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Nucleosynthesis in Big Bang and Little Bang (1)
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Big bang nucleosynthesis is responsible for
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free streaming
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t~0fm/c t~1fm/c t ~ 10 fm/c t ~ 101 fm/c

Relativistic high-energy nuclear collisions

the formation of d, >He, *He in the Universe. pProvide a unique site for antinuclei production.

t ~100s, T ~afew MeV

t ~107%%s,T ~100 MeV



Light (anti-)nuclei in high-energy nuclear collisions (2)
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Light nuclei production & their internal structures (3)

E. Bartsch for ALICE Collaboration, J. Phys. Conf. Ser. 1602, 012022 (2020); arXiv:2107.10627
Coal: Finite nuclei sizes lead to suppression of deuteron and helium-3 yields
in collision of small system (better overall description)
SHM: Canonical effects lead to suppression of light nuclei production
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The size effects of loosely bound nuclei may be utilized to decipher internal structure
of more exotic QCD molecular states, e.g., X(3872).

CSM: V. Vovchenko et al., PLB 785, 171 (2019), PRC 100,054906 (2019)
Coalescence: K. J. Sun, C. M. Ko and B. Donigus, Phys. Lett. B 792, 132 (2019)



Light nuclel production & QCD phase transitions (4)

K. J. Sun, W. H. Zhou, L. W. Chen, C. M. Ko, and F. Li, R. Wang, and J. Xu, arXiv:2205.11010(2022);
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Deuteron probes 2-body spatial correlation

Triton probes 2- and 3-body spatial correlations
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See poster session at 17:10 (POS-BLK-02)

1. Without a critical point:
The energy dependence of tp/d?
is almost flat.

2. With a first-order phase transition:
The spinodal instability induced
enhancement of tp/d* during
the first-order phase transition
increases as increasing the critical
temperature.



Main production mechanisms (5)

® Thermal model or statistical hadronization model  ¢qe 31k by A. Andronic on 12/06

NA ~ gAV(ZT[mAT)3/Ze(A”B —mu)/T A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stocker, PLB 697, 203 (2011)
. ) . . A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nature 561, 321 (2018)
Light nuclei are produced from hadronization of QGP, |/ 'y/g\chenko et al., PLB80, 135131 (2020) (Saha Eq.); T. Neidig et al.,
and their yields remain unchanged during hadronic evolution p1gg27,136891(2022)(Rate Eq.);...
X Coalescence model H. Sato and K. Yazaki, PLB98, 153 (1981);
E. Remler, Ann. Phys. 136, 293 (1981);
N, = TT(PS,DA) =g, f drl’ p, ({xi, p;} ) X Wy ({x;,0:}) M. Gyulassy, K. Frankel, and E. Remler, NPA402,596 (1983);

S. Mrowczynski, J. Phys. G 13, 1089 (1987);
. . . . S. Leupold and U. Heinz, PRC50, 1110 (1994);
Light nuclei are produged at th.e nucleon kinetic freezeout R. Scheibl and U. W. Heinz, PRC59. 1585(1999);
where nucleons cease interactions. K. J. Sun, C. M. Ko and B. Donigus, PLB 792, 132 (2019);
F. Bellini et al., PRC 103, 014907(2021);
W. Zhao et al., PLB 820, 136571(2021);
S. Wu et al., arXiv:2205.14302(2022);...
A.Z. Mekjian, PRC17,1051 (1978); P. Danielewicz, G.F. Bertsch, NPA533, 712 (1991);
Light nuclei are continuously regenerated and P. Danielewicz and P. Schuck, PLB274, 268 (1992);
) . . . . Y. Oh and C. M. Ko PRC76, 054910(2007);PRC80, 064902(2009);
Dissociated durmg the hadronic evolution. D. Oliinychenko, L. G. Pang, H. Elfner, and V. Koch, PRC99, 044907 (2019);

X Kinetic approach

With finite nuclei sizes: K. J. Sun, R. Wang, C. M. Ko, Y. G. Ma, and C. Shen, arXiv:2106.12742(2021)



The necessity of dynamical modeling

(6)
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The necessity of dynamical modeling

(6)
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Large inelastic cross section for md suggests the initially produced deuteron would be

1000

quickly disintegrated. The process nd & NN needs to be considered.

Y. Oh and C. M. Ko PRC76, 054910(2007);PRC80, 064902(2009);
D. Oliinychenko, L. G. Pang, H. Elfner, and V. Koch, PRC99, 044907 (2019);



A novel approach

(7)

arXiv:2106.12742(2021)
Length/energy scale:

Athermal ~ 0.5 fm < Thp™ 4 fm

Impulse approximation (lA):

p n
(3') (2') 3 =t
7 (1)
N .
A
(3) (2)]|3) (1)
d .t
FIG. 1. Diagrams for the reaction 77d « mnp in the

impulse approximation. The filled bubble indicates the inter-
mediate states such as a A resonance.

P. Danielewicz et al., NPA533, 712 (1991); PLB274, 268 (1992);
Annals of Physics 152, 239(1984);

Relativistic kinetic equation for tNN < nd

afd+ P 0fq
ot E;, OR

= K7 fa+ K1+ fa)

with collision integral:

/H d°p; IPpr  Eqd’r
RH.S. = 5, Ed (27)32E; (27)32E, my

X2ded(r p)(|Mﬂ'+n—>ﬂ'+n|2 +n < p)

[ H(lifz gﬂfﬂgdfd+ ngfz

=1 =1

X (14 f) (1 fa)| % (2m)*6* (Bin = Pows)

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



Solving Kinetic equations with the stochastic method

(8)

arXiv:2106.12742(2021)

Relativistic kinetic equation for tNN < nd

afd P afd_ > <
Y + B IR K7 fa+KS(1+ fq)

with nonIocaI coII|5|on integral:

d°p;  d°pr  Eud’r

RH.S. =5, E fH om)32E; (21)32E, my
x2mgWa(T, ) (|IMytnsainl? +n < p)

3/ 3/
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Stochastic method with test particles

Probability for reaction md < mINN to take place

in volume AV and time interval At are given by
At

‘ P23|IA ~ Fd’l)ﬁ+p0ﬁ+p_>ﬂ+pm (p 4 n)

3F _AtWa_ + (p < n)
Un+tpOn ™ n
g eIt te g Ay TP

P32|1A

For triton or helium-3:
1 Uﬂ'NUﬂ'NﬁﬂNAt
P ~ —F
1210 47t N3 LAV
‘renormalization’ factor F,, F; which can
be fixed by md and mt cross sections.
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Results

9)

Large collision system
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Both yields and PT spectra are well reproduced.
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Summary

We have successfully developed a novel kinetic approach to light nuclei
production in high-energy nuclear collisions, with the inclusion of many-body
scatterings and finite nuclei sizes. This kinetic approach is shown to describe
well both the yields and the spectra of deuteron and helium-3 in both large
and small systems of collisions at very high energies.



Cross sections under impulse approximation (1A)

(9)
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