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Little -Bang Nucleosynthesis



Big-Bang Nucleosynthesis (1)
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Little -Bang Nucleosynthesis

Synthe5|s ofantimatter nuclei
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Little -Bang Nucleosynthesis (3)
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Hypernuclel production from coalescence



Final-state coalescence
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Final-state coalescence

R.Scheibland U. W. Heinz, PRC59. 1585(1999); Coalescence Model $ A (~) O A me'hsn:y Matrix Formulation
Relativistic Heavy-Ion Collisions pqrf?ii'::; eitions ; ;
e by Chun Sher e 0 - — (sudden approximation)
A Initial energy ) /i/, ‘J \‘_ b 6 uY‘l(n ” )
» R, ® (o ) o o

density ay . ) )
| 7 co X
B | 00— Y
/4

’ Wigner function of light cluster

Q ‘ Overlap between source
distribution function and Wigner

function of light nuclei

T

eg“"'b””“‘ viscous hydrodynamics gi free streaming

yhamics_
collision evolution
t~0fm/c tT~1fm/c T ~ 10 fm/c T ~ 1015 fm/c
Two-body coalescencé® ®° @ G o6 P
B 20 +1 dxadk dxpdky, C \
N 2J.+1 NuNp 1? Production Structure
(2a+1)(20p + 1) (2T (g2 R (14 )
Na = 2,{:‘374 = % r . i A . = . l y
fa = TR M = gem /oo avdzl yadzy YSOKIF Yy AOI OZ[VJ\I{Ourzys
N, — /dx(,dl\(, Fuarka) 1 = / dL‘liWC(x, k) _
J (2m)3 (2m) can be inferred fronFemtoscopy

K. J. Sun, C. M. Ko and B.riigus, PLB 792, 132 (2019)



(6)

Quantum Correction from Coalescence
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How about the spectrum? (7)

MUSIC +UrQMD+ Coalescence
Due to small lambda separation energyhe hypertriton can be well approximated as a
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Softening effect on hypertriton=- spectrum (8)

D. N. Liu et al., arXiv:2404.02701(2024)
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Softening effect on hypertriton=- spectrum (10)

Thermal effect (b|aSWave model) D. N. Liu et al., arXiv:2404.02701(2024)
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Softening effect on hypertriton=- spectrum

9)

D. N. Liu et al., arXiv:2404.02701(2024)
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Exotic particle production from coalescence



Di-baryons
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The nucleon(N)-Omega(£2) system in the S-wave and spin-2 channel (°S;) is studied from the (2+1)-flavor
lattice QCD with nearly physical quark masses (m; =~ 146 MeV and myg =~ 525 MeV). The time-
dependent HAL QCD method is employed to convert the lattice QCD data of the two-baryon correlation
function to the baryon-baryon potential and eventually to the scattering observables. The NQ(3S;)
potential, obtained under the assumption that its couplings to the D-wave octet-baryon pairs are
small, is found to be attractive in all distances and to produce a quasi-bound state near unitarity: In
this channel, the scattering length, the effective range and the binding energy from QCD alone read

ap = 5.30(0.44)(*33%) fm, regr = 1.26(0.01) (1502 fm, B = 1.54(0.30)("%%) MeV, respectively. Including

the extra Coulomb attraction, the binding energy of pQ~(°S;) becomes Bpo- = 2.46(0.34)(fg:?1‘) MeV.
Such a spin-2 pQ~ state could be searched through two-particle correlations in p-p, p-nucleus and
nucleus-nucleus collisions.
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The QQ system in the 'S, channel (the most strange dibaryon) is studied on the basis of the (2 + 1)-
flavor lattice QCD simulations with a large volume (8.1 fm)® and nearly physical pion mass
m, ~ 146 MeV at a lattice spacing of a ~0.0846 fm. We show that lattice QCD data analysis by the

HAL QCD method leads to the scattering length a, = 4.6(6)(")3) fm, the effective range
reig = 1.27(3)(10¢%) fm, and the binding energy Bog = 1.6(6)(*0;) MeV. These results indicate that
the QQ system has an overall attraction and is located near the unitary regime. Such a system can be best
searched experimentally by the pair-momentum correlation in relativistic heavy-ion collisions.

DOI: 10.1103/PhysRevLett.120.212001
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J. Pu, K. J. Sun, and L. W. Chen, arXiv:2402. 04185(2024)
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Effects of hadronic rescatterings via the kinetic approach
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Dynamical modelling of light nuclel production (14)

1991-1992 20182020 20212024
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Relativistic Kinetic Approach (15)

P.Danielewiczet al., NPA533, 712 (1991); PLB274, 268 (1992);
Annals of Physics 152, 239(1984);
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Relativistic Kinetic Approach (16)

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. SherCtamun 15, 1074 (2024)
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Validation: Box calculation (17)

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. SherCtamun 15, 1074 (2024)
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Hadronic re-scattering effects at RHIC (18)

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. SherCdlamun 15, 1074 (2024)
Data from STAR, PRL 130, 202301 (2023)
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Hadronic re-scattering effects at RHIC (19)

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. SherColamun 15, 1074 (2024)
Data from STAR, PRL 130, 202301 (2023)
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Hadronic rescatterings have small effects on the final deuteron yiedeisalso Doliinychenkoet
al. PRC 99, 044907 (20).9put they reduce the triton yields by about a factor of 1.8.



Hadronic re-scattering effects at the LHC

(20)

K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, C. SherCblamun 15, 1074 (2024)
Data from ALICE, Phys. Rev. C 107, 064904 (2023)a

Similar strong hadronic effects occur at the LHC energies.
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Mott effects at large baryon densities



Light nuclei production in intermediate energies (21)
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Light nuclei ar@bundantly produced.

A. Andronicet al., Phys. Lett. B697, 203 (2011)

A. Ono, PPNP 105, 1390 (2019)

FOPI Collaboratioucl Phys. A848, 36827 (2010)
INDRA data: Phys. Rev. C 67, 064613 (2003)

More alphaparticle than helium3 !



Pauli Blocking and Mott Effect

(22)

G. R pkeet al.,Nucl Phys. A379, 536 (1982)
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Mott Effect (23)
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Summary and outlook (24)

1. The little-bang nucleosynthesis is relevant to many fundamental physics.
A general thermal pattern is observed (e.g. central AA)

2. Quantum correctiontn collisions of small systems, light (hyper)nuclel

production are suppressed due to their appreciable sizes.

3. Hadronic effectsPosthadronization dynamics plays a vital role in the litde

bang nucleosynthesis. It suppresses triton yields by about a factor of two at

RHIC and LHC energies. (confirmed in STAR and ALICE measurements)

4. Mott effects:Light nuclei yields are reduced in the medium due to Pauli
blocking.

5. Hopefully, we will have a fully quanturmechanical description of the

dynamics of littlebang nucleosynthesis in the near future.




Backup
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J.Rais H.Hees and C. Greiner, Phys. Rev. C 106, 064004 (2022)

No time delay The formation of
states is not delayed due to the
uncertainty relation, but basically
follows the pulse shape of the
acting perturbation.



