansion: Hydrodynamic evolution.

» Hadronization: Different possible phase transition.

» Chemical freeze-out: Ceasing inelastic scattering

processes.
: : : : : Hydrodynamic
» Kinetic freeze-out: Ceasing elastic scattering Evolution P Equibrm
ase (< 1,
processes. _

b) with QGP

N
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R
Why Dileptons?

Initial state * A

¥ >
. B Y -

"‘, (Jq":‘ :'.' ",

hard scatterings,
pre-equilibrium

* EM probes are penetrating: - Dileptons vs. direct photon:
* No coupling to strongly interacting matter. encode additional information:
- Mean free path length > size of the fireball. invariant mass.

- Reflect the whole history of a collision. * No blue-shift effect.



Dielectron invariant mass spectrum

« Composition of the dielectron spectrum:
= Seperation via invariant mass.

Schematic view of dielectron sources

late earl
- —

(cold
emission time

Yield (a.u.)

Drell-Yan

m,, (GeV/c?)
Jerome Jung, EP Seminar CERN, 2024
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Dielectron invariant mass spectrum

+ High Mass Range (HMR: Mes > 3 GeV/c?) £
e Drell-Yan: gg — y* — eTe™ S |« Dalitz-decays EI]
» Heavy quarkonia: J/y and Y. z j ;:

{ o

» Intermediate Mass Range (IMR: 1 < Mee < 3 GeV/c?) { 8

« QGP thermal radiation: gg — e e~

* Semi-leptonic decay of correlated charm:
cc — eTe X

g .

5 Drell-Yan ?

* Low Mass Range (LMR: Mee < 1 GeV/c?) . 1
* In-medium vector mesons. o Intermediate- High-Mass Region
* Light meson decays: m, n Dalitz decays. e

 Transport coefficients (electrical conductivity). mass [GeV/c?]
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Electromagnetic production rate

2
In a Strongly interacting de"'l_ — AEM fB(Qo' T)g Im [H,ul/ (M q: T /’tB)]
thermal equilibrium medium d*xd*q  3m3M?2 ad EM
Dilepton emission rate in
four-dimensional space and f5(qo; T): Thermal Bose-Einstein distribution
momentum
Im[H’lf:’;w(M, q; T, ug)]: Imaginary part of EM correlation function

The emission rate is connected
to the imaginary part of " . g4 igx " »
correlation function defined via HEM(M g5 1 '”B) =—i|d'xe (H)(XO)(([]EM(X)’]EM(O)]>>

the hadronic EM current ®(x,): Heaviside function with time (x,)

Feinberg, Nuovo Cim. A 34, 391 (1976).

E. L.
L. D. McLerran and T. Toimela, Phys. Rev. D 31, 545 (1985).
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EM spectral function and Vector Meson Dominance

EM spectral function: R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
e Mee > 1.5 GeV/c2: Partonic dominance 102§ . L . . @
» _ : u,d,s :
J EM — Z eqq}/ﬂq B ‘ 3-loop pQCD .
10

q=u,d,s

I IIIIIIII

/ 4 Naive quark model
t
!

| IlIllllI

A
ﬁ‘ \#WMW

* Mee < 1.1 GeV/c2: Vector Meson . . E
dominance (VOM) I .
ey = l(b'tJ/”u — dy'd) + l(m/”u + dytd) + liyﬂs . i 4 = 2 2.5 3

M2 6 3 V/8(GeV)

_Lﬂ+ : ]g‘)+1]¢ o

\/_ 32 Vv Y* P c(e”et = hadron)

. 1 2 ole"et — u—ut)
* 0 dominance ImIl, ~ [ImDp+§Ime+§ImD¢]

J. J. Sakurai, Currents and Mesons, University of Chicago Press, Chicago (1969).
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EM spectral function and Vector Meson Dominance

EM spectral function:
* Mee > 1.5 GeV/c2: Partonic dominance

Joy = Z e, qr"q
q=u,d,s

—
o
N

IIIIIlllIIIIIIIIIIIII|IIII|IIII

——— Hadrongas — e'e

—
o
w

—
o
[\V)

— QGP — e'e

—

* Mee < 1.1 GeV/c2: Vector Meson
dominance (VDM)

S T (R B
Jins = E(MWM — dytd) + g(u}/”u + dytd) + ES}/”S
1 1 1 ’
— i ‘
Jo T qu

1/N,,, dN ?/dM,.dy (GeV/c 2
o

e —
© o
N LN

Illlllll lllllllll llIIlIlII IIlIlIIlI lllllllll llllllllI lIlIllIII lllllllll lllllIIII 11

7 10°°
— i+
\/_ 3\/_ 107 hadronic QGP

. 1 2 107

* 0o dominance ImlIlg, ~ [ImDp+§ImDa}+§ImD¢] | | | | | |
-6 I I I | I I I I L1 1 I I I |
0% 05 1 15 2 25 3 35

J. J. Sakurai, Currents and Mesons, University of Chicago Press, Chicago (1969). Mee (GeV/C 2)

R. Rapp and J. Wambach, Eur. Phys. J. A 6, 415 (1999). 14



EM spectral function and Vector Meson Dominance

EM spectral function:
* Mee > 1.5 GeV/c?2: Partonic dominance

Joy = Z e, qr"q
q=u,d,s

—
o
D

IIIIIlllIIIIIIIIIIIII|IIII|IIII
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* Mee < 1.1 GeV/c?: Vector Meson

—

1/N,,, dN ?/dM,.dy (GeV/c 2
o
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dominance (VDM) 10~
1 _ 1 _ 1
Jins = E(L_WMM — dytd) + g(ﬂ}/”u + dytd) + Eiy”s 1072
1 1 1 1072
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\/_ 3\/_ 10—4
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J. J. Sakurai, Currents and Mesons, University of Chicago Press, Chicago (1969). Mee (GeV/C 2)

R. Rapp and J. Wambach, Eur. Phys. J. A 6, 415 (1999). 15



In-medium Hadronic many body approach

P meson propagator in the hot D,(qo,q; up, T) = 1
- p\AUY 1y 5 M2 0)2
and dense hadronic matter M? — (mY)? — X pnr — Xpm — B
- 9 . : ; : Y o]0 e : .
. 8 /70 e [ —— Vacuum
e Zpﬂﬂ Pion cloud o P (770 T=120MeV - _ -
QOOA . QO i
6} = -
\ T, ¥ Scattering with = cf [=175MeV --- |
P -~ BM O 5 i ]
el baryons and mesons = | . L 2
a = -
ol fo=% ' L g=0 | :
(1520) .. 01 (1260) f | | | ;
0‘ ‘--’"":"‘.. M 1 1 :’ — 0 — " il PP e .
0 02 04 06 08 1 12 14 0.2 0.4 0.6 0.8 1.0 1.2
QQO@QOQJ \QSZQJ“ . 7000,
M [GeV] M [GeV]
C Width broadening depends on Temperature and Baryon Density

R. Rapp and C. Gale, Phys. Rev. C 60, 024903 (1999). R. Rapp and J. Wambach, Eur. Phys. J. A6, 415 (1999).
R. Rapp, G. Chanfray, and J. Wambach, Nucl. Phys. A 617, 472-495 (1997). M. Urban, M. Buballa, R. Rapp, and J. Wambach, Nucl. Phys. A 673, 357 (2000).
M. Herrman, B. L. Friman and W. Nérenberg, Nucl. Phys. A 560, 411 (1993). Rapp, Acta Phys. Polon. B42 (2011) 2823.
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In-medium p meson spectral function study

- i P [ Il s A B B SR SRR NI
<5 of S-Au 200 GeV/u % > 200 MeZ/c % % g lCERIES/N A45  Pb-Au 158 A GeV E p % 4000: %
S 10 ¢ ec > 35 mra — % Oud S~ 7% 1 0 = - In-In NAGO — Rapp/Wambach | <
= : 2.1<M<2.65 ~ = >200 MeV/c | O) — i Q
P> i _ P P; © 3500~ semicentral — — Brown/Rho
= | (dng, /dn)y =125 | O 8 o a5 o) 0 . o)
S . -5 —_ T 10 w>33mrad 4 G) L dN iv — - Vacuump —
=10 ¢ —L A 21265 | TS O L o140 it K %)
= S z 1N Q 3000 " dn !} — cockt.p N
= i v - i =
S O A o = - ¢ -~ DD o
510 | B (@) * O § all P ©
e E —t E -6 — = pT
g f N 3 10 1 A~ Z 2500 -_ ~
= - ~ > N © = ! —
R ™ v o : ; -
g v 20001~ VAR :
’g -7 - B / \ '-
\8 [t 10 ' B / \ i
S0 | : 1500[— e v ¥
= - ‘ - / :
9 Y \ | : | / + \ ‘
8|l | [ / |
10 | , ‘\ A | \ , L n 108 | | : g 1000: Tl | | 0 ' \\ ++| +
0 02 1 12 14 ' TR B +¢+
) . . . . . . . B | \ |
m (GeV/c?) Me (GeV/cz) S00[~ ‘// \ K + M* " '.‘ A
- \ A3
- \ BN '
5 i il N s o A
0 0.2 0.4 0.6 0.8 1 1.2 1.4
M (GeV)

* Vacuum p can’t describe strong enhancement.
* Dropping mass scenario (Brown-Rho)?

* Broadening of p spectral function (Rapp-Wambach). Rules out dropping mass scenario,

Agreement with width broadening in LMR.

17



Dileptons as thermometer at NA60O

2 0 mowex NDu T
. , E 10 | QGP
* Thermal dielectrons can directly access the hot QCD S e, total thermal
medium at both QGP phase and hadronic phase. F 10 R
= 10 iy =S
* NAGO: IMR dilepton rate in non-relativistic approximation: 5 w0 SUSEEEE
> T=235MeV . g
dR g 107 7 2170 Mev ‘
3 = c ey T
_ll X (MT)?g_M/T — <T> =205 £ 12MeV g o1 .
dM range 19 < |\/||| <20 GeV/c2 02 04 06 08 1 12 14 16 1.8 2 22 24

Dimuon Invariant Mass Muu (GeV/cz)

 Independent of flow: no blue shift effects.

T T | T T T T T I T I '

E . . tical . 400 -

* Exceeding t e pseudo-critical temperature computed in <ol Central AA Collisions -

thermal lattice-QCD. ook E

§250%— _ _ 4]

O N ]

2 200 e :

= 150 i -

R. Arnaldi et al. (NAG0), EPJC 61(2009) 711 oF oo T (M=1.5-2.5 GeV) 3

NA60, AIP Conf.Proc. 1322 (2010) 1 S0F T, E
Rapp, van Hees, PLB 753 (2016) 586 T s

s (GeV) 18



Relativistic Heavy-lon Collider

* Electron beam ion source (EBIS):
» Generate lon Beam 2 MeV/nucleon.
* Linear Accelerator (LINAC): proton source.
» Booster Synchrotron:
* Accelerates ions to 100 MeV/nucleon, Q = +77.
* Alternating Gradient Synchrotron (AGS):
* Accelerates ions to 8.86 GeV/nucleon, Q = +79.
» Convey ion beam into RHIC.

* Relativistic Heavy-lon Collider(RHIC):

* The Solenoidal Tracker At RHIC (STAR) —
Detector for this thesis.

* SPHENIX experiment.
* Two hexagonal storage ring.
* Blue (clockwise) and

19



N
The Solenoidal Tracker At RHIC (STAR) STAR Beam Use Request 2016/2020 (SNG9G

STAR, Nature Physics 16, 409-412 (2020)

STAR Trigger System

 STAR minimum-bias (MB) trigger criteria:

* A coincidence of signals in both the -z and +z
detector components: BBC || VPD || ZDC.

 Beam-Beam Counter (BBC):
* Located |z| = 3.75 m from STAR detector center.
* Detect charged particles.

* Vertex Position Detector (VPD):
* Located |z|] = 5.6 m from STAR detector center.

* Time Projection Chamber (TPC).  Detect photons.
* 0.5 T solenoidal magnet. « Zero Degree Calorimeter (ZDC):
* Time of Flight Detector (TOF). * Located |z| = 18 m from STAR detector center.

* Detect neutrons.
20



I
STAR electron identification method: TPC + TOF

b

Au+Au sNN = 27 GeV
0.35< pT <0.70 GeV/c

dE/dx in TPC (keV/cm)
Particle Number Density

g 39 I L1 1 1 I ..l‘ .l“...l .'.'.:'“l. [l | I = | l... l "I ‘.f .‘.l:" : l. l e | .l .l .l | [ b [l |
2 15 1 05 0 05 1 15 2 34 36 38 4 42 44 46

p/q (GeV/c) dE/dx in TPC (keV/cm)
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BES-I| dielectron production

%' 106'_ STAR N — Cocktail Sum
* Explore low-mass range down to SPS energies. Q| Au+Au 0-80% mﬁmiﬁfi m%oee"_mzjy:
» Excess yield is well described by the in-medium p + QGP % Qwee&wee Jy—see
emission models. g:
- Normalized excess yield shows no significant , /syy %‘”
dependence. %

 Limited precision especially at low collision energies.

T T T T T T T T

Z’J 1-l STAR I I—‘Re;pp|Su;n ------ PHSD Sum -
~ Au+Au 0-80% -..... Rapp Rho — - PHSDRho |
g 0 mpmer  opemoe
— e e . = 10 == Cocktail Uncert. PHSD Delta ]
i STAR 8 | ]
B 0.4<M,<0.75GeV/c? ¥ > 10+ 27 GeV x10°
— - o
> E B —
©) 10_ Zo
—~ | =
- o | = 10°
U 8 __§ C> O @ @ T_U 1 | 1 1 1
-~ & 3 A
> 6 o 10°®
: o
S Y Au+Au 0-80% & Mee [GeV/C ]
< 40 Cocktail Uncert. o
- ¢ In+In dN/dn >30 Q10
o = @ STAR: Phys. Rev. C 107, L061901 (2023)
B .. e | X0 STAR: Phys. Lett. B 750, (2015) 64
20 30 40 50 60 100 200 STAR: Phys. Rev. C 92, 024912 (2015)
'Sy [GeV]
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e
From BES-I to BES-II

STAR: Phys. Rev. C 96, 044904 (2017)

- BES-I dielectron results (\/syy: 19.6- 7 Au+Aw  ovos co0r
290 GeV: = - BES-II Efggf 1503 :
« Kinetic/chemical freeze-out ;K 21 7.7 Gev i coson %1005

temperatures and total baryon s ozé seey BEST e § ;

densities are approximately S o g g g w i sopl & &SR =

constant. [ Fooev smow HOGVH  ET e
» Variations in fireball lifetime appear RN |/ 1 100 1000

to have minimal impact on the \'Sn F (GeV)

normalized yield.

« BES-II study enters high-us regime (,/syy between 7.7 and 19.6 GeV).

* The total baryon density increases rapidly, while the temperature exhibits only a slight decrease.
Probe baryon-density effects on the EM excitation function.

* Total baryon density and temperature have opposite effect on the results. Systematic

measurements across beam energies help disentangle competing effects.
23



BES-II dielectron production

* Efficiency-corrected dielectron invariant mass

spectra within the STAR acceptance for Au+Au
collisions at /S,,= 7.7, 9.2, 11.5, 14.6 and 19.6

GeV.

* w and @ mesons are clearly visible and are well-
described by the hadronic cocktail.

* In the low-mass region (LMR), pronounced
excess of dielectrons predominantly from p
meson decays with thermal radiation from the
QGP and hadronic gas.

— STAR Au+Au 80%

—_p$ > 0.2 GeV/icIn®l < 1

—— w—e'e & a—onlete —— ¢—e'e & p—me'e

ly <1

\‘A‘ w 19.6 GeV

imin, Jhy—ete
— _),Ye+e'

—— cCoe'e

7.7 GeV x 10"

STAR Preliminary

’—yete
n-ye'e
DY—ete
— Cocktail Sum —&— STAR Data

’xg.jGerm”

X’K

14.6 GeV x 10*

\T\jﬁET

——  11.5 GeV x 10°

1

1.5 2
M., (GeV/c?)
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Acceptance Corrected Excess yield

* Acceptance-corrected excess yield 10~ M STAR Preliminary
invariant mass spectra (points) for Au+Au 10 o
collisions at /Sy, =7.7,9.2,11.5,14.6 and - _, it N T -
19.6 GeV. - F = ' .
2 1075k
2 I
. 310 "
» Good agreement with the Vector Meson s T
Domi VMD h 510_7; t —— Sy = 19.6 GeV
ominance ( ) approach. 7 i ¢ o - 14.6 GeV x6x10°
5, 10°E; ++ i sy = 11.5 GeV x2x10”
s B —e— \Syy = 9-2 GeV x5x10°
» The data support that the p resonance 107 —+— Sy = 7.7 GeV x10°
) . _ . _ ol | Rapp Model at 19.6 GeV
melts” into a continuum of e*e” pairs 107E #} PHSD Model
where the p meson propagator is modified (1 sy SR e S Y
in the medium. M., [GeV/c]

R. Rapp: Phys. Rev. C 63 (2001) 054907, Phys.

Rev. Lett. 97, 102301 (2006) ; or



Integral of normalized excess yield

* Pion yield normalized integrated
excess Yyield vs. collision energy for

0.4 <M;<0.75 GeV/c2.

» Data agrees there is a decreasing
trend in normalized integrated excess
yield for Au+Au collisions as the
collision energies decreases.

S/[dM,, [(GeV ¢

1/N., dN4n exces:

1073

_.
9
L

-
°
(4]

107 £

Au + Au |s =2.42 GeV 0-40%
NN ref., 5, @ subtracted
kT =71.8 +2.1 MeV

— CG FRA

— HSD

p coll. broad. + A +

In-medium p:

—— CG GSI-Texas A&M
—— CG SMASH

35

(AN*=5/cly)/(dN_/dy)
—t -4 N N w

|
O,

_L_}IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Normalized excess yield

X

—r

S
>

— Rapp Model

STAR Preliminary
0.4 <M, <0.75 GeV/c®

TP

—y— STAR BES-I| Au+Au 0-80%
—— STAR BES-| Au+Au 0-80%
+ 27 and 54.4 GeV Au+Au 0-80%
—+— NAGO In+In dN/dn>30
—m HADES Au+Au 0-40%

M

IIlII| IIIIII| | | |

10 m (GeV] 102

STAR: Nat. Commun. 16, 9098 (2025)

HADES: Nature Physics 15 (2019) 1040

NA60: EPJ C 59 (2009) 607

H. van Hees and R. Rapp, Phys. Rev. Lett. 97, 102301 (2006)



Integral of normalized excess yield compared with PHSD

* The downward trend is contrary to
initial PHSD calculations that
normalized integrated excess yield will
iIncrease with higher total baryon
density without temperature effect.

* PHSD: Parton Hadron String Dynamic
IS a relativistic transport model.

T

LMR Excess Yield/ dN/dyl x 10°

B
th W

s o w
i h h

=
n

Ll T T1 T

L LI

[—
LB LI

[ | PHSD expectation at BES-I1
——ea—— data for M=[0.4-0.75] GeV/c?
——a—— BES-II projection w/ iTPC

----- Rapp's model

STAR preliminary

L2 |

STAR Note SN0598 (2014)

0.2

0.15

0.1

-0.7] GeV/c?

=[0.2

0

-Ny)J/N_for M

in-med

(N,
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Integral of normalized excess yield compared with PHSD

35

[ " B -6
Temperature effects: - %10 STAR Preliminary
» At lower collision energies, the *E — Rapp Model 0.4 <M, <075 GeV/c?
fireball temperature decreases, =
| | n = |
suppressing thermal dilepto 5 B e U
production rate. oM v | H |
: : = e + -
- Meson-induced scattering decreases g " H M H ﬁ
as pion density drops. . “ |
“’Z = 4 —— STAR BES-Il Au+Au 0-80%
O Bl N —»— STAR BES-I| Au+Au 0-80%
. ] Dt B + 27 and 54.4 GeV Au+Au 0-80%
 Baryon density effects: - —— mgoE ISmAIn %N/%nzg(}
or— -40%
e As th llision ener decreases B Byl BES-I PHUS+D lé)alculation
S the COllISIo gy ’ = —— BES-I PHSD Calculation
the baryon density rises sharply. p -5t u T
width broadening from the increased 1 "0 Vs [GeV] .
Interaction cross section between the 3 STAR: Nat. G 16, 9098 (2025
. . : Nat. Commun. 16,
P meson and baryons in the medium pb HADES: Nature Physics 15 (2019) 1040

NA60: EPJ C 59 (2009) 607
H. van Hees and R. Rapp, Phys. Rev. Lett. 97, 102301 (2006)
PHSD: Phys. Rev. C 111, 064904 (2025)



Integral of normalized excess yield compared with PHSD

 To reproduce the measured trend,
models must incorporate the interplay
between baryon chemical potential
and the evolving temperature.

» Updated PHSD calculations

successfully reproduce the observed
decreasing trend.

(dN®***5/dy)/(d N_/dy)

35

30

25

20

15

10

x 107°

STAR Preliminary

& TP odg) 0.4 <M, <0.75 GeV/c?

i I
CH AR .

—— STAR BES-I| Au+Au 0-80%
—x— STAR BES-| Au+Au 0-80%
+ 27 and 54.4 GeV Au+Au 0-80%
—4— NAG6O In+In dN/dn>30
—m— HADES Au+Au 0-40%
BES-II PHSD Calculation
—— BES-|I PHSD Calculation

_L_|_I||I|||II||III|IIII|III||II|I|I|II||III

10 \/STJN (GeV] 102

STAR: Nat. Commun. 16, 9098 (2025)

HADES: Nature Physics 15 (2019) 1040

NA60: EPJ C 59 (2009) 607

H. van Hees and R. Rapp, Phys. Rev. Lett. 97, 102301 (2006)
PHSD: Phys. Rev. C 111, 064904 (2025)




Dielectron as thermometer

STAR: Nature Communication 16, 9098 (2025)
Rapp, van Hees, PLB 753 (2016) 586

. N Tec: HOtQCD, Phys.Lett.B 795 (2019) 15-21;
Dielectron temperature measu rement at NAGO: EPJC (2009) 50 607-623
\/syy = 27 and 54.4 GeV with STAR

experiment.
* QGP radiation: M3/2 * e-M/T,

* In-medium p: Breit-Wigner * e-M'T,

—a— STAR Au+Au 54.4 GeV (0-80%)
—e— STAR Au+Au 27 GeV (0-80%)
—— NAGO In+In 17.3 GeV (chh/dn > 30)

—
<
»

— T, ur fit (54.4 GeV, y?/ndf = 0.22)

§ S * ---- Ty fit (27 GeV, yx2ndf =0.32)

Low Mass Range fitting function:

(Cl *fBW(M) iy >x<M3/2) % e—M/T

ch

(d°N,/dM/dy)/(dN /dy) (20 MeV/c?)’

10°° é_ R4 i W‘F
Breit-Wigner(BW) function: -7
MM, = 5 R
fBW(M ) = 02 L A Scaled from p+p (p > ') %L :
(M% - M 2) + M3I™? 1077/ Scaled from e"+e” (p - n*n)
— 1 ] ] ] ] I ] | ] 1 ] 1 | ] 1 ] ] ] 1 ] 1 | ] I ] 1
2 . 0.5 1 1.5 , 2 2.5
—)
M, { M?* — 4m? 2m? 4m? M, (GeV/c?)
V=l —amz ) "M e I\
0 d Tovn OV =178 £ 15 (stat.) = 13 (sys.) MeV  Tag2 9V = 287 + 70 (stat.) + 34 (sys.) MeV

M: dilepton invariant mass. Mo: tho meson pole THSeY =165 £20 (stat.) £21 (sys.) MeV Tad®Y =274 £65 (stat.) £ 10 (sys.) MeV

mass. [o: rho meson vacuum width 30



BES-Il temperature measurement ;
$ —e— BES-II: \/S_NN=19.6 GeV
» First temperature measurement in STAR BES-II o _EFEE .
energies. S Bl pas So i S
58 | STAR EF‘
+ 19.6 and 14.6GeV LMR Temperature: [ -
- T is close to pseudo critical temperature. =
» Results indicate the thermal radiation from e
hadronic gas is mainly produced around the phase & .
transition.
B STAR Preliminary
T[}]?ﬁeGQV(O — 80%) = 168 = 13(stat.) £ 15(sys.) MeV —=— BESII: 5, =146 GeV
;'_-E | — 1 @BW+b'm (T )
T146GeV(( — 80%) = 183 + 25(stat.) + 21(sys.) MeV 3 ﬁ#ﬂ%‘f pectol
= | 'staR | E%'
Low Mass Range fitting function: Breit-Wigner(BW) function: g? ook Au+Au 0-80% QEF# o
2\ % —MIT M Mol - .
@ BWb=MT)* ™ B—ep T St
o S T T

Moc[GeV/c]



Summary of temperature measurement

* LMR:
« T is close to both T, and T,.. % - .
* Results indicate the LMR thermal dileptons S 30E 0 e smroi0) O E
: i - ~ 3L X STAR (Ru+Ru/Zr+Zr) —
are predominantly emitted at a later stage of | 300F O W STAR (Ausau) iﬁ [ i
the medium evolution around the phase : + STARBES- / [] -
transition. 250 4 waco (e o —
E HADES (Au+Au) E
200 A PHENIX (Au+Au) ]
+ IMR: : —conle o o B -
» T is higher than both T, and T, indicating 150 = S t o) o
radiation from a hotter source and providing oo, C AR Preliminary E
potential evidence for QGP thermal emission. - %oo =
» Thermal dileptons mainly emitted from QGP 50« TeLQCD =
_ T, SH e T GCE T, SCE -
phase' O_IICDII(I:hl 1 1 C|h|||||| |Ch| L1 11l 1 L1 g g alT
2 3
STAR: Nature Communication 16, 9098 (2025) 1 10 10 10
NAB0: EPJC (2009) 59 607-623 Uy (MeV)

HADES: Nature Physics 15, 1040-1045 (2019)
T. G.: JPS Conf.Proc. 32 (2020) 010079
T SH: P. Braun-Munzinger et al. Nature 561, 321-330 (2018)

T.n GCE/SCE: STAR Phys. Rev. C 96, 044904 (2017) 392



Dileptons as conductivity meter

8—
In the zero-momentum, low energy

’ limitation, Electrical Conductivity:

i 0 Moore & Robert arXiv:hep-ph/0607172
S s e 1
= — > —
£ Oy = — Y Iim — Im [HEM(qO, q = O,T)]
¥ 9—0 4

3

At low energy limit, EM spectral function is
related to electrical conductivity.

0701 0z 03 04 05 06 07 08 08 1  VVarious theoretical estimations can be
constrained via precise experimental STAR Dislectron Acceptance

o Spec
4 reif et al. m %
| —e— Kadam et al. I I leasu re entS- %
Fraile et al. -
—e— Ghosh (2017)
-1 —&— Ghosh et al. (2018) . 03
1044 3 o * Experimental challenge:
] ® NF=2Brandt(2012) - 0.2
Nf =2+ 1 Aarts (2015)
A quenched (2011) 0.1 :

_ * low invariant mass and pr limit.
: 5 - * precise result on hadron contribution.

Tl 1

—
|

o
‘
o
o
-
e

’ p,(GeVic)

J. Atchison and R. Rapp, Nucl. Phys. A 1037, 122704 (2023)
J. Atchison, Y. Han, F. Geurts, Phys. Lett. B 858, 139024 (2024)
0.1 ' : 7. e e T M. Greif, etc. Phys. Rev. D 93, 096012 (2016) 33

T [GeV]
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https://arxiv.org/abs/hep-ph/0607172

Summary

« Systematic study of dielectron invariant mass spectrum measurement at , /sy =
7.7,9.2,11.5, 14.6 and 19.6 GeV.

* The data support that the p resonance “melts” into a continuum of e*e” pairs
where the p meson propagator is modified in the medium.

» Data agrees there is a decreasing trend in normalized integrated excess yield
for Au+Au collisions as the collision energies decreases.

* First temperature measurement at BES-II energies.
* 19.6 and 14.6 GeV LMR Temperature are close to pseudo critical temperature.

 Summary of STAR LMR temperature results indicate the thermal radiation from
hadronic gas is mainly produced around the phase transition.
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COI I iSion Geome't ry and Central ity M. L. Miller, K. Reygers, S. J. Sanders and p. Steinberg, 2007

12 10 8 6 B 2 0 <b(fm)>
1: T T T T T —

- 50 100 150 200 250 300 350 <Npart>
1 1 1 1 1 I

CSD i<

-
Qe

do/dNgh (a.u.)

102

Participants 107

before collision after collision

0 400 800 1200 1600 2000
Ne

Geometric Variables quantify Centrality: Centrality classes are

* Impact parameter b: distance between nuclei centers. defined as percentile
intervals of the observed
multiplicity distribution.

* The number of participant nucleons: Npart.
* The number of binary nucleon—nucleon collisions: Ncoi.
» Glauber Model: geometric framework for describing nucleus—nucleus collisions.
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Zero Degree Calorimeter

A=A
BREEE ETIREL SR R DU NN I BN ERNG PRV PRRAE NN DI MR
* Neutral beam fragments are detected : 10.
downstream of a large-aperture C 1
accelerator dipole magnet. ' -
* Dipole steering magnet to separate the . e (. = o -10.

neutrons and protons_ -20. -10. 0. 10. 20. 30. 40.
s Centimeters
* Measure the energy deposition of
neutrons.
B DX i
E 50 B Dipole Magnet ’
Q) - —_
"q'; ~ Ions \J—'\_@— —@4—1:’ lons -
- \ —
E 0 B ZDC] {Neutrons:
-_:; = % Intersection _—@\__w\\ &
- B Point - Protonsg
L 50, ) ]
Sl e -
—l 1 1 | | 1 1 1 1 | 1 1 l 1 I | 1 1 1 l | 1 1 | I 1 1 1 | I 1 1 1 1 | | 1 1 1 l | 1 1 | I 1 1 1 l_
ag o gE 010, A5 0. 5. 10.  15.  20.
Meters
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Vertex Position Detector

* Pseudo-rapidity range:
*4.24 <|n| <5.1.

* Pb converter + plastic scintillator
+ photomultiplier tube (PMT).

 Detect photons — charged
particles (electrons) — visible
light (scintillation process) —
fast node electric pulse (PMT

converts).
* 19 detectors per assembly each
side.
T — Teast + Twest _ £
start 2 c

front and back plates

beam pipe

detector

support block
beam pipe support

clamp

mount plate

electrostatic shield

Kapton tape lead wire
RTV-615 j spacer

4 4 e
:H ! ' \ 7;/L / front cap
jﬂﬁ BNC : /
glmz SHV Base % R5946 PMT scint [Pb
- )
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Time Projection Chamber design detail

 Signal generation procedure: Multiple-Wire
Proportional Chambers (MWPC). 155 TPC PAD PLANE

-+ lonizing Track

» Gating Grid:
» Switching electric potential. Drifting Efectrons.
» Synchronization with collision events. . AREEN
* Preventing “unwanted” electrons. SSS=— Gating Grid

* Ground Grid:
* Maintaining uniform and stable electric field.

S, Oround Grid

12X8 mm Pads

* Anode Grid:
* Accelerate electrons. | i
° Townsend avalanChe- H. Wieman Nuclear Physics A 525 (1991) 617- 620
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Time Projection Chamber design detail

STAR Conceptual Design Report, 1992

o
(o]
(o]

- viem/us)
]
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(o]

=3 Cpey lum/vem)

Longitudinal diffusion as
a function of drift field.
Deciding field strength

: é : f 3 as the lowest point of
Ll diffusion.

400

300

100 —- -
S A A

a
0
(o)
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) : ¢

o) i MrHe=Ne=CH4 | .
® 90 -00 - 00 -10
‘ : : 0 45-00-45-10
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= Copee lum/vemi
+
= i ;

Transverse diffusion as
a function of drift field.
N ST P TR T = = s e e - 5 ; Deciding field strength
0 40 80 120 160 200 240 280 PN SRR LR SRS e AR P R SRR B ommmnon - oo S 1SRN (e e .
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' : { el ] 4 diffusion.
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Deciding field strength as the peak of drift i RS i v S IVUPUIA DAL DR
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Time Projection Chamber design detail

- viem/us)

STAR Conceptual Design Report, 1992

[ ~ ™ {o)
[ 5
5 | H J‘.soo :—
i 0 g
400 :—
4
- 300 (-
[ 100 L ..... .o i
- b PR R S S N
1 o) 40 80
2 -
: E 600 f—-cmeveennn .:._...____........7_....,....
i 4—"“ % : - '
1 . 2 F ¢+ M
1 S N-BQ-NQ—CH4 5500 "-_ .....
. ® 90 -00-00-10 = i :
45 -00 ~ 45 —10 [
[ | : : .Iaj 00 -00 - 90 - 10 T : *\*_
> ~ ; : : O 00 -45 ~ 45 - 10 200 |- e
i : : : A 00-72 - 18 =10 [ :
0 IS WY IS S I WIS A I ST A e - M‘
0 40 80 120 160 200 240 280 Soa L
—>  Driftfeld {v/cm) rt
200 :-_ ......................................
Drift velocity as a function of electric field.
' . ' . 00 — .
Deciding field strength as the peak of drift L

velocity.

| Drift Velocity

Transverse Diffusion (o)
Longitudinal Diffusion (o)
Number of Anode Sectors
Number of Pads

Signal to Noise Ratio
Electronics Shaping Time
Signal Dynamic Range
Sampling Rate

Sampling Depth

Magnetic Field

545 cm/ us
230um/y/em
360um//cm
24

136,608

20:1

180 ns

10 bits

9.4 MHz

512 time buckets
0,+025 T, 05T

[tem Dimension Comment
Length of the TPC 420 cm Two halves, 210 cm long
'| Outer Diameter of the Drift Volume | 400 cm 200 cm radius
Inner Diameter of the Drift Volume | 100 cm 50 cm radius
Distance: Cathode to Ground Plane | 209.3 cm Each side
Cathode 400 cm diameter At the center of the TPC
Cathode Potential 28 kV Typical
Drift Gas P10 10% methane, 90% argon
Pressure Atmospheric + 2 mbar | Regulated at 2 mbar above Atm.

Typical

140 Viem & 0.5 T
140 V/cm

12 per end

FWHM

380 time buckets typical

Solenoidal
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STAR PID system: Time Projection Chamber (TPC)

« STAR TPC is a cylinder gas detector.
S » TPC gas: 90% argon, 10% methane.

Outer Field Cage
& Support Tube
Inner

Cage * Field cage: uniform electric field (135 V/cm),
drift velocity ~5.5 cm/us .

» Solenoidal magnetic: uniform magnetic field
(0.5 T).

» Charge particles ionize gas:

e Electric field drift electrons to anode end
(connect to readout pad).

Sector
Support—Wheel

M. Anderson, et al., Nucl. Instrum. Meth. A499:659-678,2003
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STAR PID system: Time Projection Chamber (TPC)

« STAR TPC is a cylinder gas detector.
S » TPC gas: 90% argon, 10% methane.

Outer Field Cage
& Support Tube

Inner
2 Field

Cage * Field cage: uniform electric field (135 V/cm),
drift velocity ~5.5 cm/us .

» Solenoidal magnetic: uniform magnetic field
(0.5 T).

» Charge particles ionize gas:

e Electric field drift electrons to anode end
(connect to readout pad).

Sector
Support—Wheel

* Particle trajectory 3D position.
* lonization energy loss (dE/dx).
* Momentum information.

M. Anderson, et al., Nucl. Instrum. Meth. A499:659-678,2003
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R
STAR PID system: Time Projection Chamber (TPC)

logio(dE/dx)[keV/cm]
N
N 3}

-t
a0

IIII|IIII|IIII|IIII|IIII

0.5

- SE T T . o
s o i i e A e L R N e N T T

- -

-1

-0.5

0

0.5

1

1.5 2
logio(p)[GeV/c]

) | |

o Siuno)

H

10°

« STAR TPC is a cylinder gas detector.
» TPC gas: 90% argon, 10% methane.

* Field cage: uniform electric field (135 V/cm),
drift velocity ~5.5 cm/us .

» Solenoidal magnetic: uniform magnetic field
(0.5 T).

» Charge particles ionize gas:

e Electric field drift electrons to anode end
(connect to readout pad).

* Particle trajectory 3D position.
* lonization energy loss (dE/dx).
* Momentum information.
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STAR PID system: Time-of-Flight (TOF) system

Vertex Position Detector (VPD)

n~0 n~1 L
=== SSS S SSs SSS S S SSSSSSSSS * Pb convertor + scintillator + PMT
 VPDstart Mode: measure “event
initial time” to.

Barrel Time-Of-Flight Detector (BTOF)

 Positioned outside the TPC at a radius of 210 cm.

« 120 identical trays, 60 on the east and 60 on the west.
* Nearly 21 azimuthal coverage with narrow gaps.

Crispin Williams, 2011 CERN Detector Seminar

Cathode -14kV

» Consist of Multi-Gap Resistive Plate Chamber (MRPC).

« composed of 95% Freon R134a (ionizing) and 5% isobutane
(quenching).

» Decide the “trajectory end time” t1. Resolution ~ 80ps.
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e
STAR PID system: Time-of-Flight (TOF) system

Particle multiplicity limitation in VPD at

n~0 n~1 lower collision energies.
= ST TSSSSS SN NNNNNNN - Startless Mode: initial time to.

calculated based on the average
Barrel Time-Of-Flight Detector (BTOF) time of flight with TPC measurement.
 Positioned outside the TPC at a radius of 210 cm.
» 120 identical trays, 60 on the east and 60 on the west.

= A= I,

1.7

—
(=]
)

18

- Nearly 21T azimuthal coverage with narrow gaps. of. “
- -
» Consist of Multi-Gap Resistive Plate Chamber (MRPC). 1_4§_ o zw
« composed of 95% Freon R134a (ionizing) and 5% isobutane 13- |10
(quenching). 12 -
* Decide the “trajectory end time” t1. Resolution ~ 80ps. 11 y
Time of Flight = t1 - to. =

—h

* Particle velocity and mass determination via combination with
TPC momentum measurement.

p (GeV/c)
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Analysis information: event selection

» Dataset: Run17 54.4 GeV, Run18 27 GeV.

* Trigger: minbias (Centrality 0-80%)

« Badrun list: STAR official QA group badrun list.

* Event pile-up rejection via RefMult vs nTofMatch cut.

10

- | V.| < 35cm
— 500 - < 500
R Vr < 2cm % u5oC RUN18 AUAU@27 GeV before cut:il8 £ .,E Run18 AuAu@27 GeV after cut i
s T o 3 ot v
6 400 EL) 400
3 w0 10° fo 3505—
. 3505— D ot
%0 ;_ - 300 ;— o
250 — 250 —
i = 10°
100C ooE-
- 10

50 B 50

1 0 llllllllllllllllllllllllllllllllllllllllllll 1

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Refmult Refmult
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Event Plane angle correction

540

520

500

480

460

440

420

— Raw
—— Aft Recent

rTT X
o
w

Aft RejE
o —— Full Corr

+
b, 4-*‘

+
t
e b S s fﬂmﬂ I, "T*n**

I‘h*mi*ﬁ ﬁ?-m- it}
Fh ﬁqﬁ-ot Fhd +*+itﬂ**4¢*5‘ttt**ﬂ t#tit ;"'

'mlIII|III|III|III|III

0 0.5 1 1.5 2 2.5 3

EventPIane(‘P).

* Raw event plane angle:

g, = cos2p) * pr, q;) = sin(2p) * py O

_ Z qf[itrk], Qyo — Z q;)[itrk], ¥, = 0.5 X arcmn(%)

itrk itrk X

« Recenter Correction:

v=q)—(4q)). 9 =q) - <q§> 1

= Z q)}[itrk], le = Z q, itrk], ¥, = 0.5 X arctan(%)

itrk itrk X

» Reject electrons from event to remove the
correlation between signal and reference.

* Event by event Correction:

nA¥Y, = Z —(— <sm(zn‘I’1)> cos(in?,) + <cos(ln‘P1)> sin(in'?)))
i=1
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Analysis procedure

e Dielectron pair raw Signal: Pair Acceptance Correction Factor (PSAC)
* Photonic electron removal. \
: . : B
* Raw Signal = Same Event Unlike-Sign - Same S,_=N,_—2y/N, N__[( -
Event Geometric Like-Sign X PSAC 2y/B1B__
“N”: from same event,
» Efficiency correction: Pair efficiency from MC “B”: from mixed event
simulation. 5
% —— N+_
. —+ BG
* Hadronic cocktail: MC simulation 10° e —+8,_=N, -BG,
« Meson decay: =, 1, w, @, n’, Jiy 10° T
« Semi-leptonic decay of correlated charm and 8 t B
Drell-Yan. ‘ e . :i-.:*
efficiency correction subtract hadronic cocktail b ‘ +
S 4 > SCOI’I” > Excess Yield : 15 > Y e
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Photon conversion removal

US Pair

ete Raw signal Efficiency Corrected
candidate S,

Spectra S

corr
Correction
k PSAC via mixed event Temperature

Measurement
/B [ ] [ ]
LMR/IMR Fitting

Excess Yield Spectra

ackground Mass input \

|!Bl)1000 - JJOOS

Rapidity input
MC Simulation

Hadronic
Cocktail

pT input

o yield Norm

STAR acceptance

Phi input
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Physical Background: Hadronic Cocktail

« MC simulation : Parent particle — (X)e™e™ in STAR detector environment.
 Dalitz Decay, Mass distribution: Kroll-Wada.
e — 1lete ,p - nete”
M — yete™ (M : 7% n,n')
* Direct Decay, Mass distribution: Breit-Wigner.
JIy— eTe”
cw —ete ,p - ete”
- Parent particle p distribution: Tsallis Blast wave (TBW) function.
* Fitted by experimental measurements.
» Parent particle rapidity distribution: CERES’ MC event generator GENSIS.
« Parametrized by CERES's Data
 Detector resolution and smearing effect.

» Double crystal ball function, fitted by J/y data
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Charmed particle pair production and Drell-Yan

 cc, Drell-Yan (DY) _’.; = & STAR p+p
° _ f~ N— ~ O PHENIX p+p
generate from PYTHIA p-p collision. Zio L o spSmnAL wpea |
O | g# 0 UA2p+p T

» DD — ¢~ e*v v, X: from charmed particles
to dielectron.

- DY : qg — eTe™: from early stage of

® ALICE p+p
ATLAS p+p
® LHCDb p+p

3
collision. 10°F
* The total cross section for Au+Au collisions 107
Is calculated by multiplying the average ;
number of nucleon-nucleon binary collisions - — NLO (MNR)
(Nco) for a given collision centrality. 10 "7 NLO (MRR) up/low
- — NLO (MNR) Fit to Data
Nelson, R. E., Vogt, R. & Frawley, A. D. Phys. Rev. C 87, 014908 (2013) N TEREHEET EETENREET] Ll
Cacciari, M., Nason, P. & Vogt, R. Phys. Rev. Lett. 95, 122001 (2005) 10 102 103 104

Collision Energy Vs (GeV)
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Charmed Particle Pair and Drell-Yan

— PYTHIA Setting Purpose
° -
CC’ D re” Yan (DY) MSEL(1) Enables minimum-bias event generation.
o generate from PYTHIA P-p collision. PARP(91, 1.0) Specifies the width of the Gaussian primordial
— . transverse momentum (k7) distribution of partons
- 4+ = . T
°
DD — e"e"v,u,X: from charmed particles e the hadron
tO d |—e|eCtrOn PARP(67, 1.0) Defines a scaling factor applied to the squared
. —_ 4+ —. momentum transfer Q2 in hard scattering processes,
¢ —>
DY ’ qq € e . from early Stage Of which controls the effective hardness of the simulated
COI I 1ISION interaction.
Vs (GeV) | oz (ub) from NLO curve fit (1/s <= RHIC) | 0.z (ub) from FONLL PYTHIA Setting Purpose
27 17.47 17.30 MSEL(11) &
54.4 75.26 74.81 Enable the production of Z° and v* bosons.
MSTP(43,1)
Specify the production mechanism as quark—antiquark
MSTP(32,4)
annihilation.
Set the width of the Gaussian primordial transverse
PARP(91,1.0) momentum (kr) distribution for partons inside
hadrons.
MDME(174-189,1)=0 Disable heavy-flavor decay channels.
MDME(182,1)=1 Enable the dielectron decay channel.
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Hadronic Cocktail: Scaling

| 1 dN 1 [dN Ohad dN
Scaling: = — AY BRhad—>(X)e+e— TV
Nevt dM Neyt \ dY 70 Oz am MC, hadron

dN
(W) : neutral pion yield at mid-rapidity, adopted from experimental measurements.
79

BRh3d- x)e+.—: Branching ratio for decay channel, PDG data.

Ohad 0

: cross-section ratio between - and hadron.

Gﬂo
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From dielectron temperature to initial temperature

0-80% Au+Au

* First estimate of NLO QGP dilepton

— 10 —— Thermal, |y|<1 STAR 39 GeV 0.350 '
emission with finite ug, using €+ STARLOGEV(x10™)  + STARG24GeV(x10) e | Global fit
: , o _ _ t STAR27Gev(x107%)  + STAR200GeV(x10) 0-323 1 (T ) =1.55(20.02) Turr — 0.093(+£0.003) GeV |
hydrodynamics. ST e 0.300| )
; S > _,;E)OGeV
E; lo-4 *® _ \*‘?E_ é 0.275¢ e .
 Theoretical calculations agree with A S = 0.250, > a
. . . = T -— T~ - ~ [ e
STAR BES-| data in the IMR within & w07} T T g 022 e
uncertainties. S P o 2 0-200) e
g 00 || %\\.\\\\ T 0.175} ,«"II
7 i —t “\\.\\\\ 0.150| “// 7.7 GeV
» Potential correlation between the § 107 R P e e R p By
effective temperature extracted from Dilepton Tefr (GeV)
IMR and the initial temperature in “or o5 1o 15 2025 30 3
the fluid dynamical model to reflect
different stage of the collision. C. Gale, Quark Matter, Houston (2023) (T, ): initial temperature refers to the
Abhdulhamid et al. (STAR), Phys. Rev. C (2023) temperature at the beginning of QGP

J. Churchill, L. Du, C. Gale, G. Jackson, S.
Jeon (2023), 2311.06675,2311.06951

A. Elfner et al., HP (2023)

B. A. Schéfer et al., Phys. Rev. C (2022)

fireball hydrodynamic expansion.
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