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With the kinetic freeze-out nucleons and antinucleons obtained from the quark combination model, we study
the production of light nuclei and antinuclei in the (anti-)nucleon coalescence mechanism in relativistic heavy
ion collisions. We derive analytic formulas of the momentum distributions of different light nuclei and apply
them to compute transverse momentum (pr) spectra of (anti-)deuterons (d, d) and (anti-)tritons (¢, 7) in Au-Au
collisions at /sxy = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV. We find that the experimental data available for these
pr spectra can be well reproduced. We further study the yields and yield ratios of different light (anti-)nuclei
and naturally explain their interesting behaviors as a function of the collision energy. We especially point out
that the multiparticle yield ratio ¢ p/d* should be carefully corrected from hyperon weak decays for protons to
probe the production characteristics of light nuclei. All of our results show that the coalescence mechanism for
(anti-)nucleons plays a dominant role for the production of light nuclei and antinuclei at the BNL Relativistic

Heavy Ion Collider beam energy scan energies.

DOI: 10.1103/PhysRevC.105.054908

I. INTRODUCTION

Light nuclei and antinuclei such as (anti-)deuterons and
(anti-)tritons are considered to be a unique kind of probe in
ultrarelativistic heavy ion collisions. On one hand, they can
effectively explore the information of the bulk system, espe-
cially the system freeze-out properties such as the geometrical
freeze-out volume [1,2] and freeze-out particle correlations
[3], etc., since they are mostly produced at the late stage of the
system evolution. On the other hand, the production of such
composite particles itself is very much well worth studying
and it is closely related with many fundamental issues in high
energy physics and in the astronomy field, e.g., the hadroniza-
tion mechanism [4], cosmic-ray production, and propagation
in the galaxy [5], etc.

In recent years the theoretical study of the production
of light (anti-)nuclei has reabsorbed a lot of attention in
heavy ion collisions [6—10]. Two production mechanisms have
proved to be particularly successful in describing the light nu-
clei formation. One is the thermal production [11-16], which
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assumes that (anti-)nuclei are produced from a thermally
and chemically equilibrated source like abundantly produced
mesons and baryons. The other is the coalescence mechanism
[1,3,17-31], in which light (anti-)nuclei are assumed to be
produced by the coalescence of the jacent (anti-)nucleons in
the phase space. Such a production mechanism possesses its
unique characteristics. Many specific models and/or event
generators such as hybrid dynamical model GEBE-MUSIC)
[32], the ultrarelativistic-quantum-molecular-dynamics model
(UrQMD) [33], jet AA microscopic transportation model
(JAM) [34], the parton and hadron cascade model (PA-
CIAE) [35], etc., have been developed to include light nuclei
formation via the nucleon coalescence and provided nice
explanations for series of observables. Besides these two
mechanisms, a transport scenario is also proposed for light
nuclei production, which assumes the existence of light nu-
clei in strongly interacting hadronic matter and aims to study
how light nuclei evolve during the hadronic system evolution
[36-39].

Experiments at the BNL Relativistic Heavy Ion Collider
(RHIC) and the CERN Large Hadron Collider (LHC) have
accumulated a wealth of data on light nuclei production.
These data exhibit some fascinating features [40—45], espe-
cially their nontrivial energy-dependent behaviors at RHIC
energies. Such behaviors are considered to be possible sig-
nals for the critical end point (CEP) of the first order phase
transition from hadronic phase to quark-gluon phase in some
works such as in Refs. [34,46]. As we know, the whole
process of the relativistic heavy-ion collision is a very compli-
cated process, involving many components, e.g., hard parton
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scatterings, collective expansion evolution, hadronization,
hadronic rescatterings, resonance decays, and so on. These
components are very different in different centrality collisions
at different energies and they finally lead to very different
hadronic systems at the kinetic freeze-out. Is the nucleon
coalescence a universal mechanism for light nuclei production
in these different hadronic systems? Are the above nonmono-
tonic energy-dependent behaviors of light nuclei, usually
taken as possible signals for the CEP, caused by the differ-
ences of the hadronic systems at different collision energies
or by the production mechanism itself?

In this article, we apply the coalescence mechanism to
hadronic systems created in Au-Au collisions at RHIC ener-
gies to study the production of light (anti-)nuclei in the low-
and intermediate-p7 regions. One main goal of this article is
to bring to light the characteristics originating mainly from
the nucleon coalescence and to discriminate influences of
different factors in heavy ion collisions on light nuclei pro-
duction. For this purpose, we begin with the kinetic freeze-out
nucleons and antinucleons obtained from the quark combi-
nation model developed by the Shandong group [47,48], and
then we let these nucleons coalesce into different (anti-)nuclei
to study their production characteristics. We find that weak
decay contaminations for protons from A and E hyperons are
different in different centralities at different collision energies,
and this should be carefully considered when using some light
nuclei yield ratios related with protons measured by the STAR
Collaboration, such as the multiparticle yield ratio ¢p/d>, to
probe the production characteristics of light nuclei and extract
the CEP signal.

The rest of the article is organized as follows. In Sec. II,
we give an introduction to the derivation of the momentum
distributions of light nuclei in the framework of the nucleon
coalescence. In Sec. III, we systematically study the pr spec-
tra and midrapidity yield densities of d, d, ¢, f in different
centralities in Au-Au collisions at \/sxy = 7.7, 11.5,19.6, 27,
39, 54.4 GeV. We present in particular various yield ratios of
light nuclei such as d/p, d/p, t/p, t/p, d/p?, d/p*, tp/d?,
etc., and discuss their properties as functions of the collision
energy and the collision centrality. In Sec. IV, we give our
summary.

II. THE NUCLEON COALESCENCE MODEL

In this section we briefly introduce the nucleon coalescence
model, which is used to deal with the formation of light
(anti-) nuclei. This model has been successfully used to ex-
plain nontrivial behaviors of the coalescence factor measured
in different collision systems at the CERN Large Hadron
Collider [49].

We start from a hadronic system produced at the final
stage of the evolution of high energy collisions and suppose
light nuclei are formed via the nucleon coalescence. The
three-dimensional momentum distribution of the produced
deuterons f;(p) and that of tritons f;(p) are given by

Ja(p) =Np,,/dx1dx2dp1dp2 ;gz)(xl,xﬁl’l»l’z)

x Ra(x1,%2;p1, P2, P), (D

fi(p) = ann/dxldxzdx3dp1dp2dp3

X fon (X1, X2, X33 Py, Pas P3)

X Ri(x1,X2, X35 Py, Py, P3, P)s ()

where  fU0(x1,x2;p1, py) and i (x1, X2, X35 Py, P2, P3)
are normalized two- and three-nucleon joint coordinate-
momentum distributions, respectively; N,, = N,N, is the
number of all possible pn pairs and N, = N,N,(N, — 1)
is that of all possible pnn clusters; N, is the number of
protons and N, is that of neutrons in the considered hadronic
system. Ry (x1,X2; py, Py, p) and R, (x1, X2, X3; Py, Py, P3, P)
are kernel functions. Here, and from now on, we use
bold symbols to denote three-dimensional coordinates and
momenta.

Kernel functions Ry;(x1, x2; py, po, p) and R, (x1, X2, X3;
D1, P2, D3, p) carry the kinetic and dynamical information of
the nucleons recombining into light nuclei, and their precise
expressions should be constrained by such as the momentum
conservation, constraints due to intrinsic quantum numbers,
e.g., spin, and so on [50]. To take these constraints into ac-
count explicitly, we rewrite them in the following forms:

Ra(x1,%2;p1, P2y P)

2
= ngfzx’p)(xl,xZQPpPz)(S (E pi— P), 3

i=1

R; (x1,%2,%3; p1, P2y P3> P)

3
=g X R,(x”’)(xl,xz,xs;pl,pz,p3)5<217,~ —P>, )

i=1

where the spin degeneracy factors g; = 3/4 and g, = 1/4.
The Dirac § functions guarantee the momentum conservation
in the coalescence. The remaining Rff’p )(xl,xz; P, D,) can
be solved from the Wigner transformation once the wave
functions of the light nuclei are given with the instantaneous
coalescence approximation. They are as follows:

f 2
B L T e

REP(x, x23p1, py) =8¢ 4 e i, (5)

@ —x? e —2)?
.R(X,P) . _ 82 ) S S
t (x11x2,x3,171,172,p3)— e P e i

R A s L

X e w22 e 622 , (6)

as we adopt the wave function of a spherical harmonic oscil-
lator as in Refs. [51,52]. The superscript ““”” in the coordinate
or momentum variable denotes the coordinate or momentum
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of the nucleon in the rest frame of the pn pair or pnn cluster.

The width parameter o; = %Rd and o, = R,, where R; and
R, are the root-mean-square radius of the deuteron and that
of the triton, respectively. The factor /ic comes from the used
GeV fm unit, and it is 0.197 GeV fm.

The normalized nucleon joint distributions flgﬁ)(xl X8
P, p,) and f;;‘;(xl,xz,xy D1, Py, P3) are generally coordi-
nate and momentum coupled, especially in central heavy-ion
collisions with relatively high collision energies where the
collective expansion long exists. The coupling intensities and
its specific forms are probably different in different collision
energies and different collision centralities. In this article, we
try our best to derive production formulas analytically and
present centrality and collision energy dependencies of light
nuclei more intuitively at RHIC beam energy scan energies,
so we consider a simple case that they are coordinate and
momentum factorized, i.e.,

TG, x2:p1, py) = fd xn, x) f (B, p2), (1)

Fo0 (X1, X2, X3: Py Do P3) = fam(X1, X2, X3)

X ,%(Ppl’z»l’s) ®)
Substituting Egs. (3)—(8) into Egs. (1) and (2), we have

(x'l —xf )2

fd(l’)=ngpn/dxldxzflgz)(xl,xz)fﬂe_ g

n ,‘73(",1"”2)2 2
X / dp\dp 3y (p1. py)e” w72 5(2 p;—p>7

i=1
©)

1) = g [ dideadraf . v )8

_" 2o 24 i
20 e 60/

X e
x / dpdpydps f) By ps. p)

2

B S N
X e wd e ) E p,—p). (10)

i=1

Equations (9) and (10) show that we can calculate momentum
distributions of different light nuclei by integrating coordi-
nates and momenta of nucleons, respectively.

We use A, and A, to denote the coordinate integral parts
in Egs. (9) and (10) as

(Jc'I —x’z )2

Ay = 8/dx1dx2f1§;;>(x1,x2)e* a (11)

A = 8§ / dxldxzdx3f[§,’1',)l(x1,x2,x3)

(x’l —x’z 2 (x’l +x’2 —lx’S 2
T2 T T 602
X e ¥ e boi (12)

and use M;(p) and M;(p) to denote the momentum integral
parts as

200 _ply2
1P —P))

Md(P)=fdP1dP2f1§Z)(P1,P2)e_ ez 5(21’;‘_1’)7

M(p) = / dp,dp,dps f)py. Py p)

R e [
X e w3 e 6122 1) E pi—pl|. (14)

i=1

So we get

Ja(p) = ngpnﬂde(p)a (15)
ft(p) = ngpnnﬂtMt(p)‘ (16)

A, stands for the probability of a pn pair satisfying the coordi-
nate requirement to recombine into a deuteron-like molecular
state, and M,(p) stands for the probability of a pn pair
satisfying the momentum requirement to recombine into a
deuteron-like molecular state with momentum p. The similar
case holds for A, and M, (p).

Changing coordinate integral variables in Eq. (11) to be
Xc = ’% andr = x; — x,, and those in Eq. (12)tobe Y ¢ =
(@1 +x2+x3)/v/3, 11 = (X1 —x2)/+/2, and ry = (x) + x5 —
2x3)/~/6, we have

J

A, =8 / dXcdrfl(Xc.r)e i, (17)

<
N}

N

P +05)?

A, = § / dY cdridryfS) (Ye,rirm)e 7. (18)

pn

We further assume the coordinate joint distributions are coor-
dinate variable factorized, i.e., f,g;l')(X c r) = flgf;)(X c) f,ﬁ;')(r)

and fi"(Ye,ri,m) = i X)) fe ). Then we
have

A
N

N

19)

A =8 / drf(re
P +0h)?

A, = 8 / dridryfum ) fim@r)e 7. (20)

2

r

As in Refs. [49,53], we adopt f$)(r) = ke 7 and
f

2 2
" 2

Fo ) = me L () = me %, where
Ry is the effective radius of the source system at the light
nuclei freeze-out and C, C;, and C, are distribution width
parameters. Considering relations between r, r;, and r, with
X1, X2, and x3, C; should be equal to C/2, and C, should
be equal to 2C/3. So there is only one distribution width
parameter C to be determined. In this article we set it to be
4, the same as that in Refs. [49,53].
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FIG. 1. Invariant py spectra of protons at midrapidity in Au-Au collisions at ,/sxy = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV in centralities
0-10 %, 10-20 %, 20-40 %, 40-60 %, and 60-80 %. Filled symbols are experimental data from the STAR Collaboration [43,56]. Solid lines
are the results of final state protons and dashed lines are those at the kinetic freeze-out calculated by the SDQCM.

Considering instantaneous coalescence in the rest frame of
the pnpair or pnn cluster, i.e., At’ = 0, we get

/ r'pg
r=r'+( -8
Substituting the above equation into Egs. (19) and (20) and
integrating from relative coordinate variables, we can obtain

2y

3
80,

(CR% +03),/C(R/y)> + 0}

8013
ﬂz ==

(%Ri + (712)\/ %(Rf/)/)z + Ut2

80}
(3R} +07)\/ 5 R /v ) + o}

Recalling that o, = \/ng and o; =R,;,, where

(22)

Aq =

(23)

X

the root-mean-square charge radius of the deuteron
R;=2.1421 fm and that of the ¢t R, =1.7591
fm [54], we see that the gaussian width values

2hic/o4, ~2hic/o,, and +/6hic/o, in Egs. (13) and (14)
are quite small. So we can mathematically approximate
the gaussian form of the kernel function e~(AP)/¢’ ag
(Jme) 8(Ap'), where € is a small quantity. Then we

immediately obtain

2hc

3
Ma(p) = (cr_dﬁ> /dP1dP2f,§Z)(P1»P2)5(P,1 - p5)

(o)

i=1

0d

2% ’
(—C«/;> /dpldpzf,iﬁ)(lmpz)yr?(pl —P2)

2
» a(zpi —pd)
i=1

hc

(=

he ﬁ)

where y comes from Ap’ = %Ap. Similarly we get

Mt(P):<

3
(P P

J/fp(,l)(? 5>, (24

TR\, ppp

e w (PP P 25

&3) Vf"""<3’3’3> @9

The robustness of the above § function approximation has
been checked in our recent work [49].
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FIG. 2. Invariant pr spectra of antiprotons at midrapidity in Au-Au collisions at \/sxy = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV in centralities
0-10 %, 10-20 %, 20-40 %, 40-60 %, and 60-80 %. Filled symbols are experimental data from the STAR Collaboration [43,56]. Solid lines
are the results of final state antiprotons and dashed lines are those at the kinetic freeze-out calculated by the SDQCM.

Substituting Egs. (22)—(25) into Egs. (15) and (16), and ig-
noring correlations between protons and neutrons, we finally
have the momentum distributions of light nuclei as

Fip) = 8(The) gay 7 <g>f (1_7)
(CR2 +02)\JC(Ry [y + 07 \2/7\2
(26)
f(p) _ 82(nh2c2)3g1y2
3V3(SR; +07) /SR /v)? +0F
1 P
Sy —— ﬁ(%)
(3Rf+at) 3(Rf/3/) =+ oy
x <§>f(§) @7

From Eqgs. (26) and (27), we can get the Lorentz invariant
momentum distributions of light nuclei. We denote the invari-

2
ant distribution with " and at the midrapidity
2 prdprdy
y = 0 we have
i 32(/7he) g
d (pr) =

ma(CR} +07),/C(R;[y)? + 0

(3 (3)

(28)

1923 i*c?)g,

f™(pr) = - = -~
m?($R% +02)\ /SRy /v)* + 0 (XR2 + 0?)

1 inv pPr
< i (5)
T Ry/y ) + o}
inv [ PT inv [ PT
()i (%)

Equations (28) and (29) show relationships of light nuclei with
primordial nucleons in momentum space in the laboratory
frame. They can be directly used to calculate the yields and
pr spectra of light nuclei measured extensively as long as the
nucleon Lorentz invariant momentum distributions are given.

29

III. RESULTS AND DISCUSSIONS

In this section, we apply the deduced results in Sec. II to the
midrapidity region of Au-Au collisions at the RHIC energies
to study production characteristics of light (anti-)nuclei from
the nucleon coalescence. First we give the pr distributions
of final-state (anti-)protons and those at the kinetic freeze-out
calculated by the SDQCM [48]. Then we present the results
of pr distributions of light nuclei and antinuclei. Finally we
show yields and several interesting yield ratios of different
light (anti-)nuclei d/p, d/p, t/p, i/p, d/p*, d/p*, tp/d?,
etc., and discuss their properties as functions of the collision
energy and the collision centrality.
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TABLE I. Yield densities dN/dy of protons and antiprotons at midrapidity in Au-Au collisions at ,/sxy = 7.7, 11.5, 19.6, 27, 39, 54.4
GeV. Data in the third and sixth columns are from Ref. [56]. QCM-fin at ,/syy = 54.4 GeV denotes final state protons and antiprotons
calculated by the SDQCM. QCM-cor in the fourth and seventh columns denotes (anti-) protons corrected from weak decays calculated by the
SDQCM. Weak decay contribution (WDC) ratio is evaluated and the results are in fifth and eighth columns.

p p
SNN Centrality data QCM-cor WDC data QCM-cor WDC
7.7 GeV 0-10 % 50.2+5.6 41.0 18.2% 0.36 £0.05 0.17 52.5%
10-20 % 33.4+3.7 27.5 17.5% 0.26 £0.03 0.13 50.7%
2040 % 19.54+2.2 16.3 16.5% 0.17£0.02 0.09 46.2%
40-60 % 7.4+0.8 6.3 14.9% 0.08 £0.01 0.05 40.0%
60-80 % 2.14+0.3 1.8 12.9% 0.026 +0.003 0.016 36.7%
11.5 GeV 0-10 % 39.6+4.8 30.2 23.7% 1.4+£0.2 0.7 48.4%
10-20 % 26.1+3.1 20.1 23.0% 0.940.1 0.5 46.7%
2040 % 14.8+1.8 11.5 22.3% 0.6+0.1 0.3 44.4%
40-60 % 5.84+0.7 4.5 20.9% 0.27+0.04 0.17 38.6%
60-80 % 1.61+0.2 1.3 17.7% 0.104+0.02 0.06 33.5%
19.6 GeV 0-10 % 31.8+4.2 22.1 30.3% 3.84+0.5 2.1 45.3%
10-20 % 21.9+2.9 15.5 29.5% 27+04 1.5 44.5%
2040 % 11.9+1.6 8.4 28.9% 1.7+0.3 1.0 42.2%
40-60 % 4.6+0.6 33 26.9% 0.8+0.1 0.5 37.4%
60-80 % 1.3+0.2 1.0 25.0% 0.27+0.04 0.18 33.2%
27 GeV 0-10 % 29.1£3.5 19.4 33.3% 5.6+0.7 3.2 43.2%
10-20 % 19.4+£2.3 13.3 31.2% 40+0.5 2.3 41.7%
2040 % 109+1.3 7.6 30.8% 2.5+0.3 1.5 40.1%
40-60 % 44406 3.1 29.6% 1.1+£0.2 0.7 36.7%
60-80 % 1.3£0.2 0.2 25.4% 0.36 £0.04 0.25 31.4%
39 GeV 0-10 % 24.6+2.7 16.2 34.1% 8.0£1.0 4.6 42.3%
10-20 % 17.3£1.9 11.5 33.5% 5.44+0.7 32 41.1%
2040 % 9.9+1.1 6.7 32.2% 344+04 2.1 39.3%
40-60 % 3.9+04 2.7 30.2% 1.5+£0.2 1.0 35.2%
60-80 % 1.1+£0.2 0.8 27.5% 0.49+£0.06 0.33 32.2%
QCM-fin QCM-fin
54.4 GeV 0-10 % 23.6 15.3 35.2% 9.9 5.8 41.3%
10-20 % 16.2 10.5 34.8% 6.8 4.0 41.0%
2040 % 8.7 5.7 34.7% 4.1 2.5 39.8%
40-60 % 3.5 2.4 30.8% 1.8 1.2 35.3%
60-80 % 1.1 0.7 29.7% 0.6 0.4 32.8%

A. pr spectra of protons and antiprotons

The (anti-)nucleon pr distributions are necessary for com-
puting pr distributions of light (anti-)nuclei in our method.
We use SDQCM to obtain invariant py distributions of pro-
tons and antiprotons at the final state as well as those at
the kinetic freeze-out. The detailed calculations for hadron
production at the RHIC beam energy scan with the SDQCM
can be found in our previous works [47,48,55].

Figures 1 and 2 show the invariant pr spectra of pro-
tons and antiprotons at midrapidity in Au-Au collisions
at \/ssn = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV in centralities
0-10 %, 10-20 %, 20-40 %, 40-60 %, and 60-80 %. Filled
symbols are experimental data from the STAR Collaboration
in Refs. [43,56]. Solid lines are the results of final state pro-
tons calculated by the SDQCM, which describe the data well.
Dashed lines are the results of (anti-)protons at the kinetic
freeze-out, which are just those we need for computing the
production of light (anti-)nuclei. The surplus of solid lines

compared to dashed lines comes from the weak decays of
hyperons after the kinetic freeze-out.

To see weak decay contaminations more clearly, we show
the yield density dN/dy of protons and that of antipro-
tons for final state ones and those corrected weak decays in
Table I. The contamination ratio from weak decays (WDC)
is evaluated and the results are in fifth and eighth columns,
from which one can see that the weak decay corrections
exhibit explicit energy and centrality dependencies. The
contamination from weak decays for both protons and an-
tiprotons becomes larger in more central collisions at the
same collision energy because strangeness production is en-
hanced from peripheral to central collisions. At the same
centrality bin, WDC for protons become larger while for
antiprotons they become smaller as the function of the col-
liding energy. This is due to more newborn baryons and
slightly decreasing strangeness production with the increasing
energy.
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FIG. 3. Invariant pr; spectra of deuterons at midrapidity in Au-Au collisions in different centralities at . /syn =

7.7, 11.5, 19.6, 27, 39, 54.4 GeV. Filled symbols are the data [43,45]. Dashed-dotted lines are our theoretical results. Spectra for
different centralities are scaled by different factors for clarity. Theory/data points connected by lines to guide the eye are plotted below each

panel.

B. pr spectra of light nuclei and antinuclei

According to Egs. (28) and (29), the pr distributions of
deuterons and tritons can be computed with the proton pr dis-
tributions shown in Fig. 1. The isospin symmetry is adopted,
i.e., we assume the pr distribution of the neutron is the same
with that of the proton. The effective radius of the hadronic
system Ry is characterized by the rapidity density of charged
particles dN.;/dy as Ry = a* (dNg,/dy)'? [57,58], where
a is a free parameter. In the current article, a = 0.58 for
both d and d, and a = 0.55 for both ¢ and 7. The slightly
lower value of a for ¢, f may indicate their earlier freezeout
compared to d, d in our model. Values of a we used here are
a little larger than those a = 0.51, 0.43 for d, 3He in Pb-Pb
collisions at the LHC we previously adopted in Ref. [49]. Note
that a is fixed by the best reproduction of the experimental
data. Considering the error bars of the current data of the
charged multiplicity density, the proton yield density, and light
nuclei, a for d can fluctuate about 15% and a for *He can

fluctuate about 14% at LHC. Similar fluctuations for a hold
at RHIC. Within these fluctuations, values of a at RHIC and
LHC energies are comparable. With the data of dN,,/dy in
Ref. [56], we get the value of Ry and then we can compute pr
distributions of d, d, ¢, and 7.

Figures 3 and 4 show p; spectra for d and d at
midrapidity in Au-Au collisions in 0-10%, 10-20 %,
20-40 %, 40-60%, and 60-80 % centralities at ,/sNn =
7.7, 11.5, 19.6, 27, 39, 54.4 GeV. Filled symbols are the
data from the STAR Collaboration [43,45]. Dashed-dotted
lines are our theoretical results. The spectra for different cen-
tralities are scaled by different factors for clarity as shown in
the figures. Theory/data points connected by lines to guide
the eye are also plotted in linear scale below each panel.
From Figs. 3 and 4, one can see that the coalescence model
can reproduce the available data for both d and d from cen-
tral to peripheral Au-Au collisions at the beam energy scan
energies.
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panel.

Figure 5 shows pr spectra of tritons at midrapidity in
Au-Au collisions in 0-10 %, 10-20 %, 20-40 %, and 40-80 %
centralities at /sxy = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV.
Filled symbols are the data from STAR Collaboration [43].
Dashed lines are our theoretical results, which agree with
the available data. The spectra for different centralities are
scaled by different factors for clarity as shown in the figure.
Theory/data points connected by lines to guide the eye are
also plotted in linear scale below each panel. We also predict
the invariant py spectra of antitritons and the results are in
Fig. 6.

The consistency between the theoretical results from the
coalescence model and the data for d, d, ¢, and 7 in Figs. 3-6
show the dominant role of the coalescence mechanism in de-
scribing the production of light nuclei and antinuclei at these
RHIC energies.

C. Yield densities dV/dy of light nuclei and antinuclei

After integrating over the pr, we can get the rapidity yield
densities of light (anti-)nuclei. Table II shows our results of d,
d,t,and 7 in Au-Au collisions at midrapidity in different cen-
tralities at \/ssn = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV. Data
with errors are from Refs. [43,45]. Our results are consistent
with the available data. dN/dy becomes larger for both light
nuclei and antinuclei from peripheral to central collisions at
the same collision energy. This is due to the more energy
deposited in the reaction region in more central collisions.
For the same centrality, dN/dy of light nuclei decreases
gradually, while for antinuclei it increases with the increasing
collision energy. This is related with the net nucleons from
the colliding heavy nuclei. It is easier for them to stop in the
midrapidity region to form light nuclei in lower collision
energies.
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D. Yield ratios of light nuclei and antinuclei

Yield ratios of light (anti-)nuclei are more sensitive probes
for the production mechanism and exhibit some interesting
behaviors as functions of the collision energy and the collision
centrality. In this subsection, we systematically study different
kinds of yield ratios.

Figure 7 shows the ratios of antiparticles to particles p/p,
d/d, and 7/t in the most central 0-10 % centrality in Au-
Au collisions at /sxy = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV.
Filled squares are the data of p/p from the STAR Collabo-
ration [45], and filled circles with error bars are the data of
d/d [45]. Open pentagons and triangles connected with lines
to guide the eye are the theoretical results for p/p and d/d,
which agree well with the data. Open diamonds connected
with lines to guide the eye are the theoretical predictions
for 7/t. All these antiparticle-to-particle ratios increase and
exhibit a distinct hierarchy with different constituent (anti-
)nucleon numbers as the function of the collision energy.
This is due to the decrease of net baryon density with the
increasing energy. At very high collision energies, such as at

those at the LHC, it can be considered that the net baryon
density is close to zero and all these ratios approach to one and
their hierarchy with different constituent (anti-)nucleons dis-
appear.

Figure 8 shows the energy dependence of two-particle ra-
tios d/p, t/p, t/d and the corresponding antiparticle ratios
d/p, t/p, t/d in the most central 0-10 % centrality in Au-
Au collisions at ./s\y = 7.7, 11.5, 19.6, 27, 39, 54.4 GeV.
Filled symbols are the data in Refs. [43,45,56]. Open sym-
bols connected with different lines to guide the eye are our
results. The two-particle ratios d/p, t/p, t/d decrease while
two-antiparticle ratios d/p, /p, d / p increase as a function of
J/Snn. With the increasing ,/snn, the net nucleons stopped
in the midrapidity region decrease while the energy deposited
to create antinucleons increases. This will enhance the antin-
ucleon rapidity density and suppress the nucleon rapidity
density. These two-particle ratios are related with the nucleon
density, and two-antiparticle ratios are related with the antinu-
cleon density. So they have different behaviors as a function of
J/Snn. Values of d/p (d/p) are comparable to 7 /d (d/p), and
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they are much larger than those of ¢/p (f/p). This is due to
d/p and t/d being proportional to the nucleon density while
t/p is proportional to the square of the nucleon density. The
similar case holds for two-antiparticle ratios.
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FIG. 7. Energy dependence of j/p, d/d and 7/t in the most
central 0-10 % Au-Au collisions. Data of p/p and d/d denoted
by filled symbols are from Ref. [45]. Open triangles and diamonds
connected with lines to guide the eye are the theoretical results for
d/d and f/t, respectively.

Figures 9(a) and 9(b) show the energy dependence of ratios

d/p? and d/j?, respectively, in Au-Au collisions in 0-10 %,

10-20 %, 20-40 %, 40-60 %, 60-80 % centralities. Both d / p*

and d/p* decrease with the increase of ,/snn, which is very
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FIG. 8. Energy dependence of ratios d/p, t/p,t/d,d/p,/p, and
f/d in the most central 010 % Au-Au collisions. Filled symbols are
the data [43,45,56]. Open symbols connected with different lines to
guide the eye are the theoretical results.
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TABLE II. Yield densities dN/dy of d, d, t, and 7 at midrapidity in Au-Au collisions in different centralities at /Sxy =

7.7, 11.5, 19.6, 27, 39, 54.4 GeV. Data are from Refs. [43,45].

d d t f
SNN Centrality data theory data theory data theory theory
x 1072 x 1072 x 1073 x1073 x1073 x1073 x107°
7.7 GeV 0-10 % 140.99 +£0.41 £ 10.97 142.52 — 2.43 21.64 22.06 1.48
10-20 % 93.874+0.324+7.92 96.73 — 1.94 15.76 16.51 1.41
20-40 % 49.06+0.16 +5.38 51.86 — 1.46 7.30 9.23 1.33
40-60 % 15.48 £0.09 +2.92 16.52 — 0.89 1.25 1.44 1.25
60-80 % 3.13+£0.05+0.91 3.28 — 0.22 0.36
x 1072 x 1072 x 1074 x10~* x 1073 x 1073 x 1078
11.5 GeV 0-10% 63.054+0.14 +=4.55 65.11 3.294+0.63 +1.10 3.21 5.83 6.07 6.50
10-20 % 41.02+0.11 £3.39 42.46 1.92+£0.32 £ 0.57 2.31 4.00 4.23 4.94
20-40 % 21.924+0.06 +2.23 22.32 1.05+0.17 £ 0.34 1.42 1.96 2.34 3.28
40-60 % 6.73+0.03 +1.17 6.96 — 0.84 0.34 0.34 3.01
60-80 % 1.31+0.02 £ 0.40 1.38 - 0.29 1.48
x 1072 x 1072 x 1074 x10~* x10~* x10~* x 1077
19.6 GeV 0-10 % 27.454+0.06 &+ 2.04 29.12 17.88+£0.52 +3.14 20.45 15.70 16.43 8.33
10-20 % 18.78 £0.05 + 1.57 20.09 13.16+0.45 + 2.36 15.38 10.20 11.98 6.92
20-40 % 9.734+0.03 + 1.00 10.05 10.334+£0.27 £ 1.87 11.44 5.37 6.23 6.73
40-60 % 3.20+0.01 £ 0.55 3.30 5.484+0.20+1.15 6.65 0.90 0.95 6.10
60-80 % 0.68 £0.007 +0.21 0.67 2.07+0.14 +0.70 2.23 2.80
x 1072 x 1072 x10~* x10~* x10~* x10~* x 1076
27 GeV 0-10% 18.444+0.04 +1.28 19.57 41.354+0.54 + 4.63 44.34 7.98 8.35 2.59
10-20 % 12.83+0.03 £ 1.05 12.98 32.354+0.47 +3.85 35.17 5.07 5.71 2.35
20-40 % 6.84+0.01 +£0.70 7.05 23.034+0.28 +2.79 24.68 3.17 3.38 2.09
40-60 % 2.334+0.009 £0.43 2.45 11.48+£0.21 +£2.45 12.92 0.49 0.59 1.55
60-80 % 0.49+0.004 +0.17 0.52 3.334+0.11 £ 1.23 3.87 0.60
x 1072 x 1072 x10~* x10~* x10~* x10~* x 1076
39 GeV 0-10% 12.734+£0.02 £ 0.95 13.27 79.96 £0.46 4+ 6.35 85.57 421 4.59 6.60
10-20 % 8.78+0.01 £ 0.69 9.20 62.39 +0.40 + 4.60 64.75 3.01 3.32 5.80
20-40 % 4.81+£0.008 +0.48 5.03 41.244+0.23 +4.11 42.81 1.68 1.92 4.46
40-60 % 1.72+0.004 £ 0.30 1.82 19.244+0.15+3.26 22.45 0.36 0.37 3.33
60-80 % 0.37+£0.002 + 0.12 0.37 5.50£0.09 +1.80 6.77 1.33
x 1072 x 1072 x 1072 x 1072 x10~* x10~* x 1073
54.4 GeV 0-10% 10.28 9.58 1.21 1.26 2.67 2.47 1.22
10-20 % 7.07 7.15 0.93 0.93 2.36 2.14 0.94
20-40 % 3.89 3.67 0.57 0.59 1.29 1.16 0.69
40-60 % 1.40 1.27 0.28 0.28 0.25 0.21 0.39
60-80 % 0.31 0.28 0.07 0.08 0.13

different from the previous d/p and d/p. Note that d/p* and
d / p* represent the probability of any nucleon-pair coalescing
into a deuteron and that of any antinucleon-pair coalescing
into an antideuteron. They do not depend on the absolute (anti-
)nucleon numbers or the (anti-)nucleon rapidity densities, but
are sensitive to the fundamental production mechanism. It is
more difficult for any (anti-)nucleon pair to recombine into
(anti-)deuteron in a larger hadronic system. So d/p? and d / p*
decrease with increasing ./snn.

We want to point out that (anti-)protons in the ratios
mentioned above are referred to those final-state ones in-
cluding those from hyperon weak decays. As is well known,
(anti-)nucleons taking part in forming light (anti-)nuclei are
those created before the kinetic freeze-out, not including
those from hyperon weak decays. To probe the production
properties more directly, one should use (anti-)nucleons ex-
cluding hyperon weak decay contaminations, i.e., those at

the kinetic freeze-out, to construct ratios. Here, we present
d/ piin and d/ ﬁﬁin in Fig. 9(c) and 9(d) where the subscript
kin denotes (anti-)protons at the kinetic freeze-out. It can be
found that d/ p12<in and d/ pﬁin almost coincide with each other
after correcting the weak decays of (anti-)protons from (anti-
)hyperons. This further indicates that the intrinsic dynamics
of two nucleons recombining into a deuteron is similar with
that of two antinucleons recombining into an antideuteron.

E. Multiparticle yield correlation ¢p/d*

In this subsection, we study the multiparticle yield corre-
lation ¢ p/d?, which has recently attracted extensive attention
[32,46,59-62] and considered to be a probe for the structure of
the QCD phase diagram [6,34,62]. Compared with other yield
ratios discussed in the last subsection, it has been observed
by the STAR experiment to show a nonmonotonic trend as
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freeze-out ones, respectively.

the function of ,/syy in the most central Au-Au collisions
as shown by the solid circles and squares with error bars in
Fig. 10(a). Note that solid circles are obtained based on the
yields of tritons, deuterons, and final-state protons measured
in Refs. [43,45,56], and solid squares are the STAR prelim-
inary data in which the proton yield has been corrected by
weak-decay feed down from strange baryons based on the
UrQMD simulation [63]. The peak around 20 GeV in these
solid symbols is considered in some works to be a signal of an
enhanced baryon density fluctuation and therefore a possible
signal of potentially a critical point [34,46].

To further ascertain the reliability of ¢p/d* as a probe
of a large baryon density fluctuation near the critical point
and/or production mechanism of light nuclei, different
methods of correcting the weak decay contamination for
protons are necessary. We here first use a data-driven weak
decay correction for the proton to get the data of tp/d?, i.e.,

P~ Pwihwd — 63.9%(A 4+ 2E7), in which pyimwp refers to
those including weak decay contaminations measured at the
current experiment and A, E~ denote the measured primary
A, B~ at experiments. The factor 2 before E~ is to include
29 weak decay contaminations to protons. Note that the weak
decay correction for the proton from X is not included
due to the deficiency of LT data in present experiments in
this data-driven weak decay correction method. The filled
stars with error bars in Fig. 10(a) are the experimental data
after correcting A and E weak decay contaminations [64] for
protons, which are much smaller than those solid circles and
also much smaller than those solid squares. Peak behavior
around 20 GeV is weakened in the A and E data-driven
weak decay correction result for f p/d? compared to that with-
out weak decay corrections. Open triangles connected with
lines to guide the eye are our results without weak decay
corrections, which basically agree with the data and exhibit
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and those with weak decay corrections are open pentagons.

an increasing trend and then seems invariant at ./snn >
27 GeV. Open pentagons connected with lines to guide the
eye are our corresponding theoretical results with weak decay
corrections, where we use SDQCM to correct the decay con-
taminations from strange hyperons, including AY, T+, B0,
and Q7. Their weak decays into protons take about 61-64 %,
13-14 %, 20-24 %, and 1-2 %, respectively, of all weak
decay protons, when the strangeness factor is in the range 0.4—
0.5 in heavy ion collisions [65]. Our theoretical results with
weak decay corrections denoted by open pentagons exhibit a
very slightly decreasing trend and agree with the data within
error bars. Comparing the result without weak decay correc-
tion with that with weak decay correction, one can see that
protons from hyperon weak decays have different influences
on the behavior of ¢p/d* at different collision energies, i.e.,
the weak decay contamination for ¢ p/d is different at differ-
ent collision energies.

We also study #p/d” in other centralities and results are
given in Fig. 10(b)-10(d). In these three centralities, there
seems to be no peak behaviors in the function of ,/snn.
Theoretical results without weak decay corrections denoted
by open triangles increase slightly and then become invari-
ant, and those with weak decay corrections denoted by open

pentagons decrease slightly. All theoretical results agree with
the data within error bars. The different behaviors for open
triangles and pentagons come from different contributions
of protons from hyperon weak decays. With the increasing
energy, the decay contribution becomes stronger. This makes
the decreasing trend of without-weak-decay-correction results
to be increasing, or invariant behavior of with-weak-decay-
correction results. This further shows that #p/d* should be
carefully corrected from hyperon weak decays for protons to
probe the production characteristics of light nuclei and the
structure of the QCD phase diagram.

IV. SUMMARY

Based on the description of the production of different
mesons and baryons by the SDQCM, we obtained py distri-
butions of final-state (anti-)protons as well as those produced
at the kinetic freeze-out in Au-Au collisions at /sy = 7.7,
11.5, 19.6, 27, 39, 54.4 GeV. We found that weak decay
contaminations for protons from A and ¥ hyperons were
different in different centralities at different collision energies.
With these momentum distributions of kinetic freeze-out pro-
tons and antiprotons obtained from the SDQCM, we studied
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the production of light nuclei and antinuclei in the (anti-
)nucleon coalescence mechanism in relativistic heavy ion
collisions at energies employed at the RHIC beam energy
scan.

We first computed the pr spectra of (anti-)deuterons (d,
d) and (anti-)tritons (z, f) in Au-Au collisions at s =117,
11.5, 19.6, 27, 39, 54.4 GeV and found the available exper-
imental data for these pr spectra can be well reproduced.
On this basis, we gave the predictions of pr spectra for d at
11.5 GeV for 60-80 % and 7.7 GeV and 7 at these energies.
We then studied the yield densities of light (anti-)nuclei and
our results were consistent with the available data.

We finally studied different yield ratios, such as d/d,
t/t, d/p, d/p, t/p, t/p, t/d, t/d, d/p* d]p*, etc., and
naturally explained their interesting behaviors as the function
of the collision energy. We especially studied the multipar-
ticle yield correlation ¢p/d* and pointed out that it should
be carefully corrected from hyperon weak decays for protons

to employ it to probe the production characteristics of light
nuclei and the structure of the QCD phase diagram. All of our
results showed that the coalescence mechanism for nucleons
and antinucleons played a dominant role for the production
of light nuclei and antinuclei at RHIC beam energy scan
energies.
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