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Big-Bang Nucleosynthesis (BBN)

𝑡 ~ 100 𝑠, 𝑘𝑇 < 1 MeV (1010开尔文, 100亿度)

K. A. Olive et al., Phys. Rept. 333, 389–407 (2000) 《最初三分钟》S. Weinberg

(1)

Big Bang nucleosynthesis produced the primordial light elements in the universe.

重子数/光子数



Little-Bang Nucleosynthesis (LBN)
𝑡 ~ 10−23𝑠, 𝑇 ~ 100 MeV (1012开尔文, 10000亿度)

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nature Commun. 15, 1074 (2024)
ALICE, PRL 134, 162301 (2025)

(2)
Relativistic Heavy-Ion Collisions (‘Little Bangs’)

Different from BBN, LBN produce nearly equal amounts of matter and antimatter light nuclei.

See talks by R.Q. Wang (Apr. 27)
and G. N. Xie (Apr. 27)



Au+Au @200 GeV

The First Anti-Hypernuclei @2010
Synthesis of antimatter hypernuclei

STAR, Science 328, 58 (2010)

J. Chen et al., Phys. Rep. 760, 1 (2018)

70 ±17

(3)



Anti-Helium4 @2011
Synthesis of antimatter nuclei

Matter-antimatter asymmetry

(4)



Anti-hyperhydrogen-4 @2024
STAR, Nature 632, 1026 (2024)

15.6 out  of 6.4 billion events

(5)



Anti-hyperhelium-4 @2025

Pb+Pb @5020 GeV

(6)



Light Nuclei & QCD Critical Point (7)
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K. J. Sun, L. W. Chen et al., Phys. Lett. B 774, 103 (2017)
K. J. Sun , L. W. Chen et al., Phys. Lett. B 781, 499 (2018)

K. J. Sun et al., Phys. Lett. B 816, 136258 (2020)



Search of Antimatter and Dark Matter in Space
ALICE, Nature Phys. 19, 61-71 (2023) 

(8)

Due to their extremely low astrophysical background, light antinuclei in 
space provide an important indirect probe for dark matter detection
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Light (hyper)nuclei and ordinary hadrons share the same high chemical 
freezeout temperature                                    , which almost coincides with the 
pseudo transition temperature from the QGP phase to the hadron phase.

Production Mechanism：Statistical Hadronization

Andronic, Braun-Munzinger, Redlich, Stachel, Nature 561, 321 (2018)

𝑁ℎ ≈
𝛾ℎ𝑔ℎ𝑉𝐶
2𝜋2

𝑚ℎ
2𝑇𝐶𝐾2(

𝑚ℎ

𝑇𝐶
)

𝑇𝐶: Chemical freeze-out
temperature, which is close

to the chiral transition
temperature (LQCD)

𝛾ℎ ∶ Fugacity

≈ 𝛾ℎ𝑔ℎ𝑉𝐶(
𝑚ℎ𝑇𝐶
2𝜋

)3/2𝑒−𝑚ℎ/𝑇𝐶

𝑻𝒄 = 𝟏𝟓𝟔. 𝟔 ± 𝟏. 𝟕 MeV

(9)

The comparison between theoretical calculations and experimental data indicates 
that the yields of light nuclei can be described by chemical freeze-out at 𝑇=156 MeV



“Snowball in Hell” Puzzle

H. Peterson and J. Bernhard

(10)
B=2.2 MeV B=7.7 MeV

The binding energy of light nuclei is much 
smaller than 𝑇=156 MeV

T=156 MeV

𝐵Λ𝑑 ≈ 0.164 MeV



‘Triton Yield’Puzzle

H. Peterson and J. Bernhard

(11)

Theory and experiment are in tension, as the statistical hadronization model predicts a triton 
yield that is approximately twice the experimental value.

统计强子化模型
[A. Andronic et al., 

Nature 561, 321 (2018)]

2018 2023

？
产
额

RHIC-STAR大型国际实验合作组
Phys. Rev. Lett. 130, 202301 (2023)
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Pion-catalyzed Reaction？ (12)

Peak comes from intermediate Delta resonance

𝜋 + 𝑁 + 𝑁 ⟷ 𝜋 + 𝑑

Pion-Catalyzed reaction

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nat. Commun. 15, 1074 (2024)



Relativistic Kinetic  Equations

Impulse approximation (IA):
Relativistic kinetic equation for 𝜋𝑁𝑁 𝜋𝑑

with collision integral:

R.H.S. =

Nonlocal collision integral to take into 
account the effects of finite nuclei sizes.
𝑊𝑑 denotes deuteron Wigner function.

𝜆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ~ 0.5 𝑓𝑚 ≪ 𝑟𝑛𝑝~ 4 𝑓𝑚

Length/energy scale:

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nat. Commun. 15, 1074 (2024)

R. Wang, Y. G. Ma, L. W. Chen, C. M. Ko, K. J. Sun, and Z. Zhang, PRC 108, L031601 (2023)

(13)

Develop numerical methods to solve relativistic quantum many-body transport equations.



Pion-catalyzed Effects at RHIC Energies
K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nat. Commun. 15, 1074 (2024) 

(14)

New prediction

Pion-catalyzed 

reaction
Statistical 

Hadronization

氘核

氚核

𝜋𝑁𝑁 𝜋𝑑

𝜋𝑁𝑁𝑁 𝜋 3H

𝜋𝑁𝑑 𝜋 3H

[Theoretical finding] Pion-catalyzed reactions reduce the triton yield by half

+



Pion-catalyzed Effects at RHIC Energies
K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nat. Commun. 15, 1074 (2024)
Data from STAR, PRL 130, 202301 (2023)

(15)

[Theoretical finding] Pion-catalyzed reactions reduce the triton yield by half
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More Evidence？

Peak comes from intermediate Delta resonance

𝜋 + 𝑁 ⟷ Δ,
Δ + 𝑁 ⟷ 𝜋 + 𝑑

𝜋 + 𝑁 + 𝑁 ⟷ 𝜋 + 𝑑

Pion-Catalyzed reaction Delta-assisted reaction

Momentum
correlation

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nat. Commun. 15, 1074 (2024)

(16)

Pion-catalyzed reactions lead to pion–deuteron 
correlations (resonance peak)



Correlation Femtoscopy

Fig. from H. Zbroszczyk
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Hanbury Brown-Twiss (HBT) intensity interferometry
HBT 强度干涉 Nature 178, 1046 (1956)

U. Heinz and B. Jacak, Ann. Rev. Nucl. Part. Sci. 49, 529 (1999) 

Correlation Femtoscopy
关联费米显微镜

~1/R

(17)

See talk by L. S. Geng (Apr. 25)



Lednicky-Lyuboshitz model (18)
Slide from Hanna Zbroszczyk

S-wave scattering



Recent progress (19)

Nature 232, 588 (2025)



Recent progress (20)



New ALICE Measurements
ALICE, Nature 648 (2025) 8093, 306-311

(21)

[Experimental Discovery] A clear resonance peak induced by 
pion-catalyzed reactions has been observed.



New ALICE Measurements

The very low temperatures need to be understood

(22)



Pion-nucleus femtoscopy (23)
L-Y Zhang, et.al, arXiv:2511.10298 (2025)

Z. W. Lin et al., Phys. Rev. C 72, 064901 (2005) K-J Sun, et.al, Nature Commun, 15, 1074 (2024)

Pion-catalyzed reaction
(𝝅+𝒏𝒑 𝝅+𝒅) 

AMPT Model



Pion-nucleus femtoscopy (24)

∆ mass shifted by~70MeV/C2 ! ?

L-Y Zhang, et.al, arXiv:2511.10298 (2025)



Pion-nucleus femtoscopy (25)

Model-to-data comparison shows that light (anti-)nuclei production is dominated by 

pion-catalyzed reaction (𝝅𝑵𝑵 𝝅𝒅) at the LHC

L-Y Zhang, et.al, arXiv:2511.10298 (2025)



Outline

I   Little-Bang Nucleosynthesis

II “Snowball in Hell”puzzle

III  Resolving the puzzle with pion-catalyzed reactions

IV  Evidence from Femtoscopy

V   Outlook



Next antimatter？

Phys. Lett. B  751, 272 (2015)

(26)

𝐀𝐧𝐭𝐢 − 𝟒𝑳𝒊 → ഥ𝒑 + 𝟑𝑯𝒆



Final-State Coalescence & Wavefunction Femtometry (27)



Spin Polarization of Hypernuclei (28)

Unexpectedly large spin 

alignment of phi meson

Observation of spin 

polarization of Lambda 

hyperon

Spin polarization of 

hyperons in non-

central heavy-ion 

collisions

Nature 614, 244 (2023)Nature 548, 62 (2017)

(STAR)

PRL 94, 102301 (2005)

PLB 629, 20 (2005)

（Liang&Wang） 

Vector Meson Global Spin Alignment

Aihong Tang.   Open Seminars in Frontier in 

Nuclear Physics, May10th, 2022                    
12

The spin state of a vector meson can be described by a 3x3 spin density matrix.

The diagonal element ρ00 corresponds to the probability of finding a vector meson 

in spin state 0 out of 3 possible spin states of -1, 0 and 1.

dN

d(cosq *)
= N0 ´ 1- r00( )+ (3r00 -1)cos

2q *éë ùû

A deviation of ρ00 from 1/3 would indicate

a non-zero spin alignment. 

r00 =
1

3
r00 >

1

3
r00 <

1

3

PRL 134, 022301 (2025)

Y. G. Ma’s Group

Spin polarization of 

Hypertriton and Li-4

(STAR)

arXiv:2509. 15286  (2025)



Mott Effect at High Baryon Density (29)
Mott effect due to Pauli blocking R. Wang, Z. Zhang, Y. G. Ma, L. W. Chen, C.  M. Ko, and K. J. Sun, arXiv: 2507.16613, production in PRL.

𝑑

3𝐻

Main results:

Stronger alpha 

clustering effect



Anti-deuteron Flux in Atmosphere (30)
J. Pu, X. Li, K. J. Sun, C. W. Ma, L. W. Chen, JHEP 08 (2025) 002



Antimatter Nucleus Signal ? (31)
AMS-02 GAPS

Bess Polar-II COSI and more

Thanks a lot for your listening



Backup



Microscopic Dynamics of LBN
𝑡 ~ 10−23𝑠, 𝑇 ~ 100 MeV (1012开尔文, 10000亿度)

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. Shen, Nature Commun. 15, 1074 (2024)

(18)

Unlike Big Bang nucleosynthesis, in high-energy nuclear collisions (“little bangs”), (anti)matter light nuclei are 
predominantly produced via meson-induced (resonant) catalyzed reactions. Antimatter light nuclei undergo 

multiple cycles of breakup and regeneration; however, due to the extremely short timescales, they do not have 
sufficient time to annihilate and ultimately decouple from the system, propagating to the detector.



Final-State Coalescence & Wavefunction Femtometry (20)

R. Scheibl and U. W. Heinz, PRC59. 1585(1999);
F. Bellini et al., PRC99,054905(2019);
Dai-Neng Liu et al., Phys. Lett. B 855 (2024) 138855

K. J. Sun, C. M. Ko, and B. D ሷ𝒐nigus, Phys. Lett. B792, 132-137(2019)
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Production Structure

can be inferred from Femtoscopy

K. J. Sun, C. M. Ko and B. D ሷ𝒐nigus, Phys. Lett. B 792, 132 (2019)



Anti-deuteron Flux in Atmosphere (22)
Z. W. Lin et al., Phys. Rev. C 72, 064901 (2005)

AMPT Model

Phase-space coalescence with Wigner function 

J. Pu, X. Li, K. J. Sun, C. W. Ma, L. W. Chen, JHEP 08 (2025) 002
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