‘{?QF\F\Y.H(MQ%_ US DEPARTMENT OF \ w a

W ENERGY Z Wright
/'S\"ﬂ'lo.,_\'\*..\‘

Lab

Office of Science

Physics Motivation for an EIC fixed target program from
the STAR BES perspective

(my personal view)

Helen Caines (she/her),
Wright Lab, Yale University

CFNS - FXT and the EIC - Sept 29 2025



ITPC.:

y[ < 1.5

pT> 60 MeV/c

Improved dE/dx
eTOF:

Wide PID range
EPD:

Triggering

EP resolution

Well known but worth repeating

Critical features for future
NFXT experiment(s)

Max Vsnn =17.3 GeV

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025

Vsnn (GeV) (%e:{/r?nﬁgleegg) F%((;”oild'l?arrggt Ycenter of mass (M“eBV) Rl(Jdna-;LTe No. Events Collected (Request) Date Collected
200 100 C 0 25 | 2.0 138 M (140 M) Run-19
27 13.5 C 0 156 24 555 M (700 M) Run-18
19.6 0.8 C 0 206 | 36 582 M (400 M) Run-19
17.3 8.65 C 0 230 | 14 256 M (250 M) Run-21
14.6 7.3 C 0 262 | 60 324 M (310 M) Run-19
13.7 100 FXT 269 |276 | 05 52 M (50 M) Run-21
11.5 5.75 C 0 316 | 54 235 M (230 M) Run-20
11.5 70 FXT 251 [316| 0.5 50 M (50 M) Run-21
9.2 4.59 C 0 372 102 162 M (160 M) Run-20+20b
9.2 44.5 FXT 228 |372| 05 50 M (50 M) Run-21
7.7 3.85 C 0 420 | 90 100 M (100 M) Run-21
7.7 31.2 FXT 210 | 420 |9->+1.9+ ] 50 M +112M +100 M (100 | Run-19+20+21
7.2 26.5 FXT 2.02 443 2\:5:‘??;‘1‘3 155 M + 317 M Run-18+20
6.2 19.5 FXT 187 | 487 | 1.4 118 M (100 M) Run-20
5.2 13.5 FXT 168 | 541 | 1.0 103 M (100 M) Run-20
4.5 0.8 FXT 152 | 589 | 0.9 108 M (100 M) Run-20
3.9 7.3 FXT 137 | 633 | 1.1 117 M (100 M) Run-20
3.5 5.75 FXT 125 | 666 | 0.9 116 M (100 M) Run-20
3.2 4.59 FXT 113 | 699 | 2.0 200 M (200 M) Run-19
3.0 3.85 FXT 1.05 721 4.6 259 M ->2B(100 M -> Run-18+21



Motivation for Continued CP and Ordered Phase
Transition Studies



Theory - current status

180

160 QM25: CP constrained to:

140 S VSNN ~ 3-4 GeV
120 ATy - R
. us ~ 630 MeV, T ~110 MeV
> 100
= not computed 20 exclusion of pg < 450 MeV
— RS

— = = FRG: Fu, Pawlowski, Rennecke (2019)

DSE: Gao, Pawlowski (2020) . .
DSE: Gunkel. Fischer (2021) In region accessible to FXT

FRG: moat regime (pions) program at RHIC

FRG: moat regime (sigma)

Lattice: WB
| Lattice: HotQCD
0 200 400 600 300 1000
pp [MeV]

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 arXiv: 2502.10267 S. Borsanyi et al 4




Net- proton quctuatlon final results

B C /C O- 5% AU'AU B
1 Ay STAR
I;SI:.- g &2..:._—__§__.§ @ -
¢ =
0 tL —
i A === Hydro EV
N " Collider —-0.5<y<0.5 _
BES-IH e HRG CE
I FXT —O.5<y-yCM<O r J
—1— ! This analysis I NG
= 3 GeV
(PR?_ 126, 092301) - UrQMD —0 5<y-y.. <0
3 4 5 o 7 8 910 20 30

Collision Energy ysy, (GeV)

Precision final measurements from
BES-II:

Vsnn = 7.7-27 GeV (collider)

Vsnn = 3.2-3.9 GeV (FXT)
Still to come:
Vsnn = 4.5 GeV (acceptance gaps)
Vsnn = 3 GeV (-0.5 <y-yem < 0.5,

— and 2B events)

VsnN = 3.2-3.9 GeV:
Consistent with UrQMD baseline

No data in the “gap” -
. . opportunity for nFXT
N.B. Different rapidity range for FXT PP progyram
Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 STAR: arXiv: 2504.00817 5



Zooming in on higher beam energy region

- R —
Au+Au Collisions at RHIC ~

= Net-proton, 0.4 <p_<2.0 GeV/c, lyl <0.5
© T I ol
S ':':";":':'[ﬂ;,
el
O
h —
C'L B Data (0-5%)
e
> $ Data (70-80%)
% 0, - = HydroEV |

------ HRG CE
C 4/ 02 LQCD
UrQMD (0-5%)

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

(C /C, data - Reference)
4

Error

—

S

llllll'

0-5% Au+Au Collisions

| lllllll

—

Net-proton

EYA

CS Non-CP Reference:
O UrQMD

w HRG CE

& A Hydro EV

O, @ Data (70-80%)

lllllll

| lllllll |

;| 0 0 0 [

|\)-I|I|I‘l|l|l|l|l|l|_

Theory shows “nothing exciting” in this range

What's happening? Need more dynamical CP calculations

5 10 2

0 50 100 20

Collision Energy \s,, (GeV)
2-50 deviations non-CP baselines around vVsyn ~20 GeV

NFXT possible to
Vsnn = 17 GeV

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025

STAR: arXiv: 2504.00817




Nature of medium produced

Cumulant ratios sensitive to nature of phase transition

I I I I I I I I I I I I I I |
3.0 GeV F 39 GeV 200 GeV
»n 20 B /
O 1 B= — ..:—_.=§§_.‘._‘_
5 (3 -
-~ I
— ]
T ) | o T
s 0
g 0-40% Au+Au Collisions UrQMD
Net-proton, |y| < 0.5 STAR
8 05<y<0 0.4 <p_<2.0GeVic e gigD
_20 Fixed Target x 10 BES-|
= S e = S o S e o 9o o
C1 C2 C1 C2 C1 C2 C1 C2 C1 C2 C1 C2 C1 C2 C1 C2

Vsnn =7.7-200 GeV: falling trend with rising order - trend predicted by Lattice
Vsnn =3 GeV (FXT): rising trend with rising order - trend in agreement with UrQMD

LOCD: HotQCD, PRD101,074502 (2020) STAR: PRL 130, 082301 (2023) STAR: PRL 126, 092301 (2021) N FXT p reC| S | on Stu dy Of \/SN N~ 1 O G eV

FRG: Weisjie Fu et. al, PRD 104, 094047 (2021)  STAR: PRL 127, 262301 (2021) STAR: PRC 104, 024902 (2021)

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 14



Softening of Equation of State

Fermi-Landau initial conditions with ideal hydro expansion :

cs2 = 0 for a sharp phase transition g
Softest Point: minimum in cs2 o
dn Ksjlv/fv _Z{Tﬁ - 8 ¢’ ln( Js 105
- — Y 2m ‘
d)’ \/27T6y s \ N ) .
Minimum observed at \s = ~7 GeV 09

Minimum in the speed of sound?
C32 ~ 026

Indication of softening of E0S?

0.8

||r|r|r|]|1|1|1r|r|r|r|]|1|1|1r|r|r|r|]|1|14_

T
O
a
o
(¢))

()
0
=
Ol

Cs2 = OP/og

1 |
Dale Observable

E895
m NA4O &
+ STARBES
+ BRAHMS &

aTAR PRELIMINARY

¢

All rapidity density spectra have been
fit with single Gaussian Functions.

!
10

ks

E895: J. L. Klay et al, PRC 68, 05495 (2003)

10°
¥ Sam |

NA49: S. V. Afanasiev et al. PRC 66, 054902 (2002)

BRAHMS: |.G. Bearden et al., PRL 94, 162301

NAG61/SHINE see minima in similar place for pp data

Confirm csin other ways?

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025
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Directed flow

Sensitive probe of early time

: : 0.4
interactions and EOS a Au+Au Collisions
N Centrality: 10-40%
| 0.3} ® 0 o K"
Kaons: a % p * p
- sign change in FXT region T 02 A A v A
. > -
- where exactly does this occur? =T -
> :
: f
- spectator shadowing at play? © ° - STAR Preliminary
LS. W~ I S
i =
d: - E - E W e
- : el lasu gyl g - 2 4 s i g
| unexpectedly large v1in FXT N R MU W R
region

Collision Energy |'s,,(GeV)
- similar magnitude to p and A "

NFXT fills the gap

Mass effect not baryon/meson?

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 STAR: arXiv: 2503.23665 9




Motivation for Continued QGP Formation Studies

10



Disappearance of partonic collectivity

Particles Anti-Particles

QM25, STAR

4. - 3 ) :
&?“? . ﬁ¥ ¥y ¥ : | :
0.c * vy ¥ ¥ - 0.0 * .
> | .3 GQV(FXT) i 3.5 GeV(FXT) 3.9 GeV(FXT) > ) | 3.9 GeV(FXT
2,:0. Py gi' | “?‘ E:O. - ! | ¥
S 0. | - . e ¥ e . | | PTRE ¥
% 0. 1 | | &3.;“:;:" N | &h‘ﬂ ° ¥ | 'ﬁi'w E 0. | | | : : 1&" |
3 04 g i @ i @a i A S 0.0 - L oxy] jt? e | xve -
. . | - . O ) > ¥ - 1 a ‘
80. ’gg‘ ; | - - ‘ f 80. - -'i‘ : ;""-— - ~ |
< |# 45GeV(FXT)| £° 7.7 GeV(COL) , 9.2 GeV(COL) g’ 11.5 GeV(COL) Z &% 45GeV(FXT)| gf’ 7.7 GeV(COL)- ! 9.2 GeV(COL)" » 11.5 GeV(COL)
| ' ‘ - D '

0.0

6 !
S
0.0 w |

ix Au + Au collision 05 3 e | wi¢*  Au + Au collision

°§w‘1¥‘ ﬁ*' ~ ‘ : 0.0¢ + s | wv
éu | ﬁ Centrality: 10-40% ' {*’ Centrality: 10-40%
| | - s

0.0« $ ~ . 0.0¢
f 5’ f Particles ! Anti-Particles
00 8 i ' 0.0 - - C
g 14.6 GeV(COL) f 17.3 GeV(COL)‘f 19.6 GeV(COL) STAR Preliminary ' ; 14.6 GeV(COL) - f 17.3 GeV(COL) :" 19.6 GeV(COL) STAR Preliminary
{ - . ( : 2
0 05 1 0 0.5 1 0 05 . 1 0 0.5 1 0 0.5 1 0 0.5 1
NCQ Scaled E [(mT-mo)/nq(GeV/c )] NCQ Scaled E, [(mT-mo)Inq(GeV/cz)]

Particles and antiparticles no longer consistent with single-particle NCQ scaling for Vsnn < 7GeV

Dominance of hadronic interactions at Vsnn< 3.5 GeV nFXT what energy does NCQ
Mixing of transported and produced quarks changing return? Also particle vs anti-particle

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 STAR: PRL. 135 (2025) 72301, PLB 827 (2022) 137003 11



Disappearance of partonic energy loss

10

R.p [(0-5%)/(60-80%)]

e |Sn= 7.7 GeV
11.5 GeV

$ 14.5 GeV
v 19.6 GeV
* 27 GeV

= 39 GeV
o 62.4 GeV

For Vsnn > 27 GeV suppression observed

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025

STAR: PRL 121 (2018) 32301
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Disappearance of partonic energy loss

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

LA A L L A A A A A A A A A B B B B [ YYYYYYYY l"TTIYYYY‘IYY"I"TY"YVYY

B R A'l'l-l'.A'l"l """"""" 10 é__ SNN — 19.6 Gev _EE_ m — 27 Gev __E

o \syn=7-7 GeV
n 11.5 GeV

$ 14.5 GeV
v 19.6 GeV
* 27 GeV

39 GeV
62.4 GeV

10

(A
o
m ‘E‘.- W “
1’— -- :‘_ k< BRI

R.p [(0-5%)/(60-80%)]

""" 10¢ STAR, Au+Au

: * Kg
$ 0-5% A+X
||||||||||||||||||||||||||||||||||||||||||II|IIII 40-600/0 . '—+

¢ 4=

0-10% © Q+Q
40-60% o ¢

For Vsnn > 27 GeV suppression observed

Differences for baryons and mesons

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 STAR: PRL 121 (2018) 32301 12



Disappearance of partonic energy loss

1111111111111111111111111111111111111111111111111111111111

LA L LA A A A A A A A A A A A A R A A B A l YYYYYYY II'YYIYYYYIYY"I"T'IYYYY

IR AI|,I|-|I-AI|I,| IIIIIIIIIII 10 A ! =l I ! 1 _ ] _ __
. Vo n77GeV - IS 19.6 GeV ISy = 27 GeV :\5 2E | -
= 11.5 GeV j o 1.8~ ¢ E

=10 + 14.5 GeV 7 o) - -

2 . 196 GeV . S 160 . t E

o0 u * 27 GeV O < = -

o+ 39 GeV c R > 1 45 T | 4 -

e L 62.4 GeV 1} veseke. o~ C ¥ .

< = © 1.2t + |

To) ! [

1 o T N N oo M
O .. BN T ok b e N 1 - Au+Au collisions
— 10 Q N
o : i CEQ 0.8 A
oC 1 N Kg 0.6 A STAR Preliminary b
@ 0-5% o A+A B BESI7.7GeV a
I | I I | | I | I I | | I | L 1 1 1 | I | I | | I | I 40-600/0 — '=+ 0-4__ BESII 14-6Gev A __
0 1 2 3 4 5.6 7 8 9 10 ¢ E4E - BESII 19.6GeV A :
p,(GeV/c) 1k . 0.2 200GeV 0-5%/40-60% =

...' ‘ 0'1 OO/O O Q +Q 0 - RN B T N N A N AT A N N N A AN BN MO A N B BN SR AN B AN AN AN BN AN A AN B :
: 1 40-60% o ¢ 0 05 1 15 2 25 3 35 4 45 5
0 ,.. l1 B é N é B zi B é N ‘6 & 200 GeV: Phys. Rev. Lett. 99 (2007) 112301 pT (GeV/C)

For Vsnn > 27 GeV suppression observed

Differences for baryons and mesons

NFXT improve baseline

New ¢ data indicate mass not baryon/meson effect?

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 STAR: PRL 121 (2018) 32301 12



Disqppgg@ngg of partonic energy loss?

N

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025

(arb. normalization)
dn

10 30<p <35GeV/lc ... 1. .. 40<p_<45GeVic ... .. . .

T T
S ———— ®Au+Au \s, =7.7GeV . .
> | . m1M5Gev.

14.5 GeV
................................................ g —
.............................................................. K27 GeVeooo

m 39 GeV
........................................................ i S .62.4 Gev i esssasccccssnacaccnnnnnnee

%200 GeV

]
. RSSO W el
700 v % 7

: "— T :
\Z/ 1 - | | m ”“ﬁ .............. HH ‘H} ...........................
| fttee————— Uil |m|| H“ ........................... l | ’HHHH ..............
Eaads =, [Emaa—S Wi‘f’ff“f
.......................................................................................... .
.................................................... % S .
ool b b b Lo o

Is flow/Cronin hiding Eloss?

Interesting idea:

For each energy normalize to peripheral data

High pt suppression in central events for all energies
down to Vsnn~14.5 GeV

Many results reveal something interesting In
Vsnn =10-20 GeV range

NFXT. Where to other systems, especially pA sit?

50 100 150 200 250 300 350

(N_)

part

50 100 150 200 250 300 350

(N_)

part

STAR: PRL 121 (2018) 32301



Energy loss vs energy density

6——m8mMm ——mm@m @ —————————————————————————————————
| —--- Global Fit (Slope: 0.099 £+ 0.004), Intercept (-0.437 £ 0.071)
4 ALICE Xe-Xe /syy=5.44 TeV g
5t 4 ATLAS Xe-Xe ySyy=5.44 TeV )
; ALICE Pb-Pb /syy=5.02 TeV L7
l 4 ALICE Pb-Pb {syy=2.76 TeV ,+/
G . 4 STAR Au-Au vsyy=0.2 TeV %7—:%:
~~ - z
> | 4 PHENIX Au-Au y/Syy=0.2 TeV :,F
v | 4
(O 3} 49 STAR Cu-Cu ysyy=0.2 TeV :¥,—_~
5 -
<, 4
1 + L_| -
| | ;g;
O . ’./ ............................
10 20 30 40 50 60

EiBr}CIusive (GeV/fm3)

Link between entropy and charged particle

density very sensitive to viscosity
More careful calculation needed

ELoss from shift of pt spectra

Approximate energy density from
Glauber and charged particle yields

Given number of approximations strong
correlation between Eioss and ginit over
different species and collision energies

Partonic energy loss scales with initial
energy density

Evidence of jet quenching in O+0O
(see QM and |IS)

NnFXT:. Does scaling breakdown??

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025



Initial temperature of medium

IMR LMR

B STAR (AutAu)

2L M STAR (RuRu + ZrZr)

¢ {4 NA60 (In+In)

® HADES (Aut+Au)

X

T.LQCD
T,SH T, GCE «T,SCE

10 107

Sl *“ +h* STAR Preliminary
—$=9N=—""" 0 gl U ) . .
~\

Thermal di-electrons:

LMR: Transition thermal radiation

IMR: QGP thermal radiation

Need to cross into QGP regime
to see CP

Vsnn < 20 GeV possible
with nFXT?

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025

STAR: arXiv:2402.01998
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Normalized dilepton low mass excess

o ' i STAR Preliminary BES I
- No clear Vsnn dependence
- Well described by in-medium p + QGP emission

HA% Q B ﬁ [ | models

X

—

o
(0]

30
© Rapp Model 0.4 <M, <0.75 GeV/c

25

20

|IIII|IIII|IIII|IIII|IIII|IIII|IIII

3
B
pd
3
> 15 i
- 1 BES-Il + HADES
- . - Decrease below Vsny ~ 10 GeV
3 — STAR BES-Il Au+Au 0-80%
> n —¥ STAR BES-I Au+Au 0-80%
—+ NAG0 In+In dN/dn>30
Ew, = (e + N2 = HADES Au+Au 0-40%
| | L | | o .
1 1OM[GGV] 10°

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 STAR: PRC 107 (2023) 0 16



Normalized dilepton low mass excess

35

30

25

20

15

10

(AN°=S/dy)/(dN_/dly)

5

0

At about same location:
- Baryon density rises

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII

X

—

<
(0]

O Rapp Model

.

o= N+ N2

s#& STAR Preliminary
0.4 <M, <0.75 GeV/c?

Ha%‘éw j

—— STAR BES-II Au+Au 0-80%
—— STAR BES-| Au+Au 0-80%
—+— NAG60O In+In dN/dn>30
—a HADES Au+Au 0-40%

—i

-Tch Arops

10 \/% (GeV] 102

NnFXT. With precision data can we

disentangle different medium
effects on LME?

BES-I:

- No clear Vsnn dependence
- Well described by in-medium p + QGP emission

models

BES-Il + HADES

- Decrease below Vsny ~ 10 GeV

-]

c kin
vk World data
STAR BES

-- T, Andronic et al.
T Cleymans et al.

T ~7100 1000

\/— (GeV)

M 00-05%
AutAu O 05-10%
o ® 10-20%
[] 20-30%
30-40%
O /\ 40-50%
L 7.7 GeV ® 50-60%
i 2L 60-70%
or 70-80%
11.5 GeV BES-I

E ............ RN ey St IR R R R

: 8 £y :

~ 50 100 150 200

\' SnN

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025

STAR: PRC 107 (2023) 0
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Motivation for Continued Particle Production Studies
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Renewed interest In

dN/dy

baryon stopping/transport

B p dN/dy AuAu ¥ 0-5% Central
120 — _1No
B VSNN =3 GeV ¥ 5-10% Central
u STAR PRELIMINARY ¥ 10-20% Central
100 —
B v g wn ¥ 20-30% Central
80 [— S _am S ¥ 30-40% Central
- - —
N ad .....-v--v-EE‘E—v-..,_,e asa ¥ 40-60% Central
= | 60-80% Central
- » e Measured
20 [ x Weighted
- o Mirrored
|

—

FXT data Au+Au Vsnn = 3 GeV:
Centrality dependence of proton rapidity distribution width

Proton peak shifts away from mid-rapidity for more
peripheral collisions
- less stopping

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025
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Renewed interest in baryon stopping/transport

dN/dy

B p dN/dy AuAu ¥ 0-5% Central
120 — _1No
B \/SNN =3 GeV ¥ 5-10% Central
B STAR PRELIMINARY ¥ 10-20% Central
100 —
B v g wn ¥ 20-30% Central
80 [— S _am S ¥ 30-40% Central
- o —
B - WE"E_'_‘_‘_@ a~a ¥ 40-60% Central
= | 60-80% Central
- .,, e Measured
20 [ x Weighted
- o Mirrored
|

—

Define stopping, dy, via the shift of the

participant proton peak from beam rapidity

Average loss of 0.19 £ 0.01 units of rapidity per

nucleon-nucleon collision

consistency with other
experiments at similar enerqies

FXT data Au+Au Vsnn = 3 GeV:
Centrality dependence of proton rapidity distribution width

Proton peak shifts away from mid-rapidity for more
peripheral collisions
- less stopping

0.8—

-

07; Proton oy AuAu
\'m =3 GeV

Stopping (dy)

o
(o}

o
w

o
w
IllfIITlTIIIIIIIIHITIIIIIHl'll'

o
PN

O
(%

o

STAR PRELIMINARY

p e s Lo by wva bev v oy v bywva bwvy o bygy
1.5 2 25 3 3.5 4 4.
(

-

(=)
o
w

In combination with UPC - enhance |

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025

understanding of baryons
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Trajectory through the phase diagram?

0.18
S, 0.175

v 0.17

]('/z / n( G

0.165

0.16

0.155]]

0.15

0.145
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| 4

STAR, PRC 44904
y =[-0.1,0.1]

T This Work
vyl =[0.0, (

chem 0.05)

STAR Preliminary
Au+Au Vsnn=27GeV

|

50

100 150 200 250 300 350

<1V/)u/'/>

Higher rapidity —>
larger Jg, similar Tch

o 0.16— | l
EREEREE
S | ) d e MB
:250.14 | ¥ £ & + I I
et I .
0.12- . ‘
s I | ' STAR, PRC 44904
i y = [-0.1,0.1]
I S This Work
0.1} TT ,LIB yl =[0.0, 0.05]
L
0.08| ' STAR Preliminary
Au+Au Vsnn=27GeV
1 1 1 | l |
i 50 100 150 200 250 300 350
(Npare)

Next step: Compare mid-rapidity/low Vsnn and high rapidity/high Vs

Chemical freeze-out parameters match but initial conditions differ.
Can we see the difference imprinted elsewhere?




Kinetic freeze-out of light nuclel

At Vsnn = 3 GeV

Yields of proton & light nuclei well
described by models

Significant centrality and rapidity
dependence

1025‘\1/

[Odeuteron O °He

—
10°F 0-10% :
/' _peonoonT |

¢ triton A “He
| |

10 g i
oL 88888338 |
< 5 :
< - A A 1
© : AjsAaAAAAAL

10‘15‘

: @® proton

I I I I
10-20%

STAR Preliminary
Au+Au Collisions

VS = 3 GeV

I I I I
E3 20-40%

- SMASH + Coal. (p,d,t)

— JAM (p)
— . = UrQMD (p)

|
~1

205 0

Ytarget = — 1.045

-l I |
1

g5
Particle Rapidity

0

1
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Kinetic freeze-out of light nuclel
At Vsnn =3 GeV

10%F 0-10% o ggere®® F 10-20%  _ _ _ __ _ F 2040%

. . . | mjmyaia) 33M : /0—0-:-\‘-‘.4.-.-_4 -
Yields of proton & light nuclei well 10'p goaset zzumﬁﬂﬂ'ﬂ i EEDDDEE ——
described by models >0l eassasddy | [ Yo, s ] A A%.%

L . . S A A L aaaAAA A‘A Y 3’&‘33
Significant centrality and rapidity 107k B YV Aa,
d d = @ proton i STAR Preliminary : Aia

epen ence 5 [Tdeuteron O °He T Au+Au Collisions T === SMASH + Coal. (p,d,t)

l Au|+AllJ Collisions at Mid-rapidity - 10 ‘\l/ ¢titon  AMe I {5 = 3 GeV T ijr\cl\)/l I\/(IIE))(p) ;
Peripheral Central : -'_'1' : '5'_O|.5' — 'O'“'_I_l' — '_O|5' — '(I)“'_I_I' — '_OI5' — '(I)-
150 ray: i, K, - ] target:_1'04 " Yal
=T e Gray:m. K,p (BES) y Particle Rapidity
i A —m I - . . .
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O _

E | STARPreliminary - % | 7#_“{ - vsnn = 3 GeV different trend to higher energies.

- - O p @ d3GeV F . _

50— E B d SMASH: 0-10% i% — leferent EOS?
: lp,dTit: O.6|<pT|/A<|1.6 GleV/cl S |: Effective Tkin(d) > Tkin (p)
C%ﬁective Velocgiiir/ ([3T> (c) >0 BT(d) < BT (p)
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Light nuclei collective motion

| Au+Au, \/sNN =54.4 GeV COL (2017) ool Au+Au, I'syn = 27 GeV COL (2018)
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A-scaling:

vo for Vsny = 54-14.6 GeV

(also for v3)
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Light nuclei collective motion

ool %t;ﬁyl" /Sy = 54.4 GeV COL (2017) o2 AutAu, s, =27 GeV COL (2018) I A:;g;, {Suy = 19.6 GeV COL (2019) : oAuB-BI;u, /S,y = 14.6 GeV COL (2019)
it o ozf- \nieto I i<t A-scaling:
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Y-N interaction

10

dN/dy (lyl<0.5)
S 3

o
&

o
A

Precision studies are just beginning

- Au+Au 0-40% collisions  STAR Preliminary

e A
¢
E ¢ “*"e s .
e ®
_ e 1H(x4) ® .
E e, N .
f: ... ;‘\He ® AH (X].O)
B . - Thermal-FIST (CE)
N o O Published
= ¢ ' @ STAR preliminary
C 1 1 1 | 1 1 | 1
3 4 5678910 20 30 4050

Collision Energy \|sy, (GeV)

NFXT region
where production
maximal

Critical to inform neutron star EOS

Probe using hypernuclel
- Thermal model over predicts all yields

- Evidence of excited states

- Extraction of BE possible in high usregion
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D o ! d-A Correlation
Ie Run 21
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This study§ H@—— World average
ALICE 2023
: STAR 2020
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NPB4!1968
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Other Open Questions

23



Direct virtual photons

2 [ 143004004
~ . I STAR,Au+Au,10< P, < 3.0 GeV/c
Z>—‘1 O —A(dN_ /dn) Fit to STAR Data ( 10)
= [ —+ 200GeV
- STAR Preliminary =
1 Fie 544 GeV g o 8
= 27 GeV l ! :
- 19.6GeV B
10-1 + 14.6 GeV : |
§ : /jA/j?;, Pb+Pb, 10 <p_<5.0GeV/e
102 —=— 2.76 TeV
= 1 502 TeV
Ll i PHENIX, Au+Au, 1.0 <p, <50 GeV/c
1073 & —s— 200 GeV
s —— 624 GeV
n —— 39 GeV
i Cu+Cu 200 GeV
10—4 | | ] ] el BN B I | | | ) O Dt B |

102

10°
chh/ dnm

Yield scales with multiplicity from
Vsnn=14.6 GeV - 5 TeV

a=1.430.04 0.02

Scaling continues at lower collision energy?
What about other beam species?

Resolve offset between PHENIX and STAR

Asymmetric systems
with nFXT?
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Longitudinal decorrelation

N 1 1 1 1 I 1 1 1 1 I 1 1 1 1 N 1 1 1 1 I 1 1 1 1 I 1 1 1 1
< STAR Preliminary{ < | STAR Preliminary-
R A R 0-10% 1 T e 10-40%;
¥ - ' : @ » P =
‘ [] 54.4 GeV | % * []
0.95} = 4 0.95F o ¥ = -
27 GeV * 19.6 GeV [ [:] ]
[ Q
0'9:_ Au+Au i " . - 0-9¢ [ -
[ W \s,, =54.4 GeV I L O AMPT O |
\[s =27 GeV
0.85[ ¢ |\ =27 GeV 1 0.85f NN al
. m \s, =19.6 GeV j - O AMPT ys,,, = 19.6 GeV
] ] ] ] I ] ] ] ] I ] ] ] ] ] ] ] ] I ] ] ] ] I ] ] ] ]
0 0.5 1 1.5 0 0.5 1 1.5
Ll Ll

N | J J J J | 1 1 1 |
‘% Z STAR Preliminary 1
B 1'-* -------------- 40-80%
e * *
0.95F ¢ + :
0.9F + :
W25<n_ <4.0 '
0.85F ©.4 2.1< Inrefl < 5.1 -
.M 21<In I<5.1
ref -
| | | | I | | | 1 I 1 1 1 1
0 0.5 1 1.5

4

Strong decorrelation at RHIC energies (even stronger for r3)

Strongest in central events

Increasing with decreasing collision energy
AMPT too strong

3D dynamics important
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What is the Magnetic Field Strength

10 | || I 1 1 | || | L I 6 1 OT l 1 I | 1 1 T 11 I
_ STAR Au+Au collisions ! ” STAR Au+Au collisions | Pi—Py = 2|pp|B
e 20-50% Centrality i | 20-50% Centrality i . . f
Nature548.62(2017) e A ©OA - 4l = A-A STARPreliminary T = 150 MeV
B PRC108.014910(2023)+ A ¢ A - + 5-/\ PRC108.014910 (2023)_ Uy = — 1.93 x 10~14 MeV/Tesla
o BES-II STAR Preliminary it ©  A-ANature548.62 (2017)
) . " A 0 A SR | | | T-Temperature of emitting source
=ty ol un - magnetic moment of A
n o 5
K
& —
B N ; _% | % ) 1 No global polarization
primary - - - primary+feed-down 1 | * “ Spllttlng observed
- UrQMD+VHLLE, i | 0
| — priTnary primary+feed-downl i SR 1 e
10 10?2 10 10°
Energy [GeV] Energy [GeV]

Upper limit on late stage B-field B < 1013 Tesla (95% confidence)

Must be a magnetic field - dies away too quickly?
Can nFXT detect it? More theory needed
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Summary

STAR BES-II
RHIC and STAR operated beyond our imagination
Motivating measurements achieved with precision stated

Despite incredible success of BES-Il program many open questions remain
and others have been generated

NFXT program will provide multiple unique

opportunities over and above those from CBM,
SHINE, HADES, NA60+

Possibility to answer what happens in the gap, provide pp(?) and pA baselines,

other species

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025
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The upgrades

Major improvements for
BES-II

ITPC Upgrade:

» Replaced inner sectors
of the TPC

* Continuous Coverage

* Improves dE/dx

» Extends n coverage
from 1.0to 1.5

* Lowers p cut from 125
MeV/c to 60 MeV/c

All worked during BES-II

sl

EPD Upgrade:

EndCap TOF Upgrade:

« Rapidity coverage is critical
*PIDatn=1to 1.5

* Improves the fixed target
program

* Provided by CBM-FAIR

 Improves trigger

* Reduces background
 Allows a better and
iIndependent reaction plane

measurement critical to
BES physics
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FXT proton acceptance

2.5—m

7 Red box: Standard analysis window
., 0.4<pT1<2GeV/c

& -0.5 <y-yem <O

- Near-full acceptance to 4.5 GeV
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" Time
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VY, Yy, ¥y, VY,

7.7 taken in both FXT and collider mode

Good overlap in acceptance

" Collider

- (2020) % (2021)
Critical for methodology comparison e ey R TR
Y-Ycm
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Cumulants vs Acceptance

» Widening y, ptr windows of measurement enhances potential critical contributions

1.05F 5 B g i 5
7.7 GeV 9.2 GeV 11.5 GeV 14.6 GeV 17.3 GeV 19.6 GeV 27 GeV
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Rapidity Acceptance y"*
» Deviation from UrQMD increases with y acceptance and near 20 GeV

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025



Light nuclei Ratio

PRL 130 (2023) 202301

0.6L Au+Au Collisions (a) 0%-10% (b) 40%-80% -
I @ STAR, full p_range
- ] Common syst. err.
Nie "
7. 0.5 z
\b.‘ : ) E Q
Z i ! "8- (o
X 0.4} %y
I p_/A: [0.4,1.2] (GeV/c) ]
O°3 __ e pT/A: [0.5,1.0] (GeV/c) ————- COAL. inspired fit, full p_ range _ O 3

b ! R R R R a ! R ! I T S T B A !
5 10 2030 50 100 200 5 10 2030 50 100 200
Collision Energy \syy (GeV)

N{N,/N4?, sensitive to fluctuations of the local neutron density shows enhancements relative to the
coalescence baseline with a significance of 2.3 and 3.4o respectively in 0 —10% central Au+Au collisions at

19.6 and 27 GeV.

Constrain production dynamics of light nuclei and understanding of the QCD phase diagram
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Strangene

ss production

0.6 -

|

 STAR Preliminary

| B sMASH GCE |
L AU+AUP —- UrQMD' CE, L (fm) o
0-40% |\ i
+ B uramp? 2.2
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ata compilation: arXiv: 2108.00924
TAR: Phys. Rev. C 102 (2020) 34909
IADES: Eur. Phys. J. A (2016) 52: 178
rQMD?: Prog. Part. Nucl. Phys. 41
1998) 225-370

rQMD?: J. Phys. G: Nucl. Part. Phys.
3, 015104 (2015)

MASH: Phys. Rev. C 99, 064908
2019).

hermal CE: Phys. Lett. B 603, 146

~Things change at Vsnn = 3 GeV

® Au+Au 0-10%
¥ STAR (|y|<0.5) 1
o HADES
-=-=: GE, r= 2.2fm
--=: GE, r= 4.2fm
-- GE, r_=6.2fm ‘

Collision energy:

below threshold for =
very close to threshold for ¢

Small strangeness correlation
radius preferred

re<4.2 fm

GCE
— - UrQMD'
New
N
\\K“&__ﬁ’___
3 5 10 30

Collision Energy \|s,, (GeV)

Local strangeness
conservation Is crucial

CE cannot simultaneously describe ¢/K- and ¢/=- ratios
significant change in strangeness production at this low energy

2004)
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Rapidity dependence of anti-baryon enhancement
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Significant enhancement above cocktail

" STAR Au+Au |s,, = 27 GeV (0-80%)
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Intermediate mass range

Something interesting occurring in both mass ranges for several collision energies
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Hypernuclel kinematics
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- B Hypernuclei, y=(-0.25,0)

- e Linear fit for light nuclei
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1 2 3 4
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Including A\ reduces <pt>
Mass number scaling
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Hypernuclel kinematics

— STAR preliminary Models
1 .6__0 Au+Au 0-40% (p_/A>0.4 GeVic, lyl<0.5) =" Coal. (Default AMPT)
~ Coal. (UrQMD, Ar=9.5fm)
E864 Au+Pt 0-10%
(@¥ | 4 — Hr —— Coal. (UrQMD, Ar=4.3fm)

N

(A\H/°He)/(A/p)

| O STAR Au+Au 0-80%
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—~ - 0-10% collisions .~
Q B 3H ¢"‘ @
. e -
% 1.5~ STAR preliminary JRt
N—" e t’+. A
?.\l_ : d 2 a
~N~— 1_ \Q\" 3H
> ¢"" R A
= i S
.-9 B p ,\¢"\ .’
o} B K3 o
R
g [
1 *
o 0.5 A O Light nuclei, y=(-0.1,0)
> - ® A y=(-0.1,0)
- B Hypernuclei, y=(-0.25,0)
- e Linear fit for light nuclei
0 | N L L
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Mass (GeV/c?)

III|III|III|III|III|III|I

|
S .0/
0.4 1, -
o0 o fe- S 0-40%
. K Assuming B.R.( iH—>3He +n) =25%

o

10

10°

10°

Including A\ reduces <pt>
Mass number scaling
preserved

'S\ [GeV]

S3 increases with Vsnn
Increasing feed-down to

3He from unstable nuclei?
Suppression at low Vsnn?
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Hypernuclel kinematics

Mid-rapidity (pT> (GeV/c)
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Suppression at low Ysyn?  reasonable description

Adding a hyperon enhances sensitivity
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Excited hypernuclei are also created

Au+Au 3 GeV, lyl<0.5 Thermal model

107 @ 0-10% .- With *H* feed-down
. O 10-40% No tH* feed-down
B STAR Preliminary /4\ H / 4He
. : Bﬁ Evidence of formation of excited
: I 34 e hypernuclei states in heavy ion
- collisions
£ 107 9

Assuming B.R.(}""H—°“ He+x' )=25%(50%)

1 2 3 4
Mass number A
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Correlations with hyperons

p-/\ and d-A\ correlations explore:

N-(-N)Y interactions and hyper nuclei structure

Rc : Spherical Gaussian source

size
fo : scattering length
do : effective range

Expect different fo and do from

difference spin states

| | Singlet State 150
I Trlplet State 351

| Doublet State 251/2
: Quartet State 453 /2

Separating source
size and FSI

Rg ~ 2-3 fm

Recentral > RGperipheraI

RPN > Rg(@-N)

10x stats still to come

Effective Range d, (fm)

lllllllllllllllllllllllll

- s ; é  pA -
3G Vf """"""""" N " @ Model ]
j e f. . == Datalc -
g Data 2c |
§ R ¥ R e B & - Data3o
dA ]
RN | i N [ e i W Models ___
/ \ | . mm Data 1o
\ ? . Data2c |
I" | — A F ELUN
a | | i i |
| (S)é. vV ,'/ v
1  FIEEEUUNE] R
- A
) | [
| . = l . | |
Vg & W&
] N (s il W T -
| - /C = “'STAR
\ / ! Prehmmary
| Y < 1y N
30  -20 10 0 10 20 30

Scattering Length f, (fm)

* Spin-avg for f, & d, p- system

B +0.12 B +2.7
fo = 2.32_0.11fm, do= 3.54_1.3fm
 Separate two spin states in d-A
+3 +2
fo(D) = — 3 m, do(D) =3 _1 fm
+2 +1
fo(@) = 167 {fm, do(Q) =2 fm
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HBT - 3D femtoscopy

— T T T T T T —
E .
= — -
‘g‘ — _
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= + ..... I# g
o4 e X E
3 [ .
— (k) ~0.3 (GeV/c) A STAR FXT rmint -
— 4+ HADES rn*r* ¢ HADES &7 _]
P Z_L_ —— ] : ——————+] : — ] : ]
£ .0 STAR ALICE =
- . ¥ nint (k) =0.3 (GeVic) M 't (k) =0.3 (GeV/c) .
f? = 3wt (k) =0.5(GeV/ie) O mnt (k) =0.5 (GeVic) _
@ 6 — ¥ KK (k)=0.3(GeVic) M KK (k) =0.3(GeVic) * S
oc — ]
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s . 3 =
— ¢ * x ¥ X ¥ ¥ .
4l + e
3 — o
= F | . e
E - =
2 -
S 61— ]
oc — _
5 ¢ o=
af- €Y a8 =
. A o UrQMD ]
3 Tt (kT> ~0.3 (GeV/c)
. _f_ ............. vt (k) 0.5 (GeV/c) =
— — K'K* (kT> ~0.3 (GeV/c) °C
2 I— 1 11 lI 1 1 1 1 L1 1 II 1 1 1 1 11 1 II 1 1 I_'

1 10 10° 10°
\'syn GeV

Radit:
Increase with collision energy
Decrease with transverse mass
Larger for m than K
UrQMD reasonable agreement
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HBT - 3D femtoscopy

o
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41— ] — C T —
- : 0.5¢ ? 1 Larger for m than K
T e 4 maree EC 7 UrQMD reasonable agreement
—_ 2__L_ —— ———+——+—+++H ——+—+—+—+—+++ _: —— o + T
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3rd bOdZ Coulomb interactions Measured femtoscopic source rgdii

different for rt+ 1+ and 1t -1t - pairs

» Isolate 3rd body Coulomb effect: . .
+ Extract Zrese from 1 +/11 - yield ratio, 3rd body Coulomb effect or isospin of

- Calculate Ap needed to produce the 3rd body Coulomb the system?

effect in UrQMD
« Get correlation functions with the momentum shift

STAR Preliminary 3 | - 11 .
Au + Au 0-10% : : 55
- 11.05 8 ©
os <y FITER IS o
(k)aOZGeV/c : | : =
®Data [JUrQMD (QS-only) 3 -50.95 E:o
A3rd-body Coulomb corrected data | 0.9
Lo 1T eg, iEe M1 L . . .
£24 05k e ° . 1 ®e g : EY 05%: c -Correlation functions consistent
- ® 1 ¢ 1% -
L e ;Al'i"@"“---ﬁ""------;-~51 3 after removal of 3rd body
C 1 F ] =
E:-%() 95k 1 F 10.95 'E:E Coulomb effeC.t |
0.9- D N D X ‘No S|.gn|f.|cant ISospIn
3 4 5 6 8 3 4 5 6 8 contribution seen
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Medium modification of J/yp

1
0.8}
0.6

- + 0-10%
5 H .-~ =—Total (0-20%)

®  This analysis: Au+Au, 14.6, 19.6, 27 GeV

0 Au+Au, 54.4 GeV

o Au+Au, 39, 62.4, 200 GeV 0-10% ¢
O Pb+Pb, 17.3, 2760, 5020 GeV

= -Primordial

. _ -~ Regenelation
STAR preliminary

ol

107 10°
IS\ (GeV)

New data at 14.6, 19.6 and 27:

Confirm no significant energy dependence at RHIC
energies

Interplay of dissociation, regeneration, CNM,
spectra shape




Medium modification of J/yp

New data at 14.6, 19.6 and 27:

1.2
- ® This analysis: Au+Au, 14.6, 19.6, 27 GeV
0-5% . : .
1F o AutAu, 54.4 Gev - Confirm no significant energy dependence at RHIC
- 0 Au+Au, 39, 62.4, 200 GeV 0-10% (A -
0.8 ¢ Pb+Pb, 17.3, 2760, 5020 GeV T energies
.
] 0-20% " " " .
> 06 + H | Interplay of dissociation, regeneration, CNM,
- B 0-10% L7
n — Total (0-20%)
0'4_ _QH H _ﬁ = -Primordial SpeCtra Shape
I - O _ -- Regenelation 5 I e e e e e e e e e e T LA R e o e e e e e
0.2 T € P o pemesitep 0zt v P :
. - u+Ru&Zr+Zr eV,p_>0.2GeVlc, e'e”, |y <T. ]
- STAR preliminary m:E 1.8 - *  p+Au@200 GeV, p_>0 GeV/c, W, |y[<0.5, PLB2022 -
0 ' "'2 — '13 - 16 E % p+Au@200 GeV, p_>5 GeVrc, e'e”, |y |<1.0 7
10 \/? (GeV) 10 E ¢ Au+Au@200 GeV, pT>O.15 GeV/c, utu~, |y |<0.5, PLB2019 :
NN 1.4 - Pb+Pb@2.76 TeV, p_>0 GeV/c, e'e”, |y |<0.8, ALICE, PLB2014 —
15 :_ 7 Pb+Pb@5.02 TeV, p_>0.15 GeVrc, e'e”, |y |<0.9, ALICE, NPA2021 -
-1 E . Glolla_elll uncertainty ]
Suppression at RHIC that scales with Npart o8k , i i
0.6 F E@E @ A
: o "
0.4 ®
z .
025 STAR Preliminary
O_ L b by b b b
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Limiting fragmentation

20

Vq (%)

| | |
 40-60%;

O

I I I |
STAR Preliminary :
Au+Au |

|

|

|

|

| | |
| 10-40%; |

Results extended to
more centralities

.
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— - I | . .
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Change in since of net proton v1

dv

Change of sign in the slope of d—l
y

(for baryons, or net-baryons) as a

probe to the softening of EoS and/

or first-order phase transition;

If a system undergoes a first-order
phase transition, due to formation of

mixed phase, pressure gradient is

dv,

small (minimum in the e slope
y

parameter);

0.02

-0.02

-0.02

0.02

-0.02

PRL 120 (2018) 6, 062301

T @
_ . o 10 - 40% Au+Au _
I e -
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! o
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g .g, . g — n
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+ m hetA
|+ | -+ netK
10 100
/s, (GeV)

-0.02

-0.04

5 0.01

dv_/dy|

0.01

PRL 112, 162301 (2014)

0—"10-20% Centrality __
e |
i +/¥/*/ .
u + a) antiproton-
— *\ b) proton -
A ]
\\
[ N 0 ) _'___,,___.-—-—"_
\ Y
i e & L ’
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\ /'/ ® Data
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v1 slope and v2 sigh change

- 0.4 o Au+Au Collisions at RHIC
—> " e
S 0.3 == Q STAR O A n
= & O = a
© 10-40% Ao K ()
-~ 0.2 A ¢ N
=S s =
>
) 0.1 - o« =
®© A
o I B - S
M . N 3 N 2 N i : ;

-0.04 |-

bt (b)

< 4 p E877

;_ ¢O‘D 0 p E895

V' Z=1 hadrons FOPI
T B p HADES [/3]

§Y¢ JAM UrQMD

sesses mm——— P
1 1 A

Baryon-Mean-field Cascade
L 1 l

3 5 10 20
Collision Energy \s,, (GeV)

30

Negative v, slope and large positive v, in Au+Au

collisions at high beam energies.

Positive v, slope and negative v, for all measured

particles in AutAu collisions at Vsyy= 3 GeV.

hadronic transport model JAM and UrQMD with
baryonic mean-field interactions qualitatively describe
the data.

— EoS dominated by baryonic interactions at 3 GeV

ES877: Phys. Rev. C 56, 3254-3264
ES895: Phys. Rev. Lett.85, 940

FOPI: Phys. Lett. B 612, 173

STAR: Phys. Lett. B 827, 137003, (2021)
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v2 light nuclel

1 0.2 1 1

- . o | : | i |

004k Au+Au Collisions at RHIC : : Data Model (J AM2)| 03k STAR Preliminary |

) e Centl‘ality 10-40% | 0.15F o + 3.0 GeV I : |

- | I H ! ® |

| : L. * W32 A :

0.02 - X | . A m i 35 | 0.2F ) |

; \ : 0.1F | i v A\ g |

Q v v v | N - i, ® 4 3.9 | N |

> Ba 4 a4 | = N I > A : !

op-------- e e — r - - A o | i YA\ |

o . g E.m m g 0.05 __ ¥ , l I 0.1 -_ Y i I

® | B | |

° I S A I ) 3 v |

- ' =

o002 P Tt e, O____q __________ i - He \: . |
i . ofF---------------- O e - -

(a) 0.4<p_ <10 GeV/e : (b) 08<p _<20GeVic ° o, - (© 16<p _<30GeVie i

I [ | [ | [ | [ | I [ | [ | [ | [ | I I [ | [ | [ | [ | I [ | [ | [ | [ | I ~ I [ | [ | [ | [ | I [ | [ | [ | [ | I

1 ~0.5 0 _ ~0.5 0 _ ~0.5 0

Particle Rapidity (y) Particle Rapidity (y) Particle Rapidity (y)

1) Light-Nuclei elliptic flow v measurements in 10-40% mid-central Au+Au Collisions at /snn=
3.0, 3.2, 3.5, 3.9 GeV

2) Mid-rapidity elliptic flow results indicate an out-of-plane expansion (v2 < 0) at the lowest
collision energy, whereas in-plane expansions (v2 > 0) are evident at higher collision energies
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Flow of light nuclei from coalesence - AMPT

- Au+Au, s, 54.4 GeV COL (2017)
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- Au+AU, s, 19.6 GeV COL (2019)
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R. Sharma: STAR QM Talks




vi1 and EM Fields

Quarks in the expanding medium experience different forces due

to
1.Hall Effect: F= q(vXB)
2.Coulomb Effect: E generated by spectators

3.Faraday Induction: Generated by decreasing magnetic field

as spectators fly away
[U. Gursoy et al. PRC 98,055201, PRC 89 054905 ]

These EM forces give opposite v1 to particles with opposite charges

and thus vi(h+)-vi(h-) is sensitive to EM fields

Demonstration for protons

4 (a) transported-quark effect 4 (b) electromagnetic field

Transported quark effect: Quarks transported from 2 2 g b (@ observed
incoming nuclei can have different v than that of quarks g - . - : »
produced in the interaction region. It can affect hadrons | g | \
having u and d quarks.

Adv./dy= dvi(h+)/dy - dvi(h-)/dy [STAR, arXiv:2304.03430]
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Directed flow difference

§ STAR Preliminary § STAR Preliminary 5 - x ¥ STAR Preliminary
i - ] 7 . - *
> 0k ORI T R sT | & & | 200 GeV S ! -
- .q: x t A A 200 GeV B ot + ¥ A 5+ + o+ =, N
s LA S A q | ¥¥ ¥ ¢ A T e A
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¥ ¢ A X ¢ A A A8
! i S 200 GeV .
s v oA A R L B Different effects
¥ - 19.6 GeV ! 27 GeV .
| ., e o * .\ | can/do dominate
i . e - - * T - ‘:’ . .
1ol O R L ; | R in different
- e p,>0.2 GeV/c, p < 1.6 GeV/c 46 Gev 19.6 GeV .
¥ 14.6 Gev - Au+Au STAR BES II X " 0 regimes Have
i * [ i + 200GeV ’ -0.1 p - ﬁ 14.6 GeV precision to
-15 + - - * A 27 GeV X s
: Tc Tc - () 19.6 GeV | p,>0.4GeV/c,p<2GeV/c X h O pefu I Iy
! 0.2 GeV/c, 1.6 GeV/c : & 14.6 GeV . n
! Pr” a 7.7 GeV ¥ 7.7 GeV 7.7 GeV - 7.7GeV | d|Se ntangle
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Centrality (%) Centrality (%) Centrality (%)

@ @ @ @ @ @

Difference in particle-anti-particle slope:
Increases with decreasing centrality - Higher B-field
Increases with decreasing beam energy - Increasing crossing time
Has species dependence - transported vs created quarks
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