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Studying QCD via Heavy-Ion Collisions

2026-05-18 WPCF2026 - Yige Huang (for STAR) - Budapest 3

1. Evolution of relativistic heavy-ion collisions: HIC → Quark-Gluon Plasma (QGP) → Hadrons → Tracks in detector;

2. QCD phase diagram:

✓ hadronic & QGP phase

✓ crossover at vanishing 𝜇𝐵
✓ transition temperature 𝑇𝑐
?   1st phase transition at high 𝜇𝐵
?   critical end point (CEP)

Experimental study along the freeze-out curve: Beam Energy Scan

3. Fluctuations to study: 

• phase structure 

• critical end point

• EoS

• QGP degrees of freedom

• …

A. Andronic, et al.: Nature 561 (2018) 7723, 321-330 
X. Luo et al., Particles 3 (2020), 278-307



RHIC Beam Energy Scan Program
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Last collision from STAR

1. STAR completed its last run in 2026:

• BES-I (2010–2017): 7.7–200 GeV;

• BES-II (2018–2021): 3–27 GeV;

• Run-26 (2026): 4.2–5.2 GeV;

2. Widest 𝜇𝐵 coverage to date (~20-750 MeV);

3. High-precision scan of QCD phase diagram.



RHIC-STAR Detector
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BES-II UpgradesBES-II Upgrades since 2018

- Large acceptance

- Excellent PID & Uniform
efficiency

- Modest rates

RHIC-STAR Detector



Major Upgrades for BES-II
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1. Better dE/dx resolution

2. Larger acceptance

3. Lower 𝑝𝑇 threshold

✓Operational since 2019

iTPC

1. Provides forward 

rapidity coverage

2. Borrowed from FAIR-

CBM

✓Operational since 2019

eTOF EPD

1. Improves trigger

2. Better centrality and 

event-plane resolution

✓ Operational since 2018



Fixed-Target Program at STAR
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1. First FXT run: Au+Au @ 𝑠𝑁𝑁 = 3 GeV;

2. eTOF extends coverage at forward rapidity;

3. Blue bands: BES-II FXT runs;

4. Green bands: finer energy scan in Run26.



Selected Results

1. (Net-)proton Number Fluctuations

2. Relative Particle Yield Fluctuations 

3. p𝑇 Correlations

4. Baryon-Strangeness Correlations

5. Speed of Sound
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Net-proton Number Fluctuations – COL Runs
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PRL 135 (2025), 142301

1. Significance = 
Data−Reference

𝜎𝑡𝑜𝑡𝑎𝑙
;

2. Data: STAR measurements from 0-5% most central collisions;

3. Precision measurements in Au+Au collisions at 𝑠𝑁𝑁 = 7.7 – 27 GeV;

4. Up to 4.7𝜎 deviation from non-critical baseline at 20 GeV;

5. Dip structure of expected non-monotonicity is observed.

M. A. Stephanov: PRL 107 (2011), 052301

Cumulants

𝐶1 = 𝑁

𝐶2 = 𝛿𝑁 2

𝐶3 = 𝛿𝑁 3

𝐶4 = 𝛿𝑁 4 − 3 𝛿𝑁 2 2

𝐶2/𝐶1 = 𝜎2/𝑀
𝐶3/𝐶2 = 𝑆𝜎
𝐶4/𝐶2 = 𝜅𝜎2



Proton Number Fluctuations – FXT Runs
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M. A. Stephanov: PRL 107 (2011), 052301

1. First measurements of proton number fluctuations at STAR FXT energies (3.2 – 3.9 GeV); 

2. Aiming to explore the high-baryon-density region and bridge the gap between 3 and 7.7 GeV;

3. Most central 𝐶4/𝐶2 is reproduced by the UrQMD model;

4. Volume fluctuations remain a major challenge in the high-baryon-density region.

Dr. Z. Sweger @ QM 2025



Proton Number Fluctuations – A New Method to Suppress Volume Fluctuations
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1. A new method is proposed to suppress volume fluctuations;

2. It treats 𝐶1 as a direct proxy for centrality, and generates higher-order cumulants;

3. Results are consistent with 𝑁𝑝𝑎𝑟𝑡-based calculations;

4. Application to experimental data is ongoing.

Z. Wang @ CPOD 2026

Z. Wang and X. Luo: PLB  871 (2025), 139984

Edgeworth Expansion

Chebyshev-Hermite polynomials

Polynomial Assumption for Higher-order Cumulants



Proton Number Fluctuations – Hyper Orders
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arXiv: 2512.19352 (accepted by PRC)

1. 𝜅𝑛: n-th order factorial cumulant;

2. High-precision measurements of proton 𝜅4 to 𝜅6 fluctuate around zero;

• Consistent with the UrQMD model;

3. No sign change within uncertainties in central collisions;

• No evidence for a two-component structure for a 1st order phase transition.

Factorial Cumulants

𝜅1 = 𝐶1
𝜅2 = −𝐶1 + 𝐶2
𝜅3 = 2𝐶1 − 3𝐶2 + 𝐶3
𝜅4 = −6𝐶1 + 11𝐶2 − 6𝐶3 + 𝐶4



(Net-)proton Number Fluctuations – Rapidity Scan
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YH @ CPOD 2026

STAR Preliminary

A. Bzdak, et al., PRC. 112 (2025)2, 024901

B. Ling and M.A. Stephanov, PRC 93 (2016), 034915

1. Precision measurement of 𝐶2 and 𝐶3 of net-protons: monotonic trends with rapidity width and collision energy;

2. The rapidity-independence of reduced factorial cumulants (𝐹𝐶𝑛/𝐹𝐶1
𝑛):

a) is disobeyed in proton 𝐹𝐶2/𝐹𝐶1
2, which is described by hydrodynamics with short-range repulsive interaction;

b) generally holds for proton 𝐹𝐶3/𝐹𝐶1
3 and antiprotons, which could signal the proximity to critical region.



Net-proton Number Fluctuations – Finite-Size Scaling
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YH @ CPOD 2026

STAR

Preliminary

𝜒𝑛 =
𝐶𝑛 𝑊,𝜇fo

𝑇fo
3𝑊d𝑉fo/d𝑦

, 𝑊 = Δ𝑦 (rapidity window size)

Power-law expectation: 𝜒𝐿−𝛾/𝜈 as a function of 𝑡𝐿1/𝜈

𝑡 = 𝜇𝐵𝑐 − 𝜇𝐵 /𝜇𝐵𝑐 or 𝜁𝑐 − 𝜁 /𝜁 …

Critical exponents: 𝛾 = 1.24, 𝜈 = 0.63

A. Sorensen and P. Sorensen: arXiv:2405.10278 

A. Andronic, et al.: Nature 561 (2018) 7723, 321-330 

J. Sengers and J. Shanks: J.Stat.Phys. 137 (2009), 857

1. Finite-size scaling of BES-I data ( 𝑠𝑁𝑁 = 7.7 – 27 GeV) gives 

𝜇𝐵𝑐 ∼635 MeV;

2. BES-II results yield 𝜇𝐵 , 𝑇 ∼ 600,130 MeV with 

uncertainties accounted for;

3. The power function fit to UrQMD data returns a large 𝜒2/NDF, 

indicating no statistical evidence for the critical scaling.



Relative Particle Yield Fluctuations
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Dr. A. Pandav @ CPOD 2026

C. Pruneau et al.: Phys.Rev.C 66 (2002) 044904

1. Relative strength of fluctuations to correlations;

• Robust to volume fluctuations;

• Insensitive to detector efficiency;

2. Monotonic trends observed in 𝜈𝑑𝑦𝑛[𝑝, 𝜋] and 𝜈𝑑𝑦𝑛[𝑝, 𝐾];

• Qualitatively reproduced by UrQMD;

3. Large deviations between data and UrQMD are observed at 3 GeV;

• Opposite trend in 𝜈𝑑𝑦𝑛[𝐾, 𝜋].



p𝑇 Correlations
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STAR, arXiv:2604.06434

S. Gavin: PRL 92 (2004), 162301

V. Kovalenko and V. Vechernin: arXiv: 1502.01758 

B. Schenke et al.:PRC 102 (2020), 034905

L.-M. Liu et al.: arXiv: 2511.11094

𝐶𝑝𝑇 =
Δ𝑝𝑇,𝑖Δ𝑝𝑇,𝑗

𝑝𝑇

1. Inclusive observable sensitive to multiple physics sources:

• Conserved charge fluctuations;

• Temperature / energy density fluctuations;

• Initial-state correlations;

2. Robust to volume fluctuations and centrality selections;

3. Clear non-monotonic energy dependence in central collisions is observed;

• The dip occurs in the high-baryon-density region;

• Significance of non-monotonicity from most central measurements: 5.5𝜎 (AMPT yields 1.4𝜎）

Mean 𝑝𝑇 correlator



Baryon-Strangeness Correlations
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V. Koch, et al.: PRL 95 (2005), 182301

Baryon-Strangeness Correlation
H. Feng & Dr. C. Li @ SQM 2026

1. Good probe of changes in degrees of freedom of QCD matter;

2. Measurements in Zr+Zr and Ru+Ru collisions at 𝑠𝑁𝑁 = 200 GeV;

3. Higher than UrQMD, and consistent with lattice QCD within uncertainties;

4. No clear system dependence observed between Zr+Zr and Ru+Ru.



Speed of Sound
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C. Broodo (Monday 17:00)

Speed of sound

𝑐𝑠
2 =

𝜕𝑃

𝜕𝑒 𝑠
=

𝜕 ln 𝑇

𝜕 ln 𝑠

M. Hippert, et al.:PRD110 (2024), 094006

S. Borsanyi, et al.: PLB 730 (2014), 99

HotQCD: PRD 90 (2014), 094503

CMS: Rept.Prog.Phys. 87 (2024), 077801

1. Transverse momentum range extended down to 0 GeV via extrapolation;

2. Ultra-central collisions defined by 𝑁𝑐ℎ with 𝑝𝑇 > 225 MeV/c;

3. First controlled extraction of 𝑐𝑠
2 at RHIC energies versus temperature via a 

logarithmic derivative approach;

4. Good agreement with lattice QCD.



Summary and Outlook

A suite of new fluctuation measurements from STAR covering multiple 
physics goals are reported:

1. Hints of nontrivial physics in the high-baryon-density region;

2. Relative yield fluctuations are qualitatively described by UrQMD, with notable 
deviations at 3 GeV;

3. Measurements of 𝐶𝐵𝑆 at 200 GeV, and extractions of 𝑐𝑠
2 at BES energies are 

consistent with lattice QCD.

We look forward to:
1. Theoretical explanations and guidance for these measurements;

2. Further precision measurements from the FXT data (BES-II + Run 26).
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