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Hypertriton and light nuclei production at Λ-production

subthreshold energy in heavy-ion collisions *
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Abstract: High-energy heavy-ion collisions produce abundant hyperons and nucleons. A dynamical coales-

cence model coupled with the ART model is employed to study the production probabilities of light clusters,

deuteron (d), triton (t), helion (3He), and hypertriton (3ΛH) at subthreshold energy of Λ production (≈ 1 GeV

per nucleon). We study the dependence on the reaction system size of the coalescence penalty factor per

additional nucleon and entropy per nucleon. The Strangeness Population Factor
(

S3 =3
ΛH/

(

3He×
Λ

p

))

shows

an extra suppression of hypertriton comparing to light clusters of the same mass number. This model predicts

a hypertriton production cross-section of a few µb in 36Ar+36Ar, 40Ca+40Ca and 56Ni+56Ni in 1 A GeV

reactions. The production rate is as high as a few hypertritons per million collisions, which shows that the

fixed-target heavy-ion collisions at CSR (Lanzhou/China) at Λ subthreshold energy are suitable for breaking

new ground in hypernuclear physics.
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1 Introduction

In a laboratory environment, heavy-ion collisions

are the main way to study the behavior of nuclear

matter and hadron interactions as well as to inves-

tigate QCD matter under conditions of extreme en-

ergy and baryon density [1]. In addition, abundant

hadrons containing strange valence quarks can be

produced in these collisions, which provides the op-

portunity to observe multi-strange bound systems.

Hypernuclei, nuclei containing at least one hyperon,

provide a doorway to the production of strangelets

[2], and a unique opportunity to study the hyperon-

nucleon (Y-N) and hyperon-hyperon (Y-Y) interac-

tions [3]. The measurements of Y-N and Y-Y interac-

tions are essential for the theoretical study of neutron

stars [4] and exotic states of finite nuclei [5].

The formation of hypernuclei is determined by

probabilities of the overlapping of the wave functions

of nucleons and Λ hyperons at the final stage of the

collisions [6, 7]. Consequently, hypernucleus yields

provide information about the local density corre-

lation of baryons and strangeness on an event-by-

event basis [8] as triton (t) and helium (3He) are a

measurement of baryon correlation [9]. In addition,

the Strangeness Population Factor (S3) characterizes

the local density correlation strength between baryon

number and strangeness [10]. Measurements at RHIC

and AGS energies show that there is an extra sup-

pression factor in the coalescence production of 3
ΛH

compared with 3He [11] at AGS, while the same mea-

surement of S3 is close to unity at RHIC [12].

Light nuclei, produced by the coalescence of nu-

cleons, show a striking exponential dependence on nu-

clear mass number with a penalty factor [2]. Projec-

tions based on these measurements can be used to
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estimate the production probabilities of strangelets

[2] and hypernuclei [11, 13]. The ratio of Nd/Np

will be proportional to the entropy per nucleon in the

fireball [13, 14]. Alternatively, the yields can be ex-

plained in a thermal model without invoking dynamic

models [15].

Recently, the STAR collaboration at RHIC

(Brookhaven) reported the observation of antihyper-

tritons in Au + Au collisions at
√
sNN=200 GeV [12].

Future experiments with a high energy heavy-ion

beam are proposed to further investigate nuclear mat-

ter and hadron physics as well as search for phase

transition to quark-gluon plasma at high baryon den-

sity. Hypernucleus measurements and potential dis-

coveries of new exotic hypernuclei at these new facil-

ities can provide important information about Y-N

and Y-Y interactions [16]. Specifically, the hypertri-

ton lifetime and binding energy are very sensitive to

Y-N interactions [17]. However, measurements over

the last few decades have been inconclusive because

of insufficient statistics [12, 18].

In this paper, a dynamical coalescence model [19]

coupled with a transport model is developed to study

the production rates of 3
ΛH and light nuclei, i.e. d, t

and 3He. The calculations are with 12C, 24Mg, 36Ar,
40Ca and 56Ni beams of energy at 1 A GeV on equal-

mass targets. We study the rapidity distributions of

p, Λ, d, t, 3He and 3
ΛH, extracting the penalty factor

for light clusters, the S3 based on 3
ΛH and the entropy

per nucleon. Based on these results, we discuss the

production probabilities of hypernuclei and light nu-

clei as well as local hyperon-baryon correlations. We

note that similar calculations based on the transport

equation of the Boltzmann type [20], or the canonical

thermodynamic model [21] at GSI, FAIR or J-PARC

energy have been carried out recently. We here focus

on the Λ subthreshold energy for fixed-target heavy-

ion collisions at CSR (Lanzhou/China) [22].

2 A dynamical coalescence model

The dynamic coalescence model has been a pop-

ular approach for describing the production of light

clusters in heavy-ion collisions [19], and has been used

at both intermediate [23] and high energies [10, 24].

The clusters are formed on the basis of the hadron

phase-space distribution at freeze-out in the model.

The probability of producing a cluster is determined

by its Wigner phase-space density without taking the

binding energies into account [23, 24]. The multiplic-

ity of a M-hadron cluster in heavy-ion collisions is

given by [23, 24],

NM = G

∫
dri1dqi1 · · ·driM−1

dqiM−1

×
〈

∑

i1>i2>···>iM

ρW
i (ri1 ,qi1 · · ·riM−1

,qiM−1
)

〉

.

(1)

In Eq. (1), ri1 , · · · , riM−1
and qi1 , · · · , qiM−1

are,

respectively, the M −1 relative coordinates and mo-

menta in the M-hadron rest frame; ρW
i is the Wigner

phase-space density of the M-hadron cluster, and 〈· · · 〉
denotes the event averaging. G represents the statis-

tical factor for the cluster; it is 3/8 for d, 1/3 for t,
3He [23–25] and 3

ΛH (Λ and 3
ΛH have the same spin as

the neutron and triton, respectively).

To determine the Wigner phase-space densities,

we take their hadron wave functions to be those

of a spherical harmonic oscillator [23, 26]. For the

deuteron, its hadron wave function is

ψ(r1,r2) = 1/(πσ2
d)

3/4 exp[−r2/(2σ2
d)], (2)

in terms of the relative coordinate r = r1−r2 and the

size parameter σd. The root mean square radius can

be deduced as Rd = 〈r2〉1/2 = (3/8)1/2σd for deuteron.

The hadron Wigner phase space density function

inside the deuteron can be obtained from its hadron

wave function by

ρW
d (r,k) =

∫
ψ

(

r+
R

2

)

ψ∗

(

r− R

2

)

×exp(−ik ·R)d3R

= 8exp

(

− r2

σ2
d

−σ2
dk

2

)

, (3)

where k = (k1 −k2)/2 is the relative momentum be-

tween hadrons inside the deuteron.

For t, 3He and 3
ΛH, the hadron wave function is

the same and is given by that of a spherical harmonic

oscillator [23, 26],

ψ= (3/π2b4)−3/4 exp

(

−ρ
2 +λ2

2b2

)

, (4)

the Wigner phase-space density is then given by

ρW
3 = 82 exp

(

−ρ
2 +λ2

b2

)

exp
(

−(k2
ρ +k2

λ)b2
)

. (5)

In Eq. (4) and (5), normal Jacobian coordinates for a

three-particle system are introduced in Ref. [23]. (ρ,

λ) and (kρ, kλ) are, respectively, the relative coordi-

nates and momenta. The root mean square radius R3

of a 3-hadron cluster is given by

R3 =

[∫
ρ2 +λ2

3
|ψ(r1,r2,r3)|233/2dρdλ

]1/2

= b. (6)
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The root mean square radii are 1.92, 1.61, 1.74

and 5 fm for d, t, 3He and 3
ΛH [11, 23], respectively.

The time-space and energy-momentum distribution

of hadrons (proton, neutron and Λ) at freeze-out are

from ART1.0 [27]. The overlapping Wigner phase

space density can be calculated by Eq. (3) for a 2-

hadron cluster and Eq. (5) for a 3-hadron cluster

and the multiplicity of these clusters is determined

by Eq. (1). It is apparent that this coalescence mech-

anism results in correlations between the momenta

and the positions of hadrons at freeze-out. The pro-

duction of light (hyper) clusters is related to the mul-

tiplicity of hadrons (hyperons) and the size parameter

of the root mean square radii of these objects.

3 Introduction to ART1.0 model

Based on the Boltzmann-Uhlenbeck (BUU) model

[28] for intermediate energy heavy-ion collisions,

ART1.0 is developed for heavy-ion collisions at AGS

energies [27] by including more baryon and meson

resonances and their interactions, such as baryons

N, ∆(1232), N∗(1440), N∗(1535), Λ, Σ and mesons

π, ρ, ω, η, K. The elastic and inelastic collision

cross sections and angular distributions among most

of these particles are from Ref. [29] in ART1.0 model.

Most inelastic hadron-hadron collisions are simulated

through the formation of resonances. Λ hyperon pro-

duction is mainly associated with K− meson produc-

tion through baryon-baryon collisions,














NN→NΛ(Σ)K, ∆Λ(Σ)K,

NR→NΛ(Σ)K, ∆Λ(Σ)K,

RR→NΛ(Σ)K, ∆Λ(Σ)K,

(7)

where R denotes a ∆, N∗(1440), or N∗(1535), and

meson-baryon interactions,














π+N(∆,N∗)→Λ(Σ)+K,

ρ+N(∆,N∗)→Λ(Σ)+K,

ω+N(∆,N∗)→Λ(Σ)+K.

(8)

We first checked the rapidity distribution of Λ in
56Ni + 56Ni collisions at a beam energy of 1.93 A GeV

from ART1.0 model with the same kinematic win-

dows as for FOPI data analysis in 2007 [30], shown

in Fig. 1.

The results from ART1.0 are consistent with the

data [30, 31]. Λ are mainly produced at mid-rapidity

and quickly decrease towards forward (backward) ra-

pidity. We then calculated the rapidity distributions

in 12C+12C, 24Mg+24Mg, 36Ar+36Ar, 40Ca+40Ca and

Fig. 1. Λ rapidity distribution in 56Ni+56Ni

collisions at beam energy of 1.93 A GeV with

impact parameter b<3.1 fm. solid circles: the

ART1.0 model; open circles: the FOPI data

[30].

Fig. 2. The rapidity distribution of p (a)

and Λ (b) in 0%–80% centrality 12C+12C,
24Mg+24Mg, 36Ar+36Ar, 40Ca+40Ca and
56Ni+56Ni reactions at beam energy of

1 A GeV from ART1.0 model.

56Ni+56Ni reactions at beam energy of 1 A GeV,

shown in the left and right panels of Fig. 2 for protons

and Λ, respectively. The proton rapidity distributions

are different from those for Λ: protons are mainly pro-

duced at forward and backward rapidity while Λs are

at mid-rapidity. Since the ART model does not allow

for the possibility that composite fragments (A > 1)

exist in the final state of the collision, the production
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of protons at forward and backward rapidity is en-

hanced (cf. Fig. 2). We here include a dynamical co-

alescence model (as detailed in Section 2) as an after-

burner to calculate the light cluster production. The

contribution of protons at forward and backward ra-

pidity to light clusters at mid-rapidity is minor, based

on Eqs. (1), (3) and (5). The contribution to hypertri-

tons can be neglected when the rapidity distribution

of Λ is taken into account.

4 Results

4.1 Rapidity distributions

Figure 3 shows the rapidity distributions of d,

t, 3He and 3
ΛH in 12C+12C, 24Mg+24Mg, 36Ar+36Ar,

40Ca+40Ca and 56Ni+56Ni reactions at 1 A GeV from

ART1.0 model plus a dynamical coalescence model.

As per Eqs. (1) and (3), we assume that the produc-

tion probabilities of d, t and 3He are proportional to

the densities of protons and neutrons. In the case of
3
ΛH, the density of Λ is also a factor. As observed in

Fig. 3, the light clusters are mainly at forward and

backward rapidity, similar to the distribution of pro-

tons. The rapidity of 3
ΛH is determined by nucleons

and Λs.

The inclusive yields of d, t, 3He and 3
ΛH with nu-

cleons and Λ in this calculation are listed in Table 1.

Our calculations yield the 3
ΛH production rate of

10−2
µb in 12C+12C at 1 A GeV reactions, 10−1

µb

in 24Mg+24Mg at 1 A GeV, a few µb in 36Ar+36Ar,
40Ca+40Ca and 56Ni+56Ni at 1 A GeV reactions. The

total reaction cross section for 12C+12C collisions is

∼ 103 mb at beam energy of ∼ 1 A GeV [32]. We here

take 103 mb in the total yield calculation from 12C to
56Ni system. Our results are close to the recent trans-

port model calculation [20], where light hypernuclei

production probabilities are a few µb in 12C+12C at

2 A GeV reactions.

Fig. 3. The rapidity distributions of d (a), t (b), 3He (c) and 3
ΛH (d) in 0%–80% centrality 12C+12C,

24Mg+24Mg, 36Ar+36Ar, 40Ca+40Ca and 56Ni+56Ni reactions at a beam energy of 1 A GeV.

Table 1. The total yield per event of p, Λ, d, t, 3He and 3
ΛH in 0%–80% centrality 12C+12C, 24Mg+24Mg,

36Ar+36Ar, 40Ca+40Ca and 56Ni + 56Ni at 1 A GeV reaction from ART1.0 model plus a dynamical coales-

cence model calculation. The rapidity range is −1 < y < 1.

p Λ d t 3He 3
ΛH

12C + 12C 11.985 1.480×10−4 0.340 0.014 0.014 3.848×10−8

24Mg + 24Mg 23.969 4.864×10−4 0.980 0.072 0.068 3.268×10−7

36Ar + 36Ar 35.955 1.010×10−3 1.687 0.142 0.135 1.233×10−6

40Ca + 40Ca 39.949 1.155×10−3 1.990 0.186 0.177 1.618×10−6

56Ni + 56Ni 55.916 2.006×10−3 3.225 0.411 0.326 3.441×10−6
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4.2 Dependence of light cluster production

on nuclear mass number

In the following, we investigate the nuclear

mass number dependence of light cluster production,

shown in Fig. 4.

Fig. 4. The yields of light clusters as a function

of nuclear mass number from 0%–80% central-

ity at 1 A GeV nuclei reaction.

The fit function is [33]

NA =N i
p

(

1

λ0

)A−1

. (9)

where N i
p, λ0 and A denote the total mass number

of initial protons, the penalty factor and the nuclear

mass number, respectively. The penalty factor quan-

titatively represents how hard it is to produce the

next massive cluster (A+1) compared with the current

cluster (A). Therefore, it can be applied to estimate

the production rates of heavy clusters. For example,

the yields of light clusters show an exponential de-

pendence on the nuclear mass number with a penalty

factor of ∼34 per additional nucleon for 12C+12C re-

actions and ∼17 for 56Ni+56Ni reactions. The penalty

factors for different reaction systems, shown in Fig. 5,

decrease with increasing size of the reaction system

from 12C+12C to 56Ni+56Ni reactions.

Fig. 5. The penalty factor as a function of re-

action system at 0%–80% centrality 1 A GeV

reaction.

This decreasing trend implies that the produc-

tion probabilities of current analyzed light clusters

are higher in colliding system with a larger total mass

number. It is argued that if strangelets are created in

the reactions, an extra suppression factor with total

strangeness in this ‘cluster’ should be added in the

fit function [33]. However, there has been no positive

observation of strangelets so far [2].

The penalty factor also reflects the entropy per

nucleon [13, 14], defined as

SN = 3.945− ln

(

Nd

Np

)

. (10)

Considering Eq. (9), one knows that the ratio of

Nd/Np is inversely proportional to the penalty fac-

tor, λ0. Then Eq. (10) can be rewritten as

SN = 3.945− ln

(

1

λ0

)

. (11)

The calculations from Eqs. (10) and (11) are pre-

sented in Fig. 6 and are consistent with each other.

Fig. 6. The entropy per nucleon as a function

of reaction system from 0%–80% centrality

1 A GeV reaction.

A widespread interpretation in intermediate-

energy heavy-ion collisions is that deuterons can form

before chemical freeze-out and can break up and re-

form a number of times before freeze-out [13, 14].

During this stage of the reaction, the deuteron density

reaches an equilibrium. In fact, the ratio of Nd/Np

just depends on the mean density of nucleons in phase

space [14]. Consequently, the ratio Nd/Np is propor-

tional to the entropy per nucleon, SN [13, 14]. Our

SN calculation is consistent with that in Ref. [13]

(SN = 7.0) and with the value obtained by E814 [34]

(SN = 12.8). Values of Nd/Np from a thermal model

[15] result in SN predictions around 6 at AGS en-

ergies, 7 to 8 at SPS, and 10 at RHIC. This beam

energy dependence reflects the decreasing probability

of forming composite fragments as the beam energy

increases.
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4.3 Strangeness Population Factor

Since S3

S3 = 3
ΛH/

(

3He× Λ

p

)

is a good representation of the local correlation be-

tween baryon number and strangeness [10], a com-

prehensive analysis including the previous work focus

on RHIC energy [10] will shed light on the nature

of the nuclear matter created in heavy-ion reactions.

Fig. 7 shows the results in our model at CSR energy:

Fig. 7. The Strangeness Population Factor as a

function of reaction system. The Λ to proton

ratio with a scale factor 104 is also plotted for

reference.

the S3 is ∼ 0.23 in 12C+12C and 24Mg+24Mg reactions

and ∼0.3 in 36Ar + 36Ar, 40Ca+40Ca and 56Ni+56Ni

reactions.

The 3
ΛH is further suppressed with respect to the

3He when including strangeness into particle pro-

duction at Λ subthreshold energy. These new cal-

culations are in agreement with the value obtained

by E864 (S3=0.36) at AGS energy [11], and are

consistent with a dramatic increase in the baryon-

strangeness correlation from beam energies at Λ sub-

threshold energy and AGS to RHIC [12].

5 Summary

In summary, we calculate the production rate for

light clusters, including hypertritons, in heavy-ion re-

actions at Λ subthreshold energy with the ART1.0

model plus a dynamical coalescence model as an af-

terburner. We find that the production rate of hy-

pertriton reaches a few µb in 36Ar+36Ar, 40Ca+40Ca

and 56Ni+56Ni at 1 A GeV reactions. Our calculation

shows that the fixed-target (from 36Ar to 56Ni) heavy-

ion collisions at CSR (Lanzhou/China) are suitable

for hypernucleus production. A sample of a few hun-

dred hypertritons is expected to be detected with a

three-week dedicated run.
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