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A R T I C L E I N F O A B S T R A C T

Editor: F. Gelis Understanding the properties of hypernuclei helps to constrain the interaction between hyperon and nucleon, 
which is known to play an essential role in determining the properties of neutron stars. Experimental 
measurements have suggested that the hypertriton (3ΛH), the lightest hypernucleus, exhibits a halo structure 
with a deuteron core encircled by a Λ hyperon at a distance of about 10 fm. This large Λ −𝑑 distance in 3ΛH wave 
function is found to cause a suppressed 3ΛH yield and a softening of its transverse momentum (𝑝𝑇 ) spectrum 
in relativistic heavy-ion collisions. Within the coalescence model based on nucleons and Λ hyperons from a 
microscopic hybrid hydro model with a hadronic afterburner for nuclear cluster production in Pb-Pb collisions 
at √𝑠𝑁𝑁= 5.02 TeV, we show how this softening of the hypertriton 𝑝𝑇 spectrum appears and leads to a smaller 
mean 𝑝𝑇 for 3ΛH than for helium-3 (3He). The latter is opposite to the predictions from the blast-wave model which 
assumes that 3ΛH and 3He are thermally produced at the kinetic freeze-out of heavy-ion collisions. The discovered 
quantum mechanical softening of the (anti-)hypertriton spectrum can be experimentally tested in relativistic 
heavy-ion collisions at different collision energies and centralities and used to obtain valuable insights to the 
mechanisms for light (hyper-)nuclei production in these collisions.
1. Introduction

Observations of anti-nuclei such as anti-deuteron (𝑑), anti-helium 
(3He and 4He), and anti-hypertriton (3

Λ̄
H) have been reported in many 

heavy-ion collision experiments [1–7]. Recent experiments at the Rel-

ativistic Heavy Ion Collider (RHIC) [8] and the Large Hadron Col-

lider (LHC) [9] have even suggested possible detection of heavier anti-

hypernuclei, such as 4
Λ̄

H and 4
Λ̄

He. The detection of these bound nuclei 
and the study of their properties [10–14] are important in the search for 
the signals of phase transitions in the strongly interacting matter cre-

ated in relativistic heavy-ion collisions [15–21] and in the dark matter 
detection in space [22–24] as well as for understanding the fundamen-

tal CPT theorem in quantum field theory [3,4]. Also, understanding the 
properties of hypernuclei helps to constrain the hyperon-nucleon (𝑌 -𝑁) 
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interaction [25–27], which is essential for determining the structure of 
compact astrophysical objects like the neutron stars [10].

Various theoretical models based on different assumptions have been 
used to describe (anti-)nuclei production in nuclear reactions. These in-

clude the statistical hadronization model (SHM) [28], the coalescence 
model [29–32], and the kinetic or transport approach [33–37]. While 
both (anti-)nuclei disintegration and regeneration during the evolution 
of the hadronic matter are included in the kinetic approach, only (anti-

)nuclei production is considered in the statistical model and the coa-

lescence model by assuming, respectively, that they are thermally pro-

duced from the hadronization of produced quark-gluon plasma (QGP) 
and formed from the recombination of nucleons at the kinetic freeze-out. 
Another difference between the statistical and the coalescence model is 
the role of light cluster wave function in its production. While the wave 
function is essential for forming light clusters in the coalescence model, 
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it is not relevant in the SHM. With the hypertriton characterized by a 
halo structure with a deuteron core surrounded by a Λ hyperon, it pro-

vides an excellent tool for differentiating between these two models. If 
the coalescence model proves to be the production mechanism of light 
nuclei and hypernuclei in nuclear collisions, this will open a new way 
for investigating their structures and internal wave functions.

According to recent STAR and ALICE measurements, the 3ΛH has a 
lifetime close to that of a free Λ [12,13,38] and a Λ separation en-

ergy (𝐵Λ) of merely a few hundreds keV. While the 𝐵Λ reported by 
the ALICE Collaboration is 0.102 ± 0.063(stat.)±0.067(syst.) MeV [12], 
it is 0.41 ± 0.12(stat.) ± 0.11(syst.) MeV according to the measurement 
of the STAR Collaboration [4,39]. The world average 𝐵Λ is, however, 
0.164 ± 0.043 MeV [4,12,40–46], corresponding to a very large Λ − 𝑑
distance of 

√⟨𝑟2Λ𝑑⟩ ≈ 9.5 fm, which suggests that the 3ΛH has a halo 
structure with a deuteron core surrounded by a Λ halo. The halo struc-

ture is an intriguing quantum tunneling phenomenon observed in nuclei 
far from the 𝛽-stability line [47]. Within the coalescence model [30], it 
has been demonstrated that such a large Λ − 𝑑 distance lead to a pro-

nounced suppression of 3ΛH production in collisions of small systems, 
a phenomenon that has been consistently observed in various ALICE 
measurements at the LHC [48–53]. While the grand-canonical ensem-

ble version of the statistical hadronization model fails to account for 
the suppression of light clusters in small systems, the canonical statis-

tical model, which takes into account exact charge conservation, does 
predict a similar suppression seen in the experimental data [54].

In the present study, we demonstrate that the large Λ −𝑑 distance in 
3
ΛH wave function further results in a softening of its transverse momen-

tum (𝑝𝑇 ) spectrum in Pb+Pb collisions at 
√
𝑠𝑁𝑁 = 5.02 TeV. This soft-

ening effect on the hypertriton spectrum occurs not only in non-central 
collisions but also in central collisions, where the canonical effects are 
expected to be insignificant. The quantum mechanical softening of the 
hypertriton spectrum in the coalescence model thus makes it a promis-

ing tool to distinguish it from the statistical hadronization model.

2. Suppression of hypertriton production in peripheral collisions

We adopt the hybrid model [55] of MUSIC+UrQMD+COAL to study 
the production of (anti-)hypertriton in Pb+Pb collisions at 

√
𝑠𝑁𝑁 =

5.02 TeV. After the evolution of the QGP produced in these collisions 
via the (3+1)-dimensional viscous hydrodynamic model MUSIC [56–58]

with the collision-geometric-based 3D initial conditions [59] and a 
crossover type of equation of state at finite density NEOS-BQS [60], 
hadrons are produced from a constant energy density hypersurface 
according to the Cooper-Frye formula [61]. The subsequent hadronic 
rescatterings and decays are modeled by the UrQMD model [62]. The 
(anti-)hypertriton yield in a collision event is then obtained from the 
coalescence (COAL) of (anti-)protons, (anti-)neutrons, and (anti-)Λ hy-

perons at their kinetic freeze-out.

In the coalescence model [29,30] for light cluster production, the 
formation probability of a hypertriton from a proton, a neutron, and a Λ
hyperon is given by the product of the statistical factor 𝑔ℎ𝑡 = 1∕4 for spin 
1/2 proton, neutron, and Λ hyperon to form a spin 1/2 hypertriton and 
the Wigner function of the hypertriton internal wave function, which 
we take as

𝑊ht = 82𝑒
− 𝜌2

𝜎21
−𝜎21𝑘

2
𝜌

𝑒
− 𝜆2

𝜎22
−𝜎22𝑘

2
𝜆

. (1)

The relative coordinates and momenta in the above equation are defined 
by

𝜌 =
𝐫1 − 𝐫2√

2
, 𝜆 =

√
2
3

(
𝑚1𝐫1 +𝑚2𝐫2
𝑚1 +𝑚2

− 𝐫3
)
, (2)

√ (𝑚2𝐤1 −𝑚1𝐤2)
2

𝑘𝜌 = 2
𝑚1 +𝑚2

, (3)
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Fig. 1. Collision centrality dependence of 3ΛH/3He yield ratio in Pb+Pb collisions 
at √𝑠𝑁𝑁 = 5.02 TeV for different 𝐵Λ values of 0.42 MeV (solid stars), 0.164 MeV 
(solid circles), and 0.102 MeV (solid triangles).

𝑘𝜆 =
√

3
2
𝑚3(𝐤1 + 𝐤2) − (𝑚1 +𝑚2)𝐤3

𝑚1 +𝑚2 +𝑚3
. (4)

Here, 𝐫1, 𝐫2, and 𝐫3 are the spatial coordinates of neutron, proton, and Λ
hyperon, respectively, at an equal time in their rest frame, and they are 
determined by propagating the constituent particles of momenta 𝐤1 , 𝐤2, 
and 𝐤3 at earlier freeze-out times to the time of the last freeze-out one. 
The size parameter 𝜎1 in the Wigner function is related to the deuteron 
root-mean-squared radius 𝑟𝑑 by 𝜎1 =

√
4∕3 𝑟𝑑 ≈ 2.26 fm [63,64]. The 

size parameter 𝜎2 is related to the Λ −𝑑 distance by 𝜎2 =
2
3

√⟨𝑟2Λ𝑑⟩, and 
it can be parameterized as 𝜎2 ≈ (2.15(𝐵Λ∕MeV)−1∕2 + 1.23) fm, with 
details provided in the Appendix A. For the binding energies measured 
by the STAR and ALICE collaboration, we obtain 𝜎2 = 5.45 fm and 𝜎2 =
7.96 fm, respectively, while using the world averaged 𝐵Λ value gives 
𝜎2 = 6.52 fm. For helium-3 production in the coalescence model, we use 
𝜎1 = 𝜎2 ≈ 1.76 fm [64] as it has a spherical shape.

We note that the statistical factor 𝑔ht = 1∕4 used in the coalescence 
model for proton, neutron, and Λ hyperon to form a hypertriton does 
not include that due to their isospins. As shown in Ref. [16], the light nu-

clei numbers from such a coalescence model based on nucleons from a 
thermal source reduce to those from the thermal model when their bind-

ing energies are much smaller than the temperature and their radii are 
much larger than the size of the particle emission source. The exclusion 
of the isospins in the coalescence model based on kinetically freeze-out 
nucleons in relativistic heavy-ion collisions is also supported by the re-

sults in Ref. [37] from the kinetic approach, which treats light nuclei as 
dynamic degrees of freedom by including their production and annihila-

tion from pion catalyzed multi-nucleon reactions during the expansion 
stage of heavy-ion collisions, because similar light nuclei numbers are 
obtained from these two approaches.

Fig. 1 displays the collision centrality dependence of the yield ra-

tio 3ΛH∕3He for different values of 𝐵Λ. The three collision centrali-

ties of 0-10%, 10-30%, and 30-50% in this figure correspond to the 
charged-particle multiplicity 𝑑𝑁𝑐ℎ∕𝑑𝜂 of about 1700, 1040, and 440, 
respectively, which are consistent with those measured in ALICE ex-

periments [65]. The yield ratio 3ΛH∕3He is seen to be suppressed in 
more peripheral collisions (30-50%) as compared to central collisions 
because of increasing emission source volume with decreasing collision 
centrality. Also, the yield ratio 3ΛH∕3He is more suppressed for a smaller 
Λ-separation energy or a larger Λ − 𝑑 distance with a variation by a 
factor of 2-3 for the different Λ-separation energies considered in the 

present study. The suppression of hypertriton production in non-central 
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Fig. 2. The yield ratio of hypertriton to helium-3 as a function of transverse momentum 𝑝𝑇 in Pb+Pb collisions at √𝑠𝑁𝑁 = 5.02 TeV for 0-10% (a), 10-30% (b), 
and 30-50% (c) centralities. Results from the coalescence approach (MUSIC+UrQMD+COAL) and blast-wave model are denoted by shaded regions and solid lines, 
respectively.
collisions is in accordance with earlier studies on light cluster produc-

tion in collisions of small systems like 𝑝𝑝 or 𝑝+Pb collisions at the LHC 
energies [30].

3. Softening of hypertriton 𝒑𝑻 spectrum

Fig. 2 displays by shaded bands the ratio 3ΛH∕3He as a function of 
transverse momentum (𝑝𝑇 ) from the coalescence model. It is observed 
that this spectrum ratio in all centralities also varies by a factor of 2-

3 among the three different values of the Λ separation energy as for 
the yield ratio shown in Fig. 1. Also, there is a pronounced decreasing 
trend in this ratio with an increase in 𝑝𝑇 . This trend is in sharp contrast 
with the behavior predicted by the blast-wave (BW) model, shown by 
solid lines, which shows an increase of 3ΛH∕3He with increasing 𝑝𝑇 . In 
the BW model, both hypertriton and helium-3 are assumed in local ther-

mal equilibrium at their kinetic freeze-out with an invariant momentum 
spectrum 𝑓 =𝐸d3𝑁∕d𝑝3 given by [66,67]:

𝑓BL ∝ ∫ 𝑚𝑇 𝐼0

(
𝑝𝑇 sinh(𝜌)
𝑇kin

)
𝐾1

(
𝑚𝑇 cosh(𝜌)
𝑇kin

)
𝑟d𝑟. (5)

In the above, 𝐼0 and 𝐾1 are the modified Bessel functions with their 
arguments depending on the transverse mass 𝑚𝑇 =

√
𝑚2 + 𝑝2

𝑇
, the ki-

netic freeze-out temperature 𝑇kin, and the flow rapidity profile 𝜌 =
tanh−1[(𝑟∕𝑅0)𝑛𝛽𝑠] with 𝑟 and 𝑅0, 𝛽𝑠, and 𝑛 being the radial distance 
in the transverse plane, the transverse radius, the transverse expansion 
velocity at the surface, and the exponent of the velocity profile, respec-

tively. The blast-wave model can be viewed as a simple approximation 
to the hydrodynamic model used in describing heavy-ion collisions. The 
results shown in Fig. 2 for the blast-wave model are obtained by using 
the fitted kinetic freeze-out temperature (𝑇kin), flow velocity (𝛽𝑠) and 
exponent (𝑛) in Ref. [65], i.e., 0.090 GeV, 0.907, and 0.735 for 0-10% 
centrality, 0.094 GeV, 0.90, and 0.739 for 10-30% centrality, and 0.105 
GeV, 0.88, and 0.828 for 30-50% centrality. For large 𝑚𝑇 , 𝑓BL takes the 

form 𝑓BL ∝ exp(−𝑚𝑇 ∕𝑇eff) with 𝑇eff = 𝑇kin

√
1+⟨𝛽𝑇 ⟩
1−⟨𝛽𝑇 ⟩ being the effective 

(blue-shifted) temperature. The ratio of the hypertriton to the helium-3 
spectrum at large 𝑚𝑇 is then given by

𝑓ht
BL

𝑓he3
BL

∝ exp

⎛⎜⎜⎜⎝−
𝑚2

ht
−𝑚2

he3

(
√
𝑚2

ht
+ 𝑝2

𝑇
+
√
𝑚2

he3
+ 𝑝2

𝑇
)𝑇eff

⎞⎟⎟⎟⎠ , (6)

which increases with increasing 𝑝𝑇 because the transverse flow drives 
3

the heavier hypertriton to higher momentum than the lighter helium-3, 
and this explains the increasing trend of the blast-wave model results 
(solid lines) shown in Fig. 2.

In the coalescence model, the ratio of hypertriton to helium-3 𝑝𝑇
spectra is, on the other hand, approximately given by [29,68,69]

𝑓ht
COAL

𝑓he3
COAL

≈
𝑓ht

BL

𝑓he3
BL

[1 +
𝜎2

he3

2𝑅2(𝑝𝑇 )
]3

[1 +
𝜎21

2𝑅2(𝑝𝑇 )
]3∕2[1 +

𝜎22
2𝑅2(𝑝𝑇 )

]3∕2
, (7)

where 𝑅(𝑝𝑇 ) is the inhomogeneity Gaussian size of the nucleon and 
Lambda emission source for produced hypertriton and helium-3 of trans-

verse momentum 𝑝𝑇 , and the last factor (denoted by  hereafter) is 
from the quantum mechanical corrections [29,30] due to the hyper-

triton wave function. Because of the decreasing 𝑅(𝑝𝑇 ) with increasing 
𝑝𝑇 [70] and the relation 𝜎2≫𝜎he3 ∼ 𝜎1, the quantum correction factor 
 leads to a suppression of the 3ΛH yield at larger 𝑝𝑇 compared to that 
of helium-3. This can be explicitly seen as follows. Since 𝑅(𝑝𝑇 ) in the 
collisions considered in our study is larger than the sizes of hypertriton 
and helium-3, i.e., 𝑅(𝑝𝑇 ) ≥ 𝜎2 ≫ 𝜎1, 𝜎he3, the correction factor can be 
approximately expressed as

 ≈ 1 −
3(𝜎22 + 𝜎

2
1 − 2𝜎2

he3
)

4𝑅2(𝑝𝑇 )
≈ 1 −

3𝜎22
4𝑅2(𝑝𝑇 )

, (8)

which makes the ratio in Eq. (7) less than one and thus a large quantum 
correction. With 𝑅(𝑝𝑇 ) decreasing with increasing 𝑝𝑇 , the correction 
factor and thus the 3ΛH∕3He ratio decreases with increasing 𝑝𝑇 as shown 
in Fig. 2 for all collision centralities.

For a small emission source with 𝑅(𝑝𝑇 ) < 𝜎1, 𝜎he3 ≪ 𝜎2, the correc-

tion factor becomes approximately

 ≈
𝜎6

he3

𝜎31𝜎
3
2

[
1 + 3𝑅2(𝑝𝑇 )

(
2
𝜎2

he3

− 1
𝜎21

− 1
𝜎22

)]

≈
𝜎6

he3

𝜎31𝜎
3
2

[
1 +

3𝑅2(𝑝𝑇 )
𝜎2

he3

(
2 −

𝜎2
he3

𝜎21

)]
, (9)

which also shows a suppression at large 𝑝𝑇 since the value of 𝑅(𝑝𝑇 )
decreases as 𝑝𝑇 increases as a result of radial flow [71,72].

4. Suppression of hypertriton mean transverse momentum

Shown in Fig. 3 by shaded bands is the ratio ⟨𝑝𝑇 ⟩3
ΛH

∕⟨𝑝𝑇 ⟩3He of hy-

pertriton to helium-3 mean-𝑝𝑇 as a function of the Λ − 𝑑 distance, with 
the solid symbols corresponding to results obtained with various values 

of 𝐵Λ. This mean transverse momentum ratio is seen to be less than one 
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Fig. 3. Ratio ⟨𝑝𝑇 ⟩3ΛH∕⟨𝑝𝑇 ⟩3He of hypertriton to helium-3 as a function of Λ − 𝑑 distance in Pb+Pb collisions at √𝑠𝑁𝑁 = 5.02 TeV for 0-10% (a), 10-30% (b), and 
30-50% (c) centralities. The solid lines denote the prediction of the blast-wave model, whereas the shaded bands denote the prediction from the coalescence model. 
The solid symbols correspond to results obtained for various values of Λ separation energy 𝐵 .
and decreases as the Λ −𝑑 distance increases or the hypertriton binding 
energy 𝐵Λ decreases with a variation on the order of 10%. This varia-

tion is much smaller than the factor of 2-3 variation for the yield ratio 
in Fig. 1 and the spectrum ratio in Fig. 2 because of the weak depen-

dence of the 3ΛH∕3He ratio on the transverse momentum. Also shown 
by solid lines is the prediction of the blast-wave model, which indicates 
that the value of the hypertriton to helium-3 mean-𝑝𝑇 ratio has a slightly 
larger than unity value of about 1.03 for the 0-10% collision centrality 
and about 1.04 for the 30-50% collision centrality. The different hy-

pertriton to helium-3 mean-𝑝𝑇 ratio in the coalescence model and the 
blast-wave model is unlike the suppressed hypertriton production in pe-

ripheral collisions, which can be described by the coalescence model 
with the hypertriton wave function and also by the thermal model with 
a canonical correlation volume [54]. Therefore, the observation of the 
softening of hypertriton transverse momentum spectrum and the reduc-

tion of its mean transverse momentum, albeit their small magnitude, is 
of great significance because it clearly contradicts to the thermal model 
predictions and can serve as a clean probe to the hypertriton production 
mechanism in relativistic heavy-ion collisions.

Although a smaller mean 𝑝𝑇 for hypertriton than that for helium-

3 is seen for all collision centralities, the centrality dependence of the 
softening effect shown in Fig. 3 is, however, rather weak because of 
the slowly decreasing radial flow with increasing collision centrality. 
Since the radial flow is even smaller and the 𝑝𝑇 dependence of 𝑅(𝑝𝑇 )
is less prominent in collisions of small systems [70–72], the softening 
of hypertriton transverse momentum spectrum in 𝑝𝑝 and 𝑝𝐴 collisions 
is expected to be even weaker in these collisions. For a quantitative 
study of the system size effect on the hypertriton transverse momentum 
spectrum requires, however, the extension of the present study to 𝑝𝑝
and 𝑝𝐴 collisions, which we leave for a future study.

5. Conclusion and outlook

In the present study, we have investigated hypertriton production in 
Pb+Pb collisions at 

√
𝑠𝑁𝑁 = 5.02 TeV using the coalescence model with 

kinetic freeze-out nucleons and Λ hyperons from a microscopic hybrid 
approach based on the MUSIC hydrodynamic model and the UrQMD 
hadronic transport model. We have found that the halo structure of hy-

pertriton with a large Λ − 𝑑 distance of approximately 10 fm leads to 
not only a suppression of 3ΛH yield but also a softening of its transverse 
momentum (𝑝𝑇 ) spectrum with a weak centrality dependence. In par-

ticular, the mean 𝑝𝑇 of 3ΛH is found to be smaller than that of helium-3 
even in the most central collisions, which is in sharp contrast with the 
predictions of the blast-wave model. Such a quantum mechanical soft-
4

ening of (anti-)hypertriton spectrum is a general feature and a natural 
Λ

Fig. 4. The 𝐵Λ dependence of Λ-d distance (
√⟨𝑟2Λ𝑑⟩) of hypertriton. The solid 

squares denote theoretical results taken from Ref. [45].

outcome of the hypertriton wave function used in the final-state coales-

cence model, which can be readily tested in high-energy experiments 
with different beam energies and collision systems, providing thus the 
possibility to unravel the production mechanism of (anti-)hypernuclei 
in high-energy nuclear collisions and to also obtain constraints on the 
Λ-nucleon interaction.
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Appendix A

A.1. Λ separation energy and Λ − 𝑑 distance

Fig. 4 depicts the Λ −𝑑 distance 
√⟨𝑟2Λ𝑑⟩ of hypertriton as a function 

of Λ separation energy 𝐵Λ. The symbols in Fig. 4 are theoretical results 
taken from Ref. [45]. Because the hypertriton is a loosely bound state 
of a deuteron and a Λ hyperon, one has the relation (black dashed line 
of Fig. 4)√⟨𝑟2Λ𝑑⟩ ≈ 197.33 MeV ⋅ fm√

4𝜇𝐵Λ
, (10)

where 𝜇 =𝑚Λ𝑚𝑑∕(𝑚Λ +𝑚𝑑 ) = 700 MeV is the reduced mass. Instead of 
Eq. (10), we use the following parametrization for the Λ − 𝑑 distance 
(red solid line in Fig. 4),√⟨𝑟2Λ𝑑⟩ ≈ 𝑎√

𝐵Λ∕MeV
+ 𝑏, (11)

with parameters 𝑎 = 3.226 ± 0.062 fm and 𝑏 = 1.836 ± 0.173 fm. For 
𝐵Λ=0.42 MeV (STAR), 0.164 MeV (world average), and 0.102 MeV 
(ALICE), the corresponding values of 

√⟨𝑟2Λ𝑑⟩ are 6.8 fm, 9.5 fm, and 
11.9 fm, respectively. The size parameter 𝜎2 in the coalescence model is 
related to the Λ −𝑑 distance by 𝜎2 =

2
3

√⟨𝑟2Λ𝑑⟩, and the values of 𝜎2 are 
5.45 fm, 6.52 fm, and 7.96 fm, respectively, for the above three values 
of 𝐵Λ.
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