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The experimental data obtained from the reaction of 6Li projectiles at 2A GeV on a fixed graphite target were
analyzed to study the invariant mass distributions of d + π− and t + π−. Indications of a signal in the d + π−

and t + π− invariant mass distributions were observed with significances of 5.3 σ and 5.0 σ , respectively, when
including the production target, and 3.7 σ and 5.2 σ , respectively, when excluding the target. The estimated
mean values of the invariant mass for d + π− and t + π− signal were 2059.3 ± 1.3 ± 1.7 MeV/c2 and 2993.7 ±
1.3 ± 0.6 MeV/c2 respectively. The lifetime estimation of the possible bound states yielding to d + π− and
t + π− final states were deduced to be as 181+30

−24 ± 25 ps and 190+47
−35 ± 36 ps, respectively. Those final states

may be interpreted as the two-body and three-body decay modes of a neutral bound state of two neutrons and a
� hyperon, 3

�n.

DOI: 10.1103/PhysRevC.88.041001 PACS number(s): 21.80.+a, 25.70.Mn

A hypernucleus, a subatomic system with at least one
bound hyperon, is studied in order to deduce the informa-
tion about fundamental hyperon (Y )–nucleon (N ) and Y -Y
interactions. Hypernuclei have been mainly studied by means
of the missing-mass experiments with secondary-meson and
primary-electron beams [1] and earlier with emulsion tech-
niques and bubble chambers [2]. In these experiments, a variety
of hypernuclei with the lightest hyperon, the � hyperon, were
produced and identified. However, the isospin of the produced
� hypernuclei is similar to that of the target nucleus in
these experiments, since they are produced by the elementary
process of converting one nucleon in the target nucleus into a
� hyperon.

Information on the Λ-N interaction was already inferred
from the hypernuclei in the vicinity of the β stability line

*c.rappold@gsi.de
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[3–6]. The nature of the Λ-N interaction for neutron-rich
hypernuclei, in which the ΛN -ΣN coupling three-body force
may play a role as described theoretically in Refs. [7–11],
has not yet been studied in detail since only a few cases were
observed, 10

�Li [12], 7
�He [13], and 6

�H [14]. We thus search for
other neutron-rich hypernuclei by means of induced reactions
of heavy-ion beams.

Neutron- and proton-rich hypernuclei can be indeed studied
by using projectile fragmentation reactions of heavy-ion
beams. In such reactions, a projectile fragment can capture
a hyperon produced in the hot participant region to produce
a hypernucleus [15–19]. They might also be produced in a
multistage process, such as through a Fermi breakup decay
of excited heavier hypernuclear spectators, possibly formed in
peripheral collisions [19–21].

We, the HypHI Collaboration, have proposed a series
of experiments at the GSI Helmholtz Centre for Heavy
Ion Research that would use induced reactions of sta-
ble heavy-ion beams and rare-isotope beams to produce
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and identify hypernuclei by means of the invariant mass
method [22].

We performed an experiment with 6Li projectiles at 2A GeV
with an intensity of 3 × 106 ion per second bombarding on a
carbon (12C) graphite target with a thickness of 8.84 g/cm2.
The data collection occurred during a period of 3.5 days with
an integrated luminosity of 0.066 pb−1. The main goal of the
experiment was to identify and study the production and the
decay of light hypernuclei, 3

�H and 4
�H, as well as � hyperons

in order to demonstrate the feasibility of such hypernuclear
spectroscopy. Within the same data set other possible final
states can be studied to search for extremely neutron-rich and
neutral hypernuclei such as a bound state of two neutrons
with a � hyperon, 3

�n. The observation of a 3
�n state was

not feasible in the previous emulsion technique and bubble
chamber experiments since this bound state has no charge and
could not be distinguished from the background induced by the
� hyperon. Garcilazo et al. studied theoretically the nn� state
and revealed that it should be unbound [23]; however, recent
lattice QCD calculations for three-body states [24] indicate
that 3

�n might be bound. Additional considerations from Dalitz
and Downs [25] show possible decay channels of such a state,
3
�n → p + n + n+π− and 3

�n → t + π− and the first
calculation on its binding energy. In a revised calculation
presented in Ref. [26], they concluded again that the existence
of 3

�n was improbable. In the later publication by Dalitz and
Levi Setti on the possible unusual light hypernuclei [27],
the possibility of 3

�n existence was still discarded; however,
experimental evidences were welcome, and they discussed the
possibilities of 5

�n and 4
�n as well.

The experiment involved tracking systems of scintillating
fiber detector arrays and two drift chambers for the secondary
vertex determination. Four scintillating hodoscope walls were
adjoined to the tracking systems for tracking and time-of-flight
measurements of charged particles across a large acceptance
dipole magnet. The tracking system for vertexing was placed
in front of the dipole magnet around the expected decay
volume of hypernuclei. Behind the magnet, two separated
arms of the detection apparatus were situated in such a way
to measure disjointedly positively and negatively charged
particles.

The four-vectors of the detected particles and fragments
were determined after the particle identification based on
tracking across the magnet as well as measurements of the
time-of-flight and the energy deposit with the hodoscope
walls. After the decay vertex finding, the invariant mass
of final states of interest was calculated, and a lifetime
estimation was inferred based on the observed decay vertex
position. The feasibility of the experimental method was
already demonstrated by observing �, 3

�H, and 4
�H, whose

physics results are discussed in Ref. [28]. In this Rapid
Communication, we report on the analyses and discussions
of the observed final states of d + π− and t + π− that might
be associated with 3

�n.
Using the track and event reconstruction procedures, the

particle identification for positively charged fragments was
first determined by the correlation between the measured
energy deposit and the deduced momentum from the track
fitting. The performance for the helium isotope separation was

reasonable, and the 3He contamination in the 4He identifica-
tion was estimated to be 1.7%, while the contamination of 4He
into the identification of 3He was 1.8% [28]. Additionally, for
the hydrogen isotopes and π− mesons the correlation between
the estimated momentum and the velocity β calculated from
the time-of-flight measurement was employed, as detailed
in Ref. [28]. The selection cuts used for the deuteron and
triton determination required their respective momenta to
fall in the ranges 4.3 ∼ 6.5 and 6.5 ∼ 10.0 GeV/c and
their respective masses to be within 0.935 < md < 2.785 and
1.455 < mt < 4.105 GeV/c2. A fair separation between the
hydrogen isotopes was achieved. The contamination of protons
and tritons in the deuteron selection is 0.75% and 2.7%,
respectively. For the triton selection the proton contamination
was negligible, while the deuteron contamination amounted to
1.9%. Cut conditions for triton and deuteron species were wide
enough so that there is no narrowing of the projectile rapidity
region, cross-checked with the rapidity regions of detected
helium and lithium isotopes.

After the identification of the particles and fragments of
interest, the invariant mass distributions of d + π− and t + π−
were studied with the identical rules for the secondary vertex
selections applied in the case of �, 3

�H, and 4
�H [28]. Figure 1

shows the resultant invariant mass distributions of d + π− in
panels (a1) and (a2) and t + π− in panels (b1) and (b2). The
longitudinal decay vertex position (Z) was requested to be set
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FIG. 1. (Color online) Invariant mass distributions of d + π−

final-state candidate in panels (a1) and (a2) and of t + π− in panels
(b1) and (b2). Panels (a1) and (b1) are for −10 cm < Z < 30 cm,
and panels (a2) and (b2) are for −2 cm < Z < 30 cm. Observed
distributions are represented by the filled-in circles. The hashed
orange (gray) region represents one standard deviation of the fitted
model centered at the solid blue (gray) line of the total best fit.
The black and colored dotted lines respectively show the separate
contributions of the signal and the background. The open triangle
represents the data corresponding to invariant mass distribution of
the mixed event analysis.
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TABLE I. Summary of the estimation of the model parameters
of the invariant mass distribution fit with the cut condition of
−10 cm < Z < 30 cm. The parameter Nsig represents the integral of
the signal contribution without efficiency and acceptance corrections,
while Nbg represents that of the background contributions. The mean
value, m̄, and the standard deviation, σm, of the Gaussian model of the
signal are also summarized. For m̄, the first error value is statistical,
and the second one is deduced by the propagation of the uncertainty
in the mass calibration.

Fitted values d + π− t + π−

Nsig 202 ± 67 181 ± 92
m̄ (MeV/c2) 2059.3 ± 1.3 ± 2.6 2993.7 ± 1.3 ± 2.3
σm (MeV/c2) 4.7 ± 1.7 6.5 ± 2.4
Nbg 2298 ± 81 748 ± 92

between −10 cm < Z < 30 cm in Figs. 1(a1) and 1(b1) and
between −2 cm < Z < 30 cm in Figs. 1(a2) and 1(b2). The
production target was placed between −6 and −2 cm, thus
the cut condition of −10 cm < Z < 30 cm includes vertices
from the production target while the other condition excludes
the target region. The deduced invariant mass distributions
are represented by the filled-in circles. The mass values were
calibrated by using the data for the reconstructed invariant
mass peak positions of �, 3

�H, and 4
�H.

The procedures for fitting and hypothesis testing were based
on the ROOFIT and ROOSTATS frameworks [29,30], which have
been already applied for the analysis on �, 3

�H, and 4
�H [28]. A

binned maximum likelihood fit was performed to the d + π−
and t + π− invariant mass spectra. The fitting model was a
combination of a Gaussian probability density function and a
Chebychev polynomial probability density function of the first
kind, for signal and background contributions respectively. No
parameters of the full model were constrained for the extended
binned maximum likelihood fit. The degree of Chebychev
polynomial function for the background contribution was
selected by F tests over the different resultant fitted models
in order to judge whether an additional parameter to the model
would overfit the data. The selected fitted model constrained
more robustly the background contribution in such a way that
a more conservative model for the fit would not overestimate
the significance of the signal contribution. The hashed orange
(gray) region represents one standard deviation of the fitted
model centered at the solid blue (gray) line of the total best fit.
The fitted results, omitting the parameters for the Chebychev
polynomial function, are listed in Tables I and II for both
cut conditions on the decay vertex position. In addition, the

TABLE II. Summary of the results obtained by the model
fitting for the invariant mass distributions with the cut condition of
−2 cm < Z < 30 cm. Conventions are same as in Table I.

Fitted values d + π− t + π−

Nsig 143 ± 64 118 ± 41
m̄ (MeV/c2) 2060.4 ± 1.7 ± 2.7 2994.3 ± 1.1 ± 2.2
σm (MeV/c2) 6.5 ± 2.3 5.4 ± 1.4
Nbg 1429 ± 74 431 ± 41

estimation of the background using the event mixing method
is shown by the open triangles in Fig. 1. By hypothesis testing
via profiled likelihood ratio tests, the significance values of
observed peaks of d + π− for −10 cm < Z < 30 cm and
−2 cm < Z < 30 cm were determined to be respectively
5.3 and 3.7 σ , and for t + π− they are 5.0 and 5.2 σ ,
respectively.

The invariant mass value was calibrated as explained above
from the measured mass of the �, 3

�H, and 4
�H. A multisim

approach was employed for simulating the simultaneous
effects of parameter uncertainties of the calibration function
[31,32], in order to estimate the systematic uncertainty
induced by the uncertainty of their peak positions [28]. An
ensemble of Monte Carlo samples was created in which all
calibration parameters were chosen randomly in respect to
their covariance matrix and applied to the data set. The total
effect of the system was then extracted from the distribution
of the obtained mean value, m̄, after the maximum likelihood
fit procedure. The systematic uncertainty on the mean value m̄
of the model is reported as the second error quoted in Tables I
and II.

The lifetime values of the final states of d + π− and
t + π− were estimated via an unbinned maximum likelihood
fitting method in which the signal-plus-background region
and the background-only sidebands were used to determine
the contribution of the signal and background to the proper
decay time distribution. The method was already examined
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FIG. 2. (Color online) Profiled likelihood ratio for interval
estimation of the lifetime of d + π− (a1) and t + π− (b1) final
states. Interval estimation for one standard deviation is shown on
each profiled likelihood ratio. Binned decay length distributions
of the signal region of d + π− (a2) and t + π− (b2) are shown
with the fitted model. The model includes the exponential function
that resulted from the unbinned maximum likelihood fit and the
background contribution estimated by the sidebands. The fitted
model is represented by the black line, while the contribution of
the exponential function is represented by the dotted blue (gray) line.
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TABLE III. Contributions to the systematic uncertainties of the
lifetime estimation. The contribution from the different boundary
ranges of the longitudinal vertex position cut is denoted as “vertex
Z pos”. The contribution from the uncertainty of the primary vertex
position shown as the “primary vertex”. The contribution from the
effect of the scaling factor between the background contribution from
the sidebands and the signal region is represented by “scaling”. The
contribution from the different sideband regions for the background
contribution is denoted as “sideband”. The last row indicates the share
of the total systematic error.

Contribution to the systematic d + π− t + π−

Vertex Z pos (%) 12 17
Primary vertex (%) 4 4
Scaling (%) 7 6
Sideband (%) 2 2
Total (%) 14 19

by deducing our measured lifetime of � hyperon [28] being
consistent with the known value of 263.2 ± 2.0 ps [33]. The
lifetime values of 3

�H and 4
�H were also extracted by the same

procedure, and they were in good agreement with previous
measurements [28].

For d + π− and t + π− final states, the profiled likeli-
hood ratios for estimating the one-standard-deviation interval
(68.3% CL) are shown respectively in Figs. 2(a1) and 2(b1).
Resultant lifetime values with the d + π− and t + π− final
states are respectively 181+30

−24 ps and 190+47
−35 ps. To represent

the fitted values, the binned data of proper decay length in the
signal region are displayed with the fitted model. The model
includes the binned contribution of the exponential probability
density function added to the binned data of the sideband
regions [28]. These distributions are shown in Fig. 2, in panel
(a2) for d + π− and in panel (b2) for t + π−. The goodness
of fit is tested by calculating the reduced χ2 of the model
decay length function over the binned data, as shown in these
panels. The values of reduced χ2 are 0.68 for d + π− and 0.72
for t + π−.

The systematic uncertainties in deducing the lifetime values
were also investigated as in Ref. [28], and they are summarized
in Table III. First, the boundary range of the longitudinal vertex
position selection cut had influence on the data sample’s size
and on the fitting procedure. Therefore, its contribution to
the systematic uncertainty was estimated and listed in the
second row of Table III (vertex Z pos). Variations on the
primary vertex can be studied to determine possible systematic
influence to lifetime uncertainty, as listed in the third row of
Table III (primary vertex). The systematic effect of the scaling
factor between the sidebands and the signal region was as well
examined and listed in the fourth row (scaling). The position
of the sideband regions for the estimation of the background
estimation also yielded to another few percentage points of
systematic uncertainty, as listed in the fifth row (sideband).
The total systematic errors are respectively 14% and 19% for
d + π− and t + π− final states.

Two points have to be investigated in order to interpret
the obtained signals. First, one has to demonstrate that the
analysis method does not create signals by itself. Second, one

has to check whether multibody decays of other hypernuclei
can induce such signals.

For the first point, by using an event generator based on the
UrQMD calculations [34], an identical analysis was performed
on the data produced by full GEANT4 Monte Carlo simulations
in order to check whether the cut conditions in the analysis
might induce a peak signal in the invariant mass distributions.
In each generated event, mesons, baryons, and fragments
that can be produced in the reaction 6Li + 12C at 2A GeV
were present, which eventually include π−, �, deuterons, and
tritons. Hypernuclei were as well generated in such a way
that the kimenatics was conserved. The 3

�H, 4�H, 4
�He, and

5
�He hypernuclei were also present in the generated events.
No bound state finalizing d + π− and t + π− is present, thus
no signal should be observed. The output of the UrQMD
calculations were then considered as the primary vertex source
of the 6Li + 12C reaction in the GEANT4 simulations. The weak
decay of hyperons and hypernuclei and the strong decay of
resonances were handled by the GEANT4 framework. In those
conditions, several possible sources for deuteron, triton, and
π− were used for the invariant mass reconstruction of d + π−
and t + π− final states. The GEANT4 simulations provided
the digitizations of the different detector information close
to the real detector resolutions. The data structures out of
the detector digitizers were written in a way similar to the
structure of experimental data. The generated data were then
fed to the track and event reconstruction analysis code without
any modification. The investigated sources of d + π− and
t + π− were deuteron and triton from the primary vertex of
the 6Li + 12C reaction. The investigated sources of π− were
from the primary vertex and from the weak decay of hyperons
and hypernuclei of interest. The black dots in Fig. 3 show the
invariant mass distributions with the simulated data for d + π−
(a) and t + π− (b). The results of the mixed event analysis
that was also performed on the simulated data are displayed
as crossed red (gray) points. No peak structure raised by the
cut conditions can be observed, as shown in the bottom panel
of Fig. 3 by the plot of the ratio between the invariant mass
distribution obtained from the Monte Carlo event data set and
its associated event mixing analysis.
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FIG. 3. (Color online) Invariant mass distribution for (a) d + π−

and (b) t + π− from the GEANT4 Monte Carlo simulation data set, with
the events produced by UrQMD represented by black symbols. Red
(gray) crosses represent distributions with the mixed event analysis.
The ratios between the both two distributions are shown in the bottom
panel.
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The second point was also investigated, i.e., whether the
observed d + π− and t + π− signals can be originated from
the three-body and four-body decays of 3

�H, 4
�H, 4

�He, 5
�He,

and 6
�He, that are likely to be produced in the reaction. A mis-

reconstruction of these decay modes may occur by observing
only two among of the three or four daughter particles.
For instance, in the three-body decay of 3

�H→p + d + π−,
the proton and deuteron could be produced via a two-body
decay mode of 3He∗ + π− where 3He∗ (the asterisk means
an unbound state) is dissociated into p + d with a small
relative momentum. Theoretical study of this experimental
phenomenon was performed and described in Ref. [35], and a
similar experimental behavior in the three-body decay of 5

�He
was also studied theoretically [36,37]. Peaks of d + π− or
t + π− might be produced even though one daughter particle
is omitted in the reconstruction. Those scenarios were tested by
Monte Carlo simulations based on the phase space decay (code
for the CERNLIB [38] inside of ROOT framework). It was shown
that in the case of a chain of a two consecutive two-body decay
(a → b + c then b → d + e) in which the second two-body
decay has a small relative momentum transfer, i.e., small
Q value, the invariant mass of two out of three particles
(c + d or c + e) does produce a peak signal in the observable
spectrum. Because of the small Q value in the second decay,
the daughter particles or fragments (d and e) have very similar
momentum directions as their mother (b) in the laboratory
frame after the Lorentz boost of the center-of-mass frame of the
mother (b).

The possible contributions to the d + π− and t + π−
signals from the mis-reconstruction of these decay channels
shown in Table IV can be estimated from the experimental
data. The calculation is based on the peak integral of observed
hypernuclear two-body decay in the same data set, on the
trigger and detector efficiencies, and on the known branching
ratios of the decay channels of Table IV. In the case of 3

�H
and 4

�H the possible contributions in the observed d + π−
and t + π− signals were calculated by using the observed
peak integral of the two-body decay of 3

�H →3He + π−
and 4

�H →4He + π− [28]. In the case of 6
�He →6Li∗ +

π− →4He + d + π−, the observed upper limit in the 6Li + π−
invariant mass distribution and a branching ratio of three-
body to two-body decays were used to estimate its possible
contribution to the d + π− signal. 4

�He and 5
�He were not

observed in the analysis since they do not have two-body
decay channels and the efficiency for the three-body decay
reconstruction is an order of magnitude lower than that for the

TABLE IV. Possible contributions to d + π− and t + π− signals
from the hypernuclear mesonic weak decay channels.

Decay channel Branching ratios Counts

3
�H → p + d + π− [35] 8 to d + π−
4
�H → d + d + π− [39,40] 1 to d + π−
4
�H → t + p + π− [39,40] 6 to t + π−
6
�He → 4He +d + π− [41] 3 to d + π−
4
�He → p + p + d + π− [40,42] 8 to d + π−
5
�He → d + 3He + π− [40,43,44] 1 to d + π−

two-body decay. Therefore, we calculated the contribution of
4
�He and 5

�He by estimating the upper limit of their production
cross sections from the experimental data. Then we assessed
an order of magnitude higher to their production cross sections
to estimate the worst-case scenario. One can remark that the
estimated contributions from all of those three- and four-body
decay channels shown in Table IV are far smaller than the
observed d + π− and t + π− signal counts in Table I.

In conclusion, a signal in the invariant mass distributions of
d + π− and t + π− final states was observed. In addition,
the decay into d + π− and t + π− can be attributed to
strangeness-changing weak interaction since the extracted
lifetimes, 181+30

−24 ± 25 ps and 190+47
−35 ± 36 ps, respectively, are

similar to a typical weak decay process involving strangeness
(an order of hundreds of ps). The HIRES Collaboration
reported in Refs. [45,46] that no S = −1 dibaryon resonance
(�p) was encountered in the analysis of their missing-mass
experiment in the reaction p + p →K+ + (�p). Furthermore
the recent review from Gal [47] gives possible structures of a
S = −1 dibaryon, excluding (�p) possibility. In the review
from Dalitz and Downs [25], a �-nucleon bound state is
discarded. Those considerations may exclude the hypothesis
that the d + π− final state originates from a n� bound
state.

A possible interpretation for the observed t + π− and
d + π− final states might be the two- and three-body decays
of an unknown bound state of two neutrons associated with
�, 3

�n, via 3
�n → t + π− and 3

�n → t∗ + π− → d + n + π−,
respectively. With this interpretation, the production mecha-
nism of 3

�n might be the Fermi breakup of excited heavier
hyperfragments, and 3

�n might not likely be produced by direct
coalescence of a � hyperon and a dineuteron state in the
projectile rapidity region since the dineutron state is known
to be unbound. The existence of such a bound state is to be
studied further experimentally and theoretically.
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