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Heavy-ion Collisions

QCD Phase Diagram

* Equations of State (E0S), Phase

Transition

* Beam Energy Scan: Early Universe,

Neutron Stars

* Dark matter
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Light nuclel are currently one of the
most active and interesting topics that
can study all the mentioned above.

Figure 1 QCD Phase Diagram [1]
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Figure 2 The abundance of light elements In
the early universe as a function of time and
temperature [2].
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In Heavy-lon collisions
Outlines °* The study of formation of light nuclel
» Heavy-lon Collisions can be done statistically by two
* Light nuclei approaches
* Problems
* Estimation for
primordial state * Snow-ball-in-hell
* UrQMD
simulations

. Coalescence model
* Results

* Conclusion

* Phase-space coalescence

, Figure 3 The deuteron formation
d3N d3N d3N, mechanisms.
E,2NA_ g, (E f) (E.=2)  (Eq. 1)

N

dp3 P ap3 " dp;
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Light nuclel
Signal for Dark Matter (AMS on ISS)

* pandn are produced by WIMP

annihilations (Signals)

Randomp+p—->p+XIn
galaxy (BG — very small)

d and 3 He are produced via
coalescence mechanism.

* We need an understanding on

the cluster formation process in
detall via coalescence method.

[3] [Aperitivo Scientifico] Cosmic Antinucle
by Francesca Bellini (BO)
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Figure 4 The WIMPs annihilation
process [3].
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Problems with B,

At low energy

e B, Is the probability of having
light nuclei per (p# - n474) and is
usually inferred as Vol™!

® BA X VOl_l
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Figure 5 B, as a function of Ey.qom
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Problems with B,

Experimental problems!

d3N d3N,\~ d3N,
Faodt = Ba(Bp o) (Fao) ———— Bo~d/v}

1. Only final state protons and estimated neutrons (after coalescence) are
used.

2. The neutrons are usually not measured, and the neutron distribution is

often assumed to be the same as the proton distribution.

* At low energy, the system has no enough energy and time to
equilibrate the Iso-spin), N, # N,,.
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Estimation for Primordial state

Protons and Neutrons before “Coalescence”

Before Coalescence After Coalescence

p-on+mu’
n—->p+mn

Pfrinal = Pprim — Z; X Cluster;
Nfinal = Nprim — N; X Cluster;

_ — +
Pprim = Ppart T (m~ —m™)
Nprim = Npart — ATt

’ Pprim = Prinal T Z; X Cluster; iso (EQ. 2)

[ |
o Nay Nau _
(Pprim=bm) (A% + 1 )42 Ar

N Z
(Pprim—ATT) (KALL + 1)%+ ATt

* Nyrim = Porim (Eq. 3)
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UrQMD Simulations

Ultra-relativistic Quantum Molecular Dynamics

* Microscopic transport theory (Boltzmann transport)
* Quark and gluon degree of freedom

°* The information/history on all collisions, decays, produced resonances,
and all stable particles, 4-momentum, charge, and quantum numbers at all
time-steps

’ Pprim = Prinal T Zi X Cluster;

We will implement

UrQMD output to
our formulars

. prim
* nprim — pprim5i50
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Figure 6 Particle distribution
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Corrected B, estimation

Primordial state vs final state at 1.23A GeV

Reminders:
1. The final state protons (after

coalescence) are used.
 Final vs Primordial
» Afactor of 1-3 (r-r, b-b)

* Deuterons are more likely to
coalesce at pr = 0 (see Fig. 3)

 The primordial protons are fed

Into clusters (lesser final
protons)
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Figure 7 B, as a function of
transverse momentum py
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Corrected B, estimation

Primordial state vs final state at 1.23A GeV

Reminders:

2. The neutron distribution Is often
assumed to be the same as the
proton distribution.

» d/p*vsd/pn

» Afactor of 1.5 for final (n/p~1.5
similar to Ny, /Z 4,, Of gold
nucleus).

From both effects, B, is reduced
by a factor of ~4
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B, and B5 as a function of energy
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Correction of B,

* We clarify the interpretation for the B, equation

* We shows that B, Is affected by primordial and final state protons and
neutrons. (First problems).

* We shows that B, Is also affected by using proton square instead of
proper estimated neutron (Second problems).

* The corrected B, Is now made sense and drops at low energy In
agreement with HBT resullt.

11



I. EQUATION PER STAGE

A, t=0

2 % 118 = Nynitial

2 % T = Pinitial

B. before m-emission

Mpart = A:T!N

Ppart = Aﬁ" 27

"'I!'[Iﬂl'!' = Ppart t Mipart

C. after isospin eq./before cluster

Ar == a
Pyprim — Ppart 1 Am

Viprim = Mpars — O

D. after cluster

Prinal — Pprim (!

Nfinal — MNprim 8
II. WE WANT n.m

Viprim = Mpars — O
oW wWe put in fipg,e,

Mprim = FE2N — Ax
But, we know
A

art o e
T ﬁ:!;ﬂ A
Erl —
!-’

Prart _ﬁr_lﬂlh;

which means,

Mpart = 3 Ppart

apiwitkitti
(Dated: May 2022)

Then this is cqual to,

tigart = % (Pprim — A)

NOW Apars is,

Apart = Ppart + Npar

Apart = (Pgrim — A7) + (2 (Pprim — A))
N

Apart = (Pprim — Aw) x [E 1) (1)

put back to nprim

A
anrim = ;_ﬂ;t!...ﬁir .Iﬁ.:ﬂ.

Ny — BEmm ATy A,

Then, we know porim = Dina + C

H.!'u-im = [Fr e e Ei“}x{ﬁ i I}‘.H"Ir ﬂ?l

(A— Z)? — 22
ZA

Mprim = {j‘il"rimg H ﬂ.'.ll;'l.‘-"ill i I An {2_}

ITI. JANS STUFF

Somchow the idea was to get npip. without Ag..
which can be used also to do a consistency check for
Apart sinoe Apary = Ninal + Pina, assuming all mea-
aurcd micleons are participants. So [ started from:

Mprim = Mpar — 7
A—Z
Mprim = Ppart ( = ) A

A—Z
Mprim = (Pprim + ﬂn.'.ll}-( Z ) An

torm = e (27 ) - 81 (1 (257))

New version with (porim — An):

Nprim = (Pprim — A7) - (‘d 7 E) An

A—Z A—Z
Mprim = Pprim Z LY A RE = )




