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K-ビームを用いた 
軽いハイパー核の寿命測定
1. ハイパートライトン研究の現状 
2. 我々の実験手法 
3. テスト実験/初期データ取得の状況 
4. 今後のプランとまとめ
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• Lightest hyper nucleus: bench mark for ΛN(ΛNN) interaction models. 
• Important input to determine the ΛN spin-singlet strength 

• Small binding energy by emulsion data was generally accepted. 
• Small BΛ → large spacing between Λ & d 
→ lifetime should be ~ free Λ (263 ps) 
• for example 256 ps by H. Kamada, et al, Phys. Rev. C Nucl. Phys. 57, 1595 (1998). 

• Spin 1/2 determined by the two-body decay ratio R3  (G. Keyes et al., NPB67, 269, 1973).

Hypertriton
 3

Introduction: motivation

3

As the lightest hypernucleus,
3!H should tell us some 

important fact of YN interactions
just as deuteron for nuclear physics.

B!~130keV,
~10 fm separation!

deuteron
3!H

A well separated wave function between ! and deuteron implies small 
modification of 3!H lifetime from deuteron and, thus, its lifetime should be 

presumably determined by free ! decay.

Up to a few years ago, we believe:
τ ≈ 263 ps (B! = 130 ± 50 keV).

decay probability:
 kinematics×|transition matrix|2

~ phase space×wave function overlap

a small term 
(separation of ~10fm)



橋本直@第６回クラスター階層領域研究会

• Short lifetimes from HI experiments in 2010’s

Hypertriton lifetime puzzle
 4

(shown in red on Fig. 3, right panel) is the most precise measurement to date with uncertainties comparable
to those of the world average value. However, this most recent preliminary result is not yet included into the
world average (shown as the yellow dashed line).

These two latest ALICE measurements are very important to the solution of the longstanding hypertriton
lifetime puzzle.
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Fig. 3. Ratio of pT-integrated production yield of A = 3 nuclei over proton production yield versus multiplicity compared to theoretical
model predictions (left panel) and hypertriton lifetime puzzle (right panel).

5. Conclusion

New results from the high-quality Pb–Pb data sets at a center-of-mass energy of
√

sNN = 5.02 TeV col-
lected in 2015 and 2018 have been presented. The first pT spectra of t and t as well as of 4He and 4He
in Pb–Pb at the LHC were shown. The light nuclei exhibit a significant radial and elliptic flow, consistent
with the flow of the lighter particles. The production yields of light nuclei as well as the lighter particles
are well described by the thermal model. The production yield ratios of 3He and t over proton versus multi-
plicity is rather well described by the canonical statistical as well as the coalescence models. Furthermore,
the most precise measurement of the 3

Λ
H lifetime ever performed has been presented shedding light on the

hypertriton lifetime puzzle. Future data taking periods in 2021-2024 and 2027-2030 will increase the statis-
tics significantly and will hopefully help to solve the current ambiguity between the discussed production
models.

References
[1] A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stöcker, Phys. Lett. B697 (2011) 203–207. arXiv:1010.2995.
[2] J. I. Kapusta, Phys. Rev. C21 (1980) 1301–1310.
[3] E. Schnedermann, J. Sollfrank, U. W. Heinz, Phys. Rev. C48 (1993) 2462–2475. arXiv:nucl-th/9307020.
[4] S. Acharya, et al. (ALICE Collaboration), arXiv:1910.07678.
[5] S. Wheaton, J. Cleymans, Comput. Phys. Commun. 180 (2009) 84–106. arXiv:hep-ph/0407174.
[6] A. Andronic, P. Braun-Munzinger, J. Stachel, Phys. Lett. B673 (2009) 142–145, [Erratum: Phys. Lett.B678,516(2009)].
[7] A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nature 561 (7723) (2018) 321–330. arXiv:1710.09425.
[8] G. Torrieri, S. Steinke, W. Broniowski, W. Florkowski, J. Letessier, J. Rafelski, Comput. Phys. Commun. 167 (2005) 229–251.
[9] G. Torrieri, S. Jeon, J. Letessier, J. Rafelski, Comput. Phys. Commun. 175 (2006) 635–649. arXiv:nucl-th/0603026.

[10] M. Petran, J. Letessier, J. Rafelski, G. Torrieri, Comput. Phys. Commun. 185 (2014) 2056–2079. arXiv:1310.5108.
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• Data quality is not good. limited counts, bad S/N 
• Indirect measurement using decay length.

Hypertriton lifetime puzzle
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Fig. 9. (Color online.) Profiled likelihood ratio for interval estimation of Λ-hyperon (a1), 3
ΛH (b1), and 4

ΛH hypernuclei
(c1). Interval estimation for 1 standard deviation is shown on each profiled likelihood ratio. Binned decay length distri-
butions of the signal region of Λ-hyperon (a2), 3

ΛH (b2), and 4
ΛH hypernuclei (c2) with the fitted model, which included

the exponential function resulted from the unbinned maximum likelihood fit and the background contribution estimated
by the sidebands. The black line represents the fitted model, while the blue dotted line represents the contribution of the
exponential function.

Table 3
Contributions to the systematic errors.

Contribution to the systematic Λ 3
ΛH 4

ΛH

Vertex Z pos (%) 8 18 14
Primary Vertex (%) 4 4 8
Scaling (%) 11 6 17
Sideband (%) 8 6 10
Total (%) 17 20 25

4.1. Study of the systematic uncertainty

The systematic uncertainty in deducing the lifetime was also investigated, as summarized in
Table 3. First, the boundary range of the longitudinal vertex position cut was set to several values
in order to deduce the effect of the cut condition. The resultant systematic uncertainty is listed
in the second row of Table 3 (Vertex Z pos). It is mainly due to the change in the data sam-
ple’s size, which influences the fitting procedure. In the lifetime estimation, the primary vertex
position is not perfectly defined. Variations on the primary vertex can be studied to determine
possible systematic influence to lifetime uncertainty. As explained the primary vertex position
is restrained by the beam hit position on the TOF-start detector, however it does not define well
enough the vertex position in 3-dimensions. By means of Monte Carlo simulations for the miss-

MEASUREMENT OF THE 3
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FIG. 2. (a) The 3
!H yield as a function of "/βγ for each of

the two analyzed decay channels. The red points are for two-body
decays in four bins of "/βγ , and the blue squares are for three-body
decay in three "/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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Table 2
Summary of systematic uncertainties for the determi-
nation of the proper lifetime of 3

!H +3
!̄

H.

Source Value

Signal extraction method 9%
Tracking efficiency 10%
Absorption 12%
Total 18%

Fig. 3. Measured dN/d(ct) distribution and an exponential fit used to determine 
the lifetime. The bars and boxes are the statistical and systematic uncertainties, 
respectively.

pT > 10 GeV/c is negligible. Different transverse momentum dis-
tributions were used to evaluate the systematic uncertainty related 
to the extrapolation, which was found to be 5%.

To determine the lifetime, the (3
!H +3

!̄
H) sample was divided 

into four intervals in ct = MLc/p, where M is the mass, L the 
decay length, c is the speed of light, and p is the total mo-
mentum. The mass was fixed to the value from the literature 
M = 2.991 GeV/c2 [22]. For the determination of the lifetime, both 
centrality classes 0–10% and 10–50% were used. The signal was 
extracted in the intervals: 1 ≤ ct < 4 cm, 4 ≤ ct < 7 cm, 7 ≤ ct <

10 cm and 10 ≤ ct < 28 cm. To estimate the lifetime, the raw sig-
nal was corrected by the detector acceptance, the reconstruction 
efficiency and the absorption of 3

!H (3
!̄

H) in the material. The same 
dedicated HIJING Monte Carlo simulation and the same procedure 
used to determine the pT dependence of the efficiency were used. 
The sources of systematic uncertainty are shown in Table 2.

An exponential fit was performed to determine the lifetime. The 
dN/d(ct) distribution and the exponential fit are shown in Fig. 3. 
The vertical bars show the statistical uncertainties and the boxes 
represent the systematic uncertainties. The slope of the fit results 
in a proper decay length of cτ =

(
5.4+1.6

−1.2(stat.) ± 1.0(syst.)
)

cm.

The lifetimes of light !-hypernuclei (A ≤ 4) are expected to be 
very similar to that of the free !, if the ! in the hypernucleus 
is weakly bound [33]. The measured lifetimes of light hypernuclei 
such as 3

!H [9,34–40] are not known as precisely as the ! lifetime, 
and theoretical predictions [33,41–48] are scattered over a large 

Fig. 4. 3
!H lifetime (τ ) measured by in this analysis (red diamond) compared with 

published results. The band represents the world average of 3
!H lifetime mea-

surements 
(
τ = 215+18

−16

)
ps, while the dashed line represent the lifetime of ! as 

reported by the Particle Data Group [32]. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this arti-
cle.)

range, too. Recently, a statistical combination of the experimental 
lifetime estimations of 3

!H available in literature was published, 
resulting in an average value τ =

(
216+19

−18

)
ps [49].

With the present data, a lifetime of τ =
(

181+54
−39(stat.) ±

33(syst.)
)

ps has been obtained. It is compared with the previ-

ously published results in Fig. 4. Our result, together with the 
previous ones, was used to re-evaluate the world average of the 
existing results using the same procedure as described in [49]. The 
obtained value, τ =

(
215+18

−16 ps
)

, is shown as a band in Fig. 4. The 
result obtained in this analysis is compatible with the computed 
average.

4. Comparison between experimental yields and theoretical 
models

The product of the pT-integrated yield and the B.R. of the 
3
!H → (3He + π−) decay for 3

!H and 3
!̄

H for two centrality classes 
(0–10% and 10–50%) are reported in Table 3. The systematic uncer-
tainties also include the contribution due to the low pT extrapola-
tion as described in Section 3.

It is possible to compare the pT-integrated 3
!H yield at differ-

ent centralities by scaling them according to the charged-particle 
densities 〈dNch/dη〉. For central (0–10%) collisions 〈dNch/dη〉 =
1447 ± 39, while for semi-central (10–50%) 〈dNch/dη〉 = 575 ± 12. 
The ratio
( (

3
!H+3

!̄
H

)

(0−10%)(
3
!H+3

!̄
H

)

(10−50%)

)

( 〈dNch/dη〉(0−10%)

〈dNch/dη〉(10−50%)

) = 1.34 ± 0.35(stat.) ± 0.24(syst.) (1)

is compatible with unity within 1σ . The 3
!H (3

!̄
H) production 

scales with centrality like the charged-particle production.

Table 3
pT-integrated 3

!H yield times the B.R. of the 3
!H → (3He + π−) decay, for 3

!H and 3
!̄

H in Pb–Pb collisions at √
sNN = 2.76 TeV for different centrality classes in |y| < 0.5. For each centrality interval the average 〈dNch/dη〉 is 

also reported [18].

Centrality 〈dNch/dη〉 3
!H dN/dy × B.R. × 105 3

!̄
H dN/dy × B.R. × 105

0–10% 1447±39 3.86 ± 0.77(stat.) ± 0.68(syst.) 3.47 ± 0.81(stat.) ± 0.69(syst.)
10–50% 575±12 1.31 ± 0.37(stat.) ± 0.23(syst.) 0.85 ± 0.29(stat.) ± 0.17(syst.)
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Fig. 6. (Color online.) Invariant mass distribution for candidates of Λ, 3
ΛH and 4

ΛH, are represented by the filled circles in
panels (1a), (1b), and (1c), respectively. The shaded orange region represents one standard deviation of the fitted model
centered at the solid blue line. The dotted lines show the separate contributions of the signal and the background with,
respectively, black and colored lines. The data represented by open triangles correspond to invariant mass distributions of
the mixed event analysis. The local p-value distribution of the background-only hypothesis in full range of fit of Λ, 3

ΛH
and 4

ΛH, are shown in panels (2a), (2b) and (2c), respectively. The red dashed lines illustrate the p-values corresponding
to significances of 1σ , 2σ , 3σ , 4σ , 5σ and 6σ .

Table 2
Summary of the results obtained by fitting the invariant mass distributions. The parameter Nsig represents the integral of
the signal contribution, while Nbg that of the background contributions. The mean value and σ of the Gaussian model are
referred to as m̄ and σm , respectively. Parameters, a0, a1, a2 and a3, are the coefficients of the Chebyshev polynomial.

Fitted values Λ 3
ΛH 4

ΛH

Nsig 280 ± 63 154 ± 49 123 ± 33
m̄ (MeV/c2) 1113.3 ± 0.8 2997.4 ± 1.2 3920.8 ± 1.2
σm (MeV/c2) 4.5 ± 0.9 4.8 ± 1.3 5.4 ± 1.2
Nbg 2609 ± 79 1590 ± 62 841 ± 43
a0 −0.106 ± 0.034 −0.487 ± 0.042 −0.947 ± 0.034
a1 −0.621 ± 0.044 −0.462 ± 0.062 −0.467 ± 0.065
a2 0.279 ± 0.040 0.212 ± 0.047 −0.590 ± 0.068
a3 −0.232 ± 0.057

in the likelihood function of the H1 hypothesis. The distribution is then obtained by scanning the
mass region. The maximum of signal significance can be deduced and the presence of the signal
contribution into the invariant mass distribution of Λ-hyperon, 3

ΛH and 4
ΛH demonstrated. Fig. 7

also shows the fit of the background-only hypothesis H0 with the invariant mass distribution of
the mixed event analysis obtained from the experimental data.

L. ADAMCZYK et al. PHYSICAL REVIEW C 97, 054909 (2018)
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FIG. 1. The 3
!H invariant mass distribution for each decay channel

with statistics summarized in Tables I and II. The solid circles
represent the signal candidate distributions, and the solid histograms
are the rotated background. The background shapes were constrained
by fits, shown as dotted black lines. The solid red lines are a fit
combining signal (Gaussian) plus background (double exponential).
Error bars represent statistical errors.

decay channel, and d + p + π− for the three-body decay
channel, shown as solid circles in Fig. 1. Tracks with transverse
momentum pT > 0.2 GeV/c and pseudorapidity |η| < 1.0 are
used for 3

!H candidate reconstruction. An additional require-
ment is that the momentum of the 3He is greater than 2 GeV/c;
this avoids contamination from low momentum 3H [24]. The
3
!H has a typical decay length of several centimeters, which is

long enough to be resolved by the STAR TPC. To optimize
the signal to background ratio, we apply a combination of
constraints to the decay topology parameters, including the
distance of closest approach (DCA) between daughter tracks,
the DCA of daughters to the 3

!H decay vertex, the DCA of the
3
!H candidate to the primary heavy-ion collision vertex, the
decay length of the 3

!H candidate, and the DCA of the daughters
to the collision vertex. Topology selections are optimized
separately for the two-body and three-body decay channels,
with the selections for the two-body case being very similar to
those listed in the STAR 2010 publication [24].

Using the candidates that pass the topology selections, a
background invariant mass curve is constructed by rotating
one of the daughters by 180 degrees around the beam axis.
The π− is rotated in the case of the two-body channel, and the
deuteron in the case of the three-body channel. This procedure
accurately describes the residual combinatorial background
shown as solid histograms in Fig. 1. The background shapes are
fitted by a double exponential function: f (x) ∝ exp(−x/p1) −
exp(−x/p2) with χ2/NDF = 30.6/31 and 20.6/21 for the
two-body and three-body decay channels, respectively. The
signals are then fitted by adding a Gaussian function to the
background. Bin-by-bin counting is used to calculate the signal
within the mass range [2.987, 2.995] GeV/c2, where the signal
to background ratios are ∼25% for the two-body channel and
∼15% for the three-body channel. In total, 354 3

!H +3
!H and

223 3
!H candidates are identified in two-body and three-body

channel analyses, respectively.
The 3

!H decays obey N (t) = N0e
−t/τ = N0e

−&/βγ cτ , where
& is the 3

!H decay length, β = v/c, and γ is the Lorentz factor.
For the two-body decay channel, we count 3

!H decays in four
bins of &/βγ : [2, 5] cm, [5, 8] cm, [8, 11] cm, and [11, 41] cm.
Because the three-body decay channel has fewer events due to
a lower reconstruction efficiency with a magnitude of 1%, only
three bins in &/βγ are used in this decay channel: [2.4, 8] cm,
[8, 13] cm, and [13, 25] cm. We correct the 3

!H counts in
each bin for reconstruction efficiency and detector acceptance
using STAR embedding data, which is derived from a Monte
Carlo GEANT3 simulation with STAR detector geometry [39].
Because the counts are combined from a wide range of beam
energies, the yield at each energy is computed according to
the number of events used for the two-body and three-body
analyses by normalizing to 3He counts in the same data set,
and the results are shown in Fig. 2(a).

The lifetime is extracted from the fit to the &/βγ distribu-
tion. Asymmetric statistical errors are calculated by perform-
ing a minimum χ2 estimation of the fit to the cτ distributions
as represented in Fig. 2(b). Our result is 142+24

−21 ps. The
value is 123+26

−21 ps for the two-body channel analysis only,
and 193+82

−48 for the three-body channel. As a comparison, the
3
!H lifetime measurement reported by STAR in 2010 [24]
is 182+89

−45 (stat.) ± 27 (syst.) ps. The present measurement is
consistent with STAR’s 2010 measurement to within 0.9σ and
has a smaller uncertainty.

Systematic errors fall into several main categories. First,
we consider systematics arising from the values chosen for
topology cuts. Second, the effect of the choice of bin width for
the 3

!H candidate invariant mass plots was investigated. Third,

054909-4
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the multiplicity distribution as a function of the impact parameter 
[18,19]. The ITS [20] has six cylindrical layers of silicon detectors 
with radii between 3.9 and 43 cm from the beam axis, covering 
the full azimuthal angle and the pseudorapidity range of |η| < 0.9. 
The same pseudorapidity range is covered by the TPC [21], which 
is the main tracking detector. Hits in the ITS and found clusters in 
the TPC are used to reconstruct charged-particle tracks. These are 
used to determine the primary collision vertex with a resolution of 
about 10 µm in the direction transverse to the beams for heavy-
ion collisions. The TPC is used for particle identification through 
the dE/dx (specific energy loss) in the TPC gas.

3. Analysis

The (anti-)hypertriton (3
"̄

H) 3
"H is the lightest observed hy-

pernucleus and is a bound state formed by a (anti-)proton, 
a (anti-)neutron and a (anti-)". The 3

"H and 3
"̄

H production 
yields were measured by detecting their mesonic decay (3

"H →
3He + π−) and (3

"̄
H →3 He + π+) via the topological identifica-

tion of secondary vertices and the analysis of the invariant mass 
distributions of (3He + π−) and (3He + π+) pairs.

The analysis was done using Pb–Pb collisions at √
sNN =

2.76 TeV taken in 2011. The events were collected with an in-
teraction trigger requiring a signal in both V0-A and V0-C. Only 
events with a primary vertex reconstructed within ±10 cm, along 
the beam axis, from the nominal position of the interaction point 
were selected. The analysed sample, collected with two different 
centrality trigger configurations corresponding to the 0–10% and 
10–50% centrality intervals, contained approximately 20 × 106 and 
17 × 106 events, respectively.

The 3
"H can be identified via the invariant mass of its de-

cay products and, since it has a lifetime similar to the free "
(cτ ∼ 8 cm), in most cases it is possible to identify its decay up 
to a few cm away from the primary vertex. The decay vertex was 
determined by exploiting a set of geometrical selections: i) the dis-
tance of closest approach (DCA) between the two particle tracks 
identified using dE/dx in the TPC as 3He and π , ii) the DCA of 
the π± tracks from the primary vertex, iii) the cosine of the angle 
between the total momentum of the decay pairs at the secondary 
vertex and a vector connecting the primary vertex and the sec-
ondary vertex (pointing angle), and iv) a selection on the proper 
lifetime (cτ ) of the candidate. An additional selection on the 3

"H
(3
"̄

H) rapidity (|y| < 0.5) was applied.

Fig. 1 shows the invariant mass distribution of (3He, π−) on 
the left and (3He, π+) on the right for events with 10–50% cen-

trality in the pair transverse momentum range 2 ≤ pT < 10 GeV/c. 
In order to estimate the background, for each event the π track 
detected at the secondary vertex was rotated 20 times by a ran-
dom azimuthal angle. The shape of the corresponding (3He, π ) 
invariant mass distribution was found to reproduce the observed 
background outside the signal region. The data points were fitted 
with a function which is the sum of a Gaussian and a third degree 
polynomial, used to describe the signal and the background, re-
spectively. The background was normalized to the measured values 
in the 3.01–3.08 GeV/c2 region. The fit to the background distri-
bution was used to fix the parameters of the polynomial in the 
combined fit.

In the 0–10% most central collisions, a signal was extracted 
in three transverse momentum intervals (2 ≤ pT < 4 GeV/c, 4 ≤
pT < 6 GeV/c, 6 ≤ pT < 10 GeV/c), for both 3

"H and 3
"̄

H. In the 
10–50% centrality class a signal both for 3

"H and 3
"̄

H was ob-
tained for the full pT range under study (2 ≤ pT < 10 GeV/c). 
From the combined fit results the mean value, the width and the 
yield of the signal were extracted. The mean invariant mass (µ =
2.991 ± 0.001(stat.) ± 0.003(syst.) GeV/c2) is compatible within 
uncertainties with the mass from the literature [22]. The signal 
width, σ = (3.01 ± 0.24(stat.)) × 10−3 GeV/c2 obtained as the 
mean value of all the measured widths, is reproduced by Monte 
Carlo simulations and is driven by detector resolution. The raw 
yield of the signal was defined as the integral of the Gaussian func-
tion in a ±3σ region around the mean value. The significance of 
both matter and anti-matter signals varies in the different pT bins 
in the range of 3.0–3.2 σ for the most central collisions (0–10%) 
and ranges from 3 to 3.5 σ for the semi-central ones (10–50%).

A correction factor which takes into account the detector ac-
ceptance, the reconstruction efficiency, and the absorption of 3

"H
(3
"̄

H) by the material crossed was determined as a function of pT. 
Detector acceptance and reconstruction efficiency were evaluated 
using a dedicated HIJING Monte Carlo simulation [23], where the 
only allowed decay was the two-body decay to charged particles, 
(3
"H → 3He + π−) and (3

"̄
H → 3He + π+). The simulated particles 

were propagated through the detector using the GEANT3 transport 
code [24] and then processed with the same reconstruction chain 
as for the data.

Since the absorption of (anti-)(hyper)nuclei is not properly im-
plemented in GEANT3, a correction based on the p (p) absorption 
was applied in order to take into account the absorption of 3

"H
(3
"̄

H) and 3He (3He) by the material of the ALICE detector. In this 
approach, the 3He and 3

"H were treated as states of three indepen-
dent p (p). The 3He was considered as a bound state of 3 protons 

Fig. 1. Invariant mass of (3He, π−) (left) and (3He, π+) (right) for events with 10–50% centrality in the pair 2 ≤ pT < 10 GeV/c interval. The data points are shown as filled 
circles, while the squares represent the background distribution as described in the text. The curve represents the function used to perform the fit and used to evaluate the 
background and the raw signal. The significance in ±3σ around the peak is 3.5 and 3.0 for the invariant mass distribution of (3He, π−) and (3He, π+), respectively.

C. Rappold, et al, Nucl. Phys. A 913, 170 (2013). STAR Collaboration, Phys. Rev. C97, 054909 (2018).ALICE, Phys. Lett. B 754, 360 (2016).
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Fig. 1. Invariant mass distribution of (3He, π−) and (3He, π+) for the four ct intervals used to determine the 3
"H and 3

"
H lifetime. The solid blue curve represents the 

function used to perform the fit and the red dashed curve represents the background component.

15 cm and 15 ≤ ct < 28 cm. The corresponding invariant mass dis-
tributions are shown in Fig. 1 and are fitted, in each ct interval, 
with a function which is the sum of a Gaussian, used to interpolate 
the signal, and a second order polynomial, used to describe the 
background. The fit is performed using the maximum-likelihood 
estimate and the fit function is represented as a solid blue line.

From the fit, the mean values µ and the widths σ of each 
distribution are extracted. In particular, the signal width is in the 
range 1.7–2.1 MeV/c2, depending on the ct interval, and is driven 
by the detector resolution. The raw yield of the signal is defined as 
the integral of the Gaussian function in a ± 3σ region around the 
mean value above the background. The significance of the signal in 
the four ct intervals varies in the range 3.1–4.9.

The yield is corrected in each ct bin for the detector accep-
tance, the reconstruction efficiency and the absorption of the 3

"H
(3
"

H) in the detector material. The efficiency×acceptance is deter-

mined with a dedicated Monte Carlo simulation, where the 3
"H and 

3
"

H are injected on top of a HIJING event [35] and are allowed to 
decay into charged two-body and three-body final states. The sim-
ulated particles are propagated through the ALICE detectors using 
the GEANT3 transport code [36] and then reconstructed following 
the same procedure as adopted for the data.

The aforementioned transport code does not properly describe 
the interactions of the (anti-)(hyper-)nuclei with the material of 

the apparatus. Thus, a correction factor for the absorption of 3
"H

(3
"

H) and 3He (3He) is estimated, based on the p (p) absorption 
probability measured in the ALICE detector [37]. The usage of this 
experimental measurement offers the advantage of taking auto-
matically into account the cross section and the effective material 
of the detector crossed by a charged particle. The same absorp-
tion probability for protons and neutrons has been assumed and 
the 3He(3He) has been considered as a state of three independent 
p (p) as verified in [10]. The absorption probability, computed as 
the third power of that of one proton, goes from 11% at low pT
to 6% at high pT for 3He while it is constant at 6% for 3He. The 
evaluation of the 3

"H (3
"

H) absorption probability is done follow-
ing the same approach. However, to take into account the small 
" separation energy (B" = 0.13 ± 0.05 MeV [11]), the 3

"H absorp-
tion cross-section is increased by 50% with respect to the one of 
the 3He [38,39], as described in the ALICE measurement in Pb–
Pb collisions at √sNN = 2.76 TeV [10]. This leads to an absorption 
probability between 16% and 9% for 3

"
H as a function of pT while 

it is constant at 9% for 3
"H. The correction factor to be applied is:

k = kabs,3
"H + (1 − kabs,3

"H)kabs,3He (1)

where kabs,3
"H is the probability that the 3

"H is absorbed be-
tween the primary and the secondary vertex while kabs,3He is 

4 ALICE Collaboration / Physics Letters B 797 (2019) 134905

Fig. 2. Efficiency×acceptance as a function of ct for 3
!H (red square), 3

!
H (blue 

square) and 3
!H+3

!
H (black open circle) in the same ct intervals selected for the 

raw yields extraction.

the probability that the daughter 3He is absorbed between the 
secondary vertex and the TPC inner wall. For each ct interval, 
the efficiency x acceptance has been calculated using the ab-
sorption corrected numbers of reconstructed 3

!H and 3
!

H. Fig. 2
shows the efficiency×acceptance (black marker) which is used 
for the lifetime determination and is obtained by combining 3

!H
and 3

!
H after the absorption correction is applied. This distribu-

tion is also shown separately for 3
!H and 3

!
H and the difference 

is due to the absorption correction which is bigger for the anti-
matter.

The main sources of systematic uncertainties on each ct bin 
used for the lifetime evaluation are the absorption correction, the 
single track efficiency and the uncertainty on the detector material 
budget. The systematic uncertainty on the absorption correction is 
mainly due to the assumption used for the 3

!H (3
!

H) cross-section. 
This uncertainty is evaluated by varying this assumption between 
a lower and an upper limit. The first one is obtained by setting the 
3
!H (3

!
H) cross-section equal to the 3He (3He) absorption cross-

section and the second one as twice the 3He (3He) absorption 
cross-section. This leads to an uncertainty of 5.2% for each ct in-
terval, as reported in Table 2.

The second source of systematic uncertainty is related to the 
material budget description in the simulation. An uncertainty on 
the knowledge of the ALICE detector material budget of 4.5% was 
determined in a previous study [26]. The systematic uncertainty is 
estimated using two dedicated Monte Carlo productions, varying 
the material budget accordingly, and amounts to 1% for the yields 
in all ct intervals.

The systematic uncertainty due to the single-track efficiency 
and the different choices of the track quality selections has been 
investigated [40] and amounts to 4%. For the analysis of the two-
body decay of 3

!H an uncertainty of 8% is assumed in all ct inter-
vals. The summary of the systematic uncertainties is reported in 
Table 2, where the total uncertainty is obtained as sum in quadra-
ture of each contribution of the individual sources.

The corrected dN/d(ct) spectrum is shown in Fig. 3 where the 
blue markers are the corrected yield with their statistical uncer-
tainty, while the box represents the systematic uncertainty.

The lifetime is determined with an exponential fit (red line) and 
the slope results in a proper decay length of cτ = 7.25+1.02

−1.13 (stat.) 
± 0.51 (syst.) cm, corresponding to a lifetime τ = 242+34

−38 (stat.) 
± 17 (syst.) ps. The systematic uncertainty for the lifetime value 

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 9.5%

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

!H + 3
!

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

is determined by assuming the systematic uncertainties in each ct
interval as uncorrelated.

3.1. Unbinned fit method for lifetime extraction

In order to enforce the result described in Sec. 3, an addi-
tional analysis on the same data sample has been carried out that 
relies on a two-dimensional (invariant mass vs. ct) unbinned fit ap-
proach. The method can be summarized in three steps: i) fit to the 
ct-integrated invariant mass distribution; ii) tune the function used 
to describe the combinatorial background; iii) fit to the ct distribu-
tion with a function which is the sum of three exponentials, one 
to describe the signal and two to describe the background.

The first step is performed with a function that is the sum of 
a Gaussian, for the signal, and a second order polynomial, for the 
background. The mean value µ and the σ are 2.9913 ± 0.0004 
GeV/c2 and 0.0020 ± 0.0005 GeV/c2 respectively and are used 
to define the boundaries of the signal region and the sidebands, 
which correspond to the intervals µ ± 3σ and ± 3σ to ± 9σ
with respect to the mean value, respectively.

The second step consists in fitting the ct distribution of the 
background in the sidebands using a function that is the sum of 
two exponentials. The fit is performed simultaneously in the two 
sideband regions with the ROOFIT package [41]. The result is then 
used as background parameterization for the fit in the signal re-
gion.

The (3
!H + 3

!
H) lifetime measurement is obtained by perform-

ing the unbinned fit to the ct distribution in the signal region. 
The total probability density function used for the fit is the sum 
of the two exponentials (background) and the exponential adopted 
to reproduce the signal. Since the ct distribution is unbinned, the 
efficiency×acceptance correction, evaluated as described in Sec. 3, 
is parametrized with a polynomial plus an exponential and it is 
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Lifetime analysis (cont.)
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(shown in red on Fig. 3, right panel) is the most precise measurement to date with uncertainties comparable
to those of the world average value. However, this most recent preliminary result is not yet included into the
world average (shown as the yellow dashed line).

These two latest ALICE measurements are very important to the solution of the longstanding hypertriton
lifetime puzzle.
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Fig. 3. Ratio of pT-integrated production yield of A = 3 nuclei over proton production yield versus multiplicity compared to theoretical
model predictions (left panel) and hypertriton lifetime puzzle (right panel).

5. Conclusion

New results from the high-quality Pb–Pb data sets at a center-of-mass energy of
√

sNN = 5.02 TeV col-
lected in 2015 and 2018 have been presented. The first pT spectra of t and t as well as of 4He and 4He
in Pb–Pb at the LHC were shown. The light nuclei exhibit a significant radial and elliptic flow, consistent
with the flow of the lighter particles. The production yields of light nuclei as well as the lighter particles
are well described by the thermal model. The production yield ratios of 3He and t over proton versus multi-
plicity is rather well described by the canonical statistical as well as the coalescence models. Furthermore,
the most precise measurement of the 3

Λ
H lifetime ever performed has been presented shedding light on the

hypertriton lifetime puzzle. Future data taking periods in 2021-2024 and 2027-2030 will increase the statis-
tics significantly and will hopefully help to solve the current ambiguity between the discussed production
models.
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• STAR 0.41(12)(11) MeV > Emulsion 0.13(5) MeV 
• Need high precision data

Binding energy
 8

2 H. Le et al. / Physics Letters B 801 (2020) 135189

Fig. 1. Experimental hypertriton separation energies E! from the literature [33–36,
17,18]. Solid (opaque) circles indicate measurements from the π− + 3He (π− +
p + d) decay channels. Squares indicate combined results. The breakdown of the 
STAR value for 3

!H into the two decay channels is based on the preliminary results 
reported in Ref. [37]. Furthermore, the asterisk indicates the STAR result for 3

!̄
H̄, 

while the opaque square represents the combined (3
!H, 3

!̄
H̄) value [18]. The box 

indicates the benchmark due to Jurič et al. [17], obtained by combining their own 
result with the data from Bohm et al. [36].

be already overbound by a suitably modified Y N interaction that 
supports a larger 3

!H binding energy? Or does it actually bring the 
binding energy for four-body systems closer to the empirical val-
ues? Indeed, as reported in Refs. [3,27], none of the realistic Y N
potentials [27–30] examined so far in four-body calculations yields 
4
!H ( 4

!He) binding energies close to the experiment. In the excep-
tional case of the leading order (LO) chiral Y N interactions [31], 
one has to consider that it does not really provide a satisfying de-
scription of the !p data and that corresponding few-body results 
are afflicted by a sizable cutoff dependence [32].

Before proceeding to the actual calculations, we summarize 
the situation concerning the separation energy of the hypertri-
ton. This is done in Fig. 1 where various values from the liter-
ature are included [33–36,17,18,37]. Similar graphical representa-
tions have been shown in Refs. [38,18]. One can see that there is 
quite some variation between the results from different groups but 
also between the energies determined from the two decay chan-
nels 3

!H → π− + 3He and 3
!H → π− + p + d. Obviously, the new 

STAR measurement is well within the variations of former investi-
gations, if one leaves the value for the anti-hypertriton separation 
energy aside.

2. Calculation

Starting point of the present study is a modern Y N interac-
tion derived within SU(3) chiral effective field theory (EFT) [30,
27], in close analogy to N N forces established in the same frame-
work [39–41]. In the considered chiral expansion up to next-to-
leading order (NLO), the Y N potential consists of contributions 
from one- and two-pseudoscalar-meson exchange diagrams (in-
volving the Goldstone boson octet π , η, K ) and from four-baryon 
contact terms without and with two derivatives. In the actual cal-
culation, we utilize the recent Y N potential NLO19 established 
in Ref. [27] and the original NLO interaction, denoted by NLO13, 
introduced in Ref. [30]. The properties of these interactions are 
summarized selectively in the second and sixth column of Table 1. 
The !p scattering lengths as and at in the 1 S0 (singlet) and 3 S1
(triplet) partial waves are given together with the χ2. The results 
in Table 1 correspond to a regulator with cutoff ! = 600 MeV, cf. 
Ref. [30] for details. A thorough comparison of the two versions 
NLO13 and NLO19 for a range of cutoffs can be found in Ref. [27], 
where one can see that the two Y N interactions yield essentially 
equivalent results in the two-body sector. Note that the total χ2

is from a global fit to 36 !N and %N data points [27] while the 
χ2 for !p includes 12 data points [42,43]. In case of the data 
from Alexander et al. [43], set 2 from Table 2 of this paper is used 
where the momentum bins have been chosen so that there are 
roughly the same number of events per bin. The χ2 is calculated 
from the central momentum. No averaging over the bin width is 
done in our calculations. Both sets are shown in Fig. 2 together 
with the data by Sechi-Zorn et al. [42].

The binding energy of the hypertriton is much more sensitive to 
the strength of the !N interaction in the 1 S0 partial wave than to 
the one in the 3 S1 channel [1,47]. This has been known for a long 
time and, e.g., has been implemented in form of the constraint 
|as| ≥ |at | in an attempt to determine the !p S-wave scattering 
length from their data by Alexander et al. [43]. Faddeev calcula-
tions, say for the family of NSC97 potentials [28], confirm that only 
Y N interactions where |as| is significantly larger than |at | lead to 
a bound hypertriton [3]. Indeed, in the recent works by the Jülich-
Bonn Group [29,31,30,27], the empirical binding energy of the 3

!H
was always considered as additional constraint when fixing the Y N
interaction. Otherwise, it would have been impossible to pin down 
the relative strength of the spin-singlet and spin-triplet S-wave 
contributions to the !p interaction, given the complete absence 
of direct experimental information on the spin dependence.

It should be clear from the above discussion that we need to 
increase |as| if we want to make the hypertriton more bound. And 
we have to reduce |at | at the same time since we want to main-
tain the excellent overall description of !p and %N scattering 
data. This can indeed be achieved as documented in Table 1 where 
three illustrative fits based on NLO19 are presented that produce 
the values as = −4.0 fm (A), −4.5 fm (B), and −5.0 fm (C), respec-
tively. As can be seen, the χ2 slowly deteriorates with increasing 
|as|. However, overall, the variation is small and stays well within 

Table 1
Properties of the considered Y N interactions. !p singlet (as) and triplet (at ) scattering lengths (in fm) and the χ2 calculated based on different sets of data. The ! single 
particle potential U! at p! = 0 is given in MeV.

Y N interaction NLO19 Fit A Fit B Fit C NLO13 Experiment

as -2.91 -4.00 -4.50 -5.00 -2.91 −1.8+2.3
−4.2 [43]

at -1.41 -1.22 -1.15 -1.09 -1.54 −1.6+1.1
−0.8 [43]

χ2 (total) 16.01 16.45 16.97 17.68 16.2

χ2 (!p only) 3.31 3.95 4.49 5.16 3.81

χ2 (%− p → !n) 3.98 3.76 3.74 3.93 4.14

U!(0) -32.6 -31.7 -31.3 -30.8 -21.6 -27· · ·-30 [12]

H. Le, J. Haidenbauer, et al, Phys. Lett. B 801, 135189 (2020).
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The hypernucleus 3
ΛH
I

 is reconstructed through its mesonic 
decay channels 3ΛH!3Heþ π"

I
 (2-body decay) and 3ΛH !

I
 d + p + π− 

(3-body decay). Figure 1 depicts a typical event in which a 3!ΛH
I

 can-
didate decays to !d þ !pþ πþ

I
 in the STAR HFT and TPC. The 3!ΛH

I
 

candidate is produced at the primary vertex of a gold–gold collision 
and remains in flight for a distance on the order of centimetres, as 

shown by the dashed green curve starting at the centre of the right-
hand side of the figure, before decaying as depicted by the bold 
coloured curves.

Comparisons of the measured 〈dE/dx〉 and β values for each 
track with their expected values under different mass hypotheses 
allow decay daughters to be identified. Figure 2a presents 〈dE/dx〉 
versus rigidity (p/q, where p is the momentum and q is the electric 
charge in units of the elementary charge e), while Fig. 2b shows 1/β 
versus rigidity. It can be seen that the decay daughter species for 
3
ΛH
I

 and 3!ΛH
I

 are cleanly identified over a wide rigidity range. The 
helical trajectories of the decay daughter particles can be followed 
back in time to each secondary decay vertex and used to reconstruct 
the decay topology of the parent hypernucleus or antihypernucleus. 
The effects of energy loss (ranging from ~0.2% for π± to ~3% for 
3He) and TPC field distortion on the measured momenta of the 
decay daughters are corrected for by data-driven calibration using 
the world-average Λ mass compiled by the PDG12. Due to the high-
precision tracking and particle identification capabilities of the 
STAR experiment, the invariant mass (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð
P

EiÞ2 # ð
P

piÞ
2

q

I
, where 

Ei is the energy and pi is the momentum of the ith decay daughter) 
of each parent is reconstructed with a low level of background, as 
shown in Fig. 2c,d. The background originates from combinato-
rial contamination and particle misidentification. The significance 
S=

ffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p

I
, where S is signal counts and B is background counts in 

the invariant mass window 2.986 –2.996 GeV/c2, is 11.4 for 3ΛH
I

 and 
6.4 for 3!ΛH

I
. The signal counts from 2-body/3-body decay channels 

are ~121/35 for 3ΛH
I

 and 36/21 for 3!ΛH
I

, respectively. The 3ΛH
I

 signal-
to-background ratio is close to a factor of 23 better than an earlier 
measurement from the same experiment using only the TPC22.

The hypernucleus and antihypernucleus invariant mass distri-
butions reconstructed through 2-body and 3-body decays are each  

π+

d

p

H3
Λ

50 cm 10 cm

Fig. 1 | A typical 3!ΛH
I

 3-body decay in the detectors. The left side shows a 
less magnified view of the STAR detector with the beam axis normal to the 
page, including a projected view of the large number of tracks detected by 
the TPC in a typical gold–gold collision. The right side shows a magnified 
view of the four cylindrical layers of the HFT located at the centre of the 
TPC. The bold red, pink and violet curves represent the trajectories of the !d

I

, 
!p

I

 and π+ decay daughters, respectively. The reconstructed decay daughters 
can be traced back to the decay vertex, where the 3!ΛH

I
 decays after flying a 

distance on the order of centimetres, as shown by the dashed green curve 
starting at the centre of the HFT.
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Fig. 2 | Particle identification and the invariant mass distributions for 3ΛH
I

 and 3!ΛH
I

 reconstruction. a,b, 〈dE/dx〉 (mean energy loss per unit track length 
in the gas of the TPC) versus p/q (where p is the momentum and q is the electric charge in units of the elementary charge e) (a) and 1/β (where β is the 
speed of a particle in units of the speed of light) versus p/q (b). 〈dE/dx〉 is measured by the TPC and 1/β is measured by the TOF detector in conjunction 
with the TPC. In both cases, the coloured 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 〈dE/dx〉 and 1/β with the expected values. c,d, Utilizing both 2-body and 3-body 
decay channels, the invariant mass distributions of 3ΛH

I
 (c) and 3!ΛH

I
 (d) are shown. The error bars represent statistical uncertainties (s.d.). The red curves 

represent a fit with a Gaussian function plus a linear background, using the unbinned maximum likelihood (ML) method.

NATURE PHYSICS | VOL 16 | APRIL 2020 | 409–412 | www.nature.com/naturephysics410

P. Achenbach,  et al, PoS(Hadron2017)207.

STAR collaboration, Nat. Phys. 16, 409 (2020).
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• Pion FSI enhance the decay rate 10~20% 
A. Gal, et al, Phys. Lett. B 791, 48 (2019). 

• Σadmixtures reduce the decay rate ~10% 
Strong dependence on BΛ 
A. Pérez-Obiol, et al, Phys. Lett. B 811, 135916 (2020). 

• Branching ratio depends on BΛ 
F. Hildenbrand et al., Phys. Rev. C102, 064002 (2020). 

• etc…

(Part of) Recent progress in theory
 9

A. Pérez-Obiol, et al, Phys. Lett. B 811, 135916 (2020).
éE��ÿy¶¥ópyâ ¶b ࢁ�

⇤p!ࢁpƨ+⇡� ÿ¶ $⇤ ࣯ƉɄȳʚࣱࣖ

⇤ĎĬ ࣯¡ƨĬࣱ $⇤ ࣯ȕƨĬࣱ ࢁ�
⇤p!ࢁpƨ+⇡� ࣯ep˲ࣱ (p⇤ࢁ)⌧ ࣯ɱʌࣱ

ࡴࡴ ࢛ ࢋ࢛ࣖࡴ ±ࢅࢁࡽ ࡽ ࣯ŗࣱ
ࡴࡴ࢛ ࢋࢃࡻ ࢛ࡻࣖࡻ ±ࡱ࢙ࡹ ࡽࡽ ࣯ſࣱ
ࡴࡴࡴࡻ ࢛ࢋࡻ ࢋࡿࣖࡻ ±ࡱࡹ ࡹࡽ ࣯ſࣱ
� ࡴࡻࢇ ࢃࡴࢇࣖࡻ ±ࢁࢍࡹ ࡹ ࣯Ɖࣱ

࣯ŗࣱ �ǖɼƨƨʌ ˝Ƕʚǫ ɼƨƉƨȳʚ ��y,E țǶǑƨʚǶȭƨ ȭƨŗʌʯɼƨȭƨȳʚ ŗȳƕ ŗțʌɄ ˝Ƕʚǫ
ࣷ�ŗȭŗƕŗ ƨʚ ŗțࣖࣗ âé, ࣗࢉ ࢉ࢙ࢉࡹ ࣱࣹ࢙࢙ࡹ࣯

࣯ſࣱ �ǖɼƨƨʌ ˝Ƕʚǫ p˦ɱpy țǶǑƨʚǶȭƨ ȭƨŗʌʯɼƨȭƨȳʚ
࣯Ɖࣱ pŗʌ ʌʯſʌʚŗȳʚǶŗț Ʉ˙ƨɼțŗɱ ˝Ƕʚǫ óÿ�é țǶǑƨʚǶȭƨ ˙ŗțʯƨ ˝ǫƨȳ

ƨ˥ʚɼŗɱɄțŗʚƨƕ ʚɄ $óÿ�é⇤ = ±ࡹࢅ.ࡱ ±ࡽࡹ.ࡱ ࡹࡹ.ࡱ ¡ƨĬ ࣯ŗțȭɄʌʚ ƉɄǶȳƉǶƕƨʌ
˝ǫƨȳ éóÿ�éࢁ Ƕʌ ʯʌƨƕࣱ

ࣷ�ࣖ âƩɼƨ˲ࣽ¶ſǶɄțࣗ 6eࣗ Eࣖ bɼǶƨƕȭŗȳࣗ �ࣖ eŗțࣗ ŗɼķǶ˙ࣘࢍࡱࡱࡽ ࡹࢍࣖࡹ ࣷȳʯƉțࣽʚǫࣹࣹ

ࡹ

Observable B⇤ = 0.13 MeV B⇤ = 0.41 MeV

↵� 0.642 0.732 0.642 0.732

(�pd + �nd) /�⇤ 0.612 0.612 0.415 0.416

(�3He + �3H) /�⇤ 0.382 0.363 0.569 0.541

�3
⇤H/�⇤ 0.992 0.975 0.984 0.956

�3He/ (�3He + �pd) 0.384 0.373 0.578 0.566

⌧3
⇤H[ps] 264.7 269.8 267.6 275.0

Table II: Widths and lifetimes for two binding energies for di↵erent ↵�. The results assume the empirical
isospin rule . The widths are given as a fraction of the ⇤ free width corresponding to ⌧⇤ = 263.2 ps. All
lifetimes are given in ps. EFT uncertainties are discussed in the main text.

of the Coulomb interaction is included implicitly due to the tuning of �Nd to reproduce the correct
trinucleon binding energy (see Eq. (10)). Our calculation supports the picture that for small B⇤ the
lifetime of the hypertriton is mainly determined by the free ⇤ lifetime with some small corrections.

The results of this work compare di↵erently to the recent heavy ion collision experiments. Our
results for low binding energy B⇤ lie within the error bars of the value close to the free ⇤ width [20],
while other measurements tend to lie lower [16–19]. Despite giving values for the lifetime within
a large range 60 � 400 ps (see also Fig. 2), older emulsion experiments give relatively consistent
experimental values for the branching ratio R = �3He/ (�3He + �pd) ranging from R = 0.30±0.07 to
0.39±0.07 [11, 13, 15, 29]. Both values are in agreement with our value R|B⇤=0.13 MeV = 0.37±0.05
for B⇤ = 0.13 MeV, while the ratio R|B⇤=0.41 MeV = 0.57 ± 0.11 comes out much larger, see
also Table II. Further on, this value is larger than the value of RSTAR = 0.32 ± 0.05 ± 0.08
reported by STAR [19]. Requiring consistency with the experimental R values, our calculation
thus favors smaller binding energies. Taking into account the uncertainty in our calculation and
the experimental errors for R, however, the recent STAR result B⇤ = (0.41± 0.12± 0.11) MeV [9]
cannot be excluded.

C. E↵ects of isospin splitting

A discussed above, we have explicitly calculated the charged pion channels and estimated the
neutral pion channels by applying the empirical �I = 1/2 rule. We used an average nucleon
mass, the neutral pion mass M⇡0 = 135.0 MeV and neglected the Coulomb repulsion between the
deuteron and the proton. To estimate the accuracy of this approximation, we also calculated the
charged channels explicitly using the charged pion mass and the triton binding energy as input.
The latter leads to a change in the final state trinucleon binding momentum �Nd in Eq. (10) of
about 10%. This change, however, is absorbed completely by kinematic changes and di↵erences
in the masses. Overall, we obtain a shift by less than 1% downwards for the sum of the channels
decaying into a deuteron, while the the width for decay into the trinucleon bound states goes up
by about 2%. Hence the correction to the total width is negligibly small (< 0.1%). The ratio
R moves up slightly, resulting in R = 0.38. This shift is significantly smaller than the estimated
uncertainty of our leading order calculation.

13

F. Hildenbrand, et al., Phys. Rev. C102, 064002 (2020).
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• Heavy ion collision 
• ALICE Run 3(2021~2024), Run 4 (2027~2030) 
• ~50 times yield expected 

• GSI (2022?) 
• FRS+WASA 

• Binding energy measurement 
• MAMI (e, e’K) decay pion spectroscopy 
• JLab (e, e’K) C12-19-002  
• J-PARC E07: Emulsion full scan 

• Counter experiments for lifetime 
• ELPH: (γ, K+) 
• J-PARC P74: (π-, K0) at K1.1 
• J-PARC E73: (K-, π0) at K1.8BR

Planned experiments
 10
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Our approach

 11
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• detect forward high-energy gamma to tag (K-, π0) reactions 
• 4ΛH measurement as feasibility demonstration (T77)

Hypertriton寿命測定(J-PARC E73/T77)
 12
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• forward high-energy π0 can be selected by detecting 1 gamma 
• low-energy π0 from hyperon decays can be removed.

Forward gamma tag
 13

Simulation  
Generate: π0 uniformly 0~1 GeV/c, 0~180 deg 
Accept:    >0.6 GeV/c gamma in the calorimeter
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At higher momentum 
• Slight increase of recoil 
momentum 

• Higher kaon yield 
• Lower elementary CS 
• 1.0 GeV/c (or 0.9 GeV/c)

Momentum selection
 14

Figure 2: Recoil momentum of ⇤ hyperon from three di↵erent production method; p(K�, ⇡0)⇤
reaction has the lowest recoil momentum.
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Figure 3: K� beam intensity at K1.8BR beam line of J-PARC.
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• Spin-nonflip reaction is dominant at 1.0 GeV/c or lower 
• Selectively produce ground states 4ΛH(0+), 3ΛH(1/2+) 

Spin non-flip nature of the reaction 
 15
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• Harada-san predict 
• R=0.3~0.4 for BΛ=0.13, R = 0.65 for BΛ=0.41 

• Hint for 3/2+ state combining J-Lab data (spin-flip favored) 

Cross section ratio
 16

T. Harada and Y. Hirabayashi, http://arxiv.org/abs/2106.04256.

values of dσ/dΩlab(3ΛH) = 7.28, 5.61, 2.62, and 0.78 µb/sr and dσ/dΩlab(4ΛH) = 18.82, 13.82,

5.50, and 1.10 µb/sr at θlab = 0◦, 6◦, 12◦, and 18◦, respectively, compared with the previous

works [11, 26]. These results lead to σlab(3ΛH) = 0.93 µb and σlab(4ΛH) = 2.02 µb. Note that

the angular dependences of α〈dσ/dΩ〉elemlab for 4
ΛH and 3

ΛH are very similar at θlab = 0◦–20◦,

whereas the absolute values of the former are slightly larger than those of the latter.

Moreover, we find that the values of dσ/dΩlab(3ΛH) in the region of q > 350 MeV/c are

enhanced by more than 14% owing to the use of the CDCC wave functions for 3
ΛH in our

calculations, in comparison with those obtained by omitting the couplings between [2Hg.s.⊗Λ]

and [(2H∗)n⊗Λ] channels in the CDCC, where (2H∗)n denote the n-th continuum-discretized

excited states of the 2H core nucleus. This implies that the excited-state components of

(2H∗)n contribute to the 3
ΛH production [21], so its production yield grows with increasing

q.

To compare the production cross sections between 3
ΛH and 4

ΛH, we consider the ratio of

3
ΛH to 4

ΛH on the angular distributions of dσ/dΩlab,

R̂(θlab) = [dσ/dΩlab(
3
ΛH)]/[dσ/dΩlab(

4
ΛH)]. (8)

In Fig. 3, we show the calculated values of R̂(θlab) in the (K−, π0) reaction at 1.0 GeV/c,

together with those of R̂(θlab) in the (π−, K0) reaction at 1.05 GeV/c. In the (K−, π0)

reaction at 1.0 GeV/c, we find that the values of R̂(θlab) fluctuate in the range of 0.3–0.6

at θlab = 0◦–20◦. This behavior mainly indicates the difference in α〈dσ/dΩ〉elemlab between 3
ΛH

and 4
ΛH, rather than the angular dependence of Zeff at θlab = 0◦–20◦ that correspond to q $

80–350 MeV/c. On the other hand, in the (π−,K0) reaction at 1.05 GeV/c, we find R̂(θlab) $

0.4–0.8 at θlab = 0◦–20◦ that correspond to q $ 350–470 MeV/c. This behavior indicates

the angular dependence of Zeff(3ΛH)/Zeff(4ΛH), which is related to the A = 3, 4 form factors

F (q) over the Λ production processes because the angular dependences of α〈dσ/dΩ〉elemlab for

3
ΛH and 4

ΛH are very similar. In Fig. 3, we also draw the experimental data taken from the

3,4He(e, e′K+) reaction at the virtual photon γ∗ mass Q2 = 3.5 GeV2 [17, 27]. It seems

that the calculated results of R̂(θlab) in the (π−, K0) reaction can simulate the data of the

(e, e′K+) reaction because the values of q for the former and the latter are roughly the same.

Moreover, we estimate the ratio of σlab(3ΛH) to σlab(4ΛH) on the integrated cross sections over

θlab = 0◦–20◦, which is given by

R = σlab(
3
ΛH)/σlab(

4
ΛH). (9)

10
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Experiment

 17
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 19K1.8BR experimental areaE15/E31@K1.8BR

neutron counter
charge veto counter

proton counter

beam dump

beam sweeping
magnet

liquid 3He
target system

CDS

beam line
spectrometer

K- beam

• ~ 2 x 105 K- /spill ( ~70% on target ) 
@ 50 kW, -1.0 GeV/c 
• K/pi ~ 0.4 
• ~50 kW @ T77, 2020.6 
• ~60 kW @ E731st , 2021.5

uninstall



Detector Setup
 20
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• PbF2 EM calorimeter 
• Cherenkov-type  
• Radiation hard 
• 25 x 25 x 140 mm 
• 40 segment 
• 1/4” PMT 
• Fe magnetic shield

PbF2 calorimeter
 21

19
D.F. Anderson, et al., Nucl. Inst. Meth. A290 (1990) 385
P. Achenbach, et al., Nucl. Inst. Meth. A416 (1998) 357

Experimental setup: π0 tagger (PbF2)

π- peak
electron 

peak

expected performance after 
one month beam time

(10 times more resistive than Pb glass)

Crystal
Radiation

length
Moliere
radius

Density Cost Resolution
Signal
length

PbF2 0.93 cm 2.22 cm
7.77 

g/cm3
12 

USD/cc
5% 2ns
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• good enough performance to tag high-energy gamma

PbF2 calorimeter performance
 22
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2019.12: Test experiment @ ELPH
using 100~800 MeV e+ beam

相対エネルギー

Response to 1 GeV/c π-/e- @ J-PARC
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• Well established system. used in E15(K-pp)/E31(L1405) 
• Best resolution at around 0.1 ~ 0.15 GeV/c

Cylindrical detecter system
 23

4.2 ⇡� tracker

The produced 3,4
⇤

H hypernucleus partially (⇠25% and ⇠50%, respectively) decays into 3,4He and ⇡�,
whose lifetime will be derived by the proposed experiment. If the 3,4

⇤
H hypernuclei decay at rest, the

⇡� meson will have a well defined momentum of 114.3 and 133 MeV/c, respectively. The actual ⇡�

distribution will be smeared out slightly because of the 3,4
⇤

H in-flight decay. As can be seen in Appendix
A, the recoiling 3,4

⇤
H will be stopped within ⇠200 ps (or, ⇠1 mm) due to stopping e↵ect inside the target.

As one can easily estimate, for 3,4
⇤

H hypernuclei, the in-flight decay e↵ect for ⇡� is very limited because
of the slow velocity of the recoiling mother particle. This observation is confirmed by our simulation
in Section 5.

The proposed experiment is, in principle, a semi-inclusive measurement. The momentum resolution
for ⇡� is the key factor for a successful identification for the production of 3,4

⇤
H hypernuclei. We

will use Cylindrical Detector System (CDS) originally designed for J-PARC E15 experiment for its
demonstrated good performance. The CDS consists of a solenoid magnet, Cylindrical Drift Chamber
(CDC) and a hodoscope made of plastic scintillator (CDH). For details, please refer to [12]. The
momentum resolution of CDS is given in Fig.11, which is obtained with 0.7 T magnetic field[14]. The
transverse momentum resolution for the interested region (p⇡�=114 MeV/c) is as good as ⇠1.5%. For
⇡� momentum lower than 110 MeV/c, the resolution becomes worse rapidly because of the energy loss
of charged ⇡� inside target materials. This can be improved by correcting for the energy loss inside
the CDS. According to our simulation, a total momentum resolution of ⇠2% can be achieved without
major modification of the current setup.

Figure 11: Momentum resolution of CDS [12].
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✓液体N2/Heを用いたE15システム→パルスチューブ冷凍機を用いた無冷媒システムへ 
✓到達温度 2.5~2.7K, 冷却開始から<48時間で3He液化可能 
✓T77/ E73 1stで実際に運用に成功

無冷媒液体ヘリウム標的システム
 24

カロリメータ

標的容器

パルスチューブ 
冷凍機

K-ビーム
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• H4L peak was clearly observed with expected background from quasi-free Y. 
• x2 peak count, x10 S/N compared with the KEK experiment

4He data: Pion momentum spectrum
 25
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H. Outa, Nucl. Phys. A 585, 109 (1995).

preliminary

50 kW ~3 days 
@June, 2020
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• Detector timing response is well understood by π-scat. data. 
• Need more study for the background subtraction.

4He data: Timing spectrum
 26

statistical error 
< 10 ps

π scattering H4L after sideband subtraction

preliminary
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• Successfully observed the peak from 2 body decays. 
• First direct confirmation of spin 1/2

3He data
 27

Very preliminary

60 kW ~4 days beam 
@May, 2021
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• 3-body decays are also observed. could be used for the life time evaluation 
• We need careful study of the background shape

3He data

Very preliminary
theirsum.Thesequantitiesresultbyintegratingoverallvari-
ablesexceptforkp.Bothindividualratespeaknearthe
p21p1p1nthresholdatkp5101.3MeV/c.Therateinto
thep1dchanneldominates.Itisonlyatkpabout20MeV/
cthatthe3Nchannelisequallystronglypopulatedandover-
takesthep1dchannelforevensmallerpionmomenta.In
Fig.4wealsodisplaythe3Nc.m.energyTc.m.

3N,whichis
kinematicallyconnectedtothepionmomentum.Atkp'20
MeV/citreachesTc.m.

3N535MeV.Itisaroundthisenergy
wherethetotalbreakupcrosssectioninn1dscatteringalso
overtakesthetotalelasticn1dcrosssection.Thisisshown
inFig.5.Itisthereforetemptingtointerprettheoutcomein
Fig.4toresultfromthescatteringofthenucleonarising
fromtheweakLdecayfromthedeuteroninthehypertriton.
Atlowc.m.energiesTc.m.

3Nelasticscatteringofthatnucleon
fromthedeuterondominatesandaroundTc.m.

3N535MeVthe
breakupprocesscatchesup.Thestrongerenergydependence
inFig.4incomparisontoFig.5iscausedbytheproduction
processofthenucleonoutoftheLdecay.Ifoneswitches
offthefinalstateinteractionbetweentheprotonandthedeu-
teronthedecayratesaredrasticallyshifted.Alsothenthe

threenucleonbreakupdominatesexceptnearthehighest
pionenergy.

ItisconceivablethatCoulombforceeffectsinthep2

channel,whereaprotonscattersoffthedeuteronwillinflu-
encetherates.Theelasticscatteringinthepdchannelis
strongerthaninthendchannel,whichwecalculated.We
neglectedtheppCoulombforcetotally.Thisisofcoursea
quantitativequestion,whichshouldbecheckedinthefuture
inafullfledged3NcontinuumcalculationincludingtheCou-
lombforce.

Finallyweshowtheenergydistributionofthemeson,the
nucleon,andthedeuteronintheformofaDalitzplot.The
trianglechosenfortheDalitzplotisshowninFig.6.The
quantitytobepresentedisdG/dTpdTdwhichresultsfrom
Eq.~5!byintegratingoverallangles.Weget
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wherecosudiskinematicallyfixed.Aftersummationover
thespinmagneticquantumnumbersofL

3H,theproton,and
thedeuteronandusingthemomentumconservingdfunc-
tion,thematrixelementsquareddependsonlyontheangle
udbetweenk̂pandk̂d.Thereforetheangularintegrationsin
~29!aretrivialandleadjusttoafactor8p2.

Thethreekineticenergies

Tp5Amp
21kWp

22mp,
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2MN
,

Td5
kWd2

4MN
,~30!

withkWp1kWp1kWd50sumuptothetotalkineticenergy
Tc.m.536.9MeV.Asiswellknownthekineticenergiescan

FIG.4.DifferentialdecayratesdGp1d/dkp~longdashedcurve!,
dGp1p1n/dkp~shortdashedcurve!,andtheirsum~solidcurve!
includingFSI.NeglectingFSItheratesaredrasticallyshifted:
dGp1d/dkp~longdasheddotted!,dGp1p1n/dkp~shortdasheddot-
ted!,andtheirsum~dotted!.

FIG.5.Angularintegratedcrosssectionsfor3Nscattering:To-
talndcrosssection~solidcurve!,totalelasticcrosssection~dashed
curve!,andtotalbreakupcrosssection~dottedcurve!.

FIG.6.AtrianglechosenfortheDalitzplotsinFigs.7and9.
Thekinematicallyallowedeventslieintheshadedarea.Nearlyall
eventsoccurattherightend,inthesubdomainencircledbya
dashedline.

160057 KAMADA,GOLAK,MIYAGAWA,WITAŁA,ANDGLÖCKLE
 28

H. Kamada, et al., Phys. Rev. C57, 1595 (1998).

QF-Σ- QF-Λ/Σ0 just eye guides…
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• 2020.6:    Feasibility demonstration with Helium-4 done 

• 2021.5/6: Cross section measurement with Helium-3 done 

• Analysis ( Ph.D thesis for T. Akaishi ) 
• (necessary modifications of the setup (not all): 
• beam-line trigger counter 
• PbF2 readout 
• vertex fiber tracker 
• target radiation shield 
• etc… )  

• 2022.10 or later (after long shutdown): 
• Lifetime measurement of 3ΛH ( > 1000 events )

Plan for 2 years
 29
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• Hypertriton provides a benchmark for hypernuclear physics. 

• We have explored a new method to investigate the neutron-
rich hypernuclei by K- beam & gamma-ray tagging 

• We will provide unique information 
• Cross section (x Branching ratio) of 4ΛH, 3ΛH in (K-,π0) 
• Lifetime with highest precision and different systematics 

4ΛH : < 10 (stat.), < 10 (syst.) ps   
3ΛH : ~20 (stat.), < 20 (syst.) ps 

• (two-body decay ratio)

Summary
 30


