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Analysis strategy
The main challenge of this analysis is that the
signal is not only rare, but it may not even
exist. A machine learning (ML) approach has
been used to consider all the features of the
signal. In particular the Boost Decision Tree
(BDT) algorithm within the TMVA package [3]
was used. The same analysis procedure was
applied at both Pb-Pb collision energies
√sNN=2.76 TeV and √sNN=5.02 TeV.
The particle identification (PID) for tritons was
done via TPC dE/dx and Time Of Flight (TOF)
measurements. The TOF signal was used in
parallel to reject protons and pions below 4
GeV/c and the squared mass determined
using the TOF detector was used above 3
GeV/c to have the necessary statistics for the
BDT training stage. Only candidates
containing antitritons were considered.

Physics motivation
The nuclear state composed by the L hyperon and two neutrons, the
Λnn state, should be unbound [1][2], nevertheless new recent
measurements indicate its formation at a mass of 2.993 GeV/c2 as
shown in the plot on the right. The production of a significant amount
of baryons and strangeness at LHC energies allows for an increased
production of potentially existing exotic QCD bound states. The Λnn
state can be detected with ALICE via the decay channel Λnn->tp and its
observation would crucially contribute to the understanding of exotic
nuclear bound states.

Lnn-> tp extraction with ML
Training phase
Signal: dedicated MC simulations (the mass resolution was
sLnn-MC≈2 MeV/c2)
Background : V0s from data and selected from the sidebands of
the invariant mass distribution
- M(tp) < 2.982 GeV/c2 - 3 sLnn-MC
- M(tp) > 2.993 GeV/c2 + 3 sLnn-MC.
where 2.982 GeV/c2 is the expected mass value at the p* of the
free L, 2.993 GeV/c2 is the available measured value.
The PID selection was applied to tritons to have 104 candidates
in both the signal sample and the background sample. Four
variables were used and they were selected to avoid their
correlations with the invariant mass in the background data
sample. The plots on the right correspond to the results of the
training stage and they show the BDT classifiers for both signal
and background at both energies.
Application phase
The number of selected Lnn is compatible with the number of
expected false positive candidates. Further studies are ongoing
to include positive tritons.
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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

Mass (GeV)
2.04 2.06 2.08 2.1

C
ou

nt
s 

/ (
2.

8 
M

eV
) 

0

50

100

150

200 (a1) d+π−

−10 < Z < 30 cm

Mass (GeV)
2.04 2.06 2.08 2.1

C
ou

nt
s 

/ (
2.

8 
M

eV
) 

0

20

40

60

80

100
(a2) d+π−

−2 < Z < 30 cm

Mass (GeV)
2.98 3 3.02 3.04

C
ou

nt
s 

/ (
2.

8 
M

eV
) 

0

20

40

60

80

(b1) t+π−

−10 < Z < 30 cm

Mass (GeV)
2.98 3 3.02 3.04

C
ou

nt
s 

/ (
2.

8 
M

eV
) 

0

10

20

30

40

50

60
(b2) t+π−

−2 < Z < 30 cm

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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