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Light Nuclel Cluster

t(nnp)
(O)l(np) © O ©r Loosely bounded objects
'® O ©n  (~MeV)
*He(nnpp) @ A
O O Nucleons close each other
o © IN phase-space
3He(npp) 3He(npA) (homogeneous):
00O O @ * Phase-space

O o * nucleons interaction
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Coalescence I1s widely used model

Heavy-lon Collisions x Dark Matter

Galaxy propagate
._ T e Solar
System

n <
Coalescence
d,p, A P
P X

P Coalescence

Examples in Heavy-lon CoII|S|ons
 quark + quark -> hardon
* proton + neutron -> light nuclel

Anti Light nuclel as Indirect
detection of Dark Matter
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eavy-lon collisions

> time
Pre-reaction Hadronization Detection

ARAS s %>
o
o
:I'1J
Y c- -
P

S1aiwm AT

S
.
3

§
K

Heavy-lon Collisions
* Quark-Gluon Plasma formed
* Lower collision energy, higher baryon chemical potential
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QCD phase diagram

* Lattice QCD (small ug finite T):
Crossover
* Effective models(large ug )

15t order phase trans.

—> Critical point

* Lattice QCD: sign problem at large ug
* Effective models: parameters dependent
- Heavy-ion collisions :

N
o
o

Temperature T [MeV]

* Changing collision energy, mapping T — u:
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RHIC(BES),NICA,FAIR,J_PARC:--.

BliAnl
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2
L

=) s :
< Critical point?
G § O@
2 \ ] co”%
o
L7

» Hadrons

Quarks and Gluons

Color Super-
Neutron stars  conductor?

?
1

Nuclei

/L
7/

Net Baryon Density




Light nuclel in heavy 1on collisions

Pre-reaction QGP Hadronization
p a . . L e I ' l l ‘ l . I =
a S ‘ ~ | JAM (b < 3fm), APy, = 0.3 GeV/c Au + Au Collisions 7
. 3 0.7~ M 4R, =40fm, AR =3.4fm STAR Preliminary
B ‘ - -
i" b Qo N S ¢
N ) 06__ L Y] =
» Pb Pb, " E C ee .2
~ € W B . =
I B x e S i
v ¥ Z 04f -
° » - -
- - S— 1
' 0.3 ¢sTAR (0-10%) : -
Heavy-lon Collisions i b i LR -
ﬂK 4567 10 20 30 40 100 200
A ) Collision Energy \s,, (GeV)

, * Light nuclel formed at late stage
.C{a'ezcenze * Light nuclel yield ratio shows non-
P monotonic behavior

T
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Current models Can't describe the data

E [ JAM (b <3fm), APy, = 0.3 GeVic
0.7—| I AR, =4.0 fm, AR =3.4fm

L 06F s .
~ C #] ; = -
o = =T @ e
Z 05 ) ;+

X I = %U

Z o04f

[ @ STAR (0-10%)

Au + Au Collisions E
STAR Preliminary ]

= NA49 from PLB 781,499 (2018)
C1 L L 1 1 f Il 1 1 L

T ——

4567 10 20 3040

Collision Energy \s,, (GeV)

100

200

Hui Liu et al., PLB (2020)

0.8[ — Coalescence, (t:3-body)
L — Coalescence, (t:2-body)

0.6
<
Z«

0.2F

[F 7] ’ T &I =
L o0 STAR (preliminary) Au+Au collisions 0-10%.

Vsa (GeV)

W. Zhao et al., PRC (2018)

VSun (GeV)
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X.Deng et al., PLB (2020)
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And others....

Phase-space produced

in HIC

No clear non-monotonic
on the model so far



Can light nuclel detect critical point effects?

Coalescence

Nucleons close to each other in r space
have similar momentum p
=>Homogeneity length [ ~ 1/0,u*

R,[ > & when not so close to critical
regime.

Background is large for Ny

R : Fireball size
l:homogeneity length
¢: correlation length
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Light Nuclel Yield Ratio
(Background=+cHtteat):

Canceling the background

SW, K.Murase, S.Tang, H.Song, 2205.14302

22222222



Coalescence model (Background)

SW, K.Murase, S.Tang, H.Song, 2205.14302

Coalescence

Jo
‘_ d
fn

A
Na = QA/ [H d3"°z'd3p7;f("°z',l?z')] WA({Tz‘,Pi}%il)

Similar Coalescence Model for Dark Matter search

FJ(\/gv EJ) — /F(ﬁﬁ)(\/gv Eﬁv Eﬁ) C(\/gv Eﬁu Eﬁ,| #J) dSEﬁ dSEﬁ,
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Coalescence model (Background)

SW, K.Murase, S.Tang, H.Song, 2205.14302

Coalescence
Ny = QA/ Phase space density Wigner function fo o— ¢
fn
* Wigner function(probabillity to
produce the light nuclel): depends
on the relative distance of nucleons fi w, f
IN phase space \_

2022/9/7
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Light-nuclel yield ratio (Background)

SW, K.Murase, S.Tang, H.Song, 2205.14302

Na=ga / Phase space density

2022/9/7

Wigner function

A

|

Gauss

Non-Gauss

\ 4

-

Constant

Non-trivial

it E[X] $E[X? . (it)"'E[Xn]')

. itX1
(p_)((t)—E[B ] =1+ 1 21 n!

* Wigner function: only relative
distance of nucleons

* => N4, N¢, Ny have similar behavior
In case of Gaussian phase-space

density "



Light-nuclel yield ratio (Background)

SW, K.Murase, S.Tang, H.Song, 2205.14302

Fireball size Homog. Length

' '

Phase space density

NA=9A/

(rrh) T
Wigner function CZ = 2( I:’riT <2Tp 21“ ]
(pr°) o,{PP")

[ |

Gauss Non-Gauss

l l

(rrT) ~ [ drdp f(r,p)rrT ~ R?

~ [

(r pT) relates to T

2022/9/7
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Light-nuclel yield ratio (Background)

SW, K.Murase, S.Tang, H.Song, 2205.14302

Fireball size Homog. Length

(*r“r'T)/ T d
B _9| 2 (rp")
Nao=ga Phase space density Wigner function 62 - At 2 T
(pr”) o4(pPP")
A
| |
Gauss Non-Gauss

l l

8N,
\/ det(Cy + Zg

A—1
Ny M«rp[ )] 1+ O({Ca}japos)

R : Fireball size

l:homogeneity length
¢: correlation length
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ight Nuclel Ratio Near
QCD Critical Point:
(Background+Ciritical)

22222222



Properties of critical point

* Long range correl. (e.qg., critical
opalescence)

* Singularity
* Universal scaling
* Critical slowing down

* Large fluctuations

f = fo+ of




Critical contribution 0f In phase-space

Ny~ ((fo + 89 ~ f +((6N27 ()7 + - +H{(H) "

Critical 6f: A constituent nucleons relates to 2,3, ... A-point critical correlator

(5f15f2>a ~ E(A: 2) (5f15f25f3>a =~ E(A» 3) <5f15f25f35f4>a =~ E(A: 4)

e O T X



Light nuclel yield: Background+Ciritical

SW, K.Murase, S.Zhao, H.Song, to appear

| N, share a common structure Ny «
Ny = gA / Phase space derjglty: Wigner func [..]4Y[Bkg + Cri]
Background+Critical => The ratios of N, cancel Bkg and
highlight Cri

Characteristic func.

Fourier transf.

8N,
Vdet(Cy + Zg

N A=0A j\*’rp [

Scales of R, 1 Bkg Cri R : Fireball size

l:homogeneity length
¢: correlation length

2022/9/7
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Light nuclel yield: Background+Ciritical

SW, K.Murase, S.Zhao, H.Song, to appear

Rl-B,A-1 NfaBiANé_l
A,B NB—I
A N, share a common structure Ny «
[...]147Y[Bkg + Cri]
1 BA—] A-1 _—(B-1) ~ 0(5) => The ratios of Ny cancel Bkg and
R(A B) — R 8B gA highlight Crt
R(A, B, D)
= pl-BA- 1—83 1g—m D(B-1)/(D- ”[Rl ~DA-11B-D/(D-1) |~ 0(6)

The ratios of Ny proportional to Cri

=> |n the ratios of Ny, large scales R, L are unimportant
but & matters

R : Fireball size
l:homogeneity length
¢: correlation length

2022/9/7
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(2,2)

Example: In the Ising critical regime

2
d

& 3E5(3,2) - 5(3,3) - 25(2,2) — E(2,2)?
g [1+E22.2)P |

=
I
=
a
l
I
ﬁ
N¢N,IN3-g.lg

~2pt - 3pt - (2pt)N2

> ) -10 -05 00 05 1.0 15 20

D <Nr>er J; (N4He'>rrN:; 2,"%
R2.3.4) = T~ ]

_ S4me

R(2,3,4)

~2pt -4 (2pt)"N2

-1.0 =05 b,o |0_5 1.0 1.5 2.0 -1.0 -05 0.0 05 1.0 1.5 2.0
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Conclusion and Outlook

* Phase space distribution in Coalescence Model:

* Lower order phase-space cumulants (C,, |@| < 3) play similar role for different
light-nuclel production Ny

* => Fireball size R, Homogeneity length [ play similar role.

* => Higher order phase-space cumulants (Cy, |@| = 3 ) are important to light-nuclei yield
ratios.

* Proper ratios of light nuclel largely cancel the effects from the scales of
fireball size, homogeneity length, etc. But critical correlation length can
not be canceled.

* 2~A point correlators contribute to Ny, square and higher order terms
of 2-point correlator result in dip Inside the peak near the critical point.

* This property arises from the fact the coalescence process only
depends on the relative distance in phase space and i1s general can be
applied in other context.
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