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We present multiple results on the production of loosely bound molecules in bottomonium annihilations
and eTe™ collisions at /s = 10.58 GeV. We perform the first comprehensive test of several models for
deuteron production against all the existing data in this energy region. We fit the free parameters of the
models to reproduce the observed cross sections, and we predict the deuteron spectrum and production
and the cross section for the ete™ — dd + X process both at the Y(1,2,3S) resonances and at
/s = 10.58 GeV. The predicted spectra show differences but are all compatible with the uncertainties
of the existing data. These differences could be addressed if larger datasets are collected by the Belle II
experiment. Fixing the source size parameter to reproduce the deuteron data, we then predict the production
rates for H dibaryon and hypertriton in this energy region using a simple coalescence model. Our prediction
on the H dibaryon production rate is below the limits set by the direct search at the Belle experiment, but in
the range accessible to the Belle II experiment. The systematic effect due to the MC modeling of quarks and
gluon fragmentation into baryons is reduced, deriving a new tuning of the PYTHIA 8 Monte Carlo generator

using the available measurement of single- and double-particle spectra in Y decays.
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I. INTRODUCTION

Deuteron is the simplest example of a hadron molecule,
i.e., a composite state of two or more hadrons bound by
color-neutral (residual) strong interactions. The phenom-
enology related to its production in high energy processes
can shed light to several highly debated problems in
contemporary particle physics. Its binding energy B, =
—2.22 MeV is much smaller than the mass of the pion that
mediates the interaction between the constituents; this
entails for some universal properties to hold [1,2]. In the
field of exotic spectroscopy, deuteron can be used as a well-
understood reference to predict properties of other hadronic
molecule candidates. A better understanding of its formation
mechanism would allow for precise, falsifiable predictions
on the production rate of heavy hadron molecules which can
then be tested against existing data. Antideuteron (d) plays
an important role in astroparticle physics as well: its
presence in cosmic rays has been proposed as a low
background detection channel for dark matter indirect
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searches [3], initiating vast and ongoing theoretical [4—6]
and experimental [7-10] efforts. Reducing the uncertainties
on its production rate in high energy collisions is crucial to
improve the modeling of both the standard model back-
grounds and the dark matter-induced signal.

Looking at the experimental side, d production has
been observed at colliders since the early 1960s [11,12].
We have by now collected measurements in several differ-

ent processes: p(p) [13-19], proton-nucleus [20,21],
nucleus-nucleus collisions [13,22-29], T(nS)1 annihila-
tions [30-33], eT e~ scattering at /s = 10.580 GeV and at
the Z° pole [33,34], photoproduction [35], and deep
inelastic scattering [36]. Explaining all these reactions
quantitatively is challenging because of the wide range
of energies involved, from a binding energy of few MeV s
to production energy scales of ~ O(1-100 GeV) depending
of the process. The problem has been studied in a number
of phenomenological models [37,38] that relate the pro-
duction rate and kinematics of a hadron molecule to that of
its constituents. Modeling the correlations between the
constituents is thus of primary importance.

In this work we will focus on the measurements
performed by e'e™ colliders in the bottomonium region.

'Hereafter we collectively call Y(nS) the three narrow Y
resonances below the BB threshold: T(1S), Y(2S), and Y(3S).
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As mentioned, experimental results are available at the
three narrow Y'(nS) peaks, and in e e~ collisions off peak.
The availability of measurements both on and off peak
allows us to study the dependence on the parton process
and indirectly the production of antideuteron: Y(nS)
annihilate mostly into gluons, while outside the resonance
the quark-antiquark production via e*e™ — uit, dd, s5, c¢
(collectively referred as the eTe™ — ¢g continuum) domi-
nates the hadronic cross section. Despite the abundance of
data, little attention has been paid to this sector so far. The
bulk of theoretical activity has been focused on describing
the high statistics data in pp and PbPb collisions. The
bottomonium sector shows some peculiar characteristics
that makes it particularly interesting in our opinion. Y'(nS)
annihilations are approximately seven times more likely to
produce d than the efe™ — g¢ continuum at similar
energies, pointing to strong differences between gluon
and quark fragmentation into baryons, which is usually
not addressed in the theoretical works describing antideu-
teron formation. Moreover, the size of the interaction
region (smaller than in ion collisions), together with the
limited track multiplicity per event, reduce the complica-
tions due to multiple rescattering [38].

The first part of this paper is devoted to testing several
coalescence-inspired models discussed in the literature,
applying them for the first time to all the recent data coming
from e*e™ colliders in the bottomonium region. We fit the
parameters of each model to the observed cross sections,
and benchmark them against the d spectra and the dd
associated production rate. In the second part we use a
coalescence model tuned on antideuteron to predict the
production rate of other loosely bound hadron molecules:
the hypertriton and a shallow H dibaryon.

II. MODELS AND EXPERIMENTAL
MEASUREMENTS

Antinuclei production in high energy collision is usually
described by two classes of models: thermal [39,40] and
coalescence ones. We focus on the latter, in which the d
production is described as a binding process between
nucleons that happen to be created close to each other in
both coordinate and momentum space. In ete™ collisions
the spatial distance of the two nucleons is expected to be
negligible,” and the binding probability P(p i — dX) is
only a function of their relative momentum in the center-of-
mass (c.m.) frame k =1 |p, — p,|cm [12,20].

We consider three different models for the binding
probability. In model A, the d formation probability is a
step function [42,43],

"The source rtadius of e'e~ collisions has never been
measured at /s &~ 10 GeV. However, measurement of Bose-
Einstein correlations at LEP indicate an effective radius of
~0.7 fm at \/s ~ 200 GeV [41].

Ik < kew

Ppr-axio={, 2w
cut

where X stands for any possible other particle in the final
state, and k., is the theory parameter, function of the color
string breakup length o, and of the binding energy B,:

36
(2kcut)3 = _6;2 _mde- (2)

N

Since we cannot estimate o, independently, we will treat
ko as a free parameter, fitted to data to reproduce the
observed cross sections. Typical values reported by other
authors range from 70 to 200 MeV according to the
process [44].

Model B introduces a microscopic picture based on the
Wigner function representation [45]. The binding proba-
bility is given by

2

L+ 6(0)(1 - M) ),
(3)

where o is the source size, d; = 3.979 fm, d, = 1.810 fm,
and A = 0.581 are coefficients describing the d wave
function, and ¢;(0) = [d?/(d? + 46?)]*/%. Again, we con-
sider o as a fit parameter.

Model C describes the d formation as a dynamical
process with probability given by the incoherent sum of
the cross sections of known exclusive processes producing
d, o[N\N, — dX|(k), where N;={p,a} and X is
restricted to {y,r,zn}. Parametrizations of the cross
sections as a function of k are taken from [46]. The sum
of these cross sections is then normalized by a free
parameter o, [46], leading to

P(pii — dX|k) =3(£,(c)Ae™F 4

> o[N\N, — dX](k)

00

P(N\N, = dX|k) =

(4)

All these models have been applied to at least one of the
measurements from e e~ colliders by the original authors,
but no global fit has been attempted so far.

As mentioned before, antideuteron production in the
bottomonium region was first observed by Argus [30,31]
and then in further studies by CLEO [32] and BABAR [33].
We do not consider the Argus measurements, since they are
performed summing over all the Y (nS) datasets, have
sizable statistical uncertainties, and appear systematically
shifted from most recent and precise measurements. CLEO
reported the first observation of Y(1S) — dX, a low-
statistics measurement of Y(2S) — dX, an upper limit

*In principle ¢ could be independently constrained by studying
two-particle correlations, thus fixing all the parameters of the
model. Such studies unfortunately have not been performed yet.
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TABLE 1. Available data about d inclusive production in the
bottomonium region [32,33]. The first uncertainty is statistical,
the second is systematic.

CLEO (x107%)

2.86 £0.19 £0.21
3.37+£0.50 £ 0.25

BaBar (x1079)
2.81+£0.497039
2.64 £0.11793°
2.33£0.15705
0.301 £ 0.013739%7

Process

B(Y(1S) = dX)
B(Y(2S) - dX)
B(Y(3S) = dX)

o(ete”—dX) <1
o(eT e~ —hadrons)

for ete™ — dX continuum production, and three candidate
events where both d and d are produced. BABAR measured
B(Y(nS) — dX) for all narrow bottomonia and observed
for the first time production from the continuum. The latter
is measured at the Y'(4S) peak, assuming the contribution
from B”= — dX to be negligible.” No search for associated
production is reported. All the experiments published the d
momentum spectrum. The measurements used in our
analysis are summarized in Table I.

III. TUNING OF THE MONTE CARLO
GENERATORS

As showed in the previous section, the models provide a
coalescence probability depending on k. This has to be
multiplied by the two-nucleon cross section %, representing
the probability of two nucleons being produced with
relative momentum k, that encodes the dynamical corre-
lations between nucleons arising from the hadronization
process. Unfortunately, no measurement of this cross
section is available. For this reason we rely on
Monte Carlo (MC) simulation libraries, in our case
PYTHIA 8 [48], to model it. The results obtained in this
way obviously depend on the choice of the generator and its
specific tuning [49,50]. For this reason, we first develop a
PYTHIA 8 tuning set optimized for the description of e*e™
scattering in the bottomonium region. The simulation is
performed using the Belle II Analysis Software Framework
(BASF2) [51,52], which offers a convenient interface to
several generators. We use EVTGEN [53] to simulate the
Y (nS) decays, and kK [54] for the continuum. The
fragmentation is then performed by PYTHIA 8 for both.
We develop two tunings, one for the Y (nS) and one for the
continuum, separately. We start from the standard set used
by the Belle II Collaboration, and we test it against a
measurement of the single-proton differential cross section
o(ete” - pX) at /s = 10.520 GeV [55,56] and the total
cross sections for hyperons and charmed baryons produc-
tion at the same energy [57]. We find a reasonable agree-
ment between the data and the simulation as shown in

“This seems reasonable, given the upper limit B(B® — ppp p)
<2x 1077 [47].
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FIG. 1. Theete™ — (]_J)X differential cross section (combining
p and p contributions), as a function of z = 2E,//s. MC data
(blue squares) are generated using PYTHIA 8 with the Belle II
tuning set. Notice the good agreement with experimental data
(green points). Boxes and bars represent the systematic and
statistical uncertainties, respectively [55,56].

Fig. 1, and we do not perform any further tuning to describe
the continuum. For the Y (nS) we compare with the
measurement of the ggg/qg enhancement performed by
CLEO [58]. We find a disagreement of 50% in the whole
momentum range for A and 100% for ¢ meson. For p and
p the disagreement is about 50% and concentrated at low
momenta. We improve the simulation doing a grid tuning
of the PYTHIA 8 parameters related to the momentum and
multiplicity of produced hadrons, the suppression of
diquark over quark production, and the strangeness pro-
duction. The optimized parameters are reported in Table II.
Figure 2 shows the comparison between data and simu-
lation after the tuning. The agreement is greatly improved,
with the largest deviation observed of 25% for a single bin.
As said, we use this setting for Y'(nS) fragmentation only.

IV. STUDY OF THE d PRODUCTION

We produce 5 x 107 events for each Y(15), T(2S), and
T(3S), and 10® continuum events at /s = 10.58 GeV
using the settings described in the previous section.
Antinucleons from weak decays are produced outside of
the source volume and we therefore discard them, while
the ones produced in the decay of strong resonances are

TABLE II. Values of the PYTHIA 8 parameters tuned for the
T (nS) decays.

StringZ:alund = 0.22
StringZ:bLund = 1.35
StringZ:aExtraDiquark = 1.05
StringPT:sigma = 0.238
StringFlav:probQQtoQ = 0.091
StringFlav:probStoUD = 0.32
StringFlav:probSQtoQQ = 1.0
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FIG. 2. The enhancement as a function of momentum scaled z for A, p, p, ¢. The tuned MC (blue squares) is compared with the

CLEO experimental data (green points) [58].

kept [42]. Removing nucleons from hyperon decays
roughly halves the predicted d production rate in Y
annihilations, while charmed baryons give a negligible
contribution. For each event containing a pna pair, we
decide whether a d is produced or not according to the
probabilities discussed in Sec. II. The procedure is repeated
by varying the free parameter of each model. The yields are
then compared with the experimental values obtaining a y?
scan as a function of the model parameter. The position of
the > minimum and the Ay> = 1 interval are chosen as
the best fit value and related uncertainty [59]. Results are
reported in Table III.

All the three models show consistent values for T(1S),
T(2S), and Y(3S) decays, and significantly different ones
for the continuum. By itself, this is not enough to explain
the difference between the rate of d observed in the two
processes, pointing to significant differences in ggg and gg
fragmentation. We also observe a possible dependence of
the coalescence parameters from the center-of-mass energy
for all the models. This effect is not statistically significant
and might depend on the different fraction of ggg events at
the three Y resonances, due to the presence of radiative
transitions to y,;(nP) that are not subtracted from the
Y (nS) decays. In several cases we observe disagreement

between our results and previous partial fits of the same
datasets by other authors [42-44,46]. We attribute this to
the different generator choices and tunings.

Once the model parameters are fitted to the branching
ratios, we compare the predicted d spectra with the
observed one (Fig. 3). We found that all the three models
are able to consistently reproduce the experimental spectra
within their large uncertainties. Models A and B predict
very similar spectra, which are on average slightly harder
than the experimental ones, while model C generates
spectra that are on average softer. This can be due to the

TABLE III. The best-fit values of the phenomenological
parameters k., (model A), o (model B), and 1/6, (model C).
The Y (nS) — dX result is obtained with a simultaneous fit of all
the T (nS) measurements.

Process kew [(MeV] o [fm] 1/6o [b7']
T(1S) - dX 751133 1.58100° 187593
T(28) — dX 7554573 159500 1.8410-1°
T(3S) - dX 71.6739 1.687 0% 1575956
T(nS) - dX 737103 1.60109% 1755043
ete” — dX 63.8732 1.897008 1135914
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FIG. 3. The momentum spectra of the d produced according to the three models using the values reported in Table III, compared with
the experimental results from BABAR [33] and CLEO [32]. The errors for the experimental points are given by the quadratic sum of

statistical and systematic uncertainties.

contribution of NN, — zzd, which on average produce
softer d. These features are present in all the processes we
studied. More precise experimental data are needed to
distinguish among different models.

V.STUDY OF THE dd ASSOCIATED PRODUCTION

The dd associate production is potentially sensitive to
effects not described by the two-nucleon coalescence.
The CLEO Collaboration reported the presence of a
deuteron in 4 out of 338 events with a d candidate [32].
One d candidate was identified as being produced by
hadronic interactions on the detector material, while the
other 3 are compatible with a prompt production in the
interaction region. We estimate an average 70% efficiency
from the original publication, and calculate the experimen-
tal ratio:

B(Y(1S) = ddX)

B(Y(1S) = dX) (13577) x 107, ®)

To test this measurement we generate new MC samples
consisting of 10 events for each Y (nS) and 3.69 x 10°

events for the continuum, searching for events in them with
a dd pair using all three models and fixing their parameters
to the values in Table IIl. The resulting prediction on
B(Y(15)—ddX)
B(Y(1S)—dX)
calculate using the CLEO data, as reported in Table IV,
which, however, corresponds to only 2 standard deviations.
All models indicate that the production of dd pairs
normalized to the single antideuteron is about 3 times
larger in Y'(nS) decays than in the continuum.

is almost a factor of 10 below the value we

TABLE IV. Predictions for the ratios of dd production rate in
Y (nS) decays and ¢g fragmentation at /s = 10.58 GeV in units
of 1073,

Process Model A Model B Model C
B[Y(1S)~ddX] 1.6+0.2 13402 1.1+02
B[Y(18)—dx]
B[Y(2S)—ddX] 1.0£0.2 1.2+0.2 1.1 £0.2
B[T(25)~dX]
B[Y(3S)—ddX] 1.2+0.2 1.0+0.2 09+0.2
B[Y(35)—dX]
olete~ddX) 03=£02 0.54+0.2 044+0.2
o(e"e”—>dX)
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VI. H-DIBARYON PRODUCTION

Several authors suggested the existence of an H-dibaryon:
a six-quark, udsuds state with quantum numbers I = 0,
§ = -2, and J* = 0". Depending on its mass, it could
manifest as a deeply bound completely stable state, as a
weakly decaying particle, or as a resonance decaying
strongly. For masses a fewMeV below twice the A mass,
the H would behave as a AA loosely bound molecule and
could be described with the same models used for the
deuteron. This H would predominantly decay via AS = +1
weak transitions, for example, to An, X~ p, X%n, or Apz.
The observation of a very loosely bound § , He hypernucleus
has been used to set a limit to the two-A binding energy
—Bxp $7.66 MeV  [60]. More recently, the ALICE
Collaboration studied the AA correlation in pp and pPb
collisions, further narrowing down limits to By, =
-3200 T8 MeV [61]. Lattice QCD extrapolations to
physical pion masses by the NPLQCD Collaboration
reported a binding energy By = —7.4 +£6.2 MeV [62],
and subsequent studies with a chiral constituent model
constrained by AN, XN, EN, and AA cross sections found
a By value similar to the NPLQCD one [63]. Other recent
lattice QCD report a deeper By = —19 =10 MeV at
heavier pion masses [64].

Searches for a resonance decaying into ZEpz with mass
around 2m, have been performed by several experiments.
The Belle Collaboration, in particular, reported an upper
limit for its production in Y(1S,2S) decays [65], but no
theoretical estimates are available so far.

We applied the results obtained from the study of the d
production to calculate for the first time the production rate
of this H-dibaryon in bottomonium decays and e'e”
collisions as a function of its binding energy. We use only
the simplest model (A) for this study, as model B and A
turned out to give very similar results for the deuteron, and
we lack of information about AA — HX exclusive scatter-
ing channels to apply model C. Inverting Eq. (2) we calculate
the string fragmentation length corresponding to the fitted
antideuteron coalescence momentum. We use k., =
73.4:1.';’ MeV from the simultaneous fit of the Y (nS),
and By = -2.22 MeV, obtaining o, =3.36"0% fm.
We assume that this value can be used to describe also
the formation of AA pairs. To account for the uncertainty
resulting from this choice we also present the result for
o, = 2 and o, = 5 fm, which are the physical limits of the
parameter according to [42]. We calculate the H coalescence
momentum as a function of its binding energy By as

45

=ﬁ6;2m, (6)

which has the same structure of (2) except for the numerical
factor accounting for the different spin of the d and H.
Equation (6) holds for loosely bound, extended objects for

(2kE)?

;: O MC dats (comection facton mﬁ
L ﬂ%@ﬁﬁﬁ* W
$$ it

0 5 10 15 20 25
M(AA) — 2mp [MeV]

FIG. 4. The AA invariant mass distribution of reported in
Ref. [65] combining T(1S) and Y (2S) experimental data (black
points), compared with the distribution observed in the MC
before (blue squares) and after (red circles) applying a scale factor
of 0.71.

which =By < 1/(mp6?). For 6, = 2 fm the largest —By
allowed is 8.7 MeV, for o, =5 fm its value drops
to 1.4 MeV.

We rely again on PYTHIA 8 to model the two-baryon
production and kinematics. We test our MC simulation
against the AA invariant mass spectrum published by the
Belle Collaboration [65] correcting for the experimental
efficiency, the proportion between the Y(1S) and Y(2S)
data samples, and the value of B(A — pz~). Clearly the
AA rate is smaller than the p 77 one due to the suppression
of strange particle production. Our tuning overestimates the
rate of AA pairs at threshold by approximately 30% but
describes its shape correctly, as shown in Fig. 4. Instead of
re-tuning the MC we decide to apply a scale factor of 0.71
to the simulation to match the experimental measurement.
In order to account for the feeddown from higher mass
hyperons, in particular from the short-lived X°, we drop
the nonprompt As produced from decays further than
o6 = 3.36 fm from the e*e™ interaction point.

The results are reported in Table V. We found that the H
inclusive production rate is about 2 orders of magnitude
lower than the d one. The H is less likely to be produced

TABLE V. Predictions (x1077) for H production rate in various
processes using model A with ¢ =3.36 fm and varying the
dibaryon binding energy By.

By [MeV]  T(1S)  Y(2S) Y3BS)  efem - qq
0.25 1.7 1.4 1.2 0.18
0.50 2.4 1.9 1.8 0.26
1.00 3.4 2.8 2.6 0.37
2.00 4.7 37 3.6 0.51
3.00 5.7 45 43 0.60
4.00 6.5 5.4 5.0 0.71

094040-6



PRODUCTION OF LOOSELY BOUND HADRON MOLECULES FROM ...

PHYS. REV. D 106, 094040 (2022)

1074
This work
T ALICE favored
S
2105
1
L
§ Belle Excl.
<1076
3
T DS
@ 10-
; 10 E
< w
. v
w
¥
1078
-10 -8 —6 —a 2 0
Ban [MeV]
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The error band on the prediction is obtained assuming a flat
distribution for o, within 2 and 5 fm. The dashed areas are
excluded by either direct searches or by the limit on the AA
binding energy. The most probable value for B,, obtained by
ALICE is reported for reference [61].

from the continuum than in Y(nS) by about 1 order of
magnitude.

Figure 5 shows a comparison between Belle upper limits
and our prediction, obtained considering the Y(1S) and
T(2S) contributions proportionally scaled as Belle data.
The prediction is reliable above By = —3.1 MeV, below
which the loosely bound hypothesis starts to fail. In this
region our predictions vary considerably as a function of o,
remaining always below Belle limits.

VII. HYPERTRITON PRODUCTION

Finally, we extend the approach of Sec. VI to the
hypertriton (3H). We model the 3H as a deuteron-A
loosely bound molecule, assuming a binding energy of
By = —0.41 MeV [66]. Results on production rates are
reported in Table VI, and show a 5 orders of magnitude

TABLE VI. Predictions for 3 H production rate in the botto-
monium region using model A. We fixed the d — A binding
energy to By, = 0.41 MeV [66].

Value
fog x 10710
3f§§ x 10710
270 x 10710
<3x107* fb

Process

B[Y(1S) — 1H+X}
B[Y(2S) — ZH + X]
B[Y(3S) - 3H + X]
oletem = 3H + X]

suppression with respect to the antideuteron one, hinting to
a much stronger suppression of hypertriton than the
one observed in heavy ion collision, where the ratio is
about 1073 [67].

VIII. CONCLUSIONS

We presented a comprehensive test of the coalescence
models for antideuteron production on the available sam-
ples of bottomonium decays and e e~ collision in the /s ~
10.5 GeV region. We performed a dedicated tuning of the
PYTHIA 8§ generator to ensure the best possible description
of the hadronization dynamics. We found that once the
model parameters are fitted to reproduce the measured
branching ratios, they all describe the observed antideu-
teron momentum spectrum within the experimental uncer-
tainties. The current precision of the experimental
measurements does not allow us to falsify any of the tested
model. A reduction of the total uncertainty by a factor 3,
which should be in reach of Belle II experiment, would
allow us to distinguish between the coalescence and the
cross section-based model. We used the models to predict
the dd inclusive production rate. Results are in mild
disagreement with the measurement inferred from the
CLEO data [32]. A measurement of the dd production
rate would be highly useful as a stringent test of the
coalescence models.

We applied our findings to make the first estimate of
production of a loosely bound H dibaryon at these energies.
This reveals a suppression of 1-2 orders of magnitude
compared to the correspondent d production rate. Our
estimate for Y(15,2S) — HX is lower than the upper limit
set by the direct search at Belle [65], but likely within reach
of Belle II.

Finally, we presented the first prediction on hypertriton
(AH) production at these energies, modeling it as a
deuteron-A loosely bound molecule. We found a 5 orders
of magnitude suppression with respect to the antideuteron
production.
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