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Energy dependence of light hypernuclei production in heavy-ion collisions
from a coalescence and statistical-thermal model perspective
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A comparison of light hypernuclei production, from Ultra-relativistic Quantum Molecular Dynamics
(UrQMD)+-coalescence and the thermal model, in heavy ion collisions over a wide range of beam energies
and system sizes is presented. We find that both approaches provide generally similar results, with differences
in specific details. Especially the ratios of hypertriton to A are affected by both the source radius Ar of the
coalescence procedure as well as canonical effects. On the other hand, the double ratio S5 is almost independent
of canonical effects, which is in contrast to coalescence. Thus, both the beam energy dependence and centrality
dependence of S3 can be used to constrain the hypertriton source radius. To do so the currently available data are
not yet sufficient. Elliptic flow is shown to be unaffected by the source size of the nuclei and an almost perfect
mass scaling of the elliptic flow is observed. Our predictions further suggest that the existence of the H-dibaryon

(A A) seems ruled out by ALICE data.

DOI: 10.1103/PhysRevC.107.014912

I. INTRODUCTION

Hypernuclei, ordinary nuclei with at least one bound
hyperon, are an important topic of nuclear physics [1]. Under-
standing the creation and properties of hypernuclei can help
in the understanding of the strong interaction and the role of
flavor symmetry, relevant for nuclear structure but also the nu-
clear equation of state at high density. Heavy-ion reactions at
relativistic energies are an abundant source of strangeness and
therefore well suited for the production of light hypernuclei.

Recently, several heavy-ion experiments have published
data on the production of (anti)hypernuclei and on their prop-
erties, e.g., the lifetime [2-9].

The lifetime measured in these experiments was found
to be significantly below the free A lifetime which was not
expected from Faddeev-type calculations [10,11]. This leads
to the so-called hypertriton puzzle, i.e., a significant deviation
of the hypertriton (3 H) lifetime from the lifetime of the free
A. Currently, the tension between this expectation and the data
is about 4.2¢ [12,13]. Nevertheless, the measured properties
of the hypertriton lead to consequences also for its production.

In particular, it was suggested that the specific struc-
ture of the hypertriton, i.e., a small deuteron core with a
weakly bound A (Bp, = 0.162 £ 0.044 MeV [14], B, being
the so-called A separation energy), would lead to observable
consequences in the system size dependence of hypertriton
production [15].
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Since measurements of hypernuclei are yet scarce and
done at widely varying beam energies, it can be useful to
investigate their production properties in models that can span
such a big range of energies and system sizes in a consistent
manner. Then systematic trends in the dependence of the
hypernuclei production on its properties can be extracted. In
this work, we will attempt just that and present calculations
of light single and doubly strange hypernuclei in heavy-ion
collisions over a broad range of beam energies and system
sizes. For a complete picture we will compare production
rates from a (canonical) thermal model (Thermal-FIST) with
those obtained from a coalescence model based on freeze-
out distributions modeled with the Ultra-relativistic Quantum
Molecular Dynamics (UrQMD) (hybrid) model. Finally, we
identify an observable which shows the most promising de-
pendence on the hypernuclei production properties.

II. METHODS

To make realistic predictions for the production rates and
properties of hypernuclei, dynamic simulations are necessary.
Since we want to study a broad range of beam energies and
system sizes we will employ the UrQMD transport model
to simulate the underlying hadron phase space distributions.
The UrQMD model is a microscopic transport model based
on the propagation and two-body scattering of hadrons ac-
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cording to a geometrical interpretation of the scattering cross
sections [16,17]. For beam energies of ./syy < 10 GeV, this
model provides a good description of experimental observ-
ables and measured hadron spectra in heavy ion collisions. For
higher beam energies the model significantly underestimates
the flow created [18] as well as the strangeness produced [19]
which is why a so-called hybrid model was established in
which the dense phase is described by an ideal fluid dynamical
simulation [20].

In the hybrid description, the transition from the fluid
description back to the transport description occurs on
an isoenergy-density hypersurface € = 3¢3, where ¢)~
145 MeV/fm3. The hypersurface is then used to sample
hadrons according to the Cooper-Frye equation [21,22] which
then continue to interact within the cascade part of the
UrQMD model, until reactions cease and kinetic freeze-out
is reached. For the hydro part we use an equation of state that
contains a smooth crossover between a hadron resonance gas
and a deconfined quark-gluon plasma [23].

A. Thermal model

The thermal model of particle production in heavy-ion
collisions assumes that their primordial abundances are fixed
at the stage of chemical freeze-out and correspond to the
hadron resonance gas model in chemical equilibrium [24,25].
The only changes to the final abundances come from decay
feed-down. The model parameters—the temperature 7', bary-
ochemical potential up, and the freeze-out volume V—are
extracted at each collision energy by fitting the experi-
mental data. The thermal model is used to describe light
(anti)(hyper)nuclei production by incorporating these ob-
jects as explicit degrees of freedom in the partition function
[26,27]. Under the assumption that chemical freeze-out of
light nuclei happens simultaneously with other hadrons,' the
model provides predictions for light nuclei abundances in
central collisions of heavy ions without introducing further
parameters. In many cases, the model shows good agreement
with the experiment [30,31]. Augmented with the canonical
treatment of baryon number conservation, the model can also
describe features of light nuclei production in small systems
at the CERN Large Hadron Colllider (LHC) [32].

In the present work, we confront the predictions of the
UrQMD coalescence approach both with the thermal model
and experimental data. For making predictions of the midra-
pidity yields dN/dy at various collision energies, one has to
specify the thermal model parameters T, g, and V as a func-
tion of ,/syy. To this end, we utilize the chemical freeze-out
curve of Ref. [33] which parametrizes the collision energy
dependence of the temperature and baryochemical potential,
T (/snyn) and pp(y/syn). In principle, this parametrization
is sufficient to study the collision energy dependence of any
yield ratio since the remaining volume parameter V (,/syy)

I'This assumption can be relaxed to allow light nuclei production at
later stages, if one takes partial chemical equilibrium into account. In
such a scenario one obtains similar results as in the standard thermal
model [28,29].

cancels out in any such ratio. Nevertheless, it can also be
helpful to study thermal model predictions for absolute yields,
for which one has to additionally specify the V (\/syn) de-
pendence. We fix V(,/syy) for 0-5 % central Au-Au/Pb-Pb
collisions in the following way. First, we use the world data
[34-39] on the collision energy dependence of charged pion
multiplicity to parametrize its collision energy dependence
from 2.4 GeV to 5.02 TeV. We take a fit function from [40]
where it was used to parametrize the energy dependence of
charged multiplicity. The fit to the pion data yields

dN,+ N dN,,-
dy dy

=ashy In(syy) — c. (D

Here, syy is in the units of GeV?, and the parameter values
are a = 49.84903, b = 0.04110131, and ¢ = 61.48846. Then,
at each /syn we fix V(/syy) to a value such that the thermal

model reproduces d];]'y + dl;]’;’ from Eq. (1). We also check
that total baryon number dNg /dy calculated at a given energy
does not exceed the number of participants, Ny = 360. If
it does, the volume is rescaled down such that dNg/dy =
Npar- This rescaling is only necessary at very low energies,
SNy S 2.8 GeV.

The effect of exact local conservation of strangeness be-
comes important for strange particles, such as hypernuclei,
at low collision energies where the amount of the produced
strangeness is small. Here, we incorporate this effect through
the strangeness-canonical ensemble, which enforces the exact
conservation of net strangeness in a correlation volume V..
We take a correlation radius R, = 2.4 fm (V. = 4%RE), as
inferred from the recent measurements of the ¢ /K~ ratio at
Jswnv =3 GeV [41].

We also use the thermal model to study the system-size
dependence of light (anti)(hyper)nuclei ratios at LHC ener-
gies. Canonical suppression effects drive this dependence.
Here, we use the canonical statistical model of Ref. [32], with
a constant temperature 7 = 155 MeV across all multiplici-
ties, and the canonical correlation volume of V., = 1.6dV/dy
suggested by recent measurements of antiproton-antideuteron
correlations [42].

All our thermal model calculations are performed using
the open-source Thermal-FIST package [43]. These calcula-
tions optionally include feed-down from the decays of excited
nuclei, as described in [44].

B. Coalescence approach

The coalescence approach to (hyper)nuclei production
assumes that these nuclei are produced after the kinetic freeze-
out (last scattering or decay) of their constituents [45-61]. If
the full phase space information on the nucleons and hyperons
at this time is known, the probability of a pair or triplet of
baryons forming a bound nucleus can be estimated from the
coalescence formula [62]

dN

T =8/dP?dP%dxfdx;fA(Phxl)fB(szxz)pAB(Ax, Ap)

x §(k = (p1+ p2)). 2
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TABLE 1. Probabilities and parameters used in the UrQMD
phase-space coalescence.

NN AA EN NNN (NNA), (NNA), NNE

spin-isospin  3/8 3/16 3/8 1/12 1/12  1/12 1/12
Arma [fm] 3575 95 95 43 95 43 95
Apmax [GeV] 0.285 0.135 0.135 033 0.135 025 0.135

where fa(p1,x1) and fg(pa, x2) are the phase space distribu-
tions of the constituent nucleons and psp(Ax, Ap) is a phase
space density determining the probability whether a bound
state is formed. This density is often related to the wave
function of the nucleus to be formed [62]. However, this may
not be strictly true since the nuclei are not yet formed and the
effective density pap(Ax, Ap) may contain effects from final
state interactions as well as the formation process. Note that,
to avoid these issues, recent works have studied the effect of
a dynamical cluster formation model [63] and it was found
that the results are very similar to the coalescence framework
when the two coalescence parameters A p and Ar are adjusted
appropriately.

In the present work we will employ a straightforward
implementation of the coalescence procedure, named box co-
alescence, based on freeze-out distributions obtained with the
UrQMD transport model in cascade and hybrid mode.

The box-coalescence assumes a product of step functions
for pap(Ax, Ap), where the probability for two nucleons A
and B to form a bound state within a volume given by Ap
and Ar is a constant and vanishes outside. This method has
the advantage of being quick to compute and it was shown
that it provides almost identical results to more complicated
shapes of the probability density [48]. The detailed procedure
of the coalescence model was already described in [55,64,65]
for nuclei with two or three constituents. In short three steps
are necessary:

(1) Using the list of freeze-out coordinates from the
UrQMD model, the relative coordinates of all nucleon
(hyperon) pairs in their respective center of mass frame
is calculated. If their relative distance Ar = |F,, —
Tny| < AFmax.nn and momentum distance Ap = |p,, —
Dny| < APmax.nn, @ two nucleon state is potentially
formed with the combined momenta p,, = pn, + Pn,
at position 7y, = (7, + 7n,)/2.

(2) In a second step the local rest-frame of this two nu-
cleon state and any other possible third nucleon or
hyperon is calculated. If the conditions of their relative
distance Ar = |V, — Pn,| < AFmax,inn and momentum
distance Ap = |Ppy — Puy| < APmax,umn are fulfilled,
a A = 3 (hyper)nucleus is formed with a probability
given by the spin-isospin-coupling. The momentum of
the three nucleon state is then p,,, = Ppnn + Pn, and the
POSItion is Py = 5 (Fa, + Fuy + Fy).

(3) If no third particle is found, a dibaryon can be formed
with the appropriate probability given by the spin-
isospin-coupling.
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FIG. 1. Midrapidity yields of protons and hyperons in central
collisions of heavy nuclei over a wide range of center of mass
energies. The black lines correspond to thermal model results and the
lines with symbols are results from the UrQMD transport model in
cascade (full symbols) or hybrid (open symbols) mode. Experimental
data are shown as grey symbols.

The corresponding parameters are shown in Table I. Note
that all parameters are energy independent. While the param-
eters for most light nuclei have been already fixed in previous
studies [55,64,65], the parameters for the hypernuclei are
not well constrained [66]. In the following we assumed two
parameters sets (a) and (b). While (a) is motivated by the
large size of the wave function of the hypertriton and has a
Armax = 9.5 fm, (b) corresponds more to the triton size while
the A pmax s adjusted to give the same hypertriton multiplicity
at a beam energy of ,/syy = 20 GeV.

III. HADRON MULTIPLICITIES

In both the Thermal-FIST and the UrQMD-coalescence ap-
proaches, the baryons, i.e., nucleon and hyperon multiplicities
and their phase space distributions serve as input to the (hy-
per)nuclei predictions. It is therefore necessary to provide a
short overview of the capabilities and differences of these two
approaches to describe the measured baryon multiplicities be-
fore turning to light nuclei. Figure 1 shows the measured and
simulated midrapidity multiplicities for protons, A hyperons
as well as E hyperons from central collisions of heavy nuclei
at beam energies ranging from ./syy =2 GeV to 5 TeV.
The colored lines with symbols depict the UrQMD results,
where the filled symbols represent the UrQMD-default and
the open symbols the UrQMD-hybrid model. The thermal fit
is shown as black lines. As expected the thermal fit gives a
good description of the multiplicities, though there are several
deviations especially at the highest beam energies. A distinct
difference in these two models is the treatment of strangeness
production. While the default UrQMD treats strangeness
production microcanonically, which leads to a well-known
underestimation of multistrange hadrons at higher beam ener-
gies, the hybrid model includes strangeness production from
a Cooper-Frye procedure, assuming a grand canonical ensem-
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FIG. 2. Midrapidity yields of light nuclei for central collisions
of heavy nuclei over a wide range of center of mass energies. The
experimental data (grey symbols) is compared to thermal model re-
sults shown as black lines (including feed down from excited nuclei)
and grey dashed line (without feed down). The lines with symbols
denote results from the UrQMD model. For the thermal model only
the *He and deuteron is shown. The difference between triton and
*He in UrQMD is only visible for the lowest beam energies due to
the isospin imbalance in the projectile and target nuclei.

ble. In addition a slight overprediction of the proton number
at midrapidity is observed in UrQMD for beam energies of
/Svv > 5 GeV which will likely be reflected in the final
nuclei multiplicity.

IV. RESULTS
A. Multiplicities

Before turning to the hypernuclear clusters, we first want
to recapitulate the results on light nuclei production from the
coalescence model. The beam energy dependence of ratios
to protons of deuterons, tritons and *He have been already
published in [65]. Figure 2 shows the total midrapidity mul-
tiplicity, for central (b < 3.4 fm) Au-Au or Pb-Pb collisions,
of these three clusters as function of the beam energy. The
coalescence results (colored symbols with lines) are compared
with the Thermal-FIST results with (solid black line) and
without (grey dashed line) the inclusion of feed-down from
excited nuclei. Both theoretical results are compared with the
available data (open symbols). Overall, both models seem
to give a reasonably good description of the beam energy
dependence. At the lower beam energy, the thermal model
with feed-down predicts a larger multiplicity of light nuclei
while at intermediate beam energies both models are almost
identical. At the highest collision energy (the LHC) the ther-
mal model predicts systematically more light nuclei than the
coalescence description. This can have two reasons: 1. The
annihilation of baryons and antibaryons in the final hadronic
stage has a stronger impact on the light clusters and therefore
reduces their number significantly [55,67]. 2. The total midra-
pidity volume for cluster production in the UrQMD-hybrid
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FIG. 3. Midrapidity yield of the hypertriton in central collisions
of heavy nuclei as function of the center of mass collision energy. The
thermal model prediction is compared with the coalescence results
of the UrQMD model and available data from ALICE and STAR
(preliminary).

simulation is smaller than the volume used in the thermal
model at this collision energy.

Next, we turn to the description of light hypernuclei.
Figure 3 shows the result of the midrapidity multiplicity of
hypertriton for central Au-Au or Pb-Pb collisions as function
of collision energy. The red symbols with lines depict the
coalescence results where we only show the multiplicity using
parameter set I, which means a large Ar and smaller Ap.
Since there are only two data points available for the multi-
plicity it is not surprising that the coalescence model gives
a reasonable description of the data. Similarly, the thermal
model works well for the two available data points. It is
however noteworthy, that the coalescence models predict a
slightly smaller peak in the hypertriton yields, due to the un-
derestimation of the A multiplicity at those beam energies in
the UrQMD cascade model. In addition, for the highest beam
energies again, a suppression of the multiplicity in the coales-
cence model compared to the thermal model is observed.

Finally, having fixed a reasonable parameter set for Ar and
Ap, for bound hyperons, we can use these parameters to pre-
dict other hypothetical but yet unconfirmed small hypernuclei.
As such we will predict the multiplicity of the H dibaryon
({A, A}) as well as two possible bound states of the E, the
{E, N} and {E, N, N}. We show the multiplicity for the sum
of all isospin combination in Fig. 4. Again, the coalescence
predictions (colored symbols with lines) are compared with
the thermal model (dashed lines), both predict very similar
multiplicities over a broad range of energies. Only for the
lowest beam energies are differences observed due to the
slightly different production of A and E in the UrQMD model
as compared to the thermal model. Also, at the LHC lower
multiplicities are observed for the coalescence model than for
the thermal model, similar to the other light nuclei. The fact
that the {A, A} and {E, N} show almost identical multiplici-
ties comes from their similar total mass, in the thermal model,
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FIG. 4. Predicted midrapidity yields of different multi-strange
light nuclei in central collisions of Au-Au/Pb-Pb as function of
the center of mass collision energy. The thermal model predictions
(dashed lines) are compared with the coalescence results of the
UrQMD model. The multiplicity was estimated per isospin combi-
nation of the corresponding hypernuclear state. Due to the similar
mass, the H dibaryon and (EN) have the same predicted multiplicity.

and the relative multiplicities in the UrQMD model. Note, that
{E, N} includes a higher number of possible isospin combina-
tions and therefore would, in total, have a higher multiplicity
than an H dibaryon. In general, we can conclude that, if they
exist, the above predicted states would be frequently produced
even at the LHC. The current best estimate for an upper limit
on the H dibaryon (2 x 10~* at 99% CL [68)]), if it decays due
to the weak interaction, is about one order of magnitude below
our prediction which would rule out its existence.

B. Effects of the source size

Until now it was simply assumed that the parameter Ar
which enters the coalescence prescription can be directly re-
lated to the size of the hypertriton wave function and thus
Ar = 9.5 fm was chosen. However, this interpretation is not
necessarily unique since in the coalescence the nuclei are
‘created’ directly at their point of last scattering, a point in
space and time when they can be hardly be treated as an
isolated system. This means also an interpretation of Ar and
Ap as a region of homogeneity or emission source, as in
the pion Hanbury BrownTwiss (HBT) formalism, is possi-
ble. To study the effects on how a change in this source
size may affect the production probability we will modify
the coalescence parameters. In particular we will study two
scenarios: Set I where Ar = 9.5 fm as suggested by the wave
function size and Set II where Ar = 4.3 fm as for the triton.
The momentum distance is then adjusted to yield the same
hypertriton multiplicity in central collisions at ,/syy = 20
GeV. To understand why such a modification can change
the yield of hypernuclei, even in a picture where the wave
function is not involved, one can consider a simple example:
Since the momentum vector at the emission time of nuclei
usually points outwards, i.e., it is correlated with the position
vector, even for systems with small flow. If the freeze-out
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T

1.6 T T
UrQMD coalgscence (Ar=9.5 fm) S.=*H/°He* pIA
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FIG. 5. Energy dependence of the double ratio S3 = 3 H/>He x
p/(A + =°). Several scenarios are compared. The black and grey
lines correspond to thermal model estimates where the weak decay
feed down from the A to the proton is either taken into account
(solid line) or not (dashed lines). If feed down from excited nuclei
is included (black lines), the double ratio is reduced compared to
a scenario where excited nuclear states are omitted (grey lines).
The UrQMD+coalescence (Ar = 9.5) results are shown as or-
ange line with full squares, UrQMD /hybrid+coalescence (Ar =
9.5) results are shown as orange line with circles. The results of
UrQMD-+-coalescence (Ar = 4.3) are shown as magenta line with
open squares. Data are shown by the green symbols.

hypersurface is very large, as compared to the source volume
of the (hyper)nucleus, the position and momentum of emitted
hadrons are then correlated. If the freeze-out surface is smaller
and has a significant curvature, this correlation is reduced and
only hadrons which are close in coordinate space are likely to
have momenta in the same direction. In fact, one could even
argue that the region of homogeneity resembles a Gaussian
shape, as for the pion HBT, due to the thermal smearing on
the hypersurface, mimicking what is usually used as ‘wave
function’ of the nucleus.

The ratio S3 = 3 H/He x p/A is very useful to study the
differences in light nuclei and hypernuclei production, since
it cancels out any effects from the different production of the
hyperon involved. Figure 5 presents the prediction of S3 from
the thermal model with (black lines) and without feed-down
from excited nuclei (grey lines). The dashed lines are added to
depict what would be expected if the proton number is not cor-
rected for the weak decay feed-down from the hyperons. The
coalescence results from UrQMD, using set I, are depicted
as orange symbols with error band. The results for set 2 are
shown as magenta symbols with band.

Several observations can be made. The experimental data
at different beam energies seem inconsistent, a problem which
may be related to different feed-down corrections employed.
Besides this the thermal model, including the excited nuclear
states, gives a good description of most data, even though it
overestimates nuclei production at the lowest beam energies.
The coalescence model with UrQMD using set I appears to
give the best description of the data. Here, the drop of S5 at
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FIG. 6. Multiplicity dependence of different hadrons for Pb-Pb
and p — p collisions at \/syy = 5.02 TeV. The UrQMD-hybrid sim-
ulation results are compared to experimental data from the ALICE
collaboration.

lower beam energies is due to the large source size of the
hypernucleus. Due to the lack of high precision data it is
difficult to draw any final conclusions from this comparison.
However, there is another possibility to change the system size
as compared to the emission volume by varying the centrality
[15,32].

C. Centrality dependence

Varying the centrality of a collision system is a useful
method to change its volume without modifying the chemical
composition. Especially, at the highest beam energies, the
ALICE experiment has recently published a wealth of data
on the centrality dependence on light nuclei. In the follow-
ing we will compare results of (hyper)nuclei production as
a function of the collision centrality from the coalescence
model in the UrQMD-hybrid model with thermal model re-
sults that also incorporate canonical effects. To set the stage,
Fig. 6 shows a compilation of hadron multiplicities as func-
tion of the number of charged particles in midrapidity. The
experimental data (symbols) from Pb-Pb and p — p collisions
are compared to UrQMD-hybrid model results of the same
systems and the same centralities, defined by the impact pa-
rameter range obtained from a Glauber model [69-72]. While
the overall trend is nicely reproduced we already see that
there is a general shift in the number of charged particles
for a given centrality range. In addition it is observed that
the UrQMD-hybrid model predicts a slightly too large proton
multiplicity even though baryon-antibaryon annihilations are
included in the hadronic afterburner of the simulation. Tak-
ing these caveats into consideration, we will now study the
centrality dependence of (hyper)nuclei production within the
UrQMD+-coalescence framework.

First, Fig. 7 shows the deuteron to proton ratio as func-
tion of charged-particle multiplicity at midrapidity for Pb-Pb
collisions at ./syy =5.02 and 2.76 TeV (UrQMD data

6 X! 0°
UrQMD-hybrid coaleséence I '
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O 2.76 TeV (PRC 99 (2019) no.1, 014901)
5 —— CSM (Thermal-FIST), V, = 1.6 dV/dy 1
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3 3r 7
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dN_/dn (In|<0.5)

FIG. 7. Multiplicity dependence of the deuteron to proton ratio
for \/syy = 5.02 and 2.76 TeV. The new UrQMD-hybrid simulations
are shown as an orange band and compared to previous UrQMD
results [55] (blue band) as well as experimental data from the ALICE
experiment. The prediction from the canonical thermal model fit is
shown as solid black line.

taken from a previous publication [55]) compared to data
from ALICE and the canonical statistical model (CSM) fit.
The thermal model uses a chemical freeze-out temperature,
which is fixed for the most central collisions, of 7' = 155
MeV. The centrality dependence is then uniquely deter-
mined by the canonical freeze-out rapidity volume which was
chosen as V. = 1.6dV/dy [42]. The canonical effects lead to a
significant reduction of the d/p ratio for peripheral collisions
which is also observed in the hybrid model simulation which
uses a similar size initial rapidity volume as the canonical fit.
In addition to the canonical suppression, the hybrid simulation
also includes final state BB annihilations which lead to an
additional suppression of the d/p ratio for the most central
collisions, an effect which is also consistent with the shown
ALICE data.

Similarly, one would expect to observe such a suppression,
due to the annihilations, also in the charged-particle multi-
plicity dependence of the *He/p ratio. Figure 8 shows this
dependence clearly as blue line together with the predictions
from the CSM thermal results. Again the ratio is strongly
suppressed in peripheral collisions due to canonical effects.
In this case the ALICE data do not show a suppression for
the most central collisions, however, the few data points avail-
able may be not sufficient for any conclusions. When turning
to the ratio of hypertriton to A, shown as red and magenta
lines in Fig. 8, an interesting trend can be observed. When the
coalescence radius for the hypertriton is large, Ar = 9.5 fm,
the ratio rapidly drops towards peripheral collisions and does
not show any constant or even peak behavior as for the *He.
When the coalescence radius is chosen equal to that of the
*He, a qualitatively similar behavior to the *He can be ob-
served. The rapid drop of the 3 H/A ratio was discussed as
a direct result of the size of the coalescence distance in an
analytical coalescence approach in [15]. In the present work
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FIG. 8. Multiplicity dependence of the *He to proton and 3 H to
A ratio for Pb-Pb collisions at /syy = 5.02 TeV using the UrQMD-
hybrid model. The 3He to proton ratio shows an expected maximum
due to the increased annihilation of baryons in central collisions.
In the case of the 3H to A ratio we show two different scenarios
corresponding to two different choices of the Ar parameter. The
predictions from the canonical thermal model fits are shown as solid
black line (*He/p) and dashed grey line G H/(A + Z9)).

this effect can be quantitatively confirmed. Unfortunately, the
currently available data are not sufficient to exclude any pa-
rameter set as the central coalescence yield can always be
scaled up or down by another choice of the relative momen-
tum. Since also the canonical effects lead to a decrease for
peripheral collisions clear statements on the possible rapid
drop or even peak like behavior of the ratio require much more
precise data for several rapidity selections.

To avoid the complication by the canonical effects it was
suggested to use the double ratio S; instead of single ratios. In
the case of the double ratio, the canonical effects are mostly
canceled and even lead to a small increase of S3 for peripheral
collisions, as seen in the CSM results in Fig. 9. In case of the
same coalescence radius for *He and hypertriton, S; is also es-
sentially independent of centrality but shows a strong decrease
if the radius is larger for the hypertriton. This constitutes a
clear qualitative signal which can indicate whether the source
volume for the hypernuclei is smaller or larger than for the
normal nuclei. Unfortunately the ALICE data do not allow
any clear distinction due to few available data with large error
bars (green symbols).

It should be noted however that we do not necessarily have
to rely on the measurement at LHC energies where nuclei
are very rare probes. Figure 10 shows the double ratio S; as
function of centrality for Au-Au collisions at a much lower
beam energy of ./syy = 3.0 GeV which are being investi-
gated by the STAR experiment. Again, a different source size
or coalescence radius leads to a significant reduction of S5 for
peripheral collisions as compared to the central value. What
makes the situation a bit more complex here is the fact that
also the value in central collisions is already modified by

Vs, = 5.02 TeV, Pb-Pb
CcSM (ThermaI—IFIST), V. = 1.6 dV/dy '
UrQMD-hybrid coalescence:
1.0 F—® S, (Ar=9.5fm)
—O— S, (Ar=4.3 fm)

€ ALICE

1.2

0.8}

0.6

04}

0.2}

10° 10’ 10? 10°
dN_/dn (In|<0.5)

FIG. 9. Multiplicity dependence of the S; double ratio for
Pb-Pb collisions at ./syy = 5.02 TeV using the UrQMD-hybrid
model. We compare two different scenarios corresponding to two
different choices of the Ar parameter for the hypertriton. The pre-
dictions from the canonical thermal model fits are shown as solid
black line.

the source radius observed at this low beam energy (see also
Fig. 5).

D. Elliptic flow scaling

The scaling of flow with the mass number of light nuclei
is a direct consequence of the coalescence approach and was
demonstrated in previous publications. What is not clear is
whether this scaling is true exactly or if there are small de-
viations due to the relative momenta of the nucleons and if

Vs, = 3.0 GeV, Au-Au

1.0 T T
UrQMD-hybrid coalescence
—&— §, (Ar=9.5fm)

08l —0— S, (Ar=4.3 fm) i

06t / i

0.4} B

0.2} B

00 1 1

10° 10’ 10?

dN_/dn (In|<0.5)

FIG. 10. Multiplicity dependence of the S; double ratio for
Pb-Pb collisions at ,/syy = 3.0 GeV using the UrQMD-hybrid
model. We compare two different scenarios corresponding to two
different choices of the Ar parameter for the hypertriton.
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FIG. 11. Scaled elliptic flow of protons (solid black line), A’s
(red solid line), deuterons (blue band), H dibaryon (orange band),
and triton (green band) for midcentral collisions of Pb-Pb at ,/syy =
5.02 TeV. Within errors elliptic flow scales for all light nuclei, in-
dependent of their size parameter Ar. For the deuteron and triton
an increasing deviation from the mass scaling is observed for larger
transverse momentum, which may also be observed in the ALICE
data (open and closed colored symbols).

the scaling is still obtained for large coalescence parameters
which allow the constituents to come from different parts of
the fireball. To investigate this, the elliptic flow of protons,
hyperons, deuterons as well as H- dibaryons and tritons is
calculated within the UrQMD hybrid model for the top LHC
beam energy. A centrality class of 30-40 % central collisions
was selected and the elliptic flow was calculated with respect
to the reaction plane of the simulation according to

2 2
v = <%> 3)
Py +py

where the average runs over all particles in the midrapidity,
|yl < 0.5, region of the collision. The resulting scaled elliptic
flow v,/A is shown as function of the scaled transverse mo-
mentum p7 /A in Fig. 11. The UrQMD hybrid model results
are compared to experimental data on protons and hyperons
as well as deuterons from the ALICE collaboration. It is clear
that the elliptic flow scales with the mass number for essen-
tially all light (hyper)nuclei. Small deviations are observed
between the protons and hyperons, which appear in the sim-
ulations as well as the data. In addition the scaling seems to

break for higher momenta and this breaking appears earlier in
terms of the scaled momentum as seen for the A = 3 nucleus
triton. We do not observe any significant difference in the
A = 2 nuclei deuteron and the H dibaryon, even though they
are produced with widely different coalescence parameters.
This indicates that the flow scaling is not very sensitive to the
coalescence parameters.

V. CONCLUSION

A comprehensive collection of model predictions for light
hypernuclei production in relativistic heavy ion collisions was
presented. Both the coalescence approach, applied after the
kinetic freeze-out in the microscopic UrQMD model, as well
as the thermal model (Thermal-FIST) were able to describe
hypertriton production yields as measured by the STAR ex-
periment. Using the parameters for these data the expected
multiplicities for hypothetical light multistrange hypernuclei
were presented. From this prediction the existence of the
H dibaryon (AA) seems ruled out by ALICE data [68,73].
Furthermore we discussed the role of the coalescence param-
eter as well as canonical effects in the system size dependence
and elliptic flow of light nuclei and hypertriton production. It
was found that the ratios of hypertriton to A are affected by
both the source radius Ar of the coalescence procedure as well
as canonical effects. On the other hand, the double ratio S3 is
almost independent of canonical effects, which is in contrast
to coalescence. While the elliptic flow was shown to be unaf-
fected by the source size of the nuclei, an almost perfect mass
scaling of the elliptic flow was observed which breaks down
for large transverse momenta. It was found that both the beam
energy dependence and centrality dependence of S3 can be
used to constrain the hypertriton source radius. To do so the
currently available data are not yet sufficient. More detailed
studies about scaling of various nuclei at ,/syy = 3 GeV will
be conducted in the future.
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