arXiv:2004.13467v4 [nucl-ex] 12 Nov 2020

Noname manuscript No.
(will be inserted by the editor)

Status of the search for n-mesic nuclei with
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Abstract In this paper the search for n-mesic nuclei with particular focus on
light n-He bound states is reviewed. A brief description of recent experimental
results is presented.

Keywords mesic nuclei -  meson

1 Introduction

The possible existence of mesic nuclei, being bound states of a nucleus and
a neutral meson (n, 7', K or w), is presently a prime topic of investigation in
subatomic physics, both from the theoretical and experimental standpoints;
for recent reviews, see [IL2L3]. One of the most promising candidates for these
purely strong interaction objects are 7(n’)-mesic nuclei. This follows from the
fact that the m-nucleon and 7’-nucleon interactions are reported to be at-
tractive [4lB], with the real part of n/-nucleus optical potential significantly
larger than the imaginary part [6]. The n-nucleon interaction is observed to
be stronger than the n’-nucleon interaction [7]. In this paper we will focus on
the n-mesic nuclei topic.

Initially, it was predicted that 7-mesic bound states could be formed only
with nuclei having a mass number greater than 12, due to the relatively small
value of the N scattering length estimated in [4]. However, recent studies of
7 production in photon- and hadron- induced reactions, based on different
theoretical models, deliver a broad range of the a,y scattering length value,
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from a,n = (0.18,0.167) fm to a,n = (1.03,0.497) fm [I89]. The largest
values might permit the formation of n-mesic strongly bound systems even for
light nuclei such as “He, 3He, tritium and deuterium [8}9}T0,TT,T2}T3]T4.15,
16].

Possible n-mesic bound states have been searched for in many experiments
but, nevertheless, none have found a clear signature of their existence. The
measurements allowed us only to observe signals which might be interpreted
as indications of the hypothetical n-mesic nuclei and to determine the upper
limits of the total cross section for bound state formation [2[T718|T920,21
22[23.[24.[251[261[27.[28.[29].

The discovery of the n-mesic bound systems would be a valuable input
towards a better understanding of low-energy meson-nucleon interactions in
nuclear media. Especially, it would provide information about the properties
of the 17 meson inside a nuclear medium as well as being sensitive to the 7-
meson’s internal structure. According to the the Quark Meson Coupling model
of Refs. [30,31], the  meson binding energy in nuclear matter is very sensitive
to the flavour-singlet component (through n-1’ mixing) in the wave function of
the  meson: a binding energy of 100 MeV is found at nuclear matter density
taking the n-n’ mixing angle of -20°, a factor of two larger binding than for a
pure octet n state.

The investigations of n-mesic bound states can also be helpful for study-
ing N*(1535) resonance properties in medium and to test different theoretical
models describing the resonance’s internal structure [32,[33]34135/[36.37.38].

This article is aimed at giving an overall status of recent experimental
research on n-mesic bound states, focusing in particular on n-mesic helium
systems.

2 Status of experimental searches for n-mesic nuclei

In parallel to the theoretical investigations, many experiments have been per-
formed to search for n-mesic bound states, initially in heavy nuclei and cur-
rently focusing mainly on light nuclei. The real challenge for experimentalists
was the identification of a very weak signal of 7-mesic nuclei over a large back-
ground. The measurements for heavy nuclei were carried out with pion [39,[40],
photon [I7] and hadron beams [I841] and are reviewed in Refs. [I}[42]. In this
section we will concentrate on the recent results obtained from experiments
devoted to n-mesic Helium searches.

Despite the considerable effort of many theoretical groups in recent years,
there are still no model independent calculations which could indicate whether
or not p-mesic helium systems exist. However, there are some experimental ob-
servations which may suggest the existence of a bound state, such as a steep
rise in the total cross section measured for the dp — 3Hen [19,2012122] and
dd — *Hen [43/44.[45] reactions (Fig. , this being a sign of very strong attrac-
tive final state interaction (FSI). The FSI and thus the n-nucleus interaction
is much stronger in the case of the *Hen system indicating that 1 is more
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likely to bind to *He than to “He. Another argument in favour of 3He-n bound
states is the small value and weak energy dependence of the tensor analysing
power 15y measured by the ANKE collaboration in the excess energy range
Qe€(0,11) MeV which confirms that the very strong variation of the s-wave
amplitude for dp — ®Hen process [19,21.22,23] is associated with an attrac-
tive 3Hen interaction. Moreover, the total cross section for *Hen production
is independent of the initial channel. The 3Hen hadron [21,22] and photo-
production [46L[47] cross sections shows a similar behaviour above threshold
which can be assigned to the 3Hen interaction.
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Fig. 1 (left) Total cross-section for the dp — 3Hen reaction measured with the COSY-11
facilities (closed circles) [2I] and (triangles) [48] and the ANKE (open circles) [22]. Scattering
length fit to the ANKE and COSY-11 data is represented with dashed and solid lines,
respectively. (right) Total cross-section for the dd — *Hen reaction as a function of CM
momentum obtained from the measurements of Frascaria et al. [43] (black diamonds), Willis
et al. [44] (blue squares), Wroriska et al. [45] (magenta triangles) and Budzanowski et al. [49]
(red circle). The solid line is to guide the eye.

The first search for the direct signal of a light n-nucleus bound state was
performed for the 7 photoproduction process yv*He — 7°pX by the TAPS Col-
laboration [46]. The difference between the excitation functions measured for
two ranges of 7%-proton opening angles of 170° — 180° and 150° — 170° in the
center-of-mass frame shows enhancement just below the 3Hen threshold. It
was interpreted as a possible signature of a *He-n bound state where 1 meson
captured by one of nucleons inside helium causes excitation of the N*(1535)
resonance which then decays into pion-nucleon pair. However, a later exper-
iment carried out with much higher statistics [47] showed that the observed
structure is an artefact derived from complicated background behaviour.

Very promising experiments related to 7-mesic Helium nuclei have been
performed at the COSY facility in Forschungszentrum Jiilich [50]. The COSY-11
group carried out measurements to search for a n-mesic *He signature in the
dp — pppr~ and dp — 3Hen reactions in the vicinity of the 7 production
threshold [21l51]. The determined excitation functions allowed one to estab-
lish the upper limits of the total cross section to be about 270 nb and 70 nb,
respectively.
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The search for *He-n and 2He-n mesic bound systems has been recently
extended with the WASA-at-COSY detection setup using a deuteron pellet
target and deuteron and proton beams, respectively. The measurements have
been performed in three dedicated experiments, in 2008, 2010 and 2014, apply-
ing a unique ramped beam technique, namely, continuous and slow changes of
the beam momentum around the 7 production threshold in each acceleration
cycle allowing for reduced systematic uncertainties with respect to separate
runs at fixed beam energies [2125].

The n-mesic bound states were searched for at WASA considering two
mechanisms of hypothetical 7-mesic Helium decay: (i) assuming 1 meson ab-
sorption on one of the nucleons inside helium, and then its possible propagation
in the nucleus via consecutive excitations of the N*(1535) resonance, until it
decays into the N-7 pair (e.g. dd — (*He-1)pouna — N*-He — 3Hepr~, pd —
(®*He-n)pound — N*-d — dpr®) and (ii) via 7 meson decay while it is still
“orbiting” around the nucleus (e.g. pd — (*He-1)pouna — “He 27).

In the case of the first mechanism, the kinematics of particles in the fi-
nal state depends on the momentum of the N* resonance inside the Helium
nucleus. The first attempt at determining the N* resonance momentum dis-
tribution in the N*-3He and N*-NN systems has recently been performed and
described in Refs. [521[53[64]. These papers first construct the elementary NN*
— NN* amplitudes within a 7 plus 7 meson exchange model. The correspond-
ing N*-nucleus potentials are then obtained by folding these amplitudes with
the known nuclear density profiles. The N*-3He and N*-d momentum distri-
butions are shown in the left and right panels of Fig. [2| respectively, for two
binding energy values.
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Fig. 2 (Left) Momentum distribution of N* (black solid and dashed lines) inside a *He
nucleus calculated with N*-3He potentials giving 3.6 MeV and 4.78 MeV binding energies
and a n-3He potential giving a n separation energy of 20.6 MeV (red solid line), respectively.
(Right) Momentum distribution of the N* (black solid and dashed lines) inside a *He nucleus
calculated with a N*-d potential giving 0.74 MeV and 0.33 MeV binding energies and a p-3He
potential giving a p separation energy of 5.5 MeV (red solid line), respectively. The Figures
are obtained based on Refs. [52[53154].
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They are narrower with respect to the distribution of a neutron in “He or
proton in 3He which is due to the fact that the N* binding energy is smaller
than the energy separation of nucleons in *He and in *He. The obtained distri-
butions have been used in Monte Carlo simulations for the recently analysed
processes dd — (*He-n)pound — “Henn®, dd — (*He-n)pouna — *Hepr™ and
pd — (3He'77)bound — dpﬂ-o mmm

The search for “He-n bound states was carried out by studying the excita-
tion functions for dd — *Hepr~ [25,26,27] and dd — *Henn® [26,27] reactions
in vicinity of the *Hen production threshold (Qe (—70,30) MeV). The de-
tails of the analysis procedures leading to the determination of the excitation
functions are described in Refs. [25126]. The obtained excitation curves do not
show any narrow structure below the 1 production threshold, which would be a
signature of the bound state. Therefore, the upper limit for the total cross sec-
tion for the n-mesic “He formation was determined at 90% confidence level by
fitting the excitation functions with Breit-Wigner function (signal) and with
a fixed binding energy and width combined with a second order polynomial
(describing the background). For the 2010 data set [26] the fit was performed
simultaneously for the dd — 3Hepr~ and dd — Henn® channels taking into
account the isospin relation between n® and pr~ pairs. The analysis allowed
for the first time to determine experimentally the upper limit of the total cross
section for the dd — (4He—77)bound — 3Henn® process, which varies in the range
from 2.5 to 3.5 nb. For the dd — (*He-1)pound — “Hepm ™ reaction, sensitivity
of the cross section of about 6 nb [26] was achieved, which is about four times
better in comparison with the result obtained in the previous experiment [25].
The obtained upper limits as a function of the bound state width are presented
for both of the studied reactions in Fig.
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Fig. 3 Upper limit of the total cross-section for the dd — (‘He-n)pouna — Henn® (left
panel) and the dd — (*He-n)pound — “Hepm™ (right panel) reaction as a function of the
width of the bound state. The binding energy was fixed to 30 MeV. The upper limit was
determined via the simultaneous fit for both channels. The green area denotes the systematic
uncertainties. The Figures are adapted from [26].

Due to a lack of theoretical predictions for the dd — (4He—77)bmmd — 3HeN7
reaction cross sections below the 7 production threshold, in the previous data
analyses the bound state signal was assumed to have a Breit-Wigner shape
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(with fixed binding energy and width) [26l25]. However, recently, phenomeno-
logical calculations of the cross sections in the excess energy range relevant to
the n-mesic nuclear search were presented by Ikeno et al. in Ref. [55]. These
authors provided for the first time the shapes and values of the cross sections
for the dd — (*He-n)pound — “HeNm process in the excess energy range rel-
evant to the m-mesic nuclei search. The developed phenomenological model,
reproducing the data quite well for the dd — “Hen reaction, allows one to
determine the total cross sections for a broad range of “He-n optical potential
parameters (V5,Wp). An example of the calculated total cross section for three
different sets of the optical potential parameters is presented in Fig. [4l (The
contour plot of the determined conversion cross section in the Vy, W, plane is
shown in Fig. 21 of Ref. [55].) As a comparison, previous calculations based
on an approximation of the scattering amplitude for two body processes [50]
allowed one to estimate the cross section for dd — (4He—77)bmmd — 3Hepn~
process to be o ~ 4.5 nb. In the case of pd — (*He-n)pouna — XN, only a
rough estimation of the total cross section was performed based on the hy-
pothesis that the cross section for the formation of the bound state below the
threshold is to first order the same as the 1 meson production cross section
close to threshold. It amounts to about 80 nb.
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Fig. 4 Calculated total cross section of the dd — (*He-n)pouna — “HeNw reaction for the
formation of the *He-n bound system plotted as function of the excess energy Ey, — my for
n-*He optical potential parameters (Vo, Wo)=—(100,5), —(100,20), —(100,40) MeV (solid,
dashed and dotted lines, respectively). The Figure is adapted from Ref. [55].

Fitting the theoretical spectra (convoluted with the experimental resolu-
tion of the excess energy) to experimental excitation functions [26], the upper
limit of the total cross section (CL=90%) for creation of n-mesic nuclei in
the dd — 3HeNr reaction was found to vary from about 5.2 nb to about 7.5
nb [27]. Comparison of the experimentally determined upper limits with the
cross sections obtained in Ref. [55] allowed one to put a constraint on the n-*He
optical potential parameters. As shown in Fig. [5] only extremely narrow and
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loosely bound states are allowed within the model. Details of the performed
studies are presented in Ref. [27].
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Fig. 5 Contour plot of the theoretically determined conversion cross section in the Vo — Wy
plane [55]. The light shaded area shows the region excluded by the analysis, while the dark
shaded area denotes the systematic uncertainty of the ogpLIfQO%. The red line extends the
allowed region based on a new estimate of errors (see text for details). Dots denote the
optical potential parameters corresponding to the predicted 7-mesic *He states. The Figure
is adapted from Ref. [27].

The last high statistics WASA-at-COSY experimental run (2014) allowed
one to search for n-mesic *He in pd — 3He2y and pd — ®He6~ processes con-
sidering the hypothesis of mesonic bound state decay into *He27(6) channels.
The reactions have been investigated for the first time using the recently devel-
oped theoretical model [57] where the bound state is described as a solution of
the Klein-Gordon equation. The calculations provided relative *He-n momen-
tum distributions in the 3He-n bound state as well as in-medium branching
ratios of  — 2y and n — 37" for different combinations of optical poten-
tial parameters. The momentum distributions determined for different sets
of (Vo, Wy) are shown in Fig. [6] The estimated in-medium branching ratios
vary from about 2-107° to 7-10~* depending on optical potential parameters.
Results obtained in the frame of this work were crucial for the Monte Carlo
simulations of the considered processes.

The obtained excitation functions for both measured channels show a slight
hint of the signal of a possible bound state for a width greater than 20 MeV
and binding energy in the range from 0 to 15 MeV. However, the observed
indication is within the systematic error which does not allow one to con-
clude whether or not the bound state is created by the considered mechanism.
Therefore, finally, the upper limit of the total cross section at the CL=90%
was determined for the n-mesic *He nucleus creation followed by the 1 me-
son decay, by fitting simultenously the excitation functions for both reactions
with a Breit-Wigner + polynomial (signal+background) taking into account
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Fig. 6 Momentum distribution of the 7 meson in 3He-n bound system estimated for
(Vo, Wo)=—(75,20) MeV (thick solid line), (Vo, Wo)=—(75,1) MeV (thick dotted line),
(Vo, Wo)=—(90,20) MeV (thin solid line), and (Vo, Wo)=—(90,1) MeV (thin dotted line).
The distributions are normalized to be 1 in the whole momentum range. The Figure is
adapted from Ref. [57].

the branching ratio relation between n — 2y and n — 37° in vacuum. The
estimated upper limit varies between 2 nb to 15 nb depending on the bound
state parameters (binding energy, width) [28]. It is shown in Fig. (7] for the
bound state width I'=28.75 MeV. The determined upper limit is much lower
than the limit obtained in [51] for pd — (*He — )pouna — “Her® (70 nb) and
is comparable with upper limits obtained in [26L27].

Recently the data analysis for pd — dpr® reaction corresponding to mech-
anism (i) has been completed [29]. Since the narrow resonance-like structure
associated with an 7-mesic ®He nuclei was not observed, the upper limit of the
total cross section for the pd — (3He—n)bmmd — dpn¥ process was estimated at
the CL 90%. The upper limit varies from 13 to 24 nb for the bound state pa-
rameters By € (0,40) MeV and I' € (0,50) MeV as it is shown in Fig. |8 The
determined limits do not exclude the bound states predicted with n-nucleon
scattering lengths with a real part of about 1 fm.

3 Summary and Perspectives

In this report recent experimental results concerning n-mesic bound states
have been discussed. We have focused mostly on the 7-mesic Helium searches
presenting the latest experimental data analyses with application of current
phenomenological models. The performed measurements result in the valu-
able upper limits of the total cross sections for (*He-n)pouna and (*He-n)pound
production and decay considering different mechanisms. A new analysis is cur-
rently being carried out to simultaneously adjust the excitation function for
processes running according to two different mechanisms
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Fig. 7 Upper limits for the bound state production cross section via pd — (3He-n)pound —
3He(n decays) as function of the peak position for fixed width T'=28.75 MeV. The values of
the Breit-Wigner amplitude o are shown with statistical uncertainties. The range of possible
bound state production cross section obtained based on statistical uncertainty corresponding
to 90% confidence level is shown by blue lines. The range of possible bound state production
cross section including systematic uncertainty is shown by green lines. Figure is adapted from

Ref. [28].
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Fig. 8 The upper limit of the total cross section at 90% confidence level obtained for
pd — (3He-n)pound — dpm® process assuming different bound state parameters, B and T
The Figure is adapted from Ref. [29].
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