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Outline

* QCD Phase Diagram and Heavy-ion collision
* Dileptons as probe with theoretical considerations
* Dielectron analysis in RHIC BES-Il energies

» Spectrometer, Thermometer

 Summary and Outlook



QCD Phase Diagram and Heavy-lon Collision

» Quark-Gluon Plasma (QGP) phase
* Deconfined quarks and gluons.
 Local thermal equilibrium.

« Hadronization: Phase transition to the
Hadron Gas phase.

* First/second order phase transition or
Crossover?

* 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.
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Why Dileptons?

» EM probes are penetrating: EM Probes

* No coupling to strongly interaction matter.
* Mean free path length » size of the fireball.

* Reflect the whole history of a collision.

* Dileptons vs. direct photon:

* Encode additional information: invariant
mass.

* No blue-shift effect.

equilibrium : ,
namics viscous hydrodynamics

free streaming

collision evolution
t~0fm/c T~1fm/c T ~ 10 fm/c T ~ 101° fm/c

Shen, C.;Heinz, U. Nucl. Phys. News 2015,25, 6—11



Dilepton invariant mass spectrum

* High Mass Range (HMR: Mee > 3 GeV/c?) % 'D' I'_t'd' A E
» Drell-Yan: gg — y* — eTe™ T :
* Heavy quarkonia: J/y and Y.

seai( [eXy Jo ASaunoo

* Intermediate Mass Range (IMR: 1 < Mee < 3 GeV/c?)
« QGP thermal radiation: gg — e e~
* Semi-leptonic decay of correlated charm:

cc > ete X ; 4 o 1

7 Drell-Yan 3

* Low Mass Range (LMR: Mee < 1 GeV/c?) ? >L?:~f/; enmocidion: High-Masiﬁlf?ngion ?

» In-medium vector mesons. T B W

 Light meson decays: 1, n Dalitz decays. mass [GeV/c?]
* Transport coefficients (electrical conductivity). e time scale Sy



Electromagnetic production rate

In a strongly interacting dR,+, - — o2
thermal equilibrium medium d4a:ld‘llq — 37T3§/—1[w2 fB(QO7 T)guylm[H’g&(M, q, T, #B)]
Dilepton emission rate in
four-dimensional space and f3(qo; T): Thermal Bose-Einstein distribution
momentum
Im[H%’]’W(M, q; T, ug)]: EM correlation function

The emission rate is connected

to the imaginary part of T (M, q,T, pg) = —i / d*ze' "0 (o) ([0 (2), TEN(0)]))
correlation function defined via

the hadronic EM current N I
O(xy): 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).



EM spectral function and Vector Meson Dominance

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083CO01 (2022)

EM spectral function: 0 d|| :
: : - U, d,sS i
* Mee > 1.5 GeV/c2: Partonic dominance B * 3_loop pQCD _
. _ 10 | \ ! Naive quark model —
=) edr' ; / G §
L ‘ -
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In-medium Hadronic many body approach

P meson propagator in the hot
and dense hadronic matter

TU
o ZPM Pion cloud
D N h y Scattering with
PB, baryons and mesons
d
W< (1520) .. a,(1260) .
¢ N4
QQOA rQQQ
\ 7T
Y P -
b C

R. Rapp and C. Gale, Phys. Rev. C 60, 024903 (1999).

R. Rapp, G. Chanfray, and J. Wambach, Nucl. Phys. A 617, 472-495 (1997).
M. Herrman, B. L. Friman and W. Nérenberg, Nucl. Phys. A 560, 411 (1993).
R. Rapp and J. Wambach, Eur. Phys. J. A 6, 415 (1999).
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Broadening depends on Temperature and Baryon Density

M. Urban, M. Buballa, R. Rapp, and J. Wambach, Nucl. Phys. A 673, 357 (2000).
J. Atchison and R. Rapp, Nucl. Phys. A 1037, 122704 (2023).
Rapp, Acta Phys. Polon. B42 (2011) 2823.



STAR Beam Use Request 2019/2020 (SN696)
STAR, Nature Physics 16,409-412 (2020)

STAR experiment

nner upgrade

vent 'lane | 'etector

* Dielectron analysis need large acceptance +
high purity PID.

* STAR experiment PID system: Time
Projection Chamber + Time of Flight
detectors.

* Momentum measurement.
» dE/dx and velocity(1/p).

* High purity sample.

Q

18

(dE/dx) (keV/cm)

* Physics background for electron: T T e pla eV &)

* Photon conversion from material or target. ’ " |
* Dalitz decay from light mesons.

* In-medium modification of charm.

— et A oorlete —— ¢oe'e &¢ome'e  -o-- Jy—ete

Photon Conversion in STAR

— e — e n-e'e

DY—e'e = Cocktail Sum

[GeV/c?T!

Beam pipe support

STAR Acceptance 8 | ;
Aluminum kinematic Mount

py > 0.2 Gev/c
[nél <1
[yl <1

\ 1

dN/dM

Beam pipe support G10 ring

Event 2 Event 1 Z 9

15 2
M, [GeV/c?]



BES-I| dielectron production

%' 106'_ STAR ~c'e — 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 sy S
dependence. %

 Limited precision especially at low collision energies.

Z’; I STAR I—‘RalppISm"n E . b
= Au+Au 0-80% ...... Rapp Rho —-PHSDRho |
> — - Rapp QGP ----PHSD QGP ]
S 0 ESData PHSDa1l
e O.'e ' S'TA'R' = ' = 10 Cocktail Uncert. PHSD Delta ",
12~ ST i
. 0.4<M,<0.75GeV/c® ¥ =, e e
> 10 5 10
o 10¢ ~c
\'S : %o
% 8 _—§ e = 10°
= | ©
= I 7 ¥ |
% °F 3 10°
— B Y Au+Au 0-80% O B
Z 4 Cocktail Uncert. &
- ¢ In+In dN/dn >30 5
o = Q.10 STAR: Phys. Rev. C 107, L061901 (2023)
E . . FIHSD , § STAR: Phys. Lett. B 750 (2015) 64
20 30 40 50 60 100 200 2 102} STAR: Phys. Rev. C 92, 024912 (2015)
W .
\Snn [GeV] 0 05

- '1.51
M., (GeV/c?) 10



e
From BES-I to BES-II

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

05% 200_ T T T L
* RHIC BES-I results (19.6 - 62.4 GeV): - Au+Au 5 o100 (a) :
" 0.4 ® 10-20% ) oz =.-._-_-__-__-_-__-__-_=:
» Total baryon densities are constant. SN 0 2020 150} f 41_ =
» Kinetic and chemical freezeout ¥ 3% 27 Gev e = S _
temperatures are approximately = 02 BES.| e = * kg *
Constant -'(5_ i 1I.I5II?V EEEEEEEEEEEEEEEN l_ : TCh Tkin B
. N n 624 GeV ': 50 /A Yk World data &
0.1-"= o | o I : B @ B STARBES R
. 39 GeV 130 Gev ~ 200 GeV: BES-II Fhélndromcetfll
° RHIC BES-II 7-7- 19-6 Gev : i :IIIIIIIIIIIIIIIIIIIIIIIIIIIIII: O_ L P 5 eymans.ea B
( ) 0 50 100 _ 150 200 1 100 1000
* Probe the total baryon density and N F (GeV)
temperature effects on EM spectral "
function with changing properties. jotpd & SEE T 9 20 2 9 ¢ 2992 flewm [

Ig:ﬁ #
- ﬁi@## e BES-I: |5yy=19.6 GeV
- +

 BES-Il has 10 times more statistics = i
than BES-I. Total error reduced by PPy 3ol G e s e
factor of 4 at 19.6GeV. § | i 222_ 2| ow

 Excess yield invariant mass - % : : 2@%_ s |y|1 |
spectrum results are consistent with AN EREN BB . ¢ o Bii i |
BES-I at 19.6GeV. (GeV) e e

11



BES-II dielectron production

10" —STAR Au+Au 80%
L TAR Preliminar
Fpe>02GeVic I <1 B sllod b
10 —— w—e'e & oonlete —— ¢e'e & pome'e
...... e e Thermal dielectron spectra with STAR BES-II
1014 — noyete’ n—yete — = i . &
e DY—ete STAR Preliminary s STAR Preliminary
1012 — Cocktail Sum —— STAR Data 10?2% 1028
7.7 GeV x10'® Sy Tt —— 5y = 19.6GeV - — e BES-I: |5, =19.6 GeV
- 1 - —=— s, = 146GeV = |
I;/ (\-E- _‘ —e— |5y = 92GeV NQ i Rapp Model
S : L Trem >
92 GeVX 1012 8 10_3:— Vs—:: = 11.5 GeV (.3. 1035— ﬁ
== I_u; — @ [
—e o B & |
\T\jt = F = [ sTAR
11.5 GeV x 10° g i . g 4 | AutAU0-80%
3 10°E o 10°E ee
Z = # pd = lyTl<
© [ © [
[ + % k ~  Excess = Data - Cocktail =T=
14.6 GeV x 10* s -
B =l | Ly 10°L | | . | |
0.5 1 1.5 2 2.5 0.5 1 15 2 2.5
Meo [GeV/c?] Mee [GeV/c?]
: s o Excess yield invariant mass spectra at , /s,y = 19.6 GeV can

M., (GeV/c?)

R. Rapp: Phys. Rev. C 63 (2001) 054907, Phys. be well described by R. Rapp’s calculation.

Rev. Lett. 97, 102301 (2006) ;
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BES-Il and experiment with higher pg

10'® \ Au + Au s, =2.42 GeV 0-40%
—STAR Au+Au 80% . NN ref., 5, » subtracted
. —_p_? >0.2 GeV/icIn®l < 1 STAR Freliminary 1078 = kT =71.8 + 2.1 MeV
L = ooeTRoE — e 8 one'e Thermal dielectron spectra with STAR BES-II -
1o B = : T
| - . STAR Preliminary . _
- —— cToe'e DY—sete . In-medium p:
102 — Cocktail Sum —o— STAR Data b % -4 | — CG FRA
7.7 GeV x 10 - B g = — CG GSl-Texas A&M
1010 i i - i@ {Say = 14.6 GeV - — CG SMASH
. I\___/ O _‘ Sy = 9-2GeV :\\ — HSD
. 8 S VS = 7.7 GeV N p coll. broad. + A +
§ 10 9.2 GeV x 10" 8 10° = {Se = 11.5 GeV T — bremss. (NN, zN)
8 6 S\T\\jét I_é E 10—5 — \\ —
= Sfed o z _
> 10° ——  11.5 GeV x 10° g | - 7 T T — N RN
© %Z 10-* =5 - f — / I \
102 — N
. b N 1 107 = / Vacuum p: X x\ \
11 14.6 GeV x 10° B i % ‘*’r - | — hsp l \
\ - [ —- smasH \
10—2 10° = | | ! | ! ! L ! | L L . L | I 4L 1 / | | | | | | | | | |
0.5 1 1.5 2 2.5
M GeV/02 0.2 0.4 0.6 0.8
104 ee | ] M,, (GeV ¢
- e : - -
S e e Excess yield invariant mass spectra at BES-Il and HADES
M., (GeV/c?) . . . . . _
* Medium interactions at diverse environment:
HADES Collab., Nature Physics 15 (2019) 1040  Total baryon density

* Temperature
13



Integral of normalized excess yield

Normalized excess yield

0 35 m
e x10 STAR Preliminary
30—
L e oae 0.4 <M, <0.75 GeV/c?
B
1= |
= $ M
=) e
ST H H
O i
F ¥
18 10 H
s —¥ STAR BES-II Au+Au 0-80%
= " —¥ STAR BES-I Au+Au 0-80%
4 N —+— NAGO In+In dN/dn>30
s o = HADES Au+Au 0-40%
_l | ] ] | | | | | | | || l |
i 1 10 10?
\'Sny [GEV]

HADES Collab., Nature Physics 15 (2019) 1040

NA60: EPJ C 59 (2009) 607

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

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

» Hint of a decreasing trend from high to low /Sy

14



Dilepton temperature measurement

STAR: arXiv: 2402.01998 submitted

Rapp, van Hees, PLB

753 (2016) 586

e Trc: HotQCD, Phys.Lett.B 795 (2019) 15-21;
Dielectron temperature measurement at NAGO: EPJC (2009) 50 607-623

/svv =27 and 54.4 GeV with STAR

experiment. T
- Thermal dileptons can directly access the < E DA AP \(/ofg;)ig)%)
hot QCD medium at both QGP phase and 2 - =+ NA60 In+In 17.3 GeV (dN_ /dn > 30)
hadronic phase. & - — T, fit (54.4 GeV)
* QGP radiation: M3/2 * g-M/T ’{;‘: = f%&”:f];itt((rif (ei\e/{/)
» In-medium p: Breit-Wigner * e-MT. 123,010'8;_ , 3 :,_,%f;f@;ﬁ__::_: _____ 7 T Tt (27 GeV)
Low Mass Range fitting function: ;?‘ ;_ '% N YH,*E ﬁL
(a*BW + b * M3/2) * e_M/T 53 - - iii ----- Scaled from p+p (p — n*x) ! vy 7 %
Breit-Wigner(BW) function: Ng = 05" s Tror%ne'+? 2 Tf:)' > S5
M M,T +-— M, (GeV/c?)
( Mg — M 2)2 + M 3P2 Towa ¢V = 172 + 12(stat.) + 18(sys.) MeV Tivid €V = 303 + 59(stat.) + 28(sys.) MeV
T2 SV =167 + 21(stat.) + 18(sys.) MeV Tiw:’ = 280 1 64(stat.) + 10(sys.) MeV

M: dilepton invariant mass. Mo: rho meson pole mass. ': rho meson width

15



BES-Il temperature measurement -

== —e— BES-II: |5, =19.6 GeV

. . Y e — + (@BWAb'M (T, )
» First temperature measurement in STAR BES-II 2 e

energies.

STAR E%‘
Au+Au 0-80% galEH

N\

Iyee|<1 ‘N

|

* 19.6 and 14.6GeV LMR Temperature:

d NGXCGSS/d Mee [GeV/CZ]-1

\ .

* T is close to pseudo critical temperature. L T
* Results indicate the thermal radiation from E
hadronic gas is mainly produced around the phase o I\(;Ils[GeV?;é] .

transition.
STAR Preliminary

—=— BES-Il: |5, =14.6 GeV

T1206eV(0 — 80%) = 168 + 13(stat.) = 15(sys.) MeV

LMR - (a*BW+b*m3/2)><fB(T )

TR

i

T H05eV(0 — 80%) = 183 % 25(stat.) £ 21(sys.) MeV

dNeXCGSS/d Mee [GeV/Cz]-'l

- STAR
" . g . .| Au+Au 0-80% QEF‘T
Low Mass Range fitting function: Breit-Wigner(BW) function: = Iyl:;du \f
( s BW—|— b >X<M3/2) s —M/T MM()F E Excess = Data - Cocktail
a € (Mg — M2)2 + Mgrz - Tm = 183 £ 25(stat.) + 21(sys.) MeV
10?).2I I I0.|3I & IO.|4I - I0.|5I . I0.|6I o IO.|7I . IO.|8I B IO.|9I = I1| -

Me[GeV/c?] 16



BES-Il temperature measurement

* First temperature measurement in STAR BES-I| S 400 =
energies. © [ 'UIMR ¥ LMR STAR STAR Preliminary =
= 350 s
~ - O IMR 4 LMR NA60 (In+In) .
- 19.6 and 14.6GeV LMR Temperature: ™ 300 VMR HADES L B
* T is close to pseudo critical temperature. 250 = [ LMR STARBES-| 0 -
o o - e LMRSTARBES-II .
* Results indicate the thermal radiation from 200 |- 3
hadronic gas is mainly produced around the phase - . s B . .
NIC g yp P 150 = s e *’M b o =
transition. B _
100 - I T, LacD -
T 280¢V(0 — 80%) = 168 £ 13(stat.) = 15(sys.) MeV sof TwSH °T,GCE  ©T,SCE -
ol L L L e
T H05eV(0 — 80%) = 183 % 25(stat.) £ 21(sys.) MeV 1 10 102 10°
. (MeV)
STAR: arXiv: 2402.01998, Phys. Lett. B 750 (2015) 64-71 -
NABO: EPJC (2009) 59 607-623 .Temperatu_rg meas_urement in STAR
HADES: Nature Physics 15, 1040-1045 (2019) Isobar collisions: Jiaxuan Luo
T. G.: JPS Conf.Proc. 32 (2020) 010079 09/24/2024 Hard Probe

T SH: P. Braun-Munzinger et al. Nature 561, 321-330 (2018)
T, GCE/SCE: STAR Phys. Rev. C 96, 044904 (2017) 17



From dielectron temperature to initial temperature

* First estimate of NLO QGP dilepton
emission with finite ug, using
hydrodynamics.

* Theoretical calculations agree with
STAR BES-I data in the IMR within
uncertainties.

Excess(Data—Cocktail)/(dNcn/dy) [1/(20 MeV)]

» Potential correlation between the
effective temperature extracted from
IMR and the initial temperature in
the fluid dynamical model to reflect
different stage of the collision.

0-80% Au+Au

10 —— Thermal, |y| <1 STAR 39 GeV

+ STAR 19 GeV (x107%) + STAR 62.4 GeV (x10?)
STAR 27 GeV (x1072) + STAR 200 GeV (x10%)
10~-¢
ey
-
-4 ® e
10 + o
-Iﬂ— ‘\~\._m\.\'
1077} e Tl
) \.\'\' M .\.\'\.\.\
T~
10-10 e || 72 Tl
Wl —a- =~ ~ \.\. =~ ~
10713 s ==~
10—16 . . . . . . ' .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Mee (GeV)

C. Gale, Quark Matter, Houston (2023)
Abhdulhamid et al. (STAR), Phys. Rev. C
(2023) ,Phys. Rev. Lett. 132, 172301 (2024)
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)

Hydro (Tin) (GeV)

0.350 -
Global fit:
0.325} _
(Tin) = 1.55(+0.02) Tt — 0.093(+0.003) GeV
0.300} p
—9-~
0.275 _i'_ZOOGeV ]
e
0.250} = gul
ﬂi
-+
0.225} oA
s
0.200} A
v

0.175} o
0.150! = 77Gev

0.14 0.16 0.18 020 022 024 026

Dilepton Tefs (GeV)
(T.,): initial temperature refers to the

temperature at the beginning of QGP
fireball hydrodynamic expansion.
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Summary and outlook

. STAR BES-II dielectron measurement: , /syy =7.7, 9.2, 11.5, 14.6 and 19.6 GeV

» Excess yield invariant mass spectra in different environments.

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

 First temperature measurement at BES-Il energies.

» Outlook:
» Efforts for reducing photonic conversion background.

» Comparison with theory calculation to constrain models and further physics
iInterpretation.

» Opportunity for other topics with electromagnetic probe:

» conductivity meter, chronometer.
19



Thank you for your attention
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PHSD predication on normalized LMR excess yield

2

o 5 . - —_02 S

 PHSD: Parton Hadron String Dynamicisa % 4st - &
relativistic transport model. = 4f e BES-II projection w/ ITPC e
. . ~ [ 8 it R s s R Rapp's model ]

 PHSD model predicts that normalized Z 35 ] 0.15 &
dielectron yield will increase at lower 3 3f S1AX preiiminary 0
collision energies which have higher total S o5t & s
nucleon density without the temperature 2, { e
ffect S B e z
etiect. & 150 I .
~ : '

=

—_ 05 - I ] N R ) R S5 O 0.05 =

V. Metag, arXiv:0711.4709
L. Adamczyk et al., Phys. Rev. C, 2017.
H. v. Hees, R. Rapp. Phys.Rev.Lett. 97 (2006) 102301
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