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Studying QCD at STAR

Hadrons

B. Mohanty, N. Xu, arXiv:2101.09210

Hadrons

Initial state correlations


Medium formation (QGP/hadronic)


 


Emergent macroscopic  phenomena

A simplistic picture of evolution of heavy ion collisions
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Studying QCD at STAR

Hadrons

B. Mohanty, N. Xu, arXiv:2101.09210

Hadrons

Medium formation

Emergent Macroscopic  phenomena

Characterizing the medium: 
Study of hadron yields/spectra 
Femtoscopic correlations

Emergent properties of medium: 
Flow, vorticity, phase transitions, 
possible critical point?
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Studying QCD at STAR

Hadrons

B. Mohanty, N. Xu, arXiv:2101.09210

Hadrons
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Experimental study of QCD

A. Pandav, D. Mallick, B. Mohanty, PPNP. 125, 103960 (2022)
P. Braun-Munzinger, J. Stachel, Nature 448 (2007) 302 
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Ongoing detector upgrade

2017/8/17

iTPC upgrade EPD upgrade eTOF upgrade
Continuous pad rows

Replace all inner TPC sectors
Replace Beam Beam Counter Add CBM TOF modules and 

electronics (FAIR Phase 0)

|η|<1.5 (was 1.0) 2.1<|η|<5.1 -1.6<η<-1.1

pT >60 MeV/c (was 150MeV/c) Better trigger & b/g reduction Extend forward PID capability

Better dE/dx resolution
Better momentum resolution

Greatly improved Event Plane info 
(esp. 1st-order EP)

Allows higher energy range of Fixed
Target program

Fully operational in 2019 Fully operational in 2018 Fully operational in 2019

endcap Time-Of-Flight

Chi Yang, ICNFP 2017, Aug 17th - 29th,  2017, Crete

Event Plane Detector

inner Time Projection Chamber

7

Event Plane 
Detector
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BES-I BES-II FXT

Access to wide range of QCD phase diagram
3 ≤ sNN (GeV) ≤ 200 → 25 ≤ μB (MeV) ≤ 750

Au+Au collisions

The STAR at RHIC

Completed its last run in 2026

Small systems and exotic physics:
STAR highlight talk II: Jiangyong Jia (today) 

*

*till 2021
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Studying QCD at STAR

Hadrons

B. Mohanty, N. Xu, arXiv:2101.09210

Hadrons

Medium formation
Characterizing the medium: 
Study of hadron yields/spectra 
Femtoscopic correlations
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Hadrons

Hadron yield measurements
Probing bulk properties via hadron yield measurements

Talk: Mathias Labonte (Tue)
Poster: Chun Yuen Tsang (Wed)

Mathias Labonté Strangeness in Quark Matter | March 2026 8

 spectrapT

• Spectra across rapidity, 
transverse mass, centrality, 
particle species, and collision 
energy


• Fit  simultaneously 
with a blast wave function and 
extract , , and 

μ, K, p

dN/dy Tkin πs

M. Labonte, QM 2025 https://indico.cern.ch/event/1334113/
contributions/6385286/
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Hadrons

- Ru+Ru/Zr+Zr: Chemical and kinetic freezeout parameters follow Au+Au trend at 200 GeV 
- Au+Au at FXT:  and  extracted, increases with energyTkin ⟨βT⟩

Hadron yield measurements

Talk: Mathias Labonte (Tue)
Poster: Chun Yuen Tsang (Wed)

Probing bulk properties via hadron yield measurements
Ru+Ru/Zr+Zr:  = 200 GeVsNN Au+Au:  GeV (STAR FXT)sNN = 3.2 − 4.5

7.7 GeV

200 GeV

( )π, K, p

( )π, K, p

32

Hadrons

Tsallis fit to 𝒑𝑻 spectra for non-equilibrium 
effects.
• Replaces Boltzmann with Tsallis distribution.
• Introduces non-extensivity parameter q.

• q=1: Reduces to Blast-wave.
• Good fit up to pT < 2 GeV/c.
• Without hyperons: χ²/NDF: 0.75–3.34 (central-

peripheral) 
• With hyperons: χ²/NDF: 1.09–2.78 (peripheral)

Bulk Properties of the medium in Ru+Ru and Zr+Zr Collisions 
at 𝒔𝑵𝑵 = 𝟐𝟎𝟎 GeV with STAR detector

Chun Yuen Tsang for the STAR Collaboration
Kent State University

Selected particle yields

Time Projection Chamber (TPC)
• Track curvature → momentum (p).
• dE/dx → charge state. 
• p and dE/dx for particle identification 

(PID).

Time-Of-Flight (TOF)
• Measures velocity.
• Infer rest mass square (𝑚2).
• Extends PID to high momentum.

STAR experiment

QCD phase diagram.
• Essential for understanding nuclear matter.
• Study QCD matter under varying conditions.
• Investigate system size dependence.
• Cu+Cu, Au+Au, Ru+Ru and Zr+Zr.

Measure 𝒑𝑻  spectra of pions, kaons, 
protons, Λ and Ξ.
• Particle yields. 
• Kinetic and chemical freeze-out parameters.
• Effect of incomplete thermal equilibrium.

Motivation

Step 1: PID background correction.
• Low 𝑝𝑇: Gaussian fit to 𝑛𝜎 = ln (𝑑𝐸/𝑑𝑥 measured)

ln (𝑑𝐸/𝑑𝑥 expected)
.

Step 2: Efficiency correction.

Analysis

Figure from Ref. 
https://www.bnl.gov/newsroom/news.php?a=21870

Freeze-out parameters

Fits to 𝒑𝑻 spectra : Bose-Einstein (pions), Blast-wave 
(K, p).
Systematic uncertainties estimated via:
• Track cuts. 
• Extrapolation functions.
• 𝒑𝑻 spectra fit range. 
• PID background correction conditions.

pprim: Feed-down corrected protons. 
Anti-particles not shown for brevity.
Particle yields scale with ⟨𝑵part⟩, independent of 
nuclear geometry. 

Chemical freeze-out: Yields fixed.
• THERMUS model [4] with Grand Canonical 

Ensemble.
• Fits to yield of π−, and yield ratios of π−/𝜋+, 𝐾−/

𝐾+, 𝑝 /𝑝, 𝐾−/𝜋−, p /𝜋−, Λ/ഥΛ, Ξ/തΞ, ഥΛ/𝜋−, തΞ/𝜋−.
• 𝑇𝑐ℎ𝑒𝑚: Chemical freeze-out temperature.
• 𝜇𝐵, 𝜇𝑆: Baryon/strangeness potentials. 
• 𝛾𝑆: Strangeness suppression factor. 

References
[1]: STAR Collaboration, Phys. Rev. Lett. 98 (2007), 062301
[2]: STAR Collaboration, Phys. Rev.C 79 (2009)  034909
[3]: STAR Collaboration, Phys. Rev.C 79 (2009)  034909

Au+Au hyperon results from 
Ref. [1]

Short-lived particles (Λ and Ξ):
• Reconstruct via invariant mass of 

identified particles.
• Λ ഥΛ → 𝑝  𝑝 + 𝜋−(𝜋+), 
• Ξ− തΞ+ → Λ ഥΛ + 𝜋−(𝜋+).

• High 𝑝𝑇: Student’s t fit to 𝑚2. 

Long-lived particles (pions, kaons and protons):

TOF-matching efficiency (𝝐𝐓𝐎𝐅 ): Ratio of TOF hits to TPC tracks (narrow 𝑛𝜎 cut).
TPC tracking efficiency (𝝐𝐓𝑷𝑪): Estimated via embedding, i.e., simulate detector 
response of a few Monte Carlo tracks, append to experimental data and to test 
reconstruction efficiency. 

Step 3: Feed-down correction.
• Targets: pions, Λ, protons (optional).
• Pions: Hijing+Geant simulation for fraction of decays 

of Λ and KS0.
• Proton and Λ: Geant simulation for yields of feed-

down from Λ, Ξ and Σ for proton and Ξ0  for Λ. 
• Estimate yields of Σ with thermal models. 
• Yield of Ξ0 assumed to equal to that of Ξ+.

Conclusion
Isobar results follow the trends of Au+Au 
when plotted against ⟨𝑵part⟩:
• Yields scaled by ⟨𝑁part⟩.
• Chemical freeze-out: Thermal fit parameters.
• Kinetic freeze-out parameters: Blast-wave fit at 

low pT.
• Tsallis fit parameters with and without hyperons 

at high pT.

Kinetic freeze-out: 𝒑𝑻 spectra fixed.
• Blast-wave fit (Boltzmann ⊗ velocity profile).

• Boltzmann gives 𝑇𝑘𝑖𝑛.
• Velocity profile gives ⟨𝛽⟩.
• Simultaneous fits to pions, kaons and 

protons. 
• χ²/NDF at pT < 1 GeV/c: 0.41–4.24 (central–

peripheral).
• χ²/NDF degrades at pT < 1.3 GeV/c: 2.23–

36.83.
• High pT hadrons not fully thermalized. 

[4]: S. Wheaton and J. Cleymans. Comput. Phys. Commun.,180:84–
106, 2009.
[5]: J. Chen, et al, Phys. Rev. C, 104 (2021), 034901

Fireball → Chemical freeze-out → Kinetic freeze-out.

Supported in part by:
The STAR Collaboration

https://drupal.star.bnl.gov/STAR/presentations
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References
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[3]: STAR Collaboration, Phys. Rev.C 79 (2009)  034909
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sNN = 200 GeV

( )μ, K, p, ≤, →



(Multi-)strange hadron production in BES

Talk: Weiguang Yuan (Tue)

- Strong enhancement in  ratio at intermediate  

- AMPT default version (string fragmentation) fails. String melting version(QGP-like 
quark-coalescence) reproduces the trend-> supports QGP formation for  GeV

Ω/ϕ pT

sNN ≥ 7.7

9

Strange hadron yields are sensitive probes of QGP and hadronization mechanism
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Tool to probe space–time geometry of source  
and hadronic interactions

Femtoscopic correlations 

C(k*) = ∫ dr* S(r*) |Ψ(r*, k*) |2

source interaction

= Nsame event(k*)
Nmixed event(k*)



Identical pion correlations 

11 Talk: Youquan Qi (Tue)

Understating 3rd-body coulomb effect
 ( ) <  ( ): 3rd-body coulomb effect or isospin asymmetry ?Rside, Rlong π+π+ Rside, Rlong π−π−

-  and  source radii consistent after accounting for coulomb correctionπ+π+ π−π−

correction applied 
using coulomb potential  
energy extracted from 
pion  spectrapT

3 4 5 6  84
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-uncorrectedCV

3 4 5 6  83.5
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p-  correlations from BES-IIΞ−

12 Talk: Jing An (Tue)

Study of hyperon-nucleon (YN) interactions

- Strong interaction seen above coulomb interaction 
- Observed hierarchy of strangeness content for : f0 f0( |s | = 0) > f0( |s | = 1) > f0( |s | = 2) > 0

Extracted strong interaction parameter 
 using Lednický–Lyuboshitz formalism

Discussions – Interaction parameters

2026/3/24 SQM2026	-- Jing	An	-- CCNU	&	GSI 14

Hierarchy of strangeness content:

!0 # = % > !0 # = ' > !0 # = ( > %

1. Interaction cross section is proportional to !0(. 

This observation implies that the strength of 

the interaction depends on strangeness 

contents.

2. Understand the strangeness hierarchy in QCD?



p-p-  correlations in Au+Au at 3 GeVΛ

13 Talk: Jing Gu (Tue)

Constraining three body hyperon interactions: important for EOS and hyperon puzzle

-First attempt at STAR, decent kinematic coverage down to relative momenta < 100 MeV 
(sensitive to final-state interactions) 
-Theoretical modeling challenging. Need help from theorists.

E. Garrido et al, Phys. Rev. C 110, 054004



Hypernuclei and charge symmetry breaking (CSB) 

Talk: Tianhao Shao (Tue)14

4
ΛH 4

ΛHe
Mirror hypernuclei

- Most precise measurement of CSB so far 
- Similar strength between ground and excited states but opposite sign

Testing the charge dependence of Λ-nucleon (ΛN) interaction

CSB reflected in difference in binding energy. 
Do CSB strength depend on quantum states: 
ground or excited?
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Studying QCD at STAR

Hadrons

B. Mohanty, N. Xu, arXiv:2101.09210

Hadrons

Medium formation

Emergent Macroscopic  phenomena

Characterizing the medium: 
Study of hadron yields/spectra 
Femtoscopic correlations

Emergent properties of medium: 
Flow, vorticity, phase transitions, 
possible critical point?



Directed flow of  meson at high ϕ μB

Talk: Guangyu Zheng (Tue)16

 (GeV) NNsCollision Energy 

0.1−

0

0.1

0.2

0.3

0.4

0.5

y=
0

/d
y|

1
dv

 

3 4 5 6 7 8

φ 
Λ 

S
0 K

Au+Au Collisions, 10-40%
STAR Preliminary

V4.0UrQMD BMFHC

w N* w/o N*

φ

STAR Data

 

-  shows large  slope

- Including baryon resonance excitations 
( ), 
measurements reproduced by UrQMD: 
 

 meson sensitive probes of baryon 
resonance production

ϕ v1

N + N → N* + N → N + ϕ + N

ϕ

Understanding  slope difference between baryons and mesons at high  
 unique probe: small hadronic cross section, longer lifetime

v1 μB
ϕ

HC: Hadronic Cascade mode of UrQMD 
BMF: Baryonic mean field included



Polarization of hyperons

17Talk: Tong Fu (Tue)

Investigation of global and local hyperon polarization at BES-II

- Significant  within errors. Hint of larger  polarization.

- First measurements of correlation between +  local polarization ( ) and  
Slight dependence of  on flow vector  and  within uncertainty(~2  effect)

PH(Ξ− + Ξ̄+) also ≃ PH(Λ + Λ̄) Ω− + Ω̄+

Λ Λ̄ Pz,2 ν2
Pz,2 q2 ν2 σ

Talk: Taiki Kondo (Wed)
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Ξ− + തΞ+ global polarization

 For the first time, significant global polarization of Ξ−+Ξ
+

has 
been observed(~ 5 𝜎)
• 𝑃𝐻 = 1.940 ± 0.205(𝑠𝑡𝑎𝑡. ) ± 0.293(𝑠𝑦𝑠𝑡. ) at 14.6 GeV

 Global polarization of Ξ− + തΞ+ decrease with collision energy

 Ξ− + തΞ+ global polarization are consistent between direct and 
indirect measurement methods

 No obvious difference between Λ + ഥΛ and Ξ− + തΞ+ global 
polarization within uncertainties

9

Model calculation: 
H. Li, X. Xia, X. G. Huang, H. Z. Huang Phys. Lett. B 827, 136971 (2022)

Tong Fu



Probing QGP using Baryon-Strangess correlation

18

BS correlation: sensitive probes of changes in degree of freedom of QCD matter

Talk: Changfeng Li /Hanwen Feng(Wed)

M. Asakawa, U. W. Heinz and B. Muller, Phys. Rev. Lett. 85 (2000) 
V. Koch, A. Majumder and J. Randrup, Phys. Rev. Lett. 95, 182301 (2005)

-Measurements higher than UrQMD and   
 consistent with lattice QCD within 
 uncertainties. 



19 Talk: Rutik Manikandhan (Tue)

Mean  fluctuations: sensitive to EOSpT

-Robust observable to volume and 
efficiency effect

-Non-monotonic collision energy 
dependence (0-5% centrality). 
Minimum around 4.5- 7.7 GeV

-AMPT model (no phase transition) 
and 30-40% data do not  
show such stark trends

Probing phase structure at high  via  fluctuationsμB pT

STAR Preliminary
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Search for QCD critical point
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M. A. Stephanov, Phys.Rev.Lett. 107 (2011) 052301

-A minimum in  w.r.t. non-CP models and peripheral data at 2-5  level around 20 GeV 
-Consistency with non-CP baseline for data at  GeV 
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Qualitative feature near a CP

STAR: PRL 135, 142301 (2025)
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: Data vs. modelC4/C2

0-5% Au+Au

-A minimum in  w.r.t. non-CP models and peripheral data at 2-5  level around 20 GeV 
-Consistency with non-CP baseline for data at  GeV 
-Consistency also seen for FXT data for  GeV. 
-Dynamic model calculation with a CP needed for quantitative assessment of data

C4/C2 σ
sNN ≥ 27

sNN ≤ 3.9

Z. Sweger (STAR) at QM2025

M. A. Stephanov, Phys.Rev.Lett. 107 (2011) 052301

Qualitative feature near a CP

STAR Preliminary

STAR FXT data

Search for QCD critical point
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Hadrons

Recent CP estimates from diverse theory 
calculations suggest  ~ 4 - 5 GeVsNNUnderstanding the trends at high μB

STAR future prospects (selected few):

Finite size scaling analysis of net-proton 
data(collider) points to above critical region

Y. Huang (STAR) at QM2025

STAR: PRL 135, 142301 (2025)

CP from different theories (References): 
YLE-1: D.A. Clarke et al, arXiv:2405.10196 
YLE-2: G. Basar, PRC 110, 015203 (2024) 
BHE: M. Hippert et al., PRD 110, 094006 (2024) 
FRG: W-J. Fu et al., PRD 101, 054032 (2020) 
DSE: P.J. Gunkel et al., PRD 104, 052202 (2021) 
DSE/fRG: Gao, Pawlowski., PLB 820, 136584 (2021) 
FSS: A. Sorensen et al., arXiv:2405.10278

Recent theory predictions for CP
   Illustrative CP   
   inspired sketches
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STAR future prospects (selected few):

Hadrons

Completed its last run in 2026
FXT data at 4.5 GeV (~1B), 
4.2 GeV(~290M), 5.2 GeV (~370 M) 
collected !

sNN =
Precision data at 4.2, 4.5, 5.2 GeV 
in near future for CP search

sNN =
STAR: PRL 135, 142301 (2025)

   Illustrative CP   
   inspired sketches
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STAR future prospects (selected few):

Hadrons

Completed its last run in 2026

Measurement of double-Λ hypernuclei 
possible at FXT (may reach 5σ 
significance)

Andronic et al. Phys.Lett.B 697 203 (2011) 
J. Steinheimer et al. Phys.Lett.B 714 85 (2012)FXT data at 4.5 GeV (~1B), 

4.2 GeV(~290M), 5.2 GeV (~370 M) 
collected !

sNN =

Model calculations
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Conclusion:

A quarter century of discovery at STAR-RHIC and continuing……

STAR delivering impactful results across key 
QCD physics frontiers

Systematic study of QCD phase structure with 
precision measurements
 
 
More exciting results are on the way.
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List of STAR Presentations

1. Strange hadron production in different collision systems at sNN = 200 GeV at STAR Beam Energy Scan-II at STAR Iris Ponce Tue, PI
2. Exploring Strangeness Production across Beam Energies in Au+Au Collisions at STAR Weiguang Yuan Tue, PI
3. Measurement of Charge Symmetry Breaking in A = 4 hypernuclei in sNN = GeV Au+Au collisions at RHIC Tianhao Shao Tue, PI
4. Production of Unstable Light Nuclei in Au+Au Collisions at sNN = GeV with the STAR Detector Chenlu Hu Tue, PI
5. Light hadron production measurements with Au+Au Collisions from sNN = 3.2 -4.5 GeV with STAR Mathias Labonte Tue, PII
6. Extracting the Speed of Sound from Mean Transverse Momentum Measurements in Au+Au Collisions from RHIC-BESII Caleb Broodo Tue, PII
7. Radial Flow of Strange and Multi-strange Hadrons in Heavy-Ion Collisions at RHIC–STAR Yuli Kong Tue, PII
8. Collision Energy and System Size Dependent Radial Flow Fluctuations at RHIC Zaining Wang Tue, PII
9. Measurement of thermal dielectron production in O+O collisions at sNN = 200 GeV with the STAR experiment Zihan Liu Tue, PIII
10. Hyperon Spin Observables in Au+Au Collisions at RHIC BES-II: Global and Local Polarization, Spin Correlations Tong Fu Tue, PIV
11. Differential measurements of phi-meson global spin alignment and off-diagonal spin density matrix elements in Au+Au Zhenyu Ye Tue, PIV
12. Measurements of Local Polarization of Hyperons with Event Shape Engineering in Au+Au collisions at RHIC-STAR Taiki Kondo Tue, PIV
13. Non-Monotonicity of pT Correlations in Au + Au Collisions at RHIC Rutik Manikandhan Tue, PV
14. Observation of Strong Directed Flow for phi meson in High Baryon Density Region at RHIC Guangyu Zheng Tue, PV
15. Third-body-corrected Two-Pion Femtoscopic Correlations in Au+Au Collisions at high baryon density Youquan Qi Tue, PV
16. Measurements of p-Xi Correlation Functions in Au+Au Collisions from STAR Beam Energy Scan II Jing An Tue, PVI
17. p-p-Lambda Correlation in 3 GeV Au+Au Collisions with the STAR Detector Jing Gu Tue, PVII
18. Observation of a Strange Muonic Atom and Its Antimatter in Heavy-Ion Collisions at STAR Zhangbu Xu Tue, PVIII
19. Exploring System-Size and Energy Dependence of J/Psi production with the STAR experiment Kaifeng Shen Wed, PII
20. Fluctuations and Correlations of Conserved Charges in Isobar Collisions at sNN = 200 GeV with STAR Detector Hanwen Feng Wed, PVI
21. Measurement of coherent J/ψ and K^+K^− photoproduction in UPCs at = 200 GeV with STAR experiment Zengzhi Li Wed, PI

TITLES PRESENTER
DAY/SESSION 
(with LINK)Parallel Talks:

https://indico.global/event/13943/contributions/143387/
https://indico.global/event/13943/contributions/143384/
https://indico.global/event/13943/contributions/143396/
https://indico.global/event/13943/contributions/143385/
https://indico.global/event/13943/contributions/143388/
https://indico.global/event/13943/contributions/144991/
https://indico.global/event/13943/contributions/143390/
https://indico.global/event/13943/contributions/143394/
https://indico.global/event/13943/contributions/143386/
https://indico.global/event/13943/contributions/143393/
https://indico.global/event/13943/contributions/143381/
https://indico.global/event/13943/contributions/148949/
https://indico.global/event/13943/contributions/143377/
https://indico.global/event/13943/contributions/143380/
https://indico.global/event/13943/contributions/143391/
https://indico.global/event/13943/contributions/143378/
https://indico.global/event/13943/contributions/143379/
https://indico.global/event/13943/contributions/143383/
https://indico.global/event/13943/contributions/143382/
https://indico.global/event/13943/contributions/143389/
https://indico.global/event/13943/contributions/143392/
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List of STAR Presentations

1. Search for dark photons in pi0/eta Dalitz decays with the STAR detector Kaifeng Shen Wed
2. Bulk Properties of the medium in Ru+Ru and Zr+Zr Collisions at sNN = 200 GeV with STAR detector Chun Yuen Tsang Wed
3. J/Psi production as a function of event activity in p+p collisions at s = 500 GeV at STAR Brennan Schaefer Wed
4. Accessing the shape of cluster pattern in O+ O and d+Au collisions from STAR experiment Zaining Wang Wed
5. Anisotropic Flow of Identified Hadrons in O+O Collisions at sNN = 200 GeV Santanu Prodhan Wed
6. Study of charge and baryon transport in O+O and Au+Au collisions at sNN = 200 GeV with STAR experiment Wendi Lu Wed
7. Search for Exotic Particles in Multi-Prong Central Exclusive Production in pp Collisions at the STAR Experiment Aranya Giri Wed
8. Measurement of coherent K+K- photoproduction in Au+Au ultra-peripheral collisions at sNN = 200 with the STAR Luobing Wang Wed
9. π/K/p/φ flow in O+O and d+Au collisions Souvik Paul Wed
10. Engineering the shapes of quark-gluon plasma droplets by comparing anisotropic flow in small symmetric and 
asymmetric collision systems

Chunjian Zhang Wed

11. The underlying event and global event-structure observables in p+p collisions at STAR Oliver Matonoha Wed

TITLES PRESENTER
DAY/SESSION 
(with LINK)Posters:

https://indico.global/event/13943/contributions/144091/
https://indico.global/event/13943/contributions/144093/
https://indico.global/event/13943/contributions/141122/
https://indico.global/event/13943/contributions/144088/
https://indico.global/event/13943/contributions/144089/
https://indico.global/event/13943/contributions/144092/
https://indico.global/event/13943/contributions/144090/
https://indico.global/event/13943/contributions/144095/
https://indico.global/event/13943/contributions/141117/
https://indico.global/event/13943/contributions/144087/
https://indico.global/event/13943/contributions/141107/
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Thanks!
SQM organizers and participants for your attention. 

STAR Collaboration


