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Hyperon puzzle 
• Hyperons are predicted to exist inside neutron stars at densities exceeding 2-3ρ0

• The inner core of NS is so dense, Pauli blocking prevents hyperons from decaying by 
limiting the phase space available to nucleons

• The presence of hyperon reduces the maximum mass of neutron stars ~0.5-1.2M0

• However, new observation for large mass of NS!

P. Demorest et al., Nature 467 (2010) 1081; Antoniadis et al., Science 340 (2013) 448

• Rijken and Schulze: inclusion of YY interactions add 0.3M to Mmax of NS 
• Lonardoni: adding YNN stiffens EoS of NS, and increase the mass; solution to overbinding in s-shell hypernuclei? 

potential role in reducing the Pauli pressure of the leptons (e−

and μ−) could be replaced by the heavier Ξ− hyperon,
assuming overall Ξ-nuclear attraction. The specific calculation
sketched by Fig. 31 predicts that the hyperon population
overtakes the nucleon population for densities larger than
about 6ρ0, where the inner core of a neutron star may be
viewed as a giant hypernucleus (Glendenning, 1985).
Negative strangeness may also be injected into neutron-star

matter by agents other than hyperons. Thus, a robust conse-
quence of the sizable K-nucleus attraction, as discussed in
Sec. VII, is that K− condensation is expected to occur in
neutron stars at a density about 3ρ0 in the absence of
hyperons, as shown in Fig. 32 for a RMF calculation using
a strongly attractive K− nuclear potential UKðρ0Þ ¼
−120 MeV. Since it is more favorable to produce kaons in
association with protons, the neutron density shown in the
figure stays nearly constant once kaons start to condense,
while the lepton populations decrease as the K− provides a
new neutralizing agent via the weak processes l− → K− þ νl.
However, including negatively charged hyperons in the
equation of state (EoS) of neutron-star matter defers K−

condensation to higher densities (Knorren, Prakash, and Ellis,

1995; Glendenning, 2001) where the neutron-star maximum
mass Mmax is lowered by only ≈ 0.01M⊙ below the value
reached through the inclusion of hyperons (Knorren, Prakash,
and Ellis, 1995).
Given the high matter density expected in a neutron star, a

phase transition from ordinary nuclear matter to some exotic
mixtures cannot be ruled out. Whether a stable neutron star is
composed dominantly of hyperons, quarks, or some mixture
thereof, and just how this occurs, is not clear as both the strong
and weak interactions, which operate on inherently different
time scales, are in play. The EoS of any possible composition
constrains the mass-radius relationship for a rotating neutron
star. Thus, the maximum mass Mmax for a relativistic free-
neutron gas is given by Mmax ≈ 0.7M⊙ (Oppenheimer and
Volkoff, 1939; Tolman, 1939), whereas higher mass limits are
obtained under more realistic EoS assumptions. Without
strangeness, but for interacting nucleons (plus leptons)
Mmax comes out invariably above 2M⊙, as shown by the
curves marked n matter from quantum Monte Carlo (QMC)
calculations (Lonardoni et al., 2015) and chiral effective field
theory (χEFT) (Hell and Weise, 2014) in Fig. 33.Mmax values
of up to 2M⊙ are within the reach of hybrid (nuclear plus
quark matter) star calculations in which strangeness materi-
alizes via nonhadronic degrees of freedom (Alford et al.,
2005). In the hadronic basis, adding hyperons softens the
EoS, thereby lowering Mmax in RMF calculations to the
range ð1.4–1.8ÞM⊙ (Knorren, Prakash, and Ellis, 1995;
Glendenning, 2001), also if and when a phase transition
occurs to SHM (Schaffner et al., 2002). More recent Hartree-
Fock and Bruckner-Hartree-Fock calculations using the
NSC97, ESC08, and χEFT YN interactions find values of
Mmax lower than 1.4M⊙ (Schulze et al., 2006; Djapo,
Schaefer, and Wambach, 2010; Schulze and Rijken, 2011),
while the inclusion of several of the YY interactions from the
Nijmegen ESC08 model appears to increase Mmax by 0.3M⊙
to about 1.65M⊙ (Rijken and Schulze, 2016).
Until recently, the neutron-star mass distribution for radio

binary pulsars was given by a narrow Gaussian with mean and
width values ð1.35% 0.04ÞM⊙ (Thorsett and Chakrabarty,
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FIG. 31. Neutron-star matter fractions of baryons and leptons,
calculated as a function of density. From Schaffner-Bielich, 2008.
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FIG. 32. Population of neutron-star matter, allowing for kaon
condensation, calculated as a function of nucleon density. From
Glendenning and Schaffner-Bielich, 1999.

FIG. 33. Mass-radius relationship for various EoS scenarios
of neutron stars, including nucleons and leptons only (Hell
and Weise, 2014) as well as upon including Λ hyperons
(Lonardoni et al., 2015). From Weise, 2015.

A. Gal, E. V. Hungerford, and D. J. Millener: Strangeness in nuclear physics

Rev. Mod. Phys., Vol. 88, No. 3, July–September 2016 035004-40

Hyperons in neutron stars 
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GW from NS merger, provides new information on NS EoS, and new 
constrains on radius and mass

From hypernuclei to neutron stars 

The LIGO and Virgo Col., Phys. Rev. Lett. 119, 161101 (2017); Phys. Rev. Lett. 121, 161101 (2018)

Rezzolla et al.,  Astro. J. Lett. 852 (2018)

Raithel et al.,  Astro. J. Lett. 857 (2018)

Study on YNN interaction on-lab will provide constrains on EoS of NS
Lonardoni et al.,  Phys. Rev. Lett. 114 (2015); Wirth and Roth, Phys. Rev. Lett. 117 (2016)
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Heavy ion collider as a hyperon factory 
RHIC, a QCD machine, 
small bang 

Hyperon rate is high, 
lab. for Y-N interaction 

Excellent secondary 
vertex reconstruction in 
STAR and ALICE

16.7,           26,         L (S=-1)

2.2, 3.3,        X (S=-2)

0.3,             0.6,        W (S=-3)

0-5% central collisions, Au+Au @ 200 GeV, Pb-Pb @ 2.76 TeV

a pair that shares one or two daughters with the real Λ were
avoided by removing any Λ pair with a common daughter.
Possible two-track biases from reconstruction were studied
by evaluating correlation functions with various cuts on the
scalar product of the normal vectors to the decay plane of
the Λs and on the radial distance between Λ vertices in a
given pair. No significant change in the correlation function
has been observed due to these tracking effects. Each mixed
event pair was also required to satisfy the same pairwise
cuts applied to the real pairs from the same event. The
efficiency and acceptance effects canceled out in the ratio
AðQÞ=BðQÞ. Corrections to the raw correlation functions
were applied according to the expression

C0ðQÞ ¼ CmeasuredðQÞ − 1

PðQÞ
þ 1; ð2Þ

where the pair purity, PðQÞ, was calculated as a product of
S=ðS þ BÞ for the two Λs of the pair. The pair purity is 92%
and is constant over the analyzed range of invariant relative
momentum.
The selected sample of Λ candidates also included

secondary Λs, i.e., decay products of Σ0, Ξ−, and Ξ0,
which were still correlated because their parents were
correlated through QS and emission sources. Toy model
simulations have been performed to estimate the feed-down
contribution from Σ0Λ, Σ0Σ0, and Ξ−Ξ−. The Λ, Σ, and Ξ
spectra have been generated using a Boltzmann fit at
midrapidity (T ¼ 335 MeV [18]) and each pair was
assigned a weight according to QS. The pair was allowed
to decay into daughter particles and the correlation function
was obtained by the mixed-event technique. The estimated
feed-down contribution was around 10% for Σ0Λ, around

5% for Σ0Σ0, and around 4% for Ξ−Ξ−. Thermal model
studies have shown that only 45% of the Λs in the sample
are primary [21]. However, one needs to run afterburners
to determine the exact contribution to the correlation
function from feed-down, which requires knowledge of
final-state interactions. The final-state interaction parame-
ters for Σ0Σ0, Σ0Λ, and ΞΞ interactions are not well known,
which makes it difficult to estimate feed-down using a
thermal model [21]. Therefore, to avoid introducing large
systematic uncertainties from the unknown fraction of
aforementioned residual correlations, the measurements
presented here are not corrected for residual correlations.
The effect of momentum resolution on the correlation

functions has also been investigated using simulated tracks
from Λ decays, with known momenta, embedded into real
events. Correlation functions have been corrected for
momentum resolution using the expression

CðQÞ ¼ C0ðQÞCinðQÞ
CresðQÞ

; ð3Þ

where CðQÞ represents the corrected correlation function,
and CinðQÞ=CresðQÞ is the correction factor. CinðQÞ was
calculated without taking into account the effect of
momentum resolution and CresðQÞ included the effect of
momentum resolution applied to each Λ candidate. More
details can be found in Ref. [22]. The impact of momentum
resolution on correlation functions was negligible com-
pared with statistical errors. Figure 2 shows the exper-
imental ΛΛ and Λ̄ Λ̄ correlation function after corrections
for pair purity and momentum resolution for 0–80%
centrality Au þ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The
Λ̄ Λ̄ correlation function is slightly lower than the ΛΛ
correlation function, although within the systematic errors.
Noting that the correlations CðQÞ in Fig. 2 are nearly
identical for Λ and Λ̄, we have chosen to combine the
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Λ̄ produced in Au þ Au collisions at
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p ¼ 200 GeV, for
0–80% centrality. The Λ (Λ̄) candidates lying in the mass range
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(Hyper-)nuclei production in HIC

yields28. The systematic uncertainties consist of background (26% for
both ratios), feed-down from (anti-)hypertritons (18% for both 3He and
3He), knockouts from beam–material interactions (25% for the ratio
4He/3He only) and absorption (4% for the ratio 4He

!3He only).
Figure 4 shows the exponential3 invariant yields versus baryon number
in 200 GeV central Au1Au collisions. Empirically, the production rate
reduces by a factor of 1:6z1:0

{0:6 | 103 1:1z0:3
{0:2 | 103

" #
for each addi-

tional antinucleon (nucleon) added to the antinucleus (nucleus). This
general trend is expected from coalescent nucleosynthesis models8,
originally developed to describe production of antideuterons22, as well
as from thermodynamic models7.

In a microscopic picture, a light nucleus emerging from a relativistic
heavy-ion collision is produced during the last stage of the collision
process. The quantum wavefunctions of the constituent nucleons, if close
enough in momentum and coordinate space, will overlap to produce the
nucleus. The production rate for a nucleus with baryon number B is
proportional to the nucleon density in momentum and coordinate space,
raised to the power of jBj, and therefore exhibits exponential behaviour
as a function of B. Alternatively, in a thermodynamic model, a nucleus is
regarded as an object with energy E < jBjmN, where mN is the nucleon
mass, and the production rate is determined by the Boltzmann factor
exp(2E/T), where T is the temperature3,7. This model also produces an
exponential yield. A more rigorous calculation5 can provide a good fit to
the available particle yields, and predicts the ratios integrated over pT to
be 4He/3He 5 3.1 3 1023 and 4He

!3He~2:4 | 10{3, consistent with
our measurements. The considerations outlined above offer a good
estimate for the production rate of even heavier antinuclei. For example,
the yield of the stable antimatter nucleus next in line (B 5 26) is
predicted to be down by a factor of 2.6 3 106 compared to 4He and
is beyond the reach of current accelerator technology.

A potentially more copious production mechanism for heavier
antimatter is by the direct excitation of complex nuclear structures
from the vacuum29. A deviation from the usual rate reduction with
increasing mass would be an indication of a radically new production
mechanism7. On the other hand, going beyond nuclear physics, the
sensitivity of current and planned space-based charged particle detec-
tors is below what would be needed to observe antihelium produced by
nuclear interactions in the cosmos, and consequently, any observation
of antihelium or even heavier antinuclei in space would indicate the

existence of a large amount of antimatter elsewhere in the Universe. In
particular, finding 4He in the cosmos is one of the major motivations
for space detectors such as the Alpha Magnetic Spectrometer30. We
have shown that 4He exists, and have measured its rate of production
in nuclear interactions, providing a point of reference for possible
future observations in cosmic radiation. Barring one of those dramatic
discoveries mentioned above or a new breakthrough in accelerator
technology, it is likely that 4He will remain the heaviest stable
antimatter nucleus observed for the foreseeable future.

Received 14 March; accepted 4 April 2011.
Published online 24 April 2011.
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nuclei, hypernuclei and their antiparticles in relativistic nuclear collisions. Phys.
Lett. B 697, 203–207 (2011).

6. Harrison, M., Ludlam, T. & Ozaki, S. The relativistic heavy ion collider project: RHIC
and its detectors. Nucl. Instrum. Methods Phys. Res. A 499, 235–244 (2003).

7. Braun-Munzinger, P. & Stachel, J. The quest for the quark-gluon plasma. Nature
448, 302–309 (2007).

8. Sato, H. & Yazaki, K. On the coalescence model for high energy nuclear reactions.
Phys. Lett. B 98, 153–157 (1981).

9. Dirac, P. A. M. The quantum theory of the electron. Proc. R. Soc. Lond. A 117,
610–624 (1928).

10. Anderson, C. D. The positive electron. Phys. Rev. 43, 491–494 (1933).
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Figure 4 | Differential invariant yields as a function of baryon number, B.
The differential invariant yields d2N/(2p pTdpTdy) were evaluated at pT/
| B | 5 0.875 GeV/c, in central 200 GeV Au1Au collisions, where N is counts per
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positions for 3He and 3He, but are not included here because of poorer
identification of (anti)tritons. The lines represent fits with the exponential
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particles separately, where r is the production reduction factor. Analysis details
of yields other than 4He (4He) have been presented elsewhere4,28 and are plotted
here as open symbols. The plotted error bars show standard statistical errors
only. Systematic errors are smaller than the symbol size, and are not plotted.
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differences in the total yields using different cuts
are found to be less than 15%. The total
systematic error in the present analysis is 15%.

The parent candidate invariant mass is
calculated on the basis of the momenta of the
daughter candidates at the decay vertex. The
results are shown as the open circles in Fig. 3A
for the hypertriton, 3LH → 3He + p−, and in Fig.
3B for the antihypertriton, 3

LH → 3He + p+.
There remains an appreciable combinatorial back-
ground in this analysis, which must be described
and subtracted. A track rotation method is used
to reproduce this background. This approach
involves the azimuthal rotation of the daughter
3He (3He) track candidates by 180° with respect
to the event primary vertex. In this way, the event
is not changed statistically, but all of the
secondary decay topologies are destroyed be-
cause one of the daughter tracks is rotated away.
This provides an accurate description of the
combinatorial background. The resulting rotated
invariant mass distribution is consistent with the
background distribution, as shown by the solid
histograms (Fig. 3, A and B). The rotated
background distribution is fit with a double-
exponential function: f (x) º exp[−(x/p1)] −
exp[−(x/p2)], where x = m − m(3He) − m(p), and
p1,p2 are fit parameters. Finally, the counts in the
signal are calculated after subtraction of this fit
function derived from the rotated background. In
total, 157 T 30 3

LH and 70 T 17 3
LH candidates

are thus observed. The quoted errors are statistical.
Production and properties. We can use the

measured 3
LH yield to estimate the expected yield

of 3
LH, assuming symmetry between matter and

antimatter, in the following manner: 3
LH = 3

LH ×
3He/3He = 59 T 11. This indicates a 5.2s
projection of the number of 3

LH that is expected
in the same data set where 3

LH, 3He, and 3He
are detected. An additional check involves fitting
the 3He + p invariant mass distribution with the
combination of a Gaussian “signal” term plus the

double-exponential background function (blue
dashed lines in Fig. 3, A and B). The resulting
mean values and widths of the invariant mass
distributions are consistent with the results from
the full detector response simulations. Our best-
fit values (from c2 minimization) are m(3LH) =
2.989 T 0.001 T 0.002GeV/c2 andm(3LH)=2.991 T
0.001 T 0.002 GeV/c2. These values are consist-
ent with each other within the current statistical
and systematic errors, and are consistent with the
best value from the literature [i.e., m( 3LH) =
2.99131 T 0.00005 GeV/c2 (16)]. Our systematic
error of 2 MeV/c2 arises from well-understood
instrumental effects that cause small deviations
from ideal helical ionization tracks in the TPC.

Lifetimes. The direct reconstruction of the
secondary decay vertex in these data allows
measurement of the 3

LH lifetime, t, via the
equation N(t) = N(0) exp(−t/t), where t = l/(bgc),
bgc = p/m, l is the measured decay distance, pis
the particle momentum, m is the particle mass,
and c is the speed of light. For better statistics in
our fit, the 3

LH and 3
LH samples are combined, as

the matter-antimatter symmetry requires their
lifetimes to be equal. Separate measurements of
the lifetimes for the two samples show no
differencewithin errors. The signal is then plotted
in three bins in l/bg. The yield in each bin is
corrected for the experimental tracking efficiency
and acceptance. The total reconstruction efficien-
cy for the 3

LH and 3
LH is on the order of 10%,

considering all sources of loss and the analysis
cuts. The three points are then fit with the
exponential function to extract the parameter ct,
and the best-fit result is displayed as the solid line
in Fig. 4A. To arrive at the optimum fit, we
performed a c2 analysis (Fig. 4A, inset). The ct
parameter that is observed in this analysis is
ct ¼ 5:5þ2:7

−1:4 T 0:8 cm, which corresponds to a
lifetime t of 182þ89

−45 T 27 ps. As an additional
cross-check, the L hyperon lifetime was ex-
tracted from the same data set using the same

approach, for theL→ p + p− decay channel. The
result obtained is t = 267 T 5 ps, which is
consistent with t = 263 T 2 ps compiled by the
Particle Data Group (19).

The 3
LH lifetimemeasurements to date (25–31)

are not sufficiently accurate to distinguish between
models, as depicted by Fig. 4B. The present
measurement is consistent with a calculation using
a phenomenological 3

LH wave function (14) and
is also consistent with a more recent three-body
calculation (15) using a more modern description
of the baryon-baryon force. The present result is
also comparable to the lifetime of freeL particles
within the uncertainties, and is statistically com-
petitive with the earlier experimental measurements.

Coalescence calculations. The coalescence
model makes specific predictions about the ra-
tios of particle yields. These predictions can be
checked for a variety of particle species. To de-
termine the invariant particle yields of 3

LH and
3
LH, we apply corrections for detector accept-
ance and inefficiency. The 3

LH and 3
LH yields are

measured in three different transverse momen-
tum (pt) bins within the analyzed transverse
momentum region of 2 < pt < 6 GeV/c and then
extrapolated to the unmeasured regions (pt < 2
GeV/c and pt > 6 GeV/c). This extrapolation
assumes that both 3

LH and 3
LH have the same

spectral shape as the high-statistics 3He and 3He
samples from the same data set (see Table 1).
If the 3

LH and 3
LH are formed by coalescence of

(L + p + n) and (L + p+ n), then the produc-
tion ratio of 3

LH to 3
LH should be proportional

to [(L/L) × (p/p) × (n/n)]. The latter value can
be extracted from spectra already measured by
STAR, and the value obtained is 0.45 T 0.08 T
0.10 (23, 24). The measured 3

LH=3LH and
3He=3He ratios are consistent with the interpre-
tation that the 3

LH and 3
LH are formed by coales-

cence of (L +p+n) and (L +p+n), respectively.
Discussion. As the coalescence process for

the formation of (anti)hypernuclei requires that
(anti)nucleons and (anti)hyperons be in proxim-
ity in phase space (i.e., in coordinate and
momentum space), (anti)hypernucleus produc-
tion is sensitive to the correlations in phase-space
distributions of nucleons and hyperons (6). An
earlier two-particle correlation measurement
published by STAR implies a strong phase-space
correlation between protons and L hyperons
(32). Equilibration among the strange quark
flavors and light quark flavors is one of the
proposed signatures of QGP formation (33),
which would result in high (anti)hypernucleus

C
ou

nt

A

5 10 15 20 25

210

310

Λ

HΛ
3

 (cm)τc

2 χ

3 4 5 6 7 8 9 10 11

0

0.5

1

1.5

2

2.5

 = 0.082χ

 = 1.082χ
 cm1.4

2.7± = 5.5 τc

H
 li

fe
tim

e 
(p

s)
Λ3

B

0

50

100

150

200

250

300

350

400

450

 (PDG)Λfree

ΛSTAR free 

Dalitz, 1962

Glockle, 1998PR136, 6B(1964)

819(1968)
PRL20,

PR180,1307(1969)

46(1970)
NPB16,

66(1970)
PRD1,

269(1973)
NPB67,

STAR

) (cm)                                   World dataγβdecay-length/(

Fig. 4. (A) The 3
LH (solid squares) and L (open circles) yield distributions versus ct. The solid lines

represent the ct fits. The inset depicts the c2 distribution of the best 3LH ct fit. (B) World data for 3LH
lifetime measurements. The data points are from (26–31). The theoretical calculations are from
(14, 15). The error bars represent the statistical uncertainties only.

Table 1. Particle ratios from Au + Au collisions
at 200 GeV.

Particle type Ratio
3
L
H=3LH 0.49 T 0.18 T 0.07

3He=3He 0.45 T 0.02 T 0.04
3
L
H=3He 0.89 T 0.28 T 0.13

3
LH=

3He 0.82 T 0.16 T 0.12
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Au+Au @ 200 GeV 

STAR. Nature 473, 355 (2011)

The production reduction 
factor is up to 103 at RHIC 
and 300 at LHC, limited to 
A<4 system

Production of 4He and 4He ALICE Collaboration

with the charged-particle multiplicity dNch/dh . This procedure has already been tested to work well for
the (anti-)hypertriton production [2]. In addition, d/p and 3He/p ratios are measured to be approximately
flat versus multiplicity within uncertainties[1]. Thus, for each centrality class, the number of analysed
events is multiplied by the corresponding measured charged-particle density dNch/dh [17]. If this is
added up and divided by the total number of measured events it leads to a weighting factor of 1034. To get
the final yield in the 0-10% centrality class the measured yield is multiplied with the dNch/dh for 0-10%
centrality (1447.5) and divided by the weighting factor, as dN/dy0�10% = dN/dymeasured ⇥1447.5/1034.

This leads to final values of dN/dy4He = (0.8±0.4 (stat)±0.3 (syst))⇥10�6 for 4He and dN/dy4He =
(1.1±0.4 (stat)±0.2 (syst))⇥10�6 for 4He. For the ratio 4He/4He we obtain 1.4±0.8(stat)±0.5(syst)
(”stat” and ”syst” indicate the statistical and the systematic uncertainty).

The measured yields in the 0-10% centrality interval are shown in Fig. 2 together with those of (anti-)protons,
(anti-)deuterons and (anti-)3He [1, 27] (details on the extrapolation to 0-10% centrality can be found
in [10]). The blue lines are exponential fits with the fit function KeBA resulting in B =�5.8±0.2, which
corresponds to a penalty factor (suppression factor of production yield for nuclei with one additional
baryon) of around 300. The same penalty factor is also obtained if the fit is done up to 3He only [1].

A
4− 3− 2− 1− 0 1 2 3 4

y
/d

Nd

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10
1

10

210 ALICE

 = 2.76 TeVNNs0-10% Pb-Pb, 

Fig. 2: dN/dy for protons (A=1) up to 4He (A=4) and the corresponding anti-particles in central (0-10%) Pb–Pb
collisions at

p
sNN = 2.76 TeV. The blue lines are fits with an exponential function. Statistical uncertainties are

shown as lines, whereas the systematic uncertainties are represented by boxes.

The obtained penalty factor of around 300 for each additional nucleon is consistent with Tchem ⇡ 160
MeV in the equilibrium thermal models. The measured yields for 4He and 4He nuclei are consistent
with the predictions from the various (equilibrium) thermal models (THERMUS [34], GSI [5, 35] and
SHARE [36–38]) with Tchem = 156 MeV, as shown in Fig. 3 for complete statistical thermal model fits
using the available light flavour data measured by the ALICE Collaboration. The fits in Fig. 3 extend
the simple exponential model (Fig. 2) by incorporating degeneracy factors for all particles. If instead of
all listed particles only nuclei (deuterons, 3He and 4He and 4He) are considered for the fit, the resulting

6

ALICE. Nucl. Phys. A 971, 1 (2018)

STAR. Science 328, 58 (2010)
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Recent results on lifetime measurement

3
ΛH and 3

ΛH lifetime in Pb–Pb collisions at
√

sNN = 5.02 TeV ALICE Collaboration

Table 2: Summary of the systematic uncertainties used in the lifetime analysis. The total uncertainty assigned in
each ct interval is the sum in quadrature of the single sources.

Systematic uncertainties
Source Value
Absorption 5.2%
Material budget 1%
Single track efficiency 8%
Total 9.6%

of cτ = 7.25+1.02
−1.13(stat.) ± 0.65 (syst.) cm, corresponding to a lifetime τ = 242+34

−38(stat.) ± 22 (syst.) ps.175

5 10 15 20 25
t (cm)c

10

210

)
-1

 (
cm

t)
c

d
(N
d

 0.65 (syst.) (cm)± (stat.) -1.13
+1.02 = 7.25τc

ALICE

 = 5.02 TeV
NN

sPb −Pb

90%, |y| < 0.8−0

Data

Systematic uncertainty

Exponential fit

 

Fig. 3: Corrected dN/d(ct) spectrum fitted with an exponential function (red line) used to estimate the (3
ΛH + 3

ΛH)
lifetime. The bars and boxes represent the statistical and systematic uncertainties, respectively.

3.1 Unbinned fit method for lifetime estimate176

In order to strengthen the result described in Sec. 3, an additional analysis on the same data sample177

has been carried out that relies on a two-dimensional (invariant mass vs ct) unbinned fit approach. The178

method can be summarized in three steps: i) fit to the ct-integrated invariant mass distribution; ii) tune179

the function used to describe the combinatorial background; iii) fit to the ct distribution with a function180

which is the sum of three exponentials, one to describe the signal and two to describe the background.181

The first step is performed with a function that is the sum of a Gaussian, to interpolate the signal, and a182

second order polynomial, to interpolate the background. The σ , which is 0.0020±0.0005 GeV/c2, and183

the mean value µ , which is 2.9913±0.0004 GeV/c2, of the Gaussian are used to determine the signal184

region, defined as µ ± 3σ , and the sidebands, that correspond to the intervals (-9σ , -3σ ) and (+3σ ,185

+9σ ) with respect to the mean value.186

The second step consists in fitting the ct distribution of the background in the sidebands using a function187

that is the sum of two exponentials. The fit is performed with the ROOFIT package [38] and simultane-188

ously in the two regions. The result is then used as background parameterization for the fit in the signal189

region.190

The (3
ΛH + 3

ΛH) lifetime estimate is obtained by performing the unbinned fit to the ct distribution in the191

7

ALICE runIIMEASUREMENT OF THE 3
!H LIFETIME IN … PHYSICAL REVIEW C 97, 054909 (2018)
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FIG. 2. (a) The 3
!H yield as a function of ℓ/βγ for each of

the two analyzed decay channels. The red points are for two-body
decays in four bins of ℓ/βγ , and the blue squares are for three-body
decay in three ℓ/βγ bins. The yields indicate the number of 3

!H
per million events for each channel, and are already divided by the
theoretical branching ratio [33]). The data points are fitted with the
usual radioactive decay function (see text for a discussion of the fit
lines). (b) The best fit result to the seven data points in (a) using a
minimum χ 2 estimation.

we investigate systematics due to the properties of 3
!H assumed

in the embedding analysis, by varying both the assumed
pT distribution and assumed lifetime of the 3

!H. We also
investigated the contribution from comparison with side-band
techniques [24]. Details of those systematic errors are shown in
Table III. Additional sources of systematics, including loss of
3
!H due to interactions between 3

!H and the detector material or
gas are found to be negligible. The independent contributions
listed in Table III are added in quadrature and are reflected in
the final systematic error of 29 ps.

As a further cross-check, the ! has been reconstructed via
the ! → p + π−decay channel in our experiment using the
same method, and we obtain 267 ± 5 ps for the ! lifetime
[24]. This measurement is consistent with the ! lifetime of
263 ± 2 ps compiled by the Particle Data Group [36].

A summary plot of the worldwide 3
!H lifetime measure-

ments is shown in Fig. 3. There have been discussions of the

TABLE III. Main sources of systematic uncertainty for lifetime
measurement in the two-body and three-body decay analyses.

Decay channel Systematic source Uncertainty (%)

Invariant mass binning 6
Decay length and DCA (π ) 2

Two-body DCA (3He to π ) 6
Embedding analysis 7
Background shape 4
Invariant mass binning 9
DCA (p to π ) 3

Three-body DCA (p-π pair) 15
Embedding analysis 5
Background shape 4

lifetime of 3
!H since the 1960s. For many years, the 3

!H was
considered as a weakly bound state formed from a deuteron
and a !, which leads to the inference that the 3

!H lifetime
should be very close to that of the free ! [12]. However, not all
experimental measurements support this picture. From Fig. 3,
it can be seen that there are at least two early measurements
[15,20] that indicate 3

!H has a shorter lifetime than the !.
The lifetime measured in Ref. [20] has the smallest error
among similar studies in the 1960s and 1970s, and was
shorter than the others. This measurement was based on the
three-body decay channel 3

!H → p + d + π− in a nuclear
emulsion experiment. The shorter lifetime was attributed to
the dissociation of the lightly bound ! and deuteron when
traveling in a dense medium. However, this explanation is
not fully convincing since measurements in Refs. [17,19,22]
also used nuclear emulsion, yet their results were close to the
! lifetime. In addition, Refs. [13,14] used a helium bubble
chamber that should not be affected by the hypothesized
dissociation, and report a lifetime lower than that of the
free !.
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FIG. 3. A summary of worldwide 3
!H lifetime experimental mea-

surements and theoretical calculations. The star and cross markers are
the STAR collaboration’s measurement published in 2010 [24] and
the present analysis.
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STAR Phys. Rev. C 97（2018）

A. Gal, H. Garcilazo / Physics Letters B 791 (2019) 48–53 49

Fig. 1. Measured 3
!H lifetime values in chronological order, with (a)–(f) from emulsion and bubble-chamber measurements [3–8], and from recent relativistic heavy ion 

experiments: STAR(I) [9], HypHI [10], ALICE(I) [11], STAR(II) [12], ALICE(II) [13], see text. We thank Benjamin Dönigus for providing this figure [14].

p + p +n +π− . The π0 decay channels were related by the #I = 1
2

rule in a ratio 1:2 to the corresponding π− channels. Their calcu-
lated 3

!H lifetime is 256 ps: shorter by 3% than the measured value 
of τ! , but shorter by 6% than their calculated value of 272 ps for 
τ! . Hence, we refer to their result as τ (3

!H) ≈ 0.94 τ! .
In this Letter we study pion FSI which in accord with low-

energy pion-nucleus phenomenology [21,22] is generally consid-
ered repulsive, thereby increasing rather than decreasing τ (3

!H). 
However, exceptionally for 3

!H, pion FSI is attractive and poten-
tially capable of resolving much of the τ (3

!H) puzzle. A fully 
microscopic inclusion of pion FSI requires a four-body final-state 
model, a formidable project that still needs to be done. Instead, 
we study here τ (3

!H) within a closure-approximation calculation 
in which the associated exchange matrix element is evaluated with 
wavefunctions obtained by solving 3

!H three-body Faddeev equa-
tions. Disregarding pion FSI, our result τ (3

!H) ≈ 0.90 τ! differs by 
a few percent from that of the microscopic Faddeev calculation 
by Kamada et al. [16]. Introducing pion FSI in terms of pion dis-
torted scattering waves results in τ (3

!H)= (0.81± 0.02)τ! , that is 
(213± 5) ps, in the right direction towards resolving much of the 
τ (3

!H) puzzle.
Finally, as a by-product of studying τ (3

!H), we estimate for the 
first time the lifetime of 3

!n assuming that it is bound. The parti-
cle stability of 3

!n was conjectured by the GSI HypHI Collaboration 
having observed a 3H+π− decay track [23], but is unanimously 
opposed by recent theoretical works [24–26]. Our estimate sug-
gests a value of τ (3

!n) considerably longer than τ! , in strong dis-
agreement with the shorter lifetime reported in Ref. [23].

2. Total decay rate expressions for 3!H and 3!n

The ! weak decay rate considered here, %! ≈ %π−
! + %π0

! , 
accounts for the mesonic decay channels pπ− (63.9%) and nπ0

(35.8%). Each of these partial rates consists of a parity-violating 
s-wave term (88.3%) and a parity-conserving p-wave term (11.7%), 
summing up to

%!(q) = q
1 + ωπ (q)/E N(q)

(|sπ |2 +|pπ |2 q2

q2
!

),

∣∣∣∣
pπ

sπ

∣∣∣∣
2

≈ 0.132,

(1)

where %! is normalized to |sπ |2 + |pπ |2 = 1, ωπ (q) and E N(q)
are center-of-mass (cm) energies of the decay pion and the recoil 
nucleon, respectively, and q → q! ≈ 102 MeV/c in the free-space 

! → Nπ weak decay. The ≈2:1 ratio of π−:π0 decay rates, the 
so called #I = 1

2 rule in nonleptonic weak decays, assigns the final 
π N system to a well-defined I = 1

2 isospin state.

2.1. 3
!H

For 3
!H ground state (g.s.) weak decay, approximating the out-

going pion momentum by a mean value q̄ and using closure in the 
evaluation of the summed mesonic decay rate, one obtains [15]

%
J = 1/2

3
!H

= q̄
1 + ωπ (q̄)/E3N(q̄)

[|sπ |2(1 + 1
2
η(q̄))

+ |pπ |2( q̄
q!

)2(1 − 5
6
η(q̄))]. (2)

In this equation we have omitted terms of order 0.5% of %(q̄) that 
correct for the use of q̄ in the two-body 3

!H→ π + 3 Z rate expres-
sions [17]. We note that applying the #I = 1

2 rule to the isospin 
I = 0 decaying 3

!Hg.s. , here too as in the free ! decay, the ratio 
of π−:π0 decay rates is approximately 2:1. The quantity η(q̄) in 
Eq. (2) is an exchange integral ensuring that the summation on fi-
nal nuclear states is limited to totally antisymmetric states:

η(q) =
∫

χ(r⃗!; r⃗N2, r⃗N3)

× exp[iq⃗ · (r⃗! − r⃗N2)]χ∗(r⃗N2; r⃗!, r⃗N3)d3r⃗!d3r⃗N2d3r⃗N3.

(3)

Here χ(r⃗!; ⃗rN2, ⃗rN3) is the real normalized spatial wavefunction of 
3
!H, symmetric in the nucleon coordinates 2 and 3. This wavefunc-
tion, in abbreviated notation χ(1; 2, 3), is associated with a single 
spin-isospin term which is antisymmetric in the nucleon labels, 
such that s! = 1

2 couples to s⃗1 + s⃗2 = 1 to give Stot = 1
2 for the 

ground state and Stot = 3
2 for the spin-flip excited state (if bound), 

and t! = 0 couples trivially with t⃗1 + t⃗2 = 0. Eq. (2) already ac-
counts for this spin-isospin algebra in 3

!H. For completeness we 
also list the total decay rate expression for 3

!H if its g.s. spin-parity 
were J P = 3

2
+

:

%
J = 3/2

3
!H

= q̄
1 + ωπ (q̄)/E3N(q̄)

[|sπ |2(1 − η(q̄))

+ |pπ |2( q̄
q!

)2(1 − 1
3
η(q̄))]. (4)

“Toward resolving the hyper triton 
lifetime puzzle”  
              Phys. Lett. B 791 (2019)  
  

A new evaluation by Gal with early 
popular theoretical framework, 
suggest 10% shorter than the free 
Lambda’s, including pion FSI 
attraction effect give another 10% 
shorter than the free Lambda’s
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Binding energy: an answer to Dalitz’s question?M. Jurid et al., Hypernuclei binding energies 9 

Table 2 
Comparison of the B A values for the s-shell hypernuclei obtained by Bohm et al. [2] and in this 
work 

B A + /XB A (MeV) 6 B A (MeV) 

Bohm et al. a) This work 

~xH 0.0l -+ 0.07 0.15 + 0.08 0.14 ± 0.11 

~H b) 2.09 ± 0.06 2.08 -+ 0.06 0.01 ± 0.09 

~He 2.39 ± 0.04 2.42 -+ 0.04 0.03 ± 0.06 

~He 3.08 ± 0.02 3.17 ± 0.02 0.09 ± 0.03 

a) The small difference appearing between some of the quoted values and those reported by 
Bohm et al. (sec table 3 of ref. [2]) come from the procedure used in calculating the mean 
values. In Bohm ct al. a cut based on both the momentum and energy balances was applied. 
The value quoted here were obtained by the iterative procedure based on a cut at 3 standard 
deviations from the mean B A as in this experiment. 

b) Excluding n-recoil decays. 

3.2. Binding energies o f  the s-shell hypernuclei 

3.2.1. The 3H hypernucleus 
From the observation o f  82 examples  of  3H,  the binding energy of  this hypernu-  

cleus is found to be 0.15 + 0.08 MeV. An accurate de terminat ion  of  the binding en- 
ergy o f  the 3AH hypernucleus  is of  great importance to est imate the strength o f  the 
AN interact ion in the singlet state. Combining the result obta ined in this exper iment  
with the data compi led  by Bohm et al. [2], reanalysed using the me thods  and selection 
criteria defined in the present work, the best es t imate for the binding energy of  3H 
is found to be B A = 0.13 + 0.05 MeV. 

3.2.2. The mass 4 hypernuclei 
If  charge symmet ry  holds  for the AN interact ion,  the 4 AH and 4He  hypernucle i ,  

members  of  an isotopic spin doublet ,  should have equal binding energies once the 
contr ibut ions  f rom the distort ions of  the core nuclei and the Coulomb effects  have 
been taken into account .  Defini te  deviations f rom this predict ion indicating a higher 
B A value for 4He  have been repor ted  first by R a y m u n d  [14] and conf i rmed by 
Gajewski et al. [9] and Bohm et al. [2]. The data o f  this exper iment  presented in 
table 2 give B A (4He)  - B a (4H)  = + 0.34 + 0.08 MeV *.Charge symmet ry  breaking 

* Studying the apparent variation of the mass of the A hyperon as a function of the decay pion 
range, Bohm et al. [13] have shown that there exists an error in the pion range-energy relation 
for pion ranges greater than 3 cm. Tile range of the pion from the (n-  + 4He) decay mode of 
~kH being about 4 cm, the BAvalues calculated from two-body decays have not been included 
in this work. 

a) G. Bohm et al., Nucl. Phys. B4, 511 (1968) 
b) This work : M. Juric, G. Bohm et al., Nucl. Phys. B52,1 (1973)

The early data suffers from large statistical uncertainty!

“I feel that we are far from seeing the end of this road. A good deal of theoretical 
work on this 3-body system would still be well justified.” R.H. Dalitz Nucl. Phys. A 754, 14 (2005)

BΛ = 0.13 ± 0.05MeV
P. Achenbach, PoS (Hadron 2017) 207
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Our measurements with modern technology
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Figure 3 | Measurements of the relative mass-to-charge ratio di�erences between nuclei and antinuclei. The
current STAR measurement of the relative mass di�erence �m/m between 3

⇤H and 3
�̄H is shown by the red star marker.

The di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration19 are also shown
here. The dotted vertical line at zero on the horizontal axis is the expectation from CPT invariance. The horizontal
error bars represent the sum in quadrature of the statistical and systematic uncertainties.

The ⇤ binding energy B⇤ for 3
⇤H and 3

�̄H is calculated using the mass measurement shown in equation (1). We
obtain

B⇤ = 0.41 ± 0.12(stat.) ± 0.11(syst.) MeV
This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,31–33 from nuclear emulsion
and helium bubble chamber experiments. The current STAR result di�ers from zero with a significance of 2.6�. The
masses used for ⇤, ⇡�, p, d and 3He in the early measurements of B⇤ were di�erent from contemporary standard
CODATA30 and PDG18 values. Thus the early B⇤ values have been recalculated using the most precise mass values
known today, and the recalibrated results are shown by short horizontal magenta lines in Fig. 4 (left panel; see Methods
section for details). Even after recalibration, the central value of the current STAR measurement is larger than the
measurement from 19734 which is widely used. It has been pointed out in Ref.23 that for measurements of B⇤ for
p-shell hypernuclei, there exists a discrepancy in the range of 0.4 to 0.8 MeV between emulsion data and other modern
measurements. Whether the e�ect would be similar in s-shell hypernuclei such as the hypertriton is unclear, but
such a discrepancy is much larger than the systematic uncertainty assigned to emulsion measurements34. Until this
discrepancy is well understood, an average of the current measurement with early results can not be reliably carried
out.
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Figure 4 | Comparison of the STAR results with earlier measurements (left) and theoretical calculations (right)
of B⇤ for 3

⇤H and 3
�̄H. The black points and their error bars (which are the reported statistical uncertainties) represent

B⇤ for 3
⇤H based on earlier data4,31–33. The short horizontal magenta lines represent the best estimates of B⇤ for 3

⇤H
based on the same early data but using modern hadron and nucleus masses. The current STAR measurement plotted
here is based on a combination of 3

⇤H and 3
�̄H assuming CPT invariance. Error bars show statistical uncertainties and

caps show systematic errors. The green lines in the right panel represent theoretical calculations of B⇤.

4

Figure 2 | Particle identification using TPC and TOF, and the invariant mass distributions for 3
�H and 3

�̄H
reconstruction. hdE/dxi versus p/q is presented in panel a, and 1/� versus p/q in panel b. In both cases, the colored
bands show the measured data for each species of charged particle, while the red curves show the expected values.
Charged particles are identified by comparing the observed hdE/dxi and 1/� with the expected values. The invariant
mass distributions of 3

⇤H and 3
�̄H, which are reconstructed through 2-body and 3-body decay channels, are shown as

data points with statistical error bars only in panels c and d, respectively. The red curves represent a fit with a Gaussian
function plus a linear background, using the unbinned Maximum Likelihood (ML) method. The 3

�H and 3
�̄H mass

determination is not based on these curves; see the text for details.

m3
⇤

H = 2990.95 ± 0.13(stat.) ± 0.11(syst.) MeV/c2

m3
�̄

H = 2990.60 ± 0.28(stat.) ± 0.11(syst.) MeV/c2

The average mass (weighted by the reciprocal of squared statistical uncertainties) for 3
⇤H and 3

�̄H combined is

m = 2990.89 ± 0.12(stat.) ± 0.11(syst.) MeV/c2 (1)

The relative mass di�erence between 3
⇤H and 3

�̄H is

�m
m
=

m3
�H � m3

�̄
H

m
= [ 1.1 ± 1.0(stat.) ± 0.5(syst.)] ⇥ 10�4

which is displayed in Fig. 3 along with the relative mass-to-charge ratio di�erences between d and d̄ and between 3He
and 3He measured by the ALICE Collaboration19. The mass di�erence between 3

⇤H and 3
�̄H observed in the present

data is consistent with zero. The current measurement extends the validation of CPT invariance with high precision to
a nucleus containing a strange quark.

3

STAR Col. arXiv 1904.10520

High precision vertex detector in 
STAR: a precise mass measurements 

STAR data differs from zero and larger 
than the prior measurements from 1973 

Strong Y-N interaction in hypernucleus 
system
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Recent data on QCD phase diagram study

(Hyper)nuclei production and density fluctuation

Xiaofeng)Luo 20The)7th Asian)Triangle)Heavy9Ion)Conference)(ATHIC)2018), Hefei, China

 (GeV)NNs
5 6 7 8 10 20 30 40 100 200

 n
∆

0

0.5

1

1.5 STAR Au+Au Collisions (0-10%)

STAR Preliminary

Net9p flu. Neutron density flu. HBT radii

Peak and/or dip structures observed
at common energy ranges : 20930 GeV !!

Slope of Directed flow vs y.

Non$monotonic structures observed by STAR experiment

Hard to believe those are driven by different physics.

What is the driven physics ?

STAR Preliminary

QM18

5

Lambda/proton =  0.019 ± 0.000 (stat.) 
Hypertriton/He3 = 0.011 ± 0.002 (stat.)

S3 =  0.579 ± 0.105 (stat.) 

If 
we assume hypertriton’s 2-body decay branch ratio is 25%,
assume the lambda’s proton + pion^- decay branch ratio is 64%,
assume the lambda decay from feed down is about 50%,
assume the proton from feed down is about 20%,
So,
the corrected S3 will be:

0.579 * (4 * 0.8 * 0.64 /0.5) =  2.372

The preliminary result of S3

Xiaofeng)Luo 19The)7th Asian)Triangle)Heavy9Ion)Conference)(ATHIC)2018), Hefei, China
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STAR Preliminary

Neutron Density Fluctuations : Energy Dependence

Observe non9monotonic energy dependence of neutron density fluctuation

in 0910% central Au+Au collisions with a peak around 20930 GeV.

g=0.29.

Nt : Triton yield

Nd : Deuteron yield

Np : Proton yield

Dingwei Zhang� QM2018

K. J. Sun�L. W. Chen, C. M. Ko, Z. Xu, Phys. Lett. B774, 103 (2017).
K. J. Sun�L. W. Chen, C. M. Ko, J. Pu, Z. Xu, Phys. Lett. B781, 499 (2018).
Edward)Shuryak and)Juan)M.)Torres9Rincon, arXiv:1805.04444 See Ning Yu’s talk
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(Hyper)nuclei production at forward upgrade

Rich hyperon and hypernuclei 
production rate at lower 
energies 

Better lifetime and binding 
energy measurements and will 
improved the understanding 
on Y-N interaction 

The baryon number desntidy 
fluctuation and baryon-
strangeness correlations 
accessible probe to the QCD 
phase transition

A.Andronic et al., PLB 697 (2011) 203
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Rate estimated at 11.5 GeV
Blast wave + nucleon coalescence 

– 17M events produced 13903 hypertriton in rapidity window (0,1.5), assuming 
eff. 20%, BR to helium3 and pion 25%, the count is 695 

– But the difficulty is on A=4 hypernuclei, only 146 signal obtained without eff. or 
BR factor in 

Phys. Lett. B 754 (2016)
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Estimates with different production mechanism
Production in central and peripheral HIC are quite different: re-scattering and 

absorption of hyperons by excited spectators in peripheral collisions

p

L

L

p

L

L

K

KProducing light hypernuclei in peripheral collisions, HypHI @ 
GSI

A.S. Botvina et al. / Physics Letters B 742 (2015) 7–14 11

Fig. 3. Rapidity distributions (in the center of mass system, yc.m.) of produced 
hyper-fragments (solid lines) and hyper-residues (dashed histograms) calculated 
within the UrQMD plus CB model. The reactions, parameters and other notations 
are as in Fig. 2.

Fig. 4. The same as in Fig. 3 but for calculations within the HSD plus CB model.

Fig. 5. Rapidity distributions of produced 3
ΛH (dotted lines) and 4

ΛH (dashed lines) 
hyper-fragments in reactions as in Fig. 3. The UrQMD and CB calculations are with 
the coalescent parameter vc = 0.22c.

Fig. 6. The same as in Fig. 5 but with the coalescent parameter vc = 0.1c.

Botvina et al., Phys. Lett. B 742 (2015) 7

Calculations based on UrQMD+CB 
are strongly depend on the 
coalescence parameter

8 A.S. Botvina et al. / Physics Letters B 742 (2015) 7–14

The formation processes of hypernuclei are quite different in 
central and peripheral ion collisions. There are indications that in 
high energetic central collisions the coalescence mechanism, which 
assembles light hyper-fragments from the produced hyperons and 
nucleons (including antibaryons) is dominating [12,13,23,24]. Be-
cause of the very high temperature of the fireball (T ≈ 160 MeV) 
only lightest clusters, with mass numbers A ! 4, can be produced 
in this way with a reasonable yield [25]. On the other hand, it was 
noticed sometime ago that the capture of hyperons in spectator 
regions after peripheral nuclear collisions is a promising way to 
produce hypernuclei [26–29]. Nuclear matter created in peripheral 
collisions shows distinctly different properties compared to nu-
clear matter at mid-rapidity. It is well established that moderately 
excited spectator residues (T ! 5–6 MeV) are produced in such re-
actions [16–18,30]. A hyperon bound in these residues should not 
change the picture since the hyperon–nucleon forces are of the 
same order as the nucleon–nucleon ones. General features of the 
decay of such hyper-residues into hyper-fragments could be inves-
tigated with statistical models (e.g., generalized Statistical Multi-
fragmentation Model SMM [7,21]), which successfully describe the 
production of normal fragments [16–19]. The models predict the 
formation of exotic hypernuclei and hypernuclei beyond the drip-
lines, which are difficult to create in other reactions [7]. There is 
an alternative treatment of the process that considers first statisti-
cal SMM decay of excited residues, and, afterwards, a coalescence 
model for final production of hyper-fragments [28]. Both theo-
retical mechanisms are under discussion and waiting for a test 
by experiments. Spectator heavy fissioning hypernuclei were iden-
tified with a relatively high probability in reactions induced by 
protons with energy around the threshold [31], and in annihi-
lation of antiprotons [32]. Very encouraging results on hypernu-
clei come from experiments with light projectiles: In addition to 
well-known hypernuclei [33], evidences for unexpected exotic hy-
pernuclear states, like a Λ hyperon bound to two neutrons, were 
reported [34], which were never observed in other reactions. As 
was discussed, the production of such new exotic states could be 
naturally explained within the break-up of excited hypernuclear 
systems [34,35].

In previous publications we have considered the formation 
of hypernuclei within the Dubna Cascade Model (DCM) [36,37]
and the Ultra-relativistic Quantum Molecular Dynamics model 
(UrQMD) [38]. These calculations include the capture of the pro-
duced hyperons in the potential of the spectator residues [29,39], 
and the coalescence into lightest clusters together with their ther-
mal production in central collisions [25]. Involving new transport 
models is very important since we obtain knowledge about un-
certainties in such calculations. In this work, besides UrQMD, we 
employ the Hadron-String Dynamics (HSD) model [40], which were 
used successfully for description of strangeness production [41,42]. 
We develop a generalization of the coalescence model [43], the 
coalescence of baryons (CB), which is applied after UrQMD and 
HSD stage. In this way it is possible to form fragments of all sizes, 
from the lightest nuclei to the heavy residues, including hypernu-
clei within the same mechanism. The advantage of this procedure 
is the possibility to predict the correlations of yields of hypernu-
clei, including their sizes, with the rapidity on the event-by-event 
basis, that is very essential for the planning of future experiments.

2. Transport calculations of conventional and strange baryons

A detailed picture of peripheral relativistic heavy-ion collisions 
has been established in many experimental and theoretical stud-
ies. Nucleons from the overlapping parts of the projectile and tar-
get (participant zone) interact intensively between each other and 
with other hadrons produced in primary and secondary collisions. 

Nucleons from the non-overlapping parts interact rarely, and they 
form the residual nuclear systems, which we call spectators. We 
apply two dynamical models to describe the processes leading to 
the production of strange particles in nucleus–nucleus collisions 
before their accumulation in nuclear matter. Using different mod-
els allows us to estimate the theoretical uncertainties associated 
with the different treatment of the dynamical stage.

The first model is the Ultra-relativistic Quantum Molecular Dy-
namics model (UrQMD) [38,44]. The model is based on an effec-
tive microscopic solution of the relativistic Boltzmann equation. 
Products of binary interactions of particles include 39 different 
hadronic species (and their antiparticles) which scatter according 
to their geometrical cross section. The allowed processes include 
elastic scattering and 2 → n processes via resonance creation (and 
decays) as well as string excitations for large center-of-mass ener-
gies (

√
s " 3 GeV). The current version 3.4 of UrQMD also includes 

important strangeness exchange reactions, e.g., K + N ↔ π + Y
(where Y is a strange baryon) [45].

Another model is the off-shell Hadron-String-Dynamics (HSD) 
transport model [40,46]. It is based on the solution of the gen-
eralized transport equation [47] including covariant self energies 
for the baryons. We recall that in the HSD approach nucleons, 
#’s, N∗(1440), N∗(1535), Λ, Σ and Σ∗ hyperons, Ξ ’s, Ξ∗ ’s and 
Ω ’s as well as their antiparticles are included on the baryonic 
side, whereas the 0− and 1− octet states are incorporated in the 
mesonic sector. Inelastic baryon–baryon (and meson–baryon) colli-
sions with energies above √sth ≃ 2.6 GeV (and 

√
sth ≃ 2.3 GeV, re-

spectively) are described by the FRITIOF string model [48], whereas 
low energy hadron–hadron collisions are modeled using experi-
mental cross sections.

In the both HSD and UrQMD models the initial state of col-
liding nuclei is generated similarly: The nucleon’s coordinates are 
initialized according to a Woods–Saxon profile in coordinate space 
and their momenta are assigned randomly according to the Fermi 
distribution.

3. Coalescence of baryons

A composite particle can be formed from two or more nucleons 
if they are close to each other in phase space. This simple pre-
scription is known as coalescence model and it is based on the 
properties of the nucleon–nucleon interaction. One can use the co-
alescence in both momentum (velocity) space and the coordinate 
space. The coalescence in the momentum space model has proven 
successful in reproducing experimental data on the production of 
light clusters (see e.g. [25,36]).

Recently, we developed an alternative formulation of the coales-
cence model, the coalescence of baryons (CB), which is suitable for 
computer event by event simulations [43]. Baryons (nucleons and 
hyperons) can produce a cluster with mass number A if their ve-
locities relative to the center-of-mass velocity of the cluster is less 
than vc . Accordingly we require |v⃗ i − v⃗cm| < vc for all i = 1, . . . , A, 
where v⃗cm = 1

E A

∑A
i=1 p⃗i ( p⃗i are momenta and E A is the sum en-

ergy of the baryons in the cluster). This is performed by sequential 
comparison of the velocities of all baryons.

If we consider only the production of lightest clusters (A ! 4) 
the coalescence velocity parameter vc ≈ 0.1c gives a good descrip-
tion of the data, as was shown in previous analyses [25,36]. How-
ever, the coalescence mechanism may also be applied to construct 
heavy nuclei [43]. In this case the parameter vc should be larger, in 
order to incorporate higher velocities of the hyperons which can be 
captured in the deeper potentials of big nuclei. This potential well 
saturates at around ∼ 30–40 MeV. It was demonstrated in Ref. [29]
(Fig. 10) that according to this potential criterion the momentum 
distribution of the captured Λ hyperons can be approximated by 
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Proposed (π-,Κ0) reaction on nuclear targets for precise determination of the lifetime 
of the hydrogen hyperisotopes and other neutron-rich Λ-hypernuclei at J-PARK

M. Agnello et al., NPA 954 (2016) 176

186 M. Agnello et al. / Nuclear Physics A 954 (2016) 176–198

Fig. 4. Layout of the J-PARC K1.1 beam line and K1.1 experimental area. From [46].

for the energy determination. A pair of planar low-mass X–Y drift chambers [48], spaced by 
some cm and with a spatial resolution of 300 µm should allow the determination of the direction 
of the π− to better than 100 mrad. They should be irradiated with a flux of charged particles 
ranging from some tens to some hundreds (s cm2)−1 (see Section 8). Multi-Hit Flash ADC front 
end electronics is well suited to cope with these rates.

6. Main features of the experimental layout

Fig. 6 shows a pictorial view of the experimental layout simulated by means of the Geant4 
toolkit [49]. We remark that the dimensions of all the parts are indicative. The final optimization 
will be done only after accurate studies with detailed simulations are available. The target (liq-
uid 3He or 4He) is cylindrical, with radius of 2–3 cm and length of 7–10 cm. It is surrounded 
by a barrel of scintillators, 4–5 mm thick coupled at both ends to photon detectors capable of 
achieving a timing resolution of less than 100 ps FWHM. The scintillators will be used for the 
measurement of the delayed π− from the MWD of 3"H and 4"H and the time of flight technique 
will be applied. The start signal will be given by a beam scintillator or by a hodoscope in case 
of high intensity. The time response function of the device will be determined by π− scattered 
from the He target and continuously acquired by a parallel trigger.
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function broadened by the instrumental time resolution function provides the lifetime. If the time 
delay spectra is substantially background-free, the error on the lifetime turns out to be roughly 
equivalent to the statistical error on the number of events contained in the spectrum, as shown by 
the available literature [7].

The largest part of the experimental investigation with counter techniques in Hypernuclear 
Physics was obtained by using (chronologically) two-body reactions: (K−, π−) in flight or 
at rest, (π+, K+) in flight and (e, e′K+, (γ ∗, K+)) on a nuclear target AZ. With the first 
two reactions the hypernucleus A

#Z was produced, with the third the hypernucleus A
#(Z − 1). 

A detailed account of the properties of these reactions can be found in Ref. [3,5,6].
The electroproduction reaction (e, e′K+) is the reaction which can produce 3#H and 4#H hy-

pernuclei using targets of 3He and 4He. Actually, a first study, performed with a spectrometer 
system featuring a final MM resolution of ∼ 4 MeV FWHM, showed clearly signals correspond-
ing to the production of 3#H and 4#H [42] and the corresponding cross sections were determined. 
A proposal was recently approved for a series of studies of the #N interactions for which cryo-
genic gaseous 3He and 4He targets could be used [43]. A preliminary study was done [9] in 
order to evaluate whether the approved setup (targets and magnetic spectrometers featuring a 
MM resolution of about 500 keV FWHM) could be used to determine the lifetimes, thanks to an 
additional detector system for the π− from the MWD of the hydrogen hyperisotopes. Unrealistic 
beam times were deduced. Realistic beam times were foreseen by using liquid targets, but there is 
a warning on the severe backgrounds that could affect the π− detector system which is installed 
very close to the production target. It is worth reminding that electroproduction has recently ob-
tained the best resolution in the spectroscopy of hypernuclei, but no attempt has ever been done 
on WD studies in which detector systems close to the production targets must be installed. In 
conclusion, a measurement of the lifetimes of 3#H and 4#H seems not feasible at JLab, at least in 
the short term.

Other two-body reactions that may be exploited to produce 3#H and 4#H from targets of 3He 
and 4He are:

K− + 3,4He → π0 + 3,4
# H (7)

↪→ γ γ

with K− in flight (around 700–800 MeV/c) or at rest, and

π− + 3,4He → K0 + 3,4
# H (8)

↪→ π+π−

using π− momentum around (1.0–1.1) GeV/c.
Excellent K− and π− beams are now available at J-PARC and the dynamics of reactions (7)

and (8) is quite well known since the isospin conjugated (K−, π−) and (π+, K+) reactions on 
nuclei were used for over than four decades to produce the bulk of Hypernuclear Physics data and 
in particular for WD studies. The main experimental difficulty intrinsic in reactions (7) and (8) is 
the precise determination of the momentum vector of the π0 and K0 respectively. Indeed, a MM 
resolution on the order of 3 MeV FWHM is required to allow the separation of the 4#H ground 
state from the # quasi free production background. Just for fixing some numbers, the kinetic 
energy of the neutral meson must be determined to better than 3 MeV and its direction within 
100 mrad. However, the same resolution would not be equally effective for the loosely bound 
3
#H. In the late 90′s, a π0 spectrometer, already built and used at LAMPF [44], was transported 
to BNL and employed to detect the π0 emitted following the capture of K− at rest on nuclei. The 
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Fig. 2. (Color online.) Chronological synopsis of the experimental data on 4
!H lifetime: blue crosses indicate results 

from photographic emulsions and green squares indicate results from counter experiments: for each point the reference 
is given. Colored dashed lines and hatched areas represent the corresponding w.a.′s and errors.

better than 5% will be very useful for the quantitative comparison with the theoretical evalua-
tions.

3. Overview of the existing  theoretical approaches

First approaches to the theoretical determination of τ (3
!H) are due to Dalitz and his collabora-

tors. Actually, it is well known that Dalitz pioneered the theoretical interpretation of all items of 
Hypernuclear Physics. Dalitz [33] and soon afterward Leon [34] introduced the basic π -mesonic 
interaction from which the equations needed to calculate the observables related to the WD of 
3
!H were deduced. The validity of the $I = 1/2 rule and the dominance of the spin-nonflip par-
ity violating interaction over the spin-flip parity conserving one were assumed. The first accurate 
calculation of τ (3

!H) is due to Rayet and Dalitz [35] and it corrects some previous preliminary 
attempts. The phase space factor and the Pauli principle effect were accurately taken into ac-
count. Corrections accounting for the final-state pion scattering and for NMWD channels were 
considered. The calculated values for τ (3

!H) were found to range from 239.3 ps to 255.5 ps. The 
incertitude is related to the mean value of the π − momentum chosen to evaluate the space phase 
factor. Ram and Williams [36] investigated whether hard core corrections introduced in the !N

and NN potentials used to calculate the wave functions could affect significantly the values for 
τ (3

!H) reported by [35]. The result was negative and a value of 235 ps was deduced. A lower 
value of 173 ps was inferred by Mansour and Higgins [37] by means of a calculation based on 
an explicit inclusion of the nucleon induced pionic emission (!N → NNπ ). Kolesnikov and 
Kopylov [38] obtained a value of 226.3 ps, by using for 3

!H and 3He wave functions found by 
multiparameter variation calculations employing five different !N potentials. A quite close de-
termination (232 ps) was given by Congleton [39], who used updated values for the NN (Bonn 
and Paris) and for the YN (Nijmegen) potentials to determine the wave functions. The most 
recent evaluation of τ (3

!H) was done by Kamada and collaborators [40]. The MWD of the hy-
pertriton was calculated by adopting rigorous solutions of three-body Faddeev equations for the 
hypernucleus wave function and for the 3N scattering states, in which realistic NN and YN

Proposal from other exp. (1)
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Proposal from other exp. (2)

Proposal to use the high-precision technique of 
decay-pion spectroscopy at the Mainz Microtron 
(MAMI) to the accurate determination of the 
binding energy measurement  

Statistical decay calculations suggest that 
lithium is the optical target material to observe 
hypertriton decays under relative clean 
conditions with only few other light 
hyperfragments being produced

Achenbach and Pochodzalla (2017) 
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FIG. 4. (Color online) Rapidity and transverse momentum distributions are compared with the experimental data of HypHI. y0

denotes the rapidity in the center-of-mass frame of the individual NN collisions scaled to the rapidity of this reference frame and
Pt is the transverse momentum. Panel (a) and (b) show the rapidity results related to 3

⇤H and 4
⇤H. The projectile-like, target-

like and cascade-coalescence hypernuclei are shown in di↵erent colors. The experimental data from the HypHI experiment
[50] are shown in black points. Data is renormalized by divide the rapidity bin size of 0.02 for 3

⇤H or 0.03 for 4
⇤H (See Fig.

3 of Ref. [50]). The rapidity distributions are normalized by the total number of the inelastic collisions. dN/dy is therefore
the multiplicity per inelastic collision per unit of rapidity. Panel (c) and (d) show the transverse momentum of 3

⇤H and 4
⇤H.

The projectile-like and cascade-coalescence contribution in the forward rapidity region are shown in di↵erent colors. Data is
renormalized by divide the momentum bin size of 40 MeV/c (See Fig. 3 of Ref. [50]). The theoretical transverse momentum
distributions are normalized by the data.

of the target. Given the high beam energy and the small
stopping power of the hydrogen target, the use of such
thick hydrogen target does not have large e↵ects on the
invariant-mass resolution.

In the bottom panel of Fig. 6 the ratios of production
cross sections between a carbon target and a hydrogen
target are illustrated. When the projectiles are proton
rich, 10C for example, the use of a carbon target results
in 5 or 10 times larger cross sections than the use
of a hydrogen target in the case of producing light
neutron-rich hypernuclei. This is because the yields
of such nuclei on the hydrogen target are low, and
charge-exchange reactions on the carbon target can
increase essentially the neutron content of the projectile
residue. As the projectile’s mass number increases,
hydrogen target tends to have comparable production
cross sections with carbon target for any hypernuclei.
The gain factor changes from 2 to 4. Such losses should
be easily compensated by using a thicker hydrogen target,
since the much smaller energy loss and smaller inelastic

cross sections. The calculated inelastic reaction cross
section of 12C on hydrogen target at 2A GeV is 268 mb
while it is 908 mb for a carbon target. With the same
beam intensity, 25-cm-thick hydrogen target results in
the same luminosity as 9.5-cm-thick carbon target, while
the energy loss in the carbon target is more than 5 times
larger.

V. SIGNAL-OVER-BACKGROUND RATIO

Hypernuclei can decay through both the mesonic and
the non-mesonic weak channels. For light hypernuclei,
the mesonic decay mode is favored, in which ⇤ decays
to ⇡N with Q value around 40 MeV, similar to the
decay of a free ⇤. As a consequence of this decay, the
⇤ is substituted by a nucleon and a pion is emitted.
The decayed final nucleon has a momentum around
100 MeV/c, much less than the Fermi momentum of
280 MeV/c. Therefore, in medium-heavy hypernuclei,
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FIG. 7. (Color online) Schematic diagram of the experimental setup for the invariant-mass spectroscopy of hypernuclei tagged
with Kaon.

a constant momentum resolution (�p/p = 1%) was taken
for all kinetic energies of ⇡, proton, neutron and heavy
fragments. This leads to a resolution (FWHM) of 2.5
MeV for ⇤ (⇡� + proton). In addition, 5 mm (1�)
spatial resolution was considered for the production and
decay vertices in x, y and z direction. To reduce the
huge background, we require only events with strangeness
production, which corresponds to coincide with kaon
production around the target in the experiment. The
lifetime of K+ meson is 12 ns and it will decay to µ+ +
⌫µ or ⇡+ + ⇡0 with a branching ratio of 63.5% and 21.2%
respectively. It has been shown K+ can be e�ciently
identified either in flight with a time projection chamber
(TPC) [53] or at rest using a kaon range telescope [54].
A schematic diagram of the experimental setup is shown
in Fig. 7.

Recently, exotic bound hypernuclei, like 2
⇤n and 3

⇤n,
were extensively discussed and looked for in relativistic
ion experiments [22, 55]. As examples, we consider
here the mesonic decay processes of 2

⇤n and 3
⇤n, i.e.

2
⇤n ! ⇡� + d, 3

⇤n ! ⇡� + t. Since the lifetimes
of 2

⇤n and 3
⇤n are still unknown, the possible lifetimes

of 181 ps and 190 ps were used in the simulation
for 2

⇤n and 3
⇤n [22]. Invariant masses of 2

⇤n and 3
⇤n

were reconstructed from the momentum of ⇡� + d
and ⇡� + t, respectively. The obtained invariant-mass
spectrums are shown in Fig. 8 for 12C beams impinging
on carbon and hydrogen target at 2A GeV. We note
that all of the combinations were considered in the
invariant-mass reconstruction if there were multiple ⇡�,
d and t accepted. For direct comparison, the number
of the collision events, the experimental acceptance as
well as the reconstruction of hypernuclei were the same
for each plot. From Fig. 8, we can clearly see the
improvement of signal-over-background ratio when using
a hydrogen target. We found that one main reason is
the reduction of ⇡� background at forward angles. In
the 12C + 12C collisions, 78% of the ⇡� background
comes from the cascade collisions, while in the case

of 12C + proton, this ratio drops to 27 %. After
coincidence with kaon, most of the ⇡� background in
12C + proton collisions comes from the decay of free
lambda particles, which is the main background for the
mesonic decay channels. We note that vertex methods for
identification of products of slow weak decays have been
successfully achieved in several hypernuclear experiments
[18, 21, 22]. From the simulation results in Ref. [56], the
⇡� background can be reduced to 1.7% by applying a
vertex trigger in the 6Li and 12C collisions at 2A GeV.
The background suppression could be clearly seen in the
bottom panel of Fig. 8, where the distance between
the production and decay vertices (�R) was required to
be larger than 1.5 cm, which is about two times of the
resolution of the distance. In our simulation, multiple
scattering of pions and light-ions in the target was not
considered, so we expect a worse signal-over-background
ratio especially for carbon target. Thus, we foresee in
a future work to further study the performances of a
realistic setup dedicated to hypernuclei production from
hydrogen induced reactions.

VI. SUMMARY

Ion beam induced reactions are a very promising way
to produce exotic hypernuclei, as already proved by the
HypHI collaboration at GSI. In this article, we present
a series of calculations using the Dubna intranuclear
Cascade Model followed by Fermi breakup to investigate
theoretically the production of light ⇤ hypernuclei. The
calculated cross sections are compared with available
experimental data. We found the Dubna data could be
fairly well reproduced if we slightly tune the excitation-
energy distribution of the hot primary hyperresidues.
However, the calculated yields of hypernuclei are more
than one order of magnitude smaller than the recently
published HypHI data. With a more detailed comparison
of rapidity and transverse momentum distributions, we

Light hypernuclei production with 
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FIG. 8. (Color online) Invariant-mass spectrums of 2
⇤n and

3
⇤n using 12C beam at 2 GeV/nucleon impinging on carbon
target and hydrogen target. �R denotes the distance between
production and decay vertices. For the figures in the top
panel, there is no selection on �R in the invariant-mass
reconstruction. For the figures in the bottom panel, �R
is selected to be larger than 1.5 cm. The red spectrums
show the invariant mass of 2

⇤n or 3
⇤n obtained using only

the corresponding decay particles. The green spectrums show
the background contaminations obtained using uncorrelated
particles. The blue spectrums are obtained if we consider both
uncorrelated particles and decay particles in the invariant-
mass reconstruction.

confirm that the observed hypernuclei in the HypHI
experiment are mainly projectile-like hypernuclei with
a small cascade-coalescence contribution. Although
the amplitudes are much smaller and there exist some
rapidity shift, the overall shape of both rapidity and
transverse momentum distributions agree with the pub-
lished data. Furthermore, we also investigate the
cross-section dependence on beam energies and di↵erent
projectile-target combinations. Comparing with carbon
target, hydrogen target also leads to sizable hypernuclear
yields, even for exotic species. In the presented
calculations, the cross-section ratios between carbon and
hydrogen targets are similar with the total inelastic cross-
section ratios, making hydrogen a competitive target
for hypernuclear production in relativistic ion collisions.
The typical hypernuclear production cross sections at
2A GeV beam energy with hydrogen target are around
0.5 µb. From the experimental point of view, we
also investigate the signal-over-background ratio using
12C beam impinging on hydrogen and carbon targets.
Invariant-mass spectrums of 2

⇤n and 3
⇤n are given taking

into account the experimental acceptance and resolution.
With these examples, we demonstrate that a hydrogen
target could indeed reduce significantly the background
contamination in the mesonic decay channel for some
experiments. Hypernuclear production data from ion
collisions with hydrogen and carbon targets are required
to benchmark the current predictions and allow for the
development of future experimental programs at FAIR
facility in GSI and HIAF facility in China.
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a constant momentum resolution (�p/p = 1%) was taken
for all kinetic energies of ⇡, proton, neutron and heavy
fragments. This leads to a resolution (FWHM) of 2.5
MeV for ⇤ (⇡� + proton). In addition, 5 mm (1�)
spatial resolution was considered for the production and
decay vertices in x, y and z direction. To reduce the
huge background, we require only events with strangeness
production, which corresponds to coincide with kaon
production around the target in the experiment. The
lifetime of K+ meson is 12 ns and it will decay to µ+ +
⌫µ or ⇡+ + ⇡0 with a branching ratio of 63.5% and 21.2%
respectively. It has been shown K+ can be e�ciently
identified either in flight with a time projection chamber
(TPC) [53] or at rest using a kaon range telescope [54].
A schematic diagram of the experimental setup is shown
in Fig. 7.

Recently, exotic bound hypernuclei, like 2
⇤n and 3

⇤n,
were extensively discussed and looked for in relativistic
ion experiments [22, 55]. As examples, we consider
here the mesonic decay processes of 2

⇤n and 3
⇤n, i.e.

2
⇤n ! ⇡� + d, 3

⇤n ! ⇡� + t. Since the lifetimes
of 2

⇤n and 3
⇤n are still unknown, the possible lifetimes

of 181 ps and 190 ps were used in the simulation
for 2

⇤n and 3
⇤n [22]. Invariant masses of 2

⇤n and 3
⇤n

were reconstructed from the momentum of ⇡� + d
and ⇡� + t, respectively. The obtained invariant-mass
spectrums are shown in Fig. 8 for 12C beams impinging
on carbon and hydrogen target at 2A GeV. We note
that all of the combinations were considered in the
invariant-mass reconstruction if there were multiple ⇡�,
d and t accepted. For direct comparison, the number
of the collision events, the experimental acceptance as
well as the reconstruction of hypernuclei were the same
for each plot. From Fig. 8, we can clearly see the
improvement of signal-over-background ratio when using
a hydrogen target. We found that one main reason is
the reduction of ⇡� background at forward angles. In
the 12C + 12C collisions, 78% of the ⇡� background
comes from the cascade collisions, while in the case

of 12C + proton, this ratio drops to 27 %. After
coincidence with kaon, most of the ⇡� background in
12C + proton collisions comes from the decay of free
lambda particles, which is the main background for the
mesonic decay channels. We note that vertex methods for
identification of products of slow weak decays have been
successfully achieved in several hypernuclear experiments
[18, 21, 22]. From the simulation results in Ref. [56], the
⇡� background can be reduced to 1.7% by applying a
vertex trigger in the 6Li and 12C collisions at 2A GeV.
The background suppression could be clearly seen in the
bottom panel of Fig. 8, where the distance between
the production and decay vertices (�R) was required to
be larger than 1.5 cm, which is about two times of the
resolution of the distance. In our simulation, multiple
scattering of pions and light-ions in the target was not
considered, so we expect a worse signal-over-background
ratio especially for carbon target. Thus, we foresee in
a future work to further study the performances of a
realistic setup dedicated to hypernuclei production from
hydrogen induced reactions.

VI. SUMMARY

Ion beam induced reactions are a very promising way
to produce exotic hypernuclei, as already proved by the
HypHI collaboration at GSI. In this article, we present
a series of calculations using the Dubna intranuclear
Cascade Model followed by Fermi breakup to investigate
theoretically the production of light ⇤ hypernuclei. The
calculated cross sections are compared with available
experimental data. We found the Dubna data could be
fairly well reproduced if we slightly tune the excitation-
energy distribution of the hot primary hyperresidues.
However, the calculated yields of hypernuclei are more
than one order of magnitude smaller than the recently
published HypHI data. With a more detailed comparison
of rapidity and transverse momentum distributions, we
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Summary

It is promising to carry 
out a beautiful 
measurements on 
light (hyper)nuclei 
production at STAR 
forward experiment.

Thank you!


