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Well known but worth repeating
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√sNN  (GeV) Beam Energy 
(GeV/nucleon)

Collider or 
Fixed Target ycenter of mass

𝛍B

(MeV)
Run Time 

(days) 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 9.8 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 2.69 276 0.5 52 M (50 M) Run-21
11.5 5.75 C 0 316 54 235 M (230 M) Run-20
11.5 70 FXT 2.51 316 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 2.28 372 0.5  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 2.10 420 0.5+1.0+  

scattered
50 M + 112 M + 100 M (100 

M)
Run-19+20+21

7.2 26.5 FXT 2.02 443 2+Parasitic 
with CEC

155 M + 317 M  Run-18+20
6.2 19.5 FXT 1.87 487 1.4 118 M (100 M) Run-20
5.2 13.5 FXT 1.68 541 1.0 103 M (100 M) Run-20
4.5 9.8 FXT 1.52 589 0.9 108 M (100 M) Run-20
3.9 7.3 FXT 1.37 633 1.1 117 M (100 M) Run-20
3.5 5.75 FXT 1.25 666 0.9 116 M (100 M) Run-20
3.2 4.59 FXT 1.13 699 2.0 200 M (200 M) Run-19
3.0 3.85 FXT 1.05 721 4.6 259 M -> 2B(100 M -> 

2B)
Run-18+21

iTPC:

|y| < 1.5

pT > 60 MeV/c

Improved dE/dx


eTOF:

Wide PID range


EPD:

Triggering

EP resolution

Critical features for future 
nFXT experiment(s)

Max √sNN =17.3 GeV
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Motivation for Continued CP and Ordered Phase 
Transition Studies



Theory - current status
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QM25: CP constrained to:


√sNN ~ 3-4 GeV


µB ~ 630 MeV, T ~110 MeV

   2σ exclusion of µB < 450 MeV

arXiv: 2502.10267 S. Borsanyi et al

In region accessible to FXT 
program at RHIC



Net-proton fluctuation final results
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0-5% Au-Au Precision final measurements from 
BES-II:

  √sNN = 7.7-27 GeV (collider) 

  √sNN = 3.2-3.9 GeV (FXT)

Still to come:

√sNN = 4.5 GeV (acceptance gaps)

√sNN = 3 GeV (-0.5 <y-ycm < 0.5, 
and 2B events)

N.B. Different rapidity range for FXT
No data in the “gap” - 
opportunity for nFXT 

program

√sNN = 3.2-3.9 GeV:

   Consistent with UrQMD baseline 

STAR: arXiv: 2504.00817 



Zooming in on higher beam energy region
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2-5σ deviations non-CP baselines around √sNN ~20 GeV

STAR: arXiv: 2504.00817

nFXT possible to 
√sNN = 17 GeV 

Theory shows “nothing exciting” in this range

What’s happening? Need more dynamical CP calculations



Nature of medium produced
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/ 17Dylan Neff           QM 20239/5/2023

Cumulant Ratio Ordering

7
STAR: Phys Rev Lett 130, 082301 (2023) 

Ordering of ratios (Net-baryon):       -  LQCD, FRG

❏ Violation of ordering found at fixed target           = 3 GeV 
➪ Trend reproduced by UrQMD
➪ Suggests hadronic matter

❏ Data trends appear consistent with predicted 

hierarchy between            = 7.7 and 200 GeV

BES-IFixed Target
-0.5 < y < 0

18

 Within uncertainties, 7.7 - 200 GeV data consistent with lattice predicted hierarchy. 
 At 3 GeV, violation of ordering is seen. Observed ordering reproduced by UrQMD.
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(d) 200 GeV

62  R51  R42   R31R 62   R51  R42    R31R 62   R51   R42    R31R62  R51   R42    R31R

LQCD: HotQCD, PRD101,074502 (2020) 
FRG: Wei-jie Fu  et. al, PRD 104, 094047 (2021)

STAR: PRL  130, 082301 (2023)          STAR: PRL 126, 092301 (2021) 
STAR: PRL 127, 262301 (2021)          STAR: PRC 104, 024902 (2021)

R31 = C3/C1 R42 = C4/C2 R51 = C5/C1 R62 = C6/C2

Results: Study Of Thermodynamics

D.Neff (STAR): Talk (Tuesday)

Study of thermodynamics: Net-baryon  - Lattice C3/C1 > C4/C2 > C5/C1 > C6/C2

-0.5 < y < 0

√sNN =7.7-200 GeV:  falling trend with rising order  -  trend predicted by Lattice 


√sNN = 3 GeV (FXT):  rising trend with rising order  -  trend in agreement with UrQMD

Cumulant ratios sensitive to nature of phase transition


nFXT: precision study of √sNN ~10 GeV



Softening of Equation of State
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Fermi-Landau initial conditions with ideal hydro expansion :  cs2 =  ∂P/∂ε

Radial Flow, and softening of  EoS 

A. Rustamov, CPOD 2016, Wroclaw, Poland 
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p ε( ) = cs2ε

Fermi-Landau initial conditions 
Ideal Hydrodynamic expansion 
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= KsNN
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L. D. Landau, Izv. Akad. Nauk, 17, 51 (1953) 
E. V. Shuryak, Yad. Fiz., 16, 395 (1972) 
M. Bleicher, arXiv:hep-ph/0509314v1 
 
 

		
1
pT

d2n
dpTdy

= 1
mT

d2n
dmTdy

=αe
−
mT
T

consistent results 
however:  
1. minimum is not  
    well defined 
2. similar behavior  
    for p+p! 
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cs2 = 0 for a sharp phase transition


Softest Point: minimum in cs2

Confirm cs in other ways?

Christopher Flores
QM2015 September 29, 2015

STAR sees an increase in the ratio 

of the measured pion width to the 

predicted hydro width confirming 

trend of previous NA49 

measurements.

Dale Observable

12

E895: J. L. Klay et al, PRC 68, 05495 (2003)
NA49: S. V. Afanasiev et al. PRC 66, 054902 (2002)
BRAHMS: I.G. Bearden et al., PRL 94, 162301

STAR Data points include both 

statistical and systematic errors.
σ

y
(hydro): P. Carruthers and M. Duong-van, Phys.Lett. B41, 597 (1972)

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

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

Minimum observed at √s = ~7 GeV

Minimum in the speed of sound?


cs2 ~ 0.26

C. Flores QM15

Indication of softening of EoS?

NA61/SHINE see minima in similar place for pp data



Directed flow
Sensitive probe of early time 
interactions and EOS


Kaons:

      - sign change in FXT region 


   - where exactly does this occur?

   -  spectator shadowing at play?


 ϕ:

      - unexpectedly large v1 in FXT 
region

       - similar magnitude to p and Λ
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nFXT fills the gap

STAR: arXiv: 2503.23665

Mass effect not baryon/meson?
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Motivation for Continued QGP Formation Studies



Disappearance of partonic collectivity 

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

Particles and antiparticles no longer consistent with single-particle NCQ scaling for √sNN < 7GeV 
  nFXT what energy does NCQ 

return? Also particle vs anti-particle
Dominance of hadronic interactions at  √sNN < 3.5 GeV
Mixing of transported and produced quarks changing



Disappearance of partonic energy loss
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FIG. 1. Charged hadron RCP for RHIC BES energies. The
uncertainty bands at unity on the right side of the plot corre-
spond to the pT independent uncertainty in Ncoll scaling with
the color in the band corresponding to the color of the data
points for that energy. The vertical uncertainty bars corre-
spond to statistical uncertainties and the boxes to systematic
uncertainties.

fect these measurements would require reference data for
the BES, p+p and p(d)+Au.

Several physical e↵ects could enhance hadron produc-
tion in specific kinematic ranges, concealing the turn-o↵
of the suppression due to jet-quenching. One such e↵ect
is the Cronin e↵ect; a CNM e↵ect first observed in asym-
metric collisions between heavy and light nuclei, where
an enhancement of high-pT particles was measured rather
than suppression [31–33]. It has been demonstrated that
the enhancement from the Cronin e↵ect grows larger as
the impact parameter is reduced [34, 35]. Other pro-
cesses in heavy-ion collisions such as radial flow and par-
ticle coalescence may also cause enhancement [36]. This
is due to the e↵ect of increasing particle momenta in
a steeply falling spectra. A larger shift of more abun-
dant low-pT particles to higher momenta in more central
events — such as from radial flow, pt-broadening, or co-
alescence — would lead to an enhancement of the RCP.
These enhancement e↵ects would be expected to com-
pete with jet-quenching, which shifts high-pT particles
toward lower momenta. This means that measuring a
nuclear modification factor to be greater than unity does
not automatically lead us to conclude that a QGP is not
formed. Disentangling these competing e↵ects may be
accomplished with complementary measurements, such
as event plane dependent nuclear modification factors
[37], or through other methods like the one developed
in this letter.

In this letter we report measurements sensitive to par-
tonic energy-loss, performed by the STAR experiment at
several energies below

p
sNN = 200GeV. The data for this

analysis were collected in the 2010, 2011, and 2014 RHIC

runs by the STAR detector [38]. STAR is a large accep-
tance detector whose tracking and particle identification
for this analysis were provided by its Time Projection
Chamber (TPC) [39] and Time-of-Flight (TOF) [40] de-
tectors. These detectors lie within a 0.5T magnetic field
that is used to bend the paths of the charged particles
traversing it for momentum determination. Minimum
bias triggered events were selected by requiring coinci-
dent signals at forward and backward rapidities in the
Vertex Position Detectors (VPD) [41] with a signal at
mid-rapidity in the TOF. The VPDs also provide the
start time for the TOF system, with the TOF’s total
timing resolution below 100 ps [40]. Centrality was de-
termined by the charged multiplicity at mid-rapidity in
the TPC. The only correction to the charged multiplicity
comes from the dependence of the tracking e�ciency on
the collision’s vertex position in the TPC. Events were
selected if their position in the beam direction was within
30 cm of the TPC’s center and if their transverse vertex
position was within 1 cm of the mean transverse posi-
tion for all events. Tracks were accepted if their distance
of closest approach to the reconstructed vertex position
was less than 1 cm, they had greater than 15 points mea-
sured in the TPC out of a maximum of 45, and the num-
ber of points used in track reconstruction divided by the
number of possible points was greater than 0.52 in or-
der to prevent split tracks. The pT and species depen-
dent tracking e�ciencies in the TPC were determined
by propagating Monte Carlo tracks through a simulation
of STAR and embedding them into real events for each
energy and centrality [39]. The charged hadron track-
ing e�ciency was then taken as the weighted average of
the fits to the single species e�ciencies with the weights
provided by fits to the corrected spectra of each species.
This method allowed for extrapolation of charged hadron
e�ciencies to higher pT than the single species spectra
could be identified. The e�ciencies were constant as a
function of pT in the extrapolated region, which limited
the impact from the extrapolation on the systematic un-
certainties. Daughters from weak decay feed-down were
removed from all spectra. The corrections for absorption
and feed-down were determined by passing events gen-
erated in UrQMD [42] through a STAR detector simula-
tion. Charged tracks in |⌘| < 0.5 and identified particles
with |y| < 0.25 were accepted for this analysis. Particle
identification was performed using both energy loss in
the TPC (dE/dx) and time-of-flight information (1/�).

The overall scaling systematic uncertainty for the RCP

measurements is dominated by the determination of Ncoll

and the total cross section, which is driven by trigger in-
e�ciency and vertex reconstruction e�ciency in periph-
eral events. Point-to-point systematic uncertainties arise
from the determination of the single particle e�ciency
(5% for the pT range studied here), momentum resolu-
tion (2%), and feed-down (pT and centrality dependent
with a range of 4-7%). These systematic uncertainties

For √sNN  > 27 GeV suppression observed

STAR: PRL 121 (2018) 32301



Disappearance of partonic energy loss
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FIG. 1. Charged hadron RCP for RHIC BES energies. The
uncertainty bands at unity on the right side of the plot corre-
spond to the pT independent uncertainty in Ncoll scaling with
the color in the band corresponding to the color of the data
points for that energy. The vertical uncertainty bars corre-
spond to statistical uncertainties and the boxes to systematic
uncertainties.

fect these measurements would require reference data for
the BES, p+p and p(d)+Au.

Several physical e↵ects could enhance hadron produc-
tion in specific kinematic ranges, concealing the turn-o↵
of the suppression due to jet-quenching. One such e↵ect
is the Cronin e↵ect; a CNM e↵ect first observed in asym-
metric collisions between heavy and light nuclei, where
an enhancement of high-pT particles was measured rather
than suppression [31–33]. It has been demonstrated that
the enhancement from the Cronin e↵ect grows larger as
the impact parameter is reduced [34, 35]. Other pro-
cesses in heavy-ion collisions such as radial flow and par-
ticle coalescence may also cause enhancement [36]. This
is due to the e↵ect of increasing particle momenta in
a steeply falling spectra. A larger shift of more abun-
dant low-pT particles to higher momenta in more central
events — such as from radial flow, pt-broadening, or co-
alescence — would lead to an enhancement of the RCP.
These enhancement e↵ects would be expected to com-
pete with jet-quenching, which shifts high-pT particles
toward lower momenta. This means that measuring a
nuclear modification factor to be greater than unity does
not automatically lead us to conclude that a QGP is not
formed. Disentangling these competing e↵ects may be
accomplished with complementary measurements, such
as event plane dependent nuclear modification factors
[37], or through other methods like the one developed
in this letter.

In this letter we report measurements sensitive to par-
tonic energy-loss, performed by the STAR experiment at
several energies below

p
sNN = 200GeV. The data for this

analysis were collected in the 2010, 2011, and 2014 RHIC

runs by the STAR detector [38]. STAR is a large accep-
tance detector whose tracking and particle identification
for this analysis were provided by its Time Projection
Chamber (TPC) [39] and Time-of-Flight (TOF) [40] de-
tectors. These detectors lie within a 0.5T magnetic field
that is used to bend the paths of the charged particles
traversing it for momentum determination. Minimum
bias triggered events were selected by requiring coinci-
dent signals at forward and backward rapidities in the
Vertex Position Detectors (VPD) [41] with a signal at
mid-rapidity in the TOF. The VPDs also provide the
start time for the TOF system, with the TOF’s total
timing resolution below 100 ps [40]. Centrality was de-
termined by the charged multiplicity at mid-rapidity in
the TPC. The only correction to the charged multiplicity
comes from the dependence of the tracking e�ciency on
the collision’s vertex position in the TPC. Events were
selected if their position in the beam direction was within
30 cm of the TPC’s center and if their transverse vertex
position was within 1 cm of the mean transverse posi-
tion for all events. Tracks were accepted if their distance
of closest approach to the reconstructed vertex position
was less than 1 cm, they had greater than 15 points mea-
sured in the TPC out of a maximum of 45, and the num-
ber of points used in track reconstruction divided by the
number of possible points was greater than 0.52 in or-
der to prevent split tracks. The pT and species depen-
dent tracking e�ciencies in the TPC were determined
by propagating Monte Carlo tracks through a simulation
of STAR and embedding them into real events for each
energy and centrality [39]. The charged hadron track-
ing e�ciency was then taken as the weighted average of
the fits to the single species e�ciencies with the weights
provided by fits to the corrected spectra of each species.
This method allowed for extrapolation of charged hadron
e�ciencies to higher pT than the single species spectra
could be identified. The e�ciencies were constant as a
function of pT in the extrapolated region, which limited
the impact from the extrapolation on the systematic un-
certainties. Daughters from weak decay feed-down were
removed from all spectra. The corrections for absorption
and feed-down were determined by passing events gen-
erated in UrQMD [42] through a STAR detector simula-
tion. Charged tracks in |⌘| < 0.5 and identified particles
with |y| < 0.25 were accepted for this analysis. Particle
identification was performed using both energy loss in
the TPC (dE/dx) and time-of-flight information (1/�).

The overall scaling systematic uncertainty for the RCP

measurements is dominated by the determination of Ncoll

and the total cross section, which is driven by trigger in-
e�ciency and vertex reconstruction e�ciency in periph-
eral events. Point-to-point systematic uncertainties arise
from the determination of the single particle e�ciency
(5% for the pT range studied here), momentum resolu-
tion (2%), and feed-down (pT and centrality dependent
with a range of 4-7%). These systematic uncertainties

For √sNN  > 27 GeV suppression observed

Differences for baryons and mesons 


STAR: PRL 121 (2018) 32301
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FIG. 1. Charged hadron RCP for RHIC BES energies. The
uncertainty bands at unity on the right side of the plot corre-
spond to the pT independent uncertainty in Ncoll scaling with
the color in the band corresponding to the color of the data
points for that energy. The vertical uncertainty bars corre-
spond to statistical uncertainties and the boxes to systematic
uncertainties.

fect these measurements would require reference data for
the BES, p+p and p(d)+Au.

Several physical e↵ects could enhance hadron produc-
tion in specific kinematic ranges, concealing the turn-o↵
of the suppression due to jet-quenching. One such e↵ect
is the Cronin e↵ect; a CNM e↵ect first observed in asym-
metric collisions between heavy and light nuclei, where
an enhancement of high-pT particles was measured rather
than suppression [31–33]. It has been demonstrated that
the enhancement from the Cronin e↵ect grows larger as
the impact parameter is reduced [34, 35]. Other pro-
cesses in heavy-ion collisions such as radial flow and par-
ticle coalescence may also cause enhancement [36]. This
is due to the e↵ect of increasing particle momenta in
a steeply falling spectra. A larger shift of more abun-
dant low-pT particles to higher momenta in more central
events — such as from radial flow, pt-broadening, or co-
alescence — would lead to an enhancement of the RCP.
These enhancement e↵ects would be expected to com-
pete with jet-quenching, which shifts high-pT particles
toward lower momenta. This means that measuring a
nuclear modification factor to be greater than unity does
not automatically lead us to conclude that a QGP is not
formed. Disentangling these competing e↵ects may be
accomplished with complementary measurements, such
as event plane dependent nuclear modification factors
[37], or through other methods like the one developed
in this letter.

In this letter we report measurements sensitive to par-
tonic energy-loss, performed by the STAR experiment at
several energies below

p
sNN = 200GeV. The data for this

analysis were collected in the 2010, 2011, and 2014 RHIC

runs by the STAR detector [38]. STAR is a large accep-
tance detector whose tracking and particle identification
for this analysis were provided by its Time Projection
Chamber (TPC) [39] and Time-of-Flight (TOF) [40] de-
tectors. These detectors lie within a 0.5T magnetic field
that is used to bend the paths of the charged particles
traversing it for momentum determination. Minimum
bias triggered events were selected by requiring coinci-
dent signals at forward and backward rapidities in the
Vertex Position Detectors (VPD) [41] with a signal at
mid-rapidity in the TOF. The VPDs also provide the
start time for the TOF system, with the TOF’s total
timing resolution below 100 ps [40]. Centrality was de-
termined by the charged multiplicity at mid-rapidity in
the TPC. The only correction to the charged multiplicity
comes from the dependence of the tracking e�ciency on
the collision’s vertex position in the TPC. Events were
selected if their position in the beam direction was within
30 cm of the TPC’s center and if their transverse vertex
position was within 1 cm of the mean transverse posi-
tion for all events. Tracks were accepted if their distance
of closest approach to the reconstructed vertex position
was less than 1 cm, they had greater than 15 points mea-
sured in the TPC out of a maximum of 45, and the num-
ber of points used in track reconstruction divided by the
number of possible points was greater than 0.52 in or-
der to prevent split tracks. The pT and species depen-
dent tracking e�ciencies in the TPC were determined
by propagating Monte Carlo tracks through a simulation
of STAR and embedding them into real events for each
energy and centrality [39]. The charged hadron track-
ing e�ciency was then taken as the weighted average of
the fits to the single species e�ciencies with the weights
provided by fits to the corrected spectra of each species.
This method allowed for extrapolation of charged hadron
e�ciencies to higher pT than the single species spectra
could be identified. The e�ciencies were constant as a
function of pT in the extrapolated region, which limited
the impact from the extrapolation on the systematic un-
certainties. Daughters from weak decay feed-down were
removed from all spectra. The corrections for absorption
and feed-down were determined by passing events gen-
erated in UrQMD [42] through a STAR detector simula-
tion. Charged tracks in |⌘| < 0.5 and identified particles
with |y| < 0.25 were accepted for this analysis. Particle
identification was performed using both energy loss in
the TPC (dE/dx) and time-of-flight information (1/�).

The overall scaling systematic uncertainty for the RCP

measurements is dominated by the determination of Ncoll

and the total cross section, which is driven by trigger in-
e�ciency and vertex reconstruction e�ciency in periph-
eral events. Point-to-point systematic uncertainties arise
from the determination of the single particle e�ciency
(5% for the pT range studied here), momentum resolu-
tion (2%), and feed-down (pT and centrality dependent
with a range of 4-7%). These systematic uncertainties

For √sNN  > 27 GeV suppression observed

Differences for baryons and mesons 


11

Energy dependence of 601 for #

Ø 5./ > 1 for higher !! at 19.6 GeV 
and lower energies

Ø 5./ < 1 for all !! at 200GeV  

WeiguangYuan poster #555

ü Strong energy loss in QGP at top 
RHIC energy 

' 200 GeV: Phys. Rev. Lett. 99 (2007) 112301 

nFXT improve baseline
New ϕ data indicate mass not baryon/meson effect?

STAR: PRL 121 (2018) 32301



Disappearance of partonic energy loss? 
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High pT suppression in central events for all energies 
down to  √sNN ~14.5 GeV

Is flow/Cronin hiding Eloss?

Interesting idea:


For each energy normalize to peripheral data

STAR: PRL 121 (2018) 32301

nFXT: Where to other systems, especially pA sit?

Many results reveal something interesting in 
√sNN =10-20 GeV range




Energy loss vs energy density
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nFXT: Does scaling breakdown?

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 ELoss and εinit over 
different species and collision energies


Partonic energy loss scales with initial 
energy density

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



Initial temperature of medium
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Thermal di-electrons:


LMR: Transition thermal radiation


IMR:  QGP thermal radiation


STAR: arXiv:2402.01998

√sNN  < 20 GeV possible 
with nFXT?

Need to cross into QGP regime 
to see CP



Normalized dilepton low mass excess
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BES-II + HADES

  - Decrease below √sNN  ~ 10 GeV

BES-I:

  - No clear √sNN dependence

  - Well described by in-medium ρ + QGP emission 
models


22

Integrated excess yield 
normalized by  yield

• Hints a decreasing trend from 

high to low 


• Constrains the models which 
describe the medium 
interaction

π0

sNN

STAR: Phys. Rev. C 107, L061901 (2023)

STAR: PLB750 (2015) 64

NA60: EPJ C 59 (2009) 607

HADES:  Nat. Phys. 15, 1040–1045 (2019)

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

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

Yiding Han QM2023 Houston TX

Nπ0 = (Nπ+ + Nπ−)/2

 STAR BES Dielectron Measurement: Excess yield vs sNN

STAR: PRC 107 (2023) 0



Normalized dilepton low mass excess

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 16

BES-II + HADES

  - Decrease below √sNN  ~ 10 GeV

BES-I:

  - No clear √sNN dependence

  - Well described by in-medium ρ + QGP emission 
models


22

Integrated excess yield 
normalized by  yield

• Hints a decreasing trend from 

high to low 


• Constrains the models which 
describe the medium 
interaction

π0

sNN

STAR: Phys. Rev. C 107, L061901 (2023)

STAR: PLB750 (2015) 64

NA60: EPJ C 59 (2009) 607

HADES:  Nat. Phys. 15, 1040–1045 (2019)

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

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

Yiding Han QM2023 Houston TX

Nπ0 = (Nπ+ + Nπ−)/2

 STAR BES Dielectron Measurement: Excess yield vs sNN

12 Yiding Han QM2023 Houston TX

• For STAR BES-I energy range:

• Total baryon densities are constant          

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

• Average temperature (Hadronic Phase) are 
approximately constant

BES-I

BES-I

 STAR BES-I medium environment

12 Yiding Han QM2023 Houston TX

• For STAR BES-I energy range:

• Total baryon densities are constant          

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

• Average temperature (Hadronic Phase) are 
approximately constant

BES-I

BES-I

 STAR BES-I medium environment

At about same location:

  - Baryon density rises

  -Tch drops

nFXT: With precision data can we 
disentangle different medium 

effects on LME?
STAR: PRC 107 (2023) 0
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Motivation for Continued Particle Production Studies



Renewed interest in  baryon stopping/transport

Helen Caines - Yale - CFNS - Exploring FXT at EIC - Sept 29 2025 18

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

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



Average loss of 0.19 ± 0.01 units of rapidity per 
nucleon-nucleon collision

Define stopping, δy, via the shift of the 
participant proton peak from beam rapidity

   consistency with other 
experiments at similar energies

Renewed interest in  baryon stopping/transport
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FXT data Au+Au √sNN = 3 GeV:
Centrality dependence of proton rapidity distribution width

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

In combination with UPC - enhance 
understanding of baryons 



Trajectory through the phase diagram?
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Higher rapidity —> 
larger µB, similar Tch

Chemical freeze-out parameters match but initial conditions differ. 

Can we see the difference imprinted elsewhere?

Next step: Compare mid-rapidity/low √sNN and high rapidity/high √sNN



Kinetic freeze-out of light nuclei
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At √sNN  = 3 GeV

 Yields of proton & light nuclei well 
described by models

Significant centrality and rapidity 
dependence
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 Central Peripheral

Au + Au Collisions at Mid-rapidity

Effective average kinetic freeze out parameters extracted 
using cylindrical blast wave fits

 
√sNN  = 3 GeV different trend to higher energies. 

Different EoS?
Effective Tkin(d) > Tkin (p)

βT(d) < βT (p) 
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Light nuclei collective motion
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Rishabh Sharma      Quark Matter 2023

Mass number scaling of v2

11

➢ Systematic deviation of around 20-30% from mass number scaling is observed for all light nuclei in measured energies

(BES-II) (BES-II) (BES-II) (BES-II)

Proton v2: PRC 93, 014907 (2016); PRC 88, 014902 (2013); PLB 827, 137003 (2022)

A-scaling:


v2 for √sNN  = 54-14.6 GeV


(also for v3)



Light nuclei collective motion
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Rishabh Sharma      Quark Matter 2023

Mass number scaling of v2

11

➢ Systematic deviation of around 20-30% from mass number scaling is observed for all light nuclei in measured energies

(BES-II) (BES-II) (BES-II) (BES-II)

Proton v2: PRC 93, 014907 (2016); PRC 88, 014902 (2013); PLB 827, 137003 (2022)

Quark Matter 2023 | Xiaoyu Liu 18

Identified Particle !!, !# Ψ! @ %"" = 3 GeV

STAR preliminary
Au+Au

655 = 3 GeV
10-40%

p 0.4 < /% < 0.62 GeV/2

d 0.8 < /% < 1.24 GeV/2  

t 1.2 < /% < 1.86 GeV/2  

3He 1.2 < /% < 1.86 GeV/2  

4He1.6 < /% < 2.48 GeV/2  

y-ymid

#CMy

STAR preliminary
Au+Au

655 = 3 GeV
10-40%

#CMy
• A-scaling of "( and "B Ψ( 	 holds at 1CM < 0.5 in 10 − 40	% at ;EE = 3 GeV, 

indicating that the production of light nuclei comes from coalescence.
• However, this A-scaling of "( and "B Ψ(  breaks for 1CM > 0.5.

A-scaling at √sNN  = 3 GeV


Reasonable for v1 and v3{Ψ1} at ycm<0.5

Breaks for v1 and v3{Ψ1} ycm>0.5


v1 of hypernuclei similar trend

A-scaling:


v2 for √sNN  = 54-14.6 GeV


(also for v3)

Consistent with late-stage coalescence

 - high y nuclear fragments



Y-N interaction
Critical to inform neutron star EOS

Probe using hypernuclei

 - Thermal model over predicts all yields

 - Evidence of excited states

 - Extraction of BE possible in high µB region
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nFXT region 
where production 

maximal

Precision studies are just beginning
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Other Open Questions



Direct virtual photons
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Yield scales with multiplicity from 
√sNN =14.6 GeV - 5 TeV

𝜶 = 1.43 0.04 0.02

Scaling continues at lower collision energy?


What about other beam species?


Resolve offset between PHENIX and STAR

Asymmetric systems 
with nFXT?



Longitudinal decorrelation
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Aditya Prasad Dash, Sep 06, 2023Quark Matter 2023

➢ Effect is strongest in central collisions 
➢ 27 and 19.6 GeV show larger effect than 54.4 GeV in central collisions 
➢ AMPT(10-40%) shows stronger deviation than data (can be used to constrain initial longitudinal structure)

Measurement of r2(η)

13

[P. Dixit et al. arXiv:2307.08406]
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➢ Significant deviation from unity at RHIC energies 

 

Strong decorrelation at RHIC energies (even stronger for r3)

  Strongest in central events

  Increasing with decreasing collision energy

  AMPT too strong 3D dynamics important



What is the Magnetic Field Strength
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No global polarization 
splitting observed

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



Summary
STAR BES-II 


RHIC and STAR operated beyond our imagination 

Motivating measurements achieved with precision stated 


Despite incredible success of BES-II program many open questions remain 
and others have been generated
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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
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END IS HERE
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STAR BES-II upgrades

iTPC Upgrade:
• Replaced inner sectors 
of the TPC
• Continuous Coverage
• Improves dE/dx
• Extends η coverage 
from 1.0 to 1.5
• Lowers pT cut from 125 
MeV/c to 60 MeV/c

EPD Upgrade:
• Improves trigger
• Reduces background
• Allows a better and 
independent reaction plane 
measurement critical to 
BES physics

EndCap TOF Upgrade:
• Rapidity coverage is critical
• PID at η = 1 to 1.5
• Improves the fixed target 
program
• Provided by CBM-FAIR

Major improvements  for  
BES-II

Endcap TOF

The upgrades
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All worked during BES-II



FXT proton acceptance 
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Red box: Standard analysis window

0.4< pT < 2 GeV/c

-0.5 < y-ycm < 0

Near-full acceptance to 4.5 GeV

Top energies need to move away from mid-rapidity
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1. Introduction

Critical Fluctuations
• Fluctuations of conserved charges, such as

baryon number, expected near critical point
• Proton number is a proxy for baryon number
• QCD calculations predict non-monotonic cu-

mulants vs p
sNN if close to critical point [1]

• High orders are more sensitive. Ratios of cu-
mulants reduce trivial volume dependence

Cumulants and Moments
Cumulants of a distribution are defined as [2]:
•C1 = hNi ⌘ µ

•C2 = h(N � µ)2i ⌘ �2

•C3 = h(N � µ)3i
•C4 = h(N � µ)4i � 3h(N � µ)2i2

Some standardized moments are:
•S� = C3/C2 [measures asymmetry]
•�2 = C4/C2 [measures “tailedness"]

Previous Results
• Non-monotonicity in Beam Energy Scan I

net-proton C4/C2

• Recent psNN = 3 GeV measurement returns
to non-critical baseline [3]

• High-statistics collider data from Beam
Energy Scan II will improve measure-
ments from p

sNN = 7.7-27 GeV
• Fixed-target data will fill the gap be-

tween p
sNN = 3 and 7.7 GeV

3. Acceptance

• Standard analysis window
shown by red box:
0.4 < pT < 2 GeV,
�0.5 < y � ycm < 0

• We have near full ac-
ceptance up to p

sNN =
4.5 GeV

• Analyses at top fixed-
target energies must be
away from midrapidity

Overlap at p
sNN = 7.7 GeV

• Data was taken at psNN = 7.7 GeV in both the collider and fixed-target configurations
• There is significant overlap in acceptance for a comparison
• Overlap analysis will increase confidence in fixed-target and collider methodologies

References
[1] M. A. Stephanov, J. Phys. G: Nucl. Part. Phys. 38 124147 (2011).
[2] X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017).
[3] M. Abdallah et al., (STAR Collaboration) Phys. Rev. Lett. 128, 202303 (2022).

2. The STAR Fixed-Target Program

• Relativistic Heavy-Ion Collider (RHIC) luminosity in col-
lider mode is unusable for Au+Au below p

sNN = 7.7 GeV
• Gold target installed on west end of STAR TPC
• New data from p

sNN = 3.0� 7.7 GeV

Challenges
• Acceptance is asymmetric w.r.t. midrapidity
• Limited midrapidity acceptance at higher energies
• Time-of-flight (TOF) required for particle identification

4. Pileup with Time of Flight

• Fixed-target analysis uses TOF and TPC for proton ID
• Centrality determined by TPC multiplicity
• TOF relies on precision timing and often misses protons

from pileup with timing o�set
• TPC multiplicity includes pileup tracks
• Pileup events classified as central collisions but have few

TOF-identified protons
• This causes tail on proton-number distribution, which cre-

ates false signal for high-order cumulants

Solution: Reject pileup, do not correct for it. Usual cumu-
lant correction for pileup doesn’t fix timing fluctuations

5. Outlook

• Fixed-Target Program extends energy range of RHIC down
to p

sNN = 3 GeV
• Fixed-target proton fluctuations analyses are underway

from p
sNN = 3.2-7.7 GeV

• Overlap acceptance for fixed-target and collider data atp
sNN = 7.7 GeV allows methodology cross-check

• Reliance on TOF for particle ID makes measurements sen-
sitive to pileup, which can be managed

• Prior measurements show non-monotonic variation in
C4/C2 as a function of psNN

• Fixed-target data will add mid-rapidity C4/C2 measure-
ments at psNN = 3.2-4.5 GeV to energy scan

7.7 taken in both FXT and collider mode


Good overlap in acceptance 
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2. The STAR Fixed-Target Program

• Relativistic Heavy-Ion Collider (RHIC) luminosity in col-
lider mode is unusable for Au+Au below p

sNN = 7.7 GeV
• Gold target installed on west end of STAR TPC
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• Fixed-target analysis uses TOF and TPC for proton ID
• Centrality determined by TPC multiplicity
• TOF relies on precision timing and often misses protons

from pileup with timing o�set
• TPC multiplicity includes pileup tracks
• Pileup events classified as central collisions but have few

TOF-identified protons
• This causes tail on proton-number distribution, which cre-

ates false signal for high-order cumulants

Solution: Reject pileup, do not correct for it. Usual cumu-
lant correction for pileup doesn’t fix timing fluctuations

5. Outlook

• Fixed-Target Program extends energy range of RHIC down
to p

sNN = 3 GeV
• Fixed-target proton fluctuations analyses are underway

from p
sNN = 3.2-7.7 GeV

• Overlap acceptance for fixed-target and collider data atp
sNN = 7.7 GeV allows methodology cross-check

• Reliance on TOF for particle ID makes measurements sen-
sitive to pileup, which can be managed

• Prior measurements show non-monotonic variation in
C4/C2 as a function of psNN

• Fixed-target data will add mid-rapidity C4/C2 measure-
ments at psNN = 3.2-4.5 GeV to energy scan

 Critical for methodology  comparison



Cumulants vs Acceptance
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Light nuclei Ratio
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Light nuclei yield ratio
PRL 130 (2023) 202301

NtNp/Nd
2, sensitive to fluctuations of the local neutron density shows enhancements relative to the 

coalescence baseline with a significance of 2.3!  and 3.4! 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



Strangeness production
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Local strangeness 
conservation is crucial

Small strangeness correlation 
radius preferred
      rc ≤ 4.2 fm

Things change at √sNN  = 3 GeV
 

Collision energy:
     below threshold for 𝝣 
     very close to threshold for φ

CE cannot simultaneously describe φ/K− and φ/Ξ− ratios
significant change in strangeness production at this low energy



Rapidity dependence of anti-baryon enhancement
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Anti-Baryon/Meson ratio increases 
with:


   - collision energy


   - centrality


   - rapidity


Increased coalesence or 
fragments at higher rapidity?

15

$- /,'( ratio at 19.6 and 14.6 GeV

ØClear centrality and rapidity 
dependence of (anti-)baryon-
to-meson ratio at intermediate 
!!.

ØBaryon enhancement is
observed in all measured
rapidity regions.
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Significant enhancement above cocktail
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Something interesting occurring in both mass ranges for several collision energies

Low mass range Intermediate mass range



Hypernuclei pT Spectra, "# , dN/dy

5

Au+Au central collisions
• Hypernuclei "#  follows the mass number scaling
• dN/dy vs. y qualitatively described by JAM + Coalescence
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Including Λ reduces <pT>

Mass number scaling 
preserved  



Hypernuclei pT Spectra, "# , dN/dy

5

Au+Au central collisions
• Hypernuclei "#  follows the mass number scaling
• dN/dy vs. y qualitatively described by JAM + Coalescence
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Abstract

Motivation

Hypernuclei pT Spectra 
and Energy Dependence

Hypernuclei Ratios

The Strangeness Population Factor

Hypernuclei, bound states of nucleons and hyperons, serve as a natural laboratory to investigate the hyperon-nucleon (Y-N) 
interaction, which is an important ingredient for the nuclear equation-of-state. Furthermore, precise measurements of their 
production yields in heavy-ion collisions are crucial for understanding their production mechanisms. In addition, the strangeness 
population factor,                                     is of particular interest as it has been suggested to be sensitive to baryon-strangeness 
correlations and the onset of deconfinement. 

The STAR Beam Energy Scan II program provides a unique opportunity to investigate the collision energy and system size 
dependence of hypernuclei production. In this poster, we present new measurements on the transverse momentum and centrality 
dependence of       yields in Au+Au collisions from          = 7.7 to 27 GeV. The            ratio and      will be presented as functions of 
collision energy and centrality. These results are compared to model calculations, and their physics implications will be discussed.

S33
ΛH sNN 3

ΛH/Λ

S3 = (3
ΛH/3He)/(Λ /p)

S

Datasets and Analysis Method

• Hypernuclei serve as important probes of the 
Y-N interaction 


• Their production yields in heavy-ion collisions 
may be sensitive to the medium properties 


p
n

Λ

• Their production mechanism are not well understood

• The hypertriton, the loosest bound hypernuclei, gives a 

unique constraint compared to normal nuclei


• Hypertritons are reconstructed via
 3
ΛH → 3He + π−

Collision Energy 7.7 GeV 14.6 GeV 19.6 GeV 27 GeV
Year 2021 2019 2019 2018

# of events 101M 324M 478M 555M

• Extrapolate to pT = 0 using functional forms (e.g. mT-exp) 


• Energy dependence of hypertriton production can be 
qualitatively explained by an interplay between increasing 
baryon density and stronger strangeness canonical 
suppression towards low energies


• Although d/p is 
well described by 
thermal model [2], 
t/p and            are 
overestimated by 
a factor of ~2


3
ΛH/Λ

• Both hypertriton and triton yields are not fixed at chemical 
freeze-out along with the light particles, likely fixed at a 
later stage

v

• Observed an increasing trend for 
S3 = (3
ΛH/3He)/(Λ /p)

0-40% 0-10% 
10-40%

3He
3
ΛH

• Observed a hint of suppression for      in 10-40% collisions 
compared to 0-10% collisions


S3

• Measurements may help constrain coalescence models and 
help draw connection to the hypertriton radius [3]


• Thermal model is 
disfavored by the 
new BES-II data


c [1] "Real-Time Event Reconstruction and Analysis in CBM and STAR Experiments", 
J.Phys.Conf.Ser. 1602 (2020) 1, 012006 
[2] V. Vovchenko et al. (Thermal-FIST) Comp. Phys. Comm. 244 (2019) 295 
[3] T. Reichert et al. Phys.Rev.C 107 (2023) 1, 014912

• KFParticle package [1] for secondary vertex reconstruction, 
GEANT3 embedding for efficiency corrections
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0-10% collisions

sNN

• May be driven by increasing feed-down to        from 
unstable nuclei and/or suppression of       at low energies


10 210 310
 (GeV)NNsCollision Energy 

6−10

5−10

4−10

3−10

2−10

1−10

1

Pa
rti

cle
 ra

tio

STAR Au+Au
STAR preliminary Au+Au
FOPI Au+Au
E864 Au+Pb
PHENIX Au+Au
ALICE Pb+Pb
Thermal Model

STAR Au+Au
STAR preliminary Au+Au
FOPI Au+Au
E864 Au+Pb
ALICE Pb+Pb

He/p) Pb+Pb3ALICE(
Thermal Model

Central Collisions
d/p

t/p

 B.R.× ΛH/Λ
3 

) = 25%-πHe + 3→H  
Λ

3Assuming B.R.(

STAR preliminary Au+Au
ALICE Pb+Pb
Thermal Model

• Yield increases strongly from          = 27 GeV to 7.7 GeV, 
reaching a maximum at 3-4 GeV
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S3 increases with √sNN         

     Increasing feed-down to 
3He from unstable nuclei?

     Suppression at low √sNN?



Hypernuclei pT Spectra, "# , dN/dy

5

Au+Au central collisions
• Hypernuclei "#  follows the mass number scaling
• dN/dy vs. y qualitatively described by JAM + Coalescence
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Hypertriton Production in Au+Au 
Collisions from          = 7.7 to 27 

GeV from STAR
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Abstract

Motivation

Hypernuclei pT Spectra 
and Energy Dependence

Hypernuclei Ratios

The Strangeness Population Factor

Hypernuclei, bound states of nucleons and hyperons, serve as a natural laboratory to investigate the hyperon-nucleon (Y-N) 
interaction, which is an important ingredient for the nuclear equation-of-state. Furthermore, precise measurements of their 
production yields in heavy-ion collisions are crucial for understanding their production mechanisms. In addition, the strangeness 
population factor,                                     is of particular interest as it has been suggested to be sensitive to baryon-strangeness 
correlations and the onset of deconfinement. 

The STAR Beam Energy Scan II program provides a unique opportunity to investigate the collision energy and system size 
dependence of hypernuclei production. In this poster, we present new measurements on the transverse momentum and centrality 
dependence of       yields in Au+Au collisions from          = 7.7 to 27 GeV. The            ratio and      will be presented as functions of 
collision energy and centrality. These results are compared to model calculations, and their physics implications will be discussed.

S33
ΛH sNN 3

ΛH/Λ

S3 = (3
ΛH/3He)/(Λ /p)

S

Datasets and Analysis Method

• Hypernuclei serve as important probes of the 
Y-N interaction 


• Their production yields in heavy-ion collisions 
may be sensitive to the medium properties 


p
n

Λ

• Their production mechanism are not well understood

• The hypertriton, the loosest bound hypernuclei, gives a 

unique constraint compared to normal nuclei


• Hypertritons are reconstructed via
 3
ΛH → 3He + π−

Collision Energy 7.7 GeV 14.6 GeV 19.6 GeV 27 GeV
Year 2021 2019 2019 2018

# of events 101M 324M 478M 555M

• Extrapolate to pT = 0 using functional forms (e.g. mT-exp) 


• Energy dependence of hypertriton production can be 
qualitatively explained by an interplay between increasing 
baryon density and stronger strangeness canonical 
suppression towards low energies


• Although d/p is 
well described by 
thermal model [2], 
t/p and            are 
overestimated by 
a factor of ~2


3
ΛH/Λ

• Both hypertriton and triton yields are not fixed at chemical 
freeze-out along with the light particles, likely fixed at a 
later stage

v

• Observed an increasing trend for 
S3 = (3
ΛH/3He)/(Λ /p)

0-40% 0-10% 
10-40%

3He
3
ΛH

• Observed a hint of suppression for      in 10-40% collisions 
compared to 0-10% collisions


S3

• Measurements may help constrain coalescence models and 
help draw connection to the hypertriton radius [3]


• Thermal model is 
disfavored by the 
new BES-II data


c [1] "Real-Time Event Reconstruction and Analysis in CBM and STAR Experiments", 
J.Phys.Conf.Ser. 1602 (2020) 1, 012006 
[2] V. Vovchenko et al. (Thermal-FIST) Comp. Phys. Comm. 244 (2019) 295 
[3] T. Reichert et al. Phys.Rev.C 107 (2023) 1, 014912

• KFParticle package [1] for secondary vertex reconstruction, 
GEANT3 embedding for efficiency corrections
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• May be driven by increasing feed-down to        from 
unstable nuclei and/or suppression of       at low energies
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• Yield increases strongly from          = 27 GeV to 7.7 GeV, 
reaching a maximum at 3-4 GeV
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S3 increases with √sNN         

     Increasing feed-down to 
3He from unstable nuclei?

     Suppression at low √sNN?
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Au+Au central collisions
• Hypernuclei "#  follows the mass number scaling
• dN/dy vs. y qualitatively described by JAM + Coalescence
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Evidence of formation of excited 
hypernuclei states in heavy ion 

collisions



Measurements of p-L and d-L correlations             d
in 3 GeV Au+Au collisions
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• RG: spherical Gaussian source of 
pairs by Lednicky-Lyuboshits (L-L) 
approach
• Separation of emission 

source from final state 
interactions

• Collision dynamics as expected:
• RG

central > Rg
peripheral

• RG (p−Λ) > RG(d−Λ)
• Spin-avg for +0 & ,0 p- system
• !! = 2.32+0.12−0.11fm, *!= 3.54+2.7−1.3fm

• Separate two spin states in d-Λ
• !! . = −20+3−3fm, *!(.) = 3+2−1fm

• !!(1) = 16+2−1fm, *!(1) = 2+1−1fm
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Scatterings Length (𝑓଴) and Effective Range (𝑑଴) 

� Spin-avg for 𝑓଴ & 𝑑଴ p- system
𝒇𝟎 ൌ 𝟐. 𝟑𝟐ି𝟎.𝟏𝟏ା𝟎.𝟏𝟐 fm               𝒅𝟎 ൌ 𝟑. ૞𝟒ି𝟏.𝟑ା𝟐.ૠ fm

� Successful separate two spin states in d-Λ
𝒇𝟎ሺ𝐃ሻ ൌ െ𝟐𝟎ି𝟑ା𝟑 fm               𝒅𝟎ሺ𝐃ሻ ൌ 𝟑ି𝟏ା𝟐 fm
𝒇𝟎ሺ𝐐ሻ ൌ 𝟏૟ି𝟏ା𝟐 fm                   𝒅𝟎ሺ𝐐ሻ ൌ 𝟐ି𝟏ା𝟏 fm

� The constrain of the effective 
range (𝑑଴) is weaker
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Edge of d-Λ contours are shown with Bezier smooth to improve the visibility

-" :	spherical	Gaussian	source	of	pairs
># :	scattering	length
A# : effective range

F. Wang, et al. Phys.Rev.Lett. 83 (1999) 3138; H. Polinder, et al. 
Nucl.Phys. A 779, (2006) 244; J. Haidenbauer, Phys.Rev.C 102, 
(2020) 3, 034001; Alexander, et al. Phys. Rev. 173, (1968) 1452; 
M. Schäfer, et al. Phys.Lett.B 808, (2020) 135614; J. Haidenbauer, 
et al. Nucl. Phys. A 915, (2013) 24; H. Garcilazo, et al. Phys. Rev. C 
76, (2007) 034001

Correlations with hyperons
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Methodology  

𝐶 𝑘∗ = 𝒩
𝐴 𝑘∗

𝐵 𝑘∗Normalization factor

Same events

Mixed events

Experimental
Physics Image Extraction

Formalism with 
Lednicky-Lyuboshitz 

(L-L) approach  

𝑹𝑮 : spherical Gaussian source of pairs
𝒇𝟎 : scattering length
𝒅𝟎 : effective range

Major assumptions:
❖ Smoothness approximation for source function

❖ Effective range expansion for 𝛹 𝒓∗, 𝒌∗

❖ Static and spherical Gaussian source

❖ Approximate the wave function by its asymptotic form

𝐶 𝒌∗ ≈ 1 +
𝑓 𝑘 2

2𝑹𝑮
2 𝐹 𝑑0 +

2Re𝑓 𝑘
𝜋𝑹𝑮

𝐹1 2𝑘𝑅 −
Im𝑓 𝑘
𝑹𝑮

𝐹2 2𝑘𝑹𝑮

• Single particle source: 𝑆𝑖 𝑥𝑖, 𝑝𝑖∗

• Pair source (radius 𝑹𝑮 ): 𝑆 𝑥, 𝑝∗ ∝ 𝑒−𝑥2/2𝑹𝑮
2
𝛿 𝑡 − 𝑡0

1
𝑓 𝑘 ≈

1
𝒇𝟎

+
𝒅𝟎𝑘2

2 − 𝑖𝑘 Different 𝑓0 and 𝑑0 for 
different spin states

Corrections on:
❖ Purity 
❖ Weak decays
❖ Track splitting & merging
❖ Momentum resolution

𝒑1

𝒑2

𝒓∗

R. Lednicky, et al. Sov.J.Nucl.Phys. 35 (1982) 770
L. Michael, et al. Ann.Rev.Nucl.Part.Sci. 55 (2005) 357-402
J. Haidenbauer, Phys.Rev.C 102 (2020) 3, 034001
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Doublet State 2𝑆1/2      (D)
Quartet State 4𝑆3/2      (Q)

Singlet State 1𝑆0          (S)
Triplet State 3𝑆1            (T)

3 GeV

10x stats still to come
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RG : Spherical Gaussian source 
size

f0 : scattering length

d0 : effective range


Expect different f0 and d0 from 
difference spin states

RG ~ 2-3 fm


RGcentral > RGperipheral 


RG(p-Λ) > RG(d-Λ)

Separating source 
size and FSI 



The three-dimensional femtoscopic 
analysis reveals 
• Extracted radii increase with collision 

energy
• Decrease with transverse mass
• Are generally larger for kaons compared 

to pions under the same conditions
• UrQMD in good qualitative agreement 

with the data

• The time of emission of kaons from the 
source is longer than the time of 
emission of pions
• Influence of resonance (K*) decays [3]

• The emission time of both pions and 
kaons increases with increasing energy

• The UrQMD model is in agreement with 
the data

Charged kaon and pion femtoscopy in the RHIC Beam Energy Scan at 
the STAR experiment

This study presents the first comprehensive femtoscopic analysis of identical kaons and pions produced in Au+Au collisions at 𝑠𝑁𝑁 = 14.6 - 200 GeV from the RHIC Beam Energy Scan phases I and II, 
focusing on charge, transverse momentum, and centrality-dependent properties. The charge-dependent analysis reveals differences at the level of correlation functions for both kaons and pions for the first 
time at these energies. This observation is consistent with Coulomb field effect due to residual charge after the collision and hadronic final state effects, as implemented in UrQMD. The three-dimensional 
femtoscopic analysis reveals that the extracted radii, assuming Gaussian distribution for emission source, increase with collision energy, decrease with transverse mass, and are generally larger for kaons 
compared to pions under the same conditions. The study compares experimental data with model scenarios and discusses the implications of the trend of the extracted size and lifetime of the particle 
source with the change of collision energy. An analysis of one-dimensional two-pion correlations in Au+Au collisions at 𝑠𝑁𝑁 = 200 GeV, utilizing Levy-stable distributions for the source shapes, is also 
presented. The current analysis status of the extracted Levy source parameters, including their dependence on average transverse mass and centrality, is reported. 

• The correlation femtoscopy technique is a useful tool to 
study the spatial and temporal scales of systems that have 
the size of the femtometer scale

• Information about the size, shape, lifetime of the particle-
emitting source in heavy-ion collisions

• The correlations determine the region of homogeneity, 
which is the phase space cloud of outgoing particles with a 
given velocity magnitude and direction [1-2].

𝐶 𝒒 = 𝐴(𝒒)
𝐵(𝒒)

  

𝐶 𝑞 = 𝑁 1 − 𝜆  + 
𝑁𝐾(𝑞)𝜆𝑒𝑥𝑝 − σ𝑖,𝑗=𝑜,𝑠 𝑙 𝑞𝑖𝑞𝑗𝑅𝑖𝑗

2 𝛼/2

here 𝐴(𝒒)  is the pair 
distribution in momentum 
difference 𝒒 =  𝒑𝟏 − 𝒑𝟐  for 
pairs of particles from the 
same event and 𝐵 𝒒  is the 
corresponding distribution 
for pairs of particles from 
different events

• Correlation for charged kaon pairs is 
smaller than those for pions

• Coulomb effect for kaons is stronger than 
for pions

The STAR Collaboration 
https://drupal.star.bnl.gov/STAR/presentations 

• One dimensional analysis revealed difference between correlations of positive 
and negative pion and kaon pairs

• Difference increases with the energy decreasing
• Difference decreasing with the transverse momentum of the pair increasing

Positive pairs having bigger correlations over the negative pairs reproduced by:

•Difference between correlation functions for positive and negative pairs of pions 
and kaons was noticed for the first time at these energies
•Consistent with Coulomb field effect due to residual charge after the collision and 
hadronic final state effects, as implemented in UrQMD

Extracted radii 
•Increase with collision energy
•Decrease with transverse mass
•Are generally larger for kaons compared to pions under the same condition
•UrQMD can describe data qualitatively
Levy-stable source
•Source is not strictly Gaussian: 𝛼 = 1.3 − 1.5, decreasing with 𝑁𝑝𝑎𝑟𝑡 

Correlation function

Approximation of the 
correlation function

References
[1] Phys.Lett.B 356 (1995) 525-530
[2] Ann.Rev.Nucl.Part.Sci. 55 (2005) 357-402
[3] Nucl. Phys. A929 (2014) 1–8
[4] Phys.Rev.C 97 (2018) 6, 064911

𝑁  is the normalization factor, 𝜆 
characterizes the correlation strength, 
𝐾(𝑞) accounts for Coulomb effect, 𝛼 = 2 
– Gaussian (standard approach in 
femtoscopy) or free parameter in “Levy-
stable source” approach

Anomalous diffusion, critical behavior, jets, decays [4]

Femtoscopy

Extracted parameters

Levy-stable sources

Summary

𝑘𝑇 =
𝒑𝑻,𝟏 + 𝒑𝑻,𝟏

2

[2]

• Good description of the correlation function under the Levy-stable source assumption
•  𝛼 decreasing with 𝑁𝑝𝑎𝑟𝑡 

Toy model (QS + residual charge only)

• Hadronic final state effects 
(UrQMD)

• Coulomb effect from residual 
source (Toy model)

HBT - 3D femtoscopy
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Radii:

  Increase with collision energy

  Decrease with transverse mass

  Larger for π than K

  UrQMD reasonable agreement
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• Good description of the correlation function under the Levy-stable source assumption
•  𝛼 decreasing with 𝑁𝑝𝑎𝑟𝑡 
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• Hadronic final state effects 
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Radii:

  Increase with collision energy

  Decrease with transverse mass

  Larger for π than K

  UrQMD reasonable agreement

Measurements of two-pion Femtoscopy in 
Au+Au Collisions at !"" = 3.0, 3.2, 3.5, and 

3.9 GeV from RHIC-STAR
Youquan Qi (qyq@mails.ccnu.edu.cn) for the STAR Collaboration,               

Central China Normal University
Abstract

Femtoscopic measurements are sensitive to the spatial and temporal characteristics of the particle emitting-source, allowing us to probe the
properties of the matter created in heavy-ion collisions. We report the results on two-pion femtoscopy measurements in Au+Au collisions at !"" =
3.0, 3.2, 3.5, and 3.9 GeV measured by the STAR experiment. The extracted correlation strength and HBT radii from the 3D correlation functions are
presented as a function of collision energy, centrality, and pair transverse momentum.

Introduction

QM
 2

02
3

STAR Fixed-Target Setup

Ø Gold target of thickness 1.93 g/cm+(0.25 mm).
Ø Located 200.7 cm from the center of the TPC.
Ø Collision energies: !"" = 3.0 − 7.7 GeV.
Ø Extend the µ8 region up to ~720 MeV.

Ø 3D two-pion correlations is sensitive to the
geometry of the pion-emitting source, the
duration of pion emission and the resonance
decay contributions [1].

Ø If the first-order transition to QGP takes place,
the time scale for pion emission is expected to
increase [2].

Ø Definition of the correlation function:; < = =>?@A(<)

B@CDAE(<)
. G⃗ = I⃑+ − I⃑J; KLMNO(G⃗): pairs from

same event (includes quantum statistics and final state interactions); PNQROS(G⃗):
pairs from different events [3].

Ø Extract parameters by Bowler-Sinyukov formula [4,5]:
T GUVW, GLCEA , GYZ[\ = K[ 1 − ^ + ^`(GQab)(1 + cdI(−eUVW+ GUVW+ − eLCEA+ GLCEA+ − eYZ[\+ GYZ[\+ − 2eUVWfYZ[\+ GUVWGYZ[\))].
Where	N:	normalization	constant;	λ:	correlation	strength;	` GQab = ∫yz{| {⃗ |~�({⃗, GQab)|+ (coulomb	effect).

The STAR Collaboration  
https://drupal.star.bnl.gov/STAR/

presentations
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Ø ^ increases from low to high kÜ.
Ø Extracted radii decrease from low to high kÜ and central to
peripheral collisions due to the collective flow and the initial
overlapping geometry.

Ø eUáàfYUaâ+ has clear centrality dependence and weak kÜ
dependence at mid-rapidity.

Ø There are difference between äfäf
and äãäã, which may be due to the
mean field and require further model
study.

Ø We report the results on two-pion femtoscopy
measurements in Au+Au collisions at !åå = 3.0,
3.2, 3.5, and 3.9 GeV measured by the STAR
experiment.

Ø We systematically discussed the dependence of
the extracted physical parameters on collision
energy, centrality, and kÜ.

Ø We found there are differences between äfäf

and äãäã at low energy.
Ø Except for ^, there are differences between our
results and E895, especially for eYUaâ and ç ,
where the trend is opposite.

Ø Our results follow the trends of STAR higher
energy and HADES.
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Ø The results of ^ and eLQSO are consistent within the uncertainties compared to earlier world
data and ^ decreases as energy increases due to the long-lived resonances decay. eUáà
values are smaller than those from E895. eYUaâ are consistent with the trend of STAR higher
energy and HADES results, but opposite to the E895.

Ø The results of eUáà+ − eLQSO+ and eUáà/eLQSO are smaller than those from E895, but follow the
trend of STAR higher energy and HADES.

Ø ç = 2ä
é
èeLQSO+ eYUaâ, it varies weakly with energy and does not show a significant increase

at smaller energies.

kÜ =
1
2
|I⃑ÜJ + I⃑Ü+|

Ø Extracted eLQSO and eYUaâ of äfäf are larger than that for äãäã, most visible for the central collision and low kÜ.

Tension emerging with E895

Measurements of two-pion Femtoscopy in 
Au+Au Collisions at !"" = 3.0, 3.2, 3.5, and 

3.9 GeV from RHIC-STAR
Youquan Qi (qyq@mails.ccnu.edu.cn) for the STAR Collaboration,               

Central China Normal University
Abstract

Femtoscopic measurements are sensitive to the spatial and temporal characteristics of the particle emitting-source, allowing us to probe the
properties of the matter created in heavy-ion collisions. We report the results on two-pion femtoscopy measurements in Au+Au collisions at !"" =
3.0, 3.2, 3.5, and 3.9 GeV measured by the STAR experiment. The extracted correlation strength and HBT radii from the 3D correlation functions are
presented as a function of collision energy, centrality, and pair transverse momentum.

Introduction
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STAR Fixed-Target Setup

Ø Gold target of thickness 1.93 g/cm+(0.25 mm).
Ø Located 200.7 cm from the center of the TPC.
Ø Collision energies: !"" = 3.0 − 7.7 GeV.
Ø Extend the µ8 region up to ~720 MeV.

Ø 3D two-pion correlations is sensitive to the
geometry of the pion-emitting source, the
duration of pion emission and the resonance
decay contributions [1].

Ø If the first-order transition to QGP takes place,
the time scale for pion emission is expected to
increase [2].

Ø Definition of the correlation function:; < = =>?@A(<)

B@CDAE(<)
. G⃗ = I⃑+ − I⃑J; KLMNO(G⃗): pairs from

same event (includes quantum statistics and final state interactions); PNQROS(G⃗):
pairs from different events [3].

Ø Extract parameters by Bowler-Sinyukov formula [4,5]:
T GUVW, GLCEA , GYZ[\ = K[ 1 − ^ + ^`(GQab)(1 + cdI(−eUVW+ GUVW+ − eLCEA+ GLCEA+ − eYZ[\+ GYZ[\+ − 2eUVWfYZ[\+ GUVWGYZ[\))].
Where	N:	normalization	constant;	λ:	correlation	strength;	` GQab = ∫yz{| {⃗ |~�({⃗, GQab)|+ (coulomb	effect).

The STAR Collaboration  
https://drupal.star.bnl.gov/STAR/
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Ø ^ increases from low to high kÜ.
Ø Extracted radii decrease from low to high kÜ and central to
peripheral collisions due to the collective flow and the initial
overlapping geometry.

Ø eUáàfYUaâ+ has clear centrality dependence and weak kÜ
dependence at mid-rapidity.

Ø There are difference between äfäf
and äãäã, which may be due to the
mean field and require further model
study.

Ø We report the results on two-pion femtoscopy
measurements in Au+Au collisions at !åå = 3.0,
3.2, 3.5, and 3.9 GeV measured by the STAR
experiment.

Ø We systematically discussed the dependence of
the extracted physical parameters on collision
energy, centrality, and kÜ.

Ø We found there are differences between äfäf

and äãäã at low energy.
Ø Except for ^, there are differences between our
results and E895, especially for eYUaâ and ç ,
where the trend is opposite.

Ø Our results follow the trends of STAR higher
energy and HADES.
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Ø The results of ^ and eLQSO are consistent within the uncertainties compared to earlier world
data and ^ decreases as energy increases due to the long-lived resonances decay. eUáà
values are smaller than those from E895. eYUaâ are consistent with the trend of STAR higher
energy and HADES results, but opposite to the E895.

Ø The results of eUáà+ − eLQSO+ and eUáà/eLQSO are smaller than those from E895, but follow the
trend of STAR higher energy and HADES.

Ø ç = 2ä
é
èeLQSO+ eYUaâ, it varies weakly with energy and does not show a significant increase

at smaller energies.

kÜ =
1
2
|I⃑ÜJ + I⃑Ü+|

Ø Extracted eLQSO and eYUaâ of äfäf are larger than that for äãäã, most visible for the central collision and low kÜ.

Slowly increasing volume 
from STAR and HADES
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Medium modification of J/ψ
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Energy dependence of J/𝜓 𝑅AA

 14.6, 19.6 and 27 GeV data follow the trend

 No significant energy dependence is observed 
within uncertainties up to 200 GeV

• Interplay of dissociation, regeneration  and 
cold nuclear matter effects

Model qualitatively describes the observed 
energy dependence

X. Zhao, R. Rapp, Phys. Rev. C 82 (2010) 064905 (private communication).
L. Kluberg, Eur. Phys. J. C 43 (2005) 145.
NA50 Collaboration, Phys. Lett. B 477 (2000) 28.
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STAR Collaboration, Phys. Lett. B 797 (2019) 134917
ALICE Collaboration, Nucl. Phys. A 1005 (2021) 121769

Wei Zhang 
Poster Session 431

New data at 14.6, 19.6 and 27:


   Confirm no significant energy dependence at RHIC 
energies


    Interplay of dissociation, regeneration, CNM, 
spectra shape
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much less regeneration in the medium
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Energy dependence of J/𝜓 𝑅AA

 14.6, 19.6 and 27 GeV data follow the trend

 No significant energy dependence is observed 
within uncertainties up to 200 GeV

• Interplay of dissociation, regeneration  and 
cold nuclear matter effects

Model qualitatively describes the observed 
energy dependence

X. Zhao, R. Rapp, Phys. Rev. C 82 (2010) 064905 (private communication).
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NA50 Collaboration, Phys. Lett. B 477 (2000) 28.

ALICE Collaboration, Phys. Lett. B 734 (2014) 314
STAR Collaboration, Phys. Lett. B 771 (2017) 13-20
STAR Collaboration, Phys. Lett. B 797 (2019) 134917
ALICE Collaboration, Nucl. Phys. A 1005 (2021) 121769

Wei Zhang 
Poster Session 431

New data at 14.6, 19.6 and 27:


   Confirm no significant energy dependence at RHIC 
energies


    Interplay of dissociation, regeneration, CNM, 
spectra shape



Limiting fragmentation
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• The phenomenon extends beyond yields to dynamics.
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Limiting Fragmentation Of !! 

First order event plane correlated directed and 
triangular flow in BES-II 
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)"(+) @ !!! = 19.6 & 27 GeV 

• "+ at large #  was measured with particles in the full $, 
space; "+  around the mid-rapidity was measured in 
0.2 < $, < 10.0 GeV/*.
• “"+ wiggle” observed for all the centralities. 

STAR. Phys. Rev. C 101.2 (2020): 024905.
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− 'beam=3.4	@	27	GeV
− 'beam=3.0	@	19.6	GeV

ID 632
W. 8:30 am
X. Liu
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Identified Particle )", )# Ψ" @ !!! = 3 GeV

STAR preliminary
Au+Au

899 = 3 GeV
10-40%

p 0.4 < )% < 0.62 GeV/,

d 0.8 < )% < 1.24 GeV/,  

t 1.2 < )% < 1.86 GeV/,  

3He 1.2 < )% < 1.86 GeV/,  

4He1.6 < )% < 2.48 GeV/,  

y-ymid

#CMy

STAR preliminary
Au+Au

899 = 3 GeV
10-40%

#CMy
• A-scaling of "+ and "2 Ψ+ 	breaks at 1CM > 0.5 in 10 − 40	% at 533 = 3 GeV.
• It may indicate the production of light nuclei comes from different mechanisms 

across the mid-rapidity to the target rapidity.

• Model comparisons suggest that nuclei 
fragments contribute significantly to D1 at 
large |E|

• Breaking of A-scaling of D1 and D3 at ycm >0.5 
may indicate the production of light nuclei 
comes from different mechanisms across 
the mid-rapidity (coalescence) to the target 
rapidity.

10

Results extended to 
more centralities

Scaling of v1 observed for all centralities


   Nuclei fragments contribute to v1 

“Limiting fragmentation” a dynamical phenomenon



Directed flow 

11

• Change of sign in the slope of   

(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 

small (minimum in the  slope 

parameter); 

dv1
dy

dv1
dy

PRL 112, 162301 (2014)PRL 120 (2018) 6, 062301

Change in since of net proton v1
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v1 slope and v2 sign change
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Vipul Bairathi

Beam Energy Dependence

12PIC 2023

E877: Phys. Rev. C 56, 3254-3264
E895: Phys. Rev. Lett.85, 940
FOPI: Phys. Lett. B 612, 173
STAR: Phys. Lett. B 827, 137003, (2021)



v2 light nuclei
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1) Light-Nuclei elliptic flow v2 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

Light-Nuclei Elliptic Flow v2

[1] M.S. Abdallah et al., (STAR Collaboration), Phys. Lett. B 827, 136941 (2022)
[2] Y. Nara et al., Phys. Rev. C 106, 044902 (2022)
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Flow of light nuclei from coalesence - AMPT
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Comparison with AMPT+Coal.
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(BES-II) (BES-II) (BES-II) (BES-II)

PRC 72, 064901 (2005)

Nucl. Phys. A 729 (2003) 809–834

 Proton v2: Phys. Rev. C 93, 014907 (2016); Phys. Rev. C 88, 014902 (2013); Phys. Lett. B 827, 137003 (2022)

➢ AMPT-SM model with a coalescence afterburner is in good agreement with v2(pT) of d

Rishabh Sharma      Quark Matter 2023

Comparison with AMPT+Coal.

16

➢ AMPT-SM model with a coalescence afterburner is in good agreement with v3(pT) of d

(BES-II) (BES-II) (BES-II) (BES-II)

PRC 72, 064901 (2005)

Nucl. Phys. A 729 (2003) 809–834

 



v1 and EM Fields
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EM field effects on directed flow

5

Quarks in the expanding medium experience different forces due 

to

1.Hall Effect: F= q(v✕B) 

2.Coulomb Effect: E generated by spectators 

3.Faraday Induction: Generated by decreasing magnetic field 

as spectators fly away

These EM forces give opposite v1 to particles with opposite charges 

and thus v1(h+)-v1(h-) is sensitive to EM fields

[U. Gürsoy et al. PRC 98,055201, PRC 89 054905  ] 

[ STAR, arXiv:2304.03430 ] 

Transported quark effect: Quarks transported from 

incoming nuclei can have different v1 than that of quarks 

produced in the interaction region. It can affect hadrons 

having u and d quarks.

A.P. Dash: STAR QM Talk

Aditya Prasad Dash, Sep 06, 2023Quark Matter 2023

EM field effects on directed flow

6

[STAR, arXiv:2304.03430] 

[1] Y. Guo et al. PRC 86, 044901, K. Nayak et al. PRC 100, 054903, P. Bożek PRC 106, L061901 

Models show positive dv1/dy for transported quarks [1].  

Δdv1/dy sign change could reveal effects of electromagnetic fields in QGP 

Transported quark effects on pions should give opposite Δdv/dy1 compared to protons and kaons assuming quark coalescence

Demonstration for protons

Δdv1/dy= dv1(h+)/dy - dv1(h-)/dy
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Beam energy dependence for a given particle

10

➢ Δ(dv1)/dy in peripheral collisions is more negative at lower collision energies for each species 

Directed flow difference
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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

Different effects 
can/do dominate 

in different 
regimes - Have 

precision to 
hopefully 

disentangle 


