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Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.
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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
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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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FIG. 1 (color online). The invariant mass distribution for Λ and
Λ̄ produced in Au þ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, for
0–80% centrality. The Λ (Λ̄) candidates lying in the mass range
1.112 to 1.120 GeV=c2, shown by solid red vertical lines, were
selected for the correlation measurement.
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FIG. 2 (color online). The ΛΛ and Λ̄ Λ̄ correlation function in
Au þ Au collisions at
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p ¼ 200 GeV, for 0–80% centrality.
The plotted errors are statistical only.
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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.
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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
event and y is rapidity. Yields for (anti)tritons (3H and 3H) lie close to the
positions for 3He and 3He, but are not included here because of poorer
identification of (anti)tritons. The lines represent fits with the exponential
formula / e2r | B | for positive (solid orange line) and negative (dashed blue line)
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
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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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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].
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 = 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
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Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.

2

!4

The lifetime measurements are interest especially in view of the short values from early 
experiments :

• The 1st measurements is (0.95+0.19-0.15)*10-10s from helium bubble chamber, by 
Block et al., presented in the proceeding of Conference on Hyperfragments at St, 
Cergue, 1963, p.62 

• Results from AGS nuclear-emulsion experiments: (0.9+2.2-0.4)*10-10s, 
                                                                                      Phys. Rev.136B,1803 (1964),

             from Bevatron and AGS:                                  Phys. Rev.139B,401 (1965)

                 2-body (3 in flight, 4 at rest) (0.8+1.9-0.3)*10-10s
                 2-body combined with 3-body (5 in flight, 18 at rest) (3.4+8.2-1.4)*10-10s
         

• Nuclear-emulsion with maximum likelihood procedure, Nucl. Phys. B16,46 (1970), 
(1.28+0.35-0.26)*10-10s 

Focus on the hypertriton lifetime (1)
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2

!5

But NEW measurements gave different values: 

Helium bubble chamber from Argonne ZGS:

 (2.32+0.45-0.34)*10-10s, Phys. Rev. Lett. 20,819 (1968)

 (2.64+0.84-0.52)*10-10s, Phys. Rev. D 1,66 (1970)

 (2.46+0.62-0.41)*10-10s, Nucl. Phys. B 67,269 (1973)

Nuclear-emulsion from Bevatron:

2-body is (2.00+1.10-0.64)*10-10s and 3-body (3.84+2.40-1.32)*10-10s, 

and a combined of (2.74+1.10-0.72)*10-10s

                                                               Phys. Rev. Lett. 20,1383 (1968)

Theoretical side, the hypertriton being a loosely-bound nuclear system, its mean lifetime 
should not be significantly different from that of Lambda’s 

The hypertriton lifetime data are not sufficiently accurate to distinguish between model, 
more precise measurements are needed

Focus on the hypertriton lifetime (2)
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FIG. 1. (Color Online) The 3

⇤H invariant mass distribution
for each decay channel. The solid circles represent the signal
candidate distributions, and the solid histograms are the ro-
tated 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.

TABLE I. Dataset for the 2-body decay channel analysis, with
3He and 3

⇤H statistics.

Energy Events (⇥ 10M) 3He 3He 3

⇤H +3

⇤
H

7.7 GeV 0.4 6388±80 0 52±17

11.5 GeV 1 5330±73 0 44±16

19.6 GeV 3 4941±70 0 42±14

27 GeV 5 4179±65 19±4 45±16

39 GeV 12 5252±72 133±12 86±21

200 GeV 22 6850±83 2213±47 85±20

combination of constraints to the decay topology param-
eters, 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 sep-
arately for the 2-body and 3-body decay channels, with
the selections for the 2-body case being very similar to
those listed in the STAR 2010 publication [22].

Using the candidates that pass the topology selections,
a background invariant mass curve is constructed by ro-
tating one of the daughters 180� in azimuthal angle. The
⇡� is rotated in the case of the 2-body channel, and the
deuteron in the case of the 3-body channel. This pro-
cedure accurately describes the residual combinatorial
background shown as solid histograms in Fig. 1. The

TABLE II. Dataset for the 3-body decay channel analysis,
with 3

⇤H statistics.

Energy Events (⇥ 10M) 3

⇤H

27 GeV 5 42±16

39 GeV 13 53±13

200 GeV 52 128±30
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FIG. 2. (Color Online) Panel (a): The 3

⇤H yield as a function
of `/�� for each of the two analyzed decay channels. The red
points are for 2-body decays in four bins of `/�� , and the
blue squares are for 3-body decay in three `/�� bins. The
yields indicate the number of 3

⇤H per million events for each
channel, and are already divided by the theoretical branching
ratio (40.06% for the 3-body channel and 24.89% for the 2-
body channel [12]). The data points are fitted with the usual
radioactive decay function. Panel (b): The best fit result
to the seven data points in panel (a) using a minimum �2

estimation.

background shapes are fitted by a double exponential
function: f(x) / exp(�x/p1) � exp(�x/p2). The sig-
nals 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. In
total, 354 and 223 3

⇤
H candidates are identified in 2-body

and 3-body channel analyses, respectively.

The 3

⇤
H decays obey N(t) = N0e�t/⌧ = N0e�`/��c⌧ ,

where ` is the 3

⇤
H decay length, � = v/c, and � is the

Lorentz factor. For the 2-body decay channel, we count
3

⇤
H decays in four bins of `/�� : [2, 5] cm, [5, 8] cm, [8, 11]

cm, and [11, 41] cm. Because the 3-body decay channel
has fewer events due to a lower reconstruction e�ciency
with a magnitude of 1%, only three bins in `/�� 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 recon-

struction e�ciency and detector acceptance using STAR
embedding data, which is derived from a Monte-Carlo
GEANT3 simulation with STAR detector geometry [36].
The yield in each bin is computed according to the num-
ber of events used for the 2-body and 3-body analyses by
normalizing to 3He counts in the same experiment, and
the results are shown in panel (a) of Fig. 2. The life-
time is extracted from the fit to the `/�� distribution.
Asymmetric statistical errors are calculated by perform-
ing a minimum �2 estimation of the fit to the c⌧ distri-
butions as represented in panel (b) of Fig. 2. Our result
is 142+24

�21
ps, shown as crosses of horizontal and vertical

lines in panel (b) of Fig. 2. As a comparison, the 3

⇤
H

lifetime measurement reported by STAR in 2010 [22] is
182+89

�45
(stat.) ± 27 (syst.) ps. The present measurement

is consistent with STAR’s 2010 measurement to within
0.9� 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 e↵ect of the choice
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I. INTRODUCTION

The hyperon-nucleon (Y-N) interaction is of fundamental
interest because it introduces the strangeness quantum number
in nuclear matter [1] and so understanding it can provide
insights into the strong interaction, often through the use
of effective models that extend work on normal nuclei to
the flavor SU(3) group [2]. The Y-N interaction is also of
crucial importance in high-density matter systems, such as
neutron stars [3,4]. At such high densities, particles with some
strange content can be created. The formation of hyperons
softens the equation of state and reduces the possible maximum
mass of the corresponding neutron star [5], which makes it
extremely difficult to describe neutron stars exceeding two
solar masses, such as those observed recently in [6,7]. Among
other explanations (such as deconfinement to quark matter),
alternative Y-N couplings have been suggested as possible
solutions for the so-called “hyperon puzzle” [8– 10].

Hypernuclei are natural hyperon-baryon correlation sys-
tems and can be used as an experimental probe to study the
Y-N interaction [11]. The lifetime of a hypernucleus depends
on the strength of the Y-N interaction. Therefore, a precise
determination of the lifetime of hypernuclei provides direct
information on the Y-N interaction strength [12].

The hypertriton 3
!H, which consists of a !, a proton, and a

neutron, is the lightest known hypernucleus. It has been argued
that if the 3

!H is a ! hyperon weakly bound to a deuteron
core, then the lifetime of the 3

!H should be close to that of
the free ! [12]. The lifetime of the 3

!H has been measured
using helium bubble chambers and nuclear emulsion since the
1960s [13– 23]. Early measurements indicated a lifetime close
to [17– 19,21– 23] or shorter than [13– 15,20] that of the free !,
though with large statistical uncertainty. Recent measurements
of the 3

!H lifetime from experiments at Relativistic Heavy Ion
Collider (RHIC) (BNL), HypHI (GSI), and LHC (CERN) were
reported [24– 26]. They all show a lifetime shorter than that
of the free !. However, due to the dispersion of the different
measurements, a clear conclusion on the lifetime of 3

!H cannot
be reached. Moreover, theoretical calculations do not provide a
consensus picture of the 3

!H structure because of the diverging
lifetime values [12,27– 33].

In this paper, we report a new improved measurement of
the 3

!H lifetime from the STAR (Solenoid Tracker at RHIC)
experiment. RHIC provides an ideal laboratory to study the
Y-N interaction because hyperons and nucleons are abundantly
produced in high-energy nucleus-nucleus collisions [24].

II. EXPERIMENT AND DATA

The main detector of STAR [34] is a time projection
chamber (TPC) [35] that measures momentum and energy loss
of particles produced in heavy-ion collisions. This information
is used to identify charged particles, like π±, p, d, and 3He
produced in the collisions. We are able to reconstruct 3

!H via
its two main decay channels: 3

!H → 3He + π− and 3
!H →

d + p + π−. The theoretical branching ratios for those two
channels are 25% and 40%, respectively [33]. Due to small
branching ratios, or decays into neutral particles [33], the
remaining decay channels have been disregarded in this paper.

TABLE I. Data set for the two-body decay channel analysis, with
3He and 3

!H statistics.

Energy Events (×10 M) 3He
3
He 3

!H +3
!H

7.7 GeV 0.4 6388 ± 80 0 52 ± 17
11.5 GeV 1 5330 ± 73 0 44 ± 16
19.6 GeV 3 4941 ± 70 0 42 ± 14
27 GeV 5 4179 ± 65 19 ± 4 45 ± 16
39 GeV 12 5252 ± 72 133 ± 12 86 ± 21
200 GeV 22 6850 ± 83 2213 ± 47 85 ± 20

The beam energy scan at RHIC during the years 2010 and
2011 allowed STAR to collect data from Au+Au collisions
over a broad range of energies. The lifetime is an intrinsic
property of every unstable particle, and is independent of beam
energy [36]. All 3

!H measurements, regardless of beam energy,
are combined to increase the statistics.

A minimum-bias (MB) trigger at multiple beam energies
was used. For the two-body decay channel analysis, we use
data from six different energies,

√
sNN = 7.7, 11.5, 19.6, 27, 39,

and 200 GeV; for the three-body decay analysis, we have three
beam energies,

√
sNN = 27, 39, and 200 GeV. The 200-GeV

data used in the two-body analysis were collected in 2010,
and data for the three-body channel were collected in 2011.
The current paper includes a two-body decay analysis that
was completed prior to the availability of newer samples
[37]. As a cross-check, a three-body decay analysis was
subsequently carried out; this was confined to 2011 data sets
which offered better statistics and lower backgrounds for that
channel [38]. Nevertheless, we report results that represent
substantial improvements in statistical uncertainties over prior
measurements. Further improvements in 3

!H measurements
are expected when future runs become available for analysis.
The event statistics and basic event-level selections for the
two-body and the three-body channel analyses are listed in
Tables I and II, respectively. In addition, the counts of well
identified 3He and

3
He candidates are listed for the two-body

decay mode in Table I. The numbers of identified 3
!H and

3
!H are listed in Table I and only identified 3

!H are listed in
Table II. The three-body channel of

3
!H is expected to have

marginal statistics due to the lower tracking efficiency of p̄, d̄,
and strong absorption of antiparticles in the detector material.

III. ANALYSIS AND RESULTS

The 3
!H candidates are reconstructed from the invariant

mass distributions of the daughters: 3He +π−for the two-body

TABLE II. Data set for the three-body decay channel analysis,
with 3

!H statistics.

Energy Events (×10 M) 3
!H

27 GeV 5 42 ± 16
39 GeV 13 53 ± 13
200 GeV 52 128 ± 30
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tems and can be used as an experimental probe to study the
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on the strength of the Y-N interaction. Therefore, a precise
determination of the lifetime of hypernuclei provides direct
information on the Y-N interaction strength [12].
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that if the 3
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core, then the lifetime of the 3
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Collider (RHIC) (BNL), HypHI (GSI), and LHC (CERN) were
reported [24– 26]. They all show a lifetime shorter than that
of the free !. However, due to the dispersion of the different
measurements, a clear conclusion on the lifetime of 3

!H cannot
be reached. Moreover, theoretical calculations do not provide a
consensus picture of the 3

!H structure because of the diverging
lifetime values [12,27– 33].

In this paper, we report a new improved measurement of
the 3

!H lifetime from the STAR (Solenoid Tracker at RHIC)
experiment. RHIC provides an ideal laboratory to study the
Y-N interaction because hyperons and nucleons are abundantly
produced in high-energy nucleus-nucleus collisions [24].

II. EXPERIMENT AND DATA

The main detector of STAR [34] is a time projection
chamber (TPC) [35] that measures momentum and energy loss
of particles produced in heavy-ion collisions. This information
is used to identify charged particles, like π±, p, d, and 3He
produced in the collisions. We are able to reconstruct 3

!H via
its two main decay channels: 3

!H → 3He + π− and 3
!H →

d + p + π−. The theoretical branching ratios for those two
channels are 25% and 40%, respectively [33]. Due to small
branching ratios, or decays into neutral particles [33], the
remaining decay channels have been disregarded in this paper.

TABLE I. Data set for the two-body decay channel analysis, with
3He and 3

!H statistics.

Energy Events (×10 M) 3He
3
He 3

!H +3
!H

7.7 GeV 0.4 6388 ± 80 0 52 ± 17
11.5 GeV 1 5330 ± 73 0 44 ± 16
19.6 GeV 3 4941 ± 70 0 42 ± 14
27 GeV 5 4179 ± 65 19 ± 4 45 ± 16
39 GeV 12 5252 ± 72 133 ± 12 86 ± 21
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The beam energy scan at RHIC during the years 2010 and
2011 allowed STAR to collect data from Au+Au collisions
over a broad range of energies. The lifetime is an intrinsic
property of every unstable particle, and is independent of beam
energy [36]. All 3

!H measurements, regardless of beam energy,
are combined to increase the statistics.

A minimum-bias (MB) trigger at multiple beam energies
was used. For the two-body decay channel analysis, we use
data from six different energies,

√
sNN = 7.7, 11.5, 19.6, 27, 39,

and 200 GeV; for the three-body decay analysis, we have three
beam energies,

√
sNN = 27, 39, and 200 GeV. The 200-GeV

data used in the two-body analysis were collected in 2010,
and data for the three-body channel were collected in 2011.
The current paper includes a two-body decay analysis that
was completed prior to the availability of newer samples
[37]. As a cross-check, a three-body decay analysis was
subsequently carried out; this was confined to 2011 data sets
which offered better statistics and lower backgrounds for that
channel [38]. Nevertheless, we report results that represent
substantial improvements in statistical uncertainties over prior
measurements. Further improvements in 3

!H measurements
are expected when future runs become available for analysis.
The event statistics and basic event-level selections for the
two-body and the three-body channel analyses are listed in
Tables I and II, respectively. In addition, the counts of well
identified 3He and

3
He candidates are listed for the two-body

decay mode in Table I. The numbers of identified 3
!H and

3
!H are listed in Table I and only identified 3

!H are listed in
Table II. The three-body channel of

3
!H is expected to have

marginal statistics due to the lower tracking efficiency of p̄, d̄,
and strong absorption of antiparticles in the detector material.

III. ANALYSIS AND RESULTS

The 3
!H candidates are reconstructed from the invariant

mass distributions of the daughters: 3He +π−for the two-body

TABLE II. Data set for the three-body decay channel analysis,
with 3

!H statistics.

Energy Events (×10 M) 3
!H

27 GeV 5 42 ± 16
39 GeV 13 53 ± 13
200 GeV 52 128 ± 30
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FIG. 1. (Color Online) The 3

⇤H invariant mass distribution
for each decay channel. The solid circles represent the signal
candidate distributions, and the solid histograms are the ro-
tated 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.

TABLE I. Dataset for the 2-body decay channel analysis, with
3He and 3

⇤H statistics.

Energy Events (⇥ 10M) 3He 3He 3

⇤H +3

⇤
H

7.7 GeV 0.4 6388±80 0 52±17

11.5 GeV 1 5330±73 0 44±16

19.6 GeV 3 4941±70 0 42±14

27 GeV 5 4179±65 19±4 45±16

39 GeV 12 5252±72 133±12 86±21

200 GeV 22 6850±83 2213±47 85±20

combination of constraints to the decay topology param-
eters, 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 sep-
arately for the 2-body and 3-body decay channels, with
the selections for the 2-body case being very similar to
those listed in the STAR 2010 publication [22].

Using the candidates that pass the topology selections,
a background invariant mass curve is constructed by ro-
tating one of the daughters 180� in azimuthal angle. The
⇡� is rotated in the case of the 2-body channel, and the
deuteron in the case of the 3-body channel. This pro-
cedure accurately describes the residual combinatorial
background shown as solid histograms in Fig. 1. The

TABLE II. Dataset for the 3-body decay channel analysis,
with 3

⇤H statistics.

Energy Events (⇥ 10M) 3

⇤H

27 GeV 5 42±16

39 GeV 13 53±13

200 GeV 52 128±30
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FIG. 2. (Color Online) Panel (a): The 3

⇤H yield as a function
of `/�� for each of the two analyzed decay channels. The red
points are for 2-body decays in four bins of `/�� , and the
blue squares are for 3-body decay in three `/�� bins. The
yields indicate the number of 3

⇤H per million events for each
channel, and are already divided by the theoretical branching
ratio (40.06% for the 3-body channel and 24.89% for the 2-
body channel [12]). The data points are fitted with the usual
radioactive decay function. Panel (b): The best fit result
to the seven data points in panel (a) using a minimum �2

estimation.

background shapes are fitted by a double exponential
function: f(x) / exp(�x/p1) � exp(�x/p2). The sig-
nals 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. In
total, 354 and 223 3

⇤
H candidates are identified in 2-body

and 3-body channel analyses, respectively.

The 3

⇤
H decays obey N(t) = N0e�t/⌧ = N0e�`/��c⌧ ,

where ` is the 3

⇤
H decay length, � = v/c, and � is the

Lorentz factor. For the 2-body decay channel, we count
3

⇤
H decays in four bins of `/�� : [2, 5] cm, [5, 8] cm, [8, 11]

cm, and [11, 41] cm. Because the 3-body decay channel
has fewer events due to a lower reconstruction e�ciency
with a magnitude of 1%, only three bins in `/�� 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 recon-

struction e�ciency and detector acceptance using STAR
embedding data, which is derived from a Monte-Carlo
GEANT3 simulation with STAR detector geometry [36].
The yield in each bin is computed according to the num-
ber of events used for the 2-body and 3-body analyses by
normalizing to 3He counts in the same experiment, and
the results are shown in panel (a) of Fig. 2. The life-
time is extracted from the fit to the `/�� distribution.
Asymmetric statistical errors are calculated by perform-
ing a minimum �2 estimation of the fit to the c⌧ distri-
butions as represented in panel (b) of Fig. 2. Our result
is 142+24

�21
ps, shown as crosses of horizontal and vertical

lines in panel (b) of Fig. 2. As a comparison, the 3

⇤
H

lifetime measurement reported by STAR in 2010 [22] is
182+89

�45
(stat.) ± 27 (syst.) ps. The present measurement

is consistent with STAR’s 2010 measurement to within
0.9� 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 e↵ect of the choice
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An improved measurement of the 3
!H lifetime is presented. In this paper, the mesonic decay modes 3

!H →
3He + π− and 3

!H → d + p + π− are used to reconstruct the 3
!H from Au+Au collision data collected by the

STAR collaboration at Relativistic Heavy Ion Collider (RHIC). A minimum χ2 estimation is used to determine the
lifetime of τ = 142+24

−21 (stat.)±29 (syst.) ps. This lifetime is about 50% shorter than the lifetime τ = 263 ± 2 ps
of a free !, indicating strong hyperon-nucleon interaction in the hypernucleus system. The branching ratios
of the mesonic decay channels are also determined to satisfy B.R.(3He+π−)/(B.R.(3He+π−) + B.R.(d+p+π−)) =
0.32 ± 0.05 (stat.) ± 0.08 (syst.). Our ratio result favors the assignment J (3

!H) = 1
2 over J (3

!H) = 3
2 . These

measurements will help to constrain models of hyperon-baryon interactions.

DOI: 10.1103/PhysRevC.97.054909
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Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.
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The STAR experiment at RHIC, the HypHI experiment [229] at the GSI790

Helmholtz Centre for Heavy Ion Research and the ALICE experiment at LHC791

have updated the lifetime of the hypertriton relatively recently [200, 227, 201].792

A 2014 reanalysis of the HypHI data and the worldwide measurements using a793

Bayesian analysis estimated the lifetime of the 3
⇤H to be approximately 217+19

�16794

ps and they specify an upper limit of 250 ps at the 95% confidence level [230].795

After including measurements from the ALICE experiment, the world average796

of the 3
⇤H lifetime shifts down to 215+18

�16 ps [201]. The free ⇤ lifetime is 263 ± 2797

ps [59] and the world average of the 3
⇤H lifetime is shorter than that of the free798

⇤ by a factor of 0.82+0.07
�0.06. The data are summarized in Fig. 26.799

A measurement of the 3
⇤H lifetime that is shorter than the free ⇤ lifetime800

challenges the current theoretical understanding of the 3
⇤H as being comprised of801

a weakly-bound deuteron core and a ⇤. This picture motivates the assumption802

that the 3
⇤H lifetime is close to that of the free ⇤. All currently available803

3
⇤H lifetime predictions are based on the assumption that the ⇤ binding energy804

is very small, although this binding energy is poorly measured [221, 225]. The805

current measurements of the 3
⇤H lifetime from heavy-ion experiments provide a806

new reference point for fine-tuning theoretical models [220, 204, 231, 232, 233,807

234] and for advancing our understanding of the lightest hypernucleus.808

The precision of the 3
⇤H lifetime is improved by measurements from the809

STAR collaboration based on data collected in 2010 and 2011 [228] [c.f. Fig. 26],810

leading to a new lifetime estimate that is 50% shorter than that of the free811

⇤, and contribute to a new worldwide average of 211+18
�16 ps. Those results,812

in combination with previous measurements, clearly motivate further study of813

3
⇤H [235, 236, 237, 238, 239].814

The STAR experiment will collect large datasets for Au + Au collisions dur-815

ing the upcoming Beam Energy Scan Phase-II program during 2019-2020 [240].816

Similarly, improved measurements from HypHI and ALICE experiments are also817

expected. Looking ahead to the next decade, the Facility for Antiproton and818

Ion Research (FAIR) [241] at Darmstadt is projected to begin operation, and819

will lead to measurements with further improvements in statistics [242, 186]. A820

46

World average:
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The decay branching ratio is related to BΛ

L. ADAMCZYK et al. PHYSICAL REVIEW C 97, 054909 (2018)

A recent statistical compilation of the lifetime measure-
ments available in the literature favors the lifetime of 3

!H
(215+18

−16 ps) being shorter than that of the ! [26,40]. The
present lifetime measurement casts further doubt on the early
inferences concerning the structure of the 3

!H. The lifetime is
related to the binding energy of the ! in this hypernucleus
and to its decay channels. Theoretical predictions need to
employ assumptions about the ! binding energy, which is
poorly measured [11,33]. Assuming a larger binding energy
leads to a shorter lifetime [12]. There is also the possibility
that stimulated ! decay due to the presence of other nucleons,
such as the process ! + N → N + N + π0 may contribute to
the pionic modes [12]. This effect may become much larger
due to interference with the normal decay interaction [30]. The
current measurements clearly motivate further study [41,42].

Because the 3
!H can be reconstructed via its two decay

channels, 3
!H → 3He + π− and 3

!H → d + p + π− at STAR,
it is possible to compare the decay branching ratios for those
two channels. By fitting the seven data points in Fig. 2(a) with
the radioactive decay function simultaneously, we can extract
the product N0 × # for each channel. We define

Ratio =
#

!3
!H → 3He + π−"

#
!3
!H → 3He + π−

"
+ #

!3
!H → d + p + π−

" .

This definition is different from a more commonly used
variable R3, which is defined as

R3 =
#

!3
!H → 3He + π−"

#
!3
!H → all π−channels

" .

However, considering that, theoretically, the sum of #s of
3
!H → 3He + π− and 3

!H → d + p + π− channels is over
99% of all π− channels [33], the difference between R3 and our
ratio would be less than 1%. From our data, the measured ratio
is 0.32 ± 0.05 (stat.) ± 0.08 (syst.). Each fit line in Fig. 2(a)
has been normalized by the appropriate branching ratio [33].
The vertical shift between the two fit lines is due to the
difference between our measured R3 value and the theoretical
calculations. However, the difference is within the uncertainty
of experimental data shown in Fig. 4. Sources of systematic
uncertainty are the same as discussed earlier.

Figure 4 summarizes previous measurements of this decay
branching ratio in the literature [14,17,22,43,44]. The present
result is close to the combined measurement from helium
bubble chamber experiments and is consistent with the average
value of 0.35 ± 0.04 based on early measurements in helium
bubble chambers.

The branching fraction for the various decay modes of a
hypernucleus will generally depend on both the spin of the
hypernucleus and the nature of the!-decay interaction [12,29].
From the calculations in Ref. [29], our measurement lies within
2σ of the calculated value under the assumptionJ (3

!H) = 1
2 but

3σ away under the assumption J (3
!H) = 3

2 . Furthermore, the
J (3

!H) = 1
2 assignment is consistent with the calculation R3 =

0.33 ± 0.02, where the 3
!H wave function was found in the

context of a !d two-body picture of the three-body bound state
[32]. It is concluded that our data are consistent with earlier
determinations of the 3

!H spin assignment [14,17,22,43,44].
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FIG. 4. A summary of worldwide 3
!H R3 experimental measure-

ments and theoretical calculations. The star marker represents the
present analysis.

IV. SUMMARY

In summary, we have presented a 3
!H lifetime measurement

of τ = 142+24
−21 (stat.)±29 (syst.) ps as well as a measurement

of the ratio of two of the 3
!H decay modes. A short 3

!H lifetime
compared with that of the free ! (τ(3

!H)/τ(!) = 0.54+0.09
−0.08(stat.))

is reported, which may indicate that the !-N interaction
in 3

!H is stronger than previously believed. In addition, our
measurement indicates that 3

!H more likely has an assignment
of J (3

!H) = 1
2 than J (3

!H) = 3
2 . The conventional understand

of the 3
!H is that it is a weakly bound !d system, but

more theoretical progress and experimental study is needed
to understand the structure of this and other light hypernuclei.
The STAR experiment will collect large data sets for Au+Au
collisions over a range of beam energies during 2019–20,
which will further reduce the uncertainty on the 3

!H lifetime
and will likely provide new insight into the structure of the 3

!H.
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6 Ratio Analysis

As we can reconstruct hyper triton with both its 2-body and 3-body channels,
its possible to measure the ratio of two branching ratios. Here we define:

Ratio =
N0 ⇥ B.R.2�body

N0 ⇥ B.R.2�body +N0 ⇥ B.R.3�body

(8)

This definition is di↵erent from a more commonly used variable, R3, which
is defined as:

R3 =
B.R.2�body

B.R.all mesonic decay

(9)

however, considering that, theoretically, the sum of B.R.s of 2-body and 3-
body channels is over 99% [11], the di↵erence between R3 and ratio would
be small.

After correct the number of events used for 2-body and 3-body analysis,
the fitting parameter N0 are the same. So the ratio could be calculated as
0.32±0.05 (stat.).

Table 2 summarizes previous measurements of this decay branching ratio
in the literature. The present result is close to the combined measurement
from helium bubble chamber experiments and is consistent with the average
value of 0.35 ± 0.04 based on early measurements.

Table 2: Measurements of variable R3.
R3 Technique Ref.

0.39 ± 0.07 helium bubble chamber [14]
0.36+0.08

�0.06 helium bubble chamber [16]
0.39+0.12

�0.07 emulsion [32]
0.41+0.04

�0.03 to 0.46+0.04
�0.03 emulsion [33]

0.30 ± 0.07 helium bubble chamber [20]
0.35 ± 0.04 mean of helium bubble cham-

ber results
[20]

0.32 ± 0.05 time projection chamber this mea-
surement

36

The R3 is sensitive to the spin 
of hypertriton. It can also be 
used to obtain an indirect 
measurement of the BΛ 

*Fig. is from Phys. Rev. D 1,66 (1970) with 

**Curve is from Phys. Rev. 113,1604 (1959) with BΛ=0.25 
MeV, spin 1/2 scenario    

R3 = 0.36±0.08
0.06
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Can we measure BΛ better?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!

G. Keyes et al., Phys. Rev. D 1,66 (1970) 

“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)
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Motivation and Significance

q Hyperon-Nucleon (Y-N) interactions play an important role in understanding the 

neutron star and QCD theory [1, 2, 3].

q Precise measurement of masses of hypertriton (!"#) and anti-hypertriton ($!
"$#) provide insight into 

Y-N interactions and the CPT symmetry.

1. Mass is more sensitive to the Y-N interactions than the lifetime.

2. There is no measurement for $!
"$#.

q The production of light nuclei is sensitive to the temperature and nucleon phase-space density of 

the system at freeze-out, hence it could be an excellent tool to explore the QCD properties [4, 5, 6].

[1] R. O. Gomes, V. Dexheimer, S. Schramm, and C. A. Z. Vasconsellos, The Astrophys. J. 
808, 8 (2015).

[2] L. L. Lopes and D. P. Menezes, Phys. Rev. C 89, 025805 (2014).
[3] J. Antoniadis et al., Science 340, 448 (2013).
[4] László P. Csernai, Joseph I. Kapusta, Phys. Reps. 131, 223 (1986).
[5] A. Z. Mekjian, Phys. Rev. C 17, 1051 (1978).
[6] Kaijia Sun et al., Phys. Lett. B 774, 103 (2017).
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Tab le  1 

Hypernucl ide  Decay mode NumbereventsOf BA ± AB A (MeV) a) 

d H 

#. 

A4He 

ASHe 

~He 
;He 

~ei 

A7Be 
ASLi 
A~Be 

dLi 

~Be 

AnB 

A12B 
A13C 

~-  3He b) 26 0 .13±0.15 
7r- 1H 2H 6 0.33 ± 0.21 

total  32 0,20 ± 0.12 
- 4He b) 208 2.26 ±0.07 

?r- 1H 3H 21 1 .86±0.10 ~ -  2H 2H 2 

~ -  1H 3He 48 
- 1H 1H 2H 1 2 .20±0.06 

~ -  1H 4He 288 3.08 ± 0.03 ?r- 2H 3He 2 

y -  2H 4He 4 4 .09±0.27 
~ -  7Li 5 
y -  1H 6He 3 (4.67±0.28) c) 
7r- 3H 4He 2 
~ -  1H 6Li 2 
7r- 3He 4He 16 (5.46 ± 0.12) c) 
y -  1H 2H 4He 9 

- 1H 1H 1H 4He 4 4.81±0.53 d); 4.70±0.52 
4.24±0.46 ; 6.92J=0.40 

7r- 4He 4He 72 
7r- 1H 3H 4He 1 6.72 ± 0.08 

~ -  8B 4 
- 1H 7Be 1 6 .67±0.16 

7r- 1H 3He 4He 2 
- 9Be 5 

7r - l i t  8Li 3 8.27 ± 0.18 
~ -  3H 6Li 1 

- 9 B b ,  g.s .  J 33 6 .68±0.09 
1H ~He 4He 6 6 .61~0.17 

total 6.66 ± 0.08 
- l l c  4 

7r- 1H 2H 4He 4He 2 10.30 ± 0.14 
- 4He 7Be 2 
- 3He 4He 4He 1 

l r -  4He 4He 4He 11 11.26 ± 0.16 
?r- 13N 1 10.51±0.51 

a) Pos s ib l e  sy s t ema t i c  e r r o r s  of the o r d e r  of 0.15 MeV have not been included. 
b) The binding energy  has been de t e rmined  f r o m  the mean  range  of the ~r- meson .  
c) The mean  value is given for  indicat ion only (see text) .  
d) In this event ,  the t r ack  of the o¢-part icle is not seen.  

G. Gajewski et al., Nucl. Phys. B 1,105 (1967)  

BΛ = 0.13 ± 0.05MeV
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"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.
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The Solenoidal Tracker at RHIC (STAR)

Figure 1. The view of the STAR Detector.

STAR: uniform and large acceptance, HFT: precise vertex measurement

The Solenoidal Tracker at RHIC (STAR)
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The Heavy Flavor Tracker at STAR (HFT)

Data : ~1.2 billion Au+Au collision events in 2014, and ~3.4 billion Au+Au 
collision events in 2016

Detector Radius 
(cm)

Hit Resolution 
(R × ϕ) / Z 
(μm/μm)

Thickness

SSD 22 30/860 1% X0

IST 14 170/1800 <1.5% X0

PXL

8 6.2/6.2 0.5% X0

2.8 6.2/6.2 0.4% X0

PXL: PiXeL 
IST: Intermediate Silicon Tracker 
SSD: Silicon Strip Detector



Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.

2

!14

The particle identification in STAR 

Clean PID of charge 
particles from TPC and 
ToF in STAR 

The topology of 
hypertriton in STAR 
detector
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!
"# and $!

"$# Reconstruction

%&' → ) + +, + d

Figure 5. The topology of the !"# ($!
"$# ) two-body decay and three-body decay.

Because of the high spatial resolution (better than 30 -.) of the HFT, the decay vertex can be 
determined precisely.

!
"# has many decay channels:

ü Non-meson decay channels:
!
"# → / + 0
!
"# → 1 + 0 + 0

ü Meson decay channels:
!
"# → "#2 ( "#) + 5, (56)
!
"# → / + 1 (0) + 5, (56)
!
"# → 1 + 0 + 1 (0) + 5, (56)

Good PID of charged particles in STAR 
detector.

Reconstructing !"# ($!
"$#) through:

!
"# → "#2 + 5,
!
"# → / + 1 + 5,
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!
"# and $!

"$# Invariant Masses (with energy loss correction)
Figure 7. The invariant masses of 
!
"# and $!

"$# with energy loss 
correction.

Energy loss in the material in 
front of and in the TPC.

!
"# (2-body + 3-body)
2990.90 ± 0.11 (stat.) ± 0.15   
(syst.) ⁄'() *+

$!
"$# (2-body + 3-body)
2990.59 ± 0.25 (stat.) ± 0.15 
(syst.) ⁄'() *+

!
"# and $!

"$# combined
2990.85 ± 0.10 (stat.) ± 0.15 
(syst.) ⁄'() *+

Systematical uncertainty source:
Ø Energy loss correction.
Ø Different cuts impact.

,-./
0
+12+

(3
435 +
+2+ + ,78/ 94 + 7

Fit Function:

(A) (B)

(C) (D)

Energy loss in the material in front of and in TPC

Invariant mass distr. with energy loss correction
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Hypertriton !"
definition:
#" +#% − #

"
'(

1. Early measurements of !"
have large statistical 
uncertainty due to the limited 
statistics.

2. The difference between the 
STAR measurement and the 
previous measurement is 
0.31 ± 0.11 (stat. only) MeV. 

Worldwide Binding Energy of "*+

Figure 8. A summary of worldwide binding energy of "*+ experimental measurements. The vertical lines are the 
statistical uncertainty, the brackets are the systematical uncertainty. The gray band is the mean value with its statistical 
uncertainty measured in 1973. 
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4 w . E .  SLATER 

by us in interpreting three body decays, which leads to the smallest residual 
momentum, is described in Appendix B. B h is most conveniently computed (~a) 
from the equation: 

O) M,,, + M A - -  B A :  y M~ + (2 = i ~  (c : 1), 
i 

where the various M's are the rest energies of the particles involved in the 
event and Q is the total kinetic energy released. F '  represents the nuclear 
core to which the :A ~ particle is bound; F is the hypernueleus in question, 
and the index i labels the i ' th  decay particle. Rearranging (1) and defining 
Qo(F, M~) = M F , +  M h - -  ][ M~,  one has 

i 

(r) B~ = Qo- O. 

T a b l e  I l i s t s  t h e  c 6 n s t a n t s  n e c e s s a r y  fo r  c o m p u t i n g  B a fo r  a n u m b e r  of  d e c a y  
s c h e m e s .  

TABLE I. -- Q0 ]or certain mesic decays o] light ltyperuuclei. 
Qo = ~I~, + M A -  ~ J.Ii . 

i 

M(1H) = (938.21 4-0.01) MeV (~+), 
31(= ) = (139.63-4-0.06) MeV (1~) , 

QA = (37.22•  MeV (15,16) , 
(c = 1) 

For all disintegrations o] the ]orm: F-~- - t - IH- i -F  ', Qo=  QA. 

Hyper -  ~]/F, -}- MA M(r:=) Decay  products  Qo 
nucleus (MeV) excluding r:: (MeV) 

3 H  A 2 850.92 aHe 42.71 
2 1H q- n 34.99 

4H A 3 784.17 

4HeA 3 783.64 

q I e  
1H q-2H + n  

22H 
aHe • n 

21H + q-[ 
31It  § n 

57.02 
30.96 
33.19 
36.45 

31.73 
29.50 

(13) ~ ,  SEEMAN, M. SIIAPIRO and B. sTILLER: Phys. Rev., 100, 1480 (1955). 
(14) A. H. ROSENFELD: Compilation o] masses and li]etimes o] elementary particles, 

May, 1957 (pr ivate  communica t ion) .  
(15) M. W. FRIEDLANDER, D. KEEFE, ~1. G. K. MENON and M. MERLIN: Phil. 

Mag., 45, 533 (1954). 
(16) W. H. BARKAS: Padua-Venice Con]erence (Sept. 1957). 

In “W. E. Slater, Nuovo Cimento, 10 (Suppl 1), 1 (1958)”

How to determine the BΛ of hypertriton
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The charged particle’s range-energy relation in emulsion

Range-energy relation: measure the daughter’s range in the emulsion 
to determine the kinetic energy of daughter

[1] H. Brander, F. M. Smith, W. H. Barkas and S. Bishop, Phys. Rev. 77, 462 (1950) 
[2] J. Rotblat, Nature 167, 550 (1951) 
[3] W. H. Barkas and A. H. Rosenfeld, UCRL-8030 for the U. S. Atomic Energy 
Commission with Contract No. W-7405-eng-48

RANGE —EN E RGY RELATION 463

CENTER OF
CYCLOTRON

PROTONS EJECTED FROM
TARGE T IN BACKWARD DIRECTION

glass backing of C2 plates was found by measuring the
length of tracks which had traveled most of their range
in the glass. Protons from the monoenergetic (&100
kev) beam of the Berkeley linear accelerator were used
in this experiment. The range of the protons of approxi-
mately 30-Mev energy was found to be 18&4 percent
larger in glass than in dry C2 emulsion.

DISCUSSION

30"
I

40" 50" 60" TO"
I

80

Fzo. 1. Schematic diagram of arrangement for
range-energy experiment.

shrinkage. Track lengths were measured both by eye-
piece reticle and by dial indicator attached to the
microscope stage. Corrections were made for angle of
dip of protons in the emulsion.

RESULTS

Results of the measurements are presented in Pigs. 2
and 3. It will be noted that the data fit a straight line
on log-log plot between 17 and 35 Mev and fit the data
of Lattes at 8 Mev. A least squares analysis gives for
this portion the relation:

E(M, ) =0.2518(„)' '"
where the energy E is expressed in Mev and the range
E is measured in microns.
The original values predicted by Camerini and

Lattes, ' and a recent relativistically correct extrapola-
tion made by Aron, ' are indistinguishable from the
present experimental results up to 35 Mev.
The eGect of widely different humidity conditions on

plates before exposure is indicated by the 3 points at
33.5 Mev, and the 2 points at 17.6 Mev. It was neces-
sary to evacuate plates for at least 6 minutes before
exposure so that moisture conditions were not accu-
rately known. No difference was found between 6
minutes and 6 hours evacuation of 100' emulsions
which had previously come to equilibrium in a normal
Berkeley atmosphere (75'F, 60 percent R.H.) and these
plates are therefore called "dry" in the present study.
However, the 17.6-Mev point shows difference between
6 minutes evacuation of such a plate and 6 minutes
evacuation of a plate which had been exposed to several
hours of rainy weather (95 percent R.H.).Large changes
occurred as shown at the 33.5-Mev point, when 200@
plates were given 6 minutes evacuation after 24 hours
exposure to 93 percent R.H. at 75'F in a NH4H2PO4
constant humidity chamber. The 80 percent humidity
point was obtained with a plate which had been
maintained for 24 hours over wet NH4CL.
An approximate value for the range of protons in the
4 V. Camerini and C. M. G. I.attes, Ilford technical data (1947).' W. Aron (private communication).

The numbers used above to illustrate the calculation
of momentum from target and plate radius are only
approximate because the protons did not follow a
circular orbit in the radially decreasing cyclotron field.
Protons leaving the target at a cyclotron radius r& at a
small angle 81 from the backward direction, enter the
plate (r2) at a diferent small angle II2 to perpendicular,
and have a momentum given by the expression

1
(Hr)A = — Hrdr

r1 cos01+r2 coseg

3000-

C4
I
O2000—
CL
O

DRY EMULSION

BOY RH
90~ RH

+ DATA OF LATTES

FULL LINE IS DATA OF L, F, S C
PLOTTED BELOW I3 MEV

EXTRAPOLATION BY W ARON PLOTTED
ABOVE 13 MEV

Ih-z
O
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O

I

I 000 -~
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l
30 32 34 36 3B

+
0 I
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Fro. 2. Range of protons vs. energy.
E

(Mev)
7.8
16.4
17.6
17.6
22.3
25.6
28.2
33.5
33.5
33.5
39.5

R
(w)
389
1358
1465
1497
2244
2849
3369
4597
4762
4996
6123

+2.7
8.1
4.5
6.0
8.9
7.1
10.0
13.8
24.0
10.0
18.0

Stepwise integration is required to evaluate the integral.
Figure 4 shows a group of values of 81 determined
graphically by stepwise trajectory plotting starting
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Fzo. 3. Power law approximation for range-energy relation.

with various values of 82. In the range-energy study
only tracks entering the emulsion at 0'~5' were
measured, so that the difference between cos81 and
cosem was negligible, and the expression for (Hr)A„could
be written

sec82 t "&

(Hr)»„—— Hrdr.
'r1+ f2 r
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62
l
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!
70

RAOIUS FROM CYCLOTRON CENTER —INCHES

The value of the integral was obtained by numerical
integration using absolute 6eld calibration at 4 points
by nuclear induction to 4-gauss accuracy in the 14,000-
gauss 6eld, and Rip coil measurements' of relative fields
at 1-inch intervals along a radius. The relative values
at the diGerent points in the Qip coil measurements
were estimated to be accurate to 0.1 percent. The 6eld
is shown as a function of cyclotron radius in Fig. 5.
It was assumed, in the integration, that the cyclotron
Geld had azimuthal symmetry.
The chief limit to the accuracy of the results was due

to scatter in range of supposedly monoenergetic protons.
The mean square scatter of 1 percent to 3 percent in
ranges was partly caused by inaccuracies in measure-
ment of entrance angle, partly by "skipping" of protons
along the emulsion so that the actual beginning in the
emulsion was missed, and sometimes caused by surface
fog which prevented exact determination of the begin-
ning of a track. Approximately half, however, could be
' D. Sewell (private communication).

Fro. 5. Cyclotron magnetic field vs. radius.

accounted for theoretically by straggling. Probable
error of the mean due to scatter in range was less than
0.7 percent for each energy value. However, it seems
unwise to claim better than &2 percent accuracy for
the range-energy relation because of incomplete control
of emulsion moisture, and ignorance of possible varia-
tions in emulsion composition.
The point at 16.4 Mev which lies 2 percent above the

curve may be caused by "skipping" or perhaps an
error in the radius to which the target was set. All
other points lie within —', percent of the curve de6ned
by the relation (1). The relation is probably accurate
to better than 2 percent for any batch of dry Bi, B2,
C2, C3 or G5 plates.
The authors wish to express their appreciation of the

stimulating interest of Professor E. 0. Lawrence, and
of the cooperation of the cyclotron crew.
The work described in this paper was done under the

auspices of the AEC.



Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.
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Revisit the mass values

[1] G. Bohm et al., Nucl. Phys. B 4, 511 (1968), Ilford K5 emulsion @ CERN P. S. 
[2] G. Keyes et al., Phys. Rev. D 1, 66 (1970), helium bubble chamber @ Argonne ZGS 
[3] M. Juric et al., Nucl. Phys. B 52, 1 (1973), Ilford K5 emulsion @ Brookhaven AGS 
[4] C. Mayeur et al., Nuovo Cimento II, 43, 180 (1966), Ilford K5 emulsion @ CERN P. S. 
[5] F. Everling, L. A. Konig, J. H. E. Mattauch and A. H. Wapstra, Nucl. Phys. 18, 529 (1960) 
[6] A. H. Wapstra, Physica, 21, 378 (1955) 
[7] W. E. Slater, Nuovo Cimento, 10 (Suppl 1), 1 (1958)

Lambda (MeV) Deuteron (MeV)

NPB 1,105 (1967) 1115.44 [1] 1875.50 [5,6,7]

NPB 4,511 (1968) 1115.57 [1] 1875.50 [5,6,7]

PRD 1,66 (1970) 1115.67 [2] 1875.58 [2]

NPB 52, 1 (1973) 1115.57 [3] 1875.50 [5,6,7]

Today 1115.68 [PDG 2017] 1875.61 [CODATA]

Pion (MeV) Proton (MeV) Helium3 (MeV)

NPB 1,105 (1967) 139.59 [4] 938.26 [4] 2808.22 [5,6,7]

NPB 4,511 (1968) 139.58 (PDG 1967) 938.26 (PDG 1967) 2808.22 [5,6,7]

PRD 1,66 (1970) 139.58 (PDG 1969) 938.26 (PDG 1969) 2808.22 [5,6,7]

NPB 52, 1 (1973) 139.58 (PDG 1972) 938.26 (PDG 1972) 2808.22 [5,6,7]

Today 139.57 (PDG 2017) 938.27 (PDG 2017) 2808.39 (CODATA)
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Updated the Q0 estimation with new mass value (1)

for the 2-body decay channel:
BΛ = MΛ + Md − M3He − Mπ − Q = Q0 − Q

Q0 (MeV) Q0 difference (MeV)

NPB 1,105 (1967) 43.13 –0.2

NPB 4,511 (1968) 43.27 –0.06

PRD 1,66 (1970) 43.45 0.12

NPB 52, 1 (1973) 43.27 -0.06

Today 43.33

� 
BΛ = MΛ + Md− M3He − Mπ − Q = Q0 − Q

Lambda (MeV) Deuteron (MeV)

NPB 1,105 (1967) 1115.44 [1] 1875.50 [5,6,7]
NPB 4,511 (1968) 1115.57 [1] 1875.50 [5,6,7]
PRD 1,66 (1970) 1115.67 [2] 1875.58 [2]

NPB 52, 1 (1973) 1115.57 [3] 1875.50 [5,6,7]
Today 1115.68 (PDG 2017) 1875.61 (DODATA)

Pion (MeV) Proton (MeV) Helium3 (MeV)

NPB 1,105 (1967) 139.59 [4] 938.26 [4] 2808.22 [5,6,7]
NPB 4,511 (1968) 139.58 (PDG 1967) 938.26 (PDG 1967) 2802.22 [5,6,7]

PRD 1,66 (1970) 139.58 (PDG 1969) 938.26 (PDG 1969) 2802.22 [5,6,7]
NPB 52, 1 (1973) 139.58 (PDG 1972) 938.26 (PDG 1972) 2802.22 [5,6,7]
Today 139.57 (PDG 2017) 938.27 (PDG 2017) 2808.39 (CODATA)

Q0 (MeV) Q0 difference (MeV)

NPB 1,105 (1967) 43.13 –0.2

NPB 4,511 (1968) 43.27 –0.06

PRD 1,66 (1970) 43.45 0.12

NPB 52, 1 (1973) 43.27 -0.06

Today 43.33

NPB 1,105 (1967)

NPB 4,511 (1968)

PRD 1,66 (1970)

NPB 52, 1 (1973)

�  (MeV)BΛ

�0.13 ± 0.15
�0.05 ± 0.08

Corrected �  (MeV)BΛ

�0.25 ± 0.31
�0.11 ± 0.08
�0.33 ± 0.15

�0.13 ± 0.31
�0.06 ± 0.11 �0.12 ± 0.11
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Updated the Q0 estimation with new mass value (2)

for the 3-body decay channel:
BΛ = MΛ + Md − Md − Mp − Mπ − Q = Q0 − Q

Q0 (MeV) Q0 difference (MeV)

NPB 1,105 (1967) 37.59 -0.25

NPB 4,511 (1968) 37.73 -0.11

PRD 1,66 (1970) 37.83 -0.01

NPB 52, 1 (1973) 37.73 -0.11
Today 37.84

Lambda (MeV) Deuteron (MeV)

NPB 1,105 (1967) 1115.44 [1] 1875.50 [5,6,7]
NPB 4,511 (1968) 1115.57 [1] 1875.50 [5,6,7]
PRD 1,66 (1970) 1115.67 [2] 1875.58 [2]

NPB 52, 1 (1973) 1115.57 [3] 1875.50 [5,6,7]
Today 1115.68 (PDG 2017) 1875.61 (DODATA)

Pion (MeV) Proton (MeV) Helium3 (MeV)

NPB 1,105 (1967) 139.59 [4] 938.26 [4] 2808.22 [5,6,7]
NPB 4,511 (1968) 139.58 (PDG 1967) 938.26 (PDG 1967) 2802.22 [5,6,7]

PRD 1,66 (1970) 139.58 (PDG 1969) 938.26 (PDG 1969) 2802.22 [5,6,7]
NPB 52, 1 (1973) 139.58 (PDG 1972) 938.26 (PDG 1972) 2802.22 [5,6,7]
Today 139.57 (PDG 2017) 938.27 (PDG 2017) 2808.39 (CODATA)

Q0 (MeV) Q0 difference (MeV)

NPB 1,105 (1967) 37.59 -0.25

NPB 4,511 (1968) 37.73 -0.11

PRD 1,66 (1970) 37.83 -0.01

NPB 52, 1 (1973) 37.73 -0.11

Today 37.84

NPB 1,105 (1967)

NPB 4,511 (1968)

PRD 1,66 (1970) N/A N/A
NPB 52, 1 (1973)

�  (MeV)BΛ

�0.33 ± 0.21
�−0.11 ± 0.13

Corrected �  (MeV)BΛ

�0.58 ± 0.21

�0.23 ± 0.11

�0 ± 0.13

�0.34 ± 0.11

Q0 (MeV) Q0 difference (MeV)

NPB 1,105 (1967) 43.13 –0.2

NPB 4,511 (1968) 43.27 –0.06

PRD 1,66 (1970) 43.45 0.12

NPB 52, 1 (1973) 43.27 -0.06

Today 43.33
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World average on early data with new mass value: 0.18   0.05 (stat.) MeV, 
average on 1973 data with new mass value: 0.23   0.08 (stat.) MeV.

Fig. 5. A summary of worldwide binding energy of !
"# experimental measurements. The vertical lines are the 

statistical uncertainty and the brackets are the systematical uncertainty. The gray band is the corrected mean 
value with its statistical uncertainty published in 1973. The red dotted lines are the corrected values measured 
in history and the corrected values have the same statistical uncertainty as its corresponding raw 
measurements.
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Figure 8. A summary of worldwide binding energy of "*+ experimental measurements. The vertical lines are the 
statistical uncertainty, the brackets are the systematical uncertainty. The gray band is the mean value with its statistical 
uncertainty measured in 1973. 
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Mass Difference Between !
"# and $!

"$#

Figure 9. Measurements of the mass-over-charge ratio differences between light nuclei and 
anti-nuclei. The error bars represent the sum in quadrature of the statistical and systematical 
uncertainties (standard deviations). Dotted line is the CPT invariance expectation.

1. !
"# was discovered in 1952.

2. $!
"$# was discovered in 2010 by STAR 

collaboration [7].

3. Mass difference between !
"# and $!

"$# was 
measured for the first time.

4. The mass difference consistent with CPT 
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Summary

An updated hypertriton lifetime using the two- and three-body 
decay channels is shorter than the Lambda’s 

Ratio between the 2-body and the 3-body mesonic decay 
prefers a spin = 1/2 assignment for hypertriton 

The mass and binding energy of (anti)hypertriton have been 
measured 

Mass difference between hypertriton and antihypertriton is 
estimated 

(
Δ(m / |z | )

m / |z |
)3

ΛH = (1.0 ± 0.9(stat.) ± 0.7(syst.)) × 10−4

3
ΛH : 2990.90 ± 0.11(stat.) ± 0.15(syst.)MeV/c2

3
Λ̄H̄ : 2990.59 ± 0.25(stat.) ± 0.15(syst.)MeV/c2

BΛ : 0.44 ± 0.10(stat.) ± 0.15(syst.)MeV

R3 = 0.32 ± 0.05(stat.) ± 0.08(syst.)

τ = 142 ±24
21 (stat.) ± 29(syst.)ps
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Outlook (1)

STAR BES-II at 2019 and 2020 
• detector upgrades 
• low energy electron cooling 
• hyperon production at high baryon density

J. Steinheimer et al. / Physics Letters B 714 (2012) 85–91 87

Fig. 1. Mass dependence of calculated invariant yields of light fragments and hyper-
fragments produced in central Au + Au collisions at 11.5A GeV/c compared with
experimental data [73] for Au + Pb collisions. The lines are empirical interpolations
of the results.

between almost 70 hadron species are treated on the same footing.
The above noted two energy extremes were bridged by the QGSM
extension downward in the beam energy [72].

For the present study the coalescence model has been modi-
fied in comparison with its initial formulation in [78]. As usual,
the coalescence model forms a deuteron from a proton and a neu-
tron produced after the cascade stage of reaction if their rela-
tive momenta are within a sphere of radius pC , comparable to
the deuteron’s momentum. The same momentum criterion can be
used to describe formation of tritons, 3He, and α-particles. In par-
ticular, the parameters pC (d) = 90, pC (t) = 108, pC (3He) = 108,
and pC (α) = 115 (MeV/c) were adopted to reproduce the experi-
mental data [78]. An approach disregarding the spacial coordinates
of nucleons can be justified only for collisions with moderate en-
ergy deposition in nuclei since the region for final state interaction
is small enough. However, this is not the case for central heavy
ion collisions. Here we assume that the coalescence criterion used
to form the composite particles includes the proximity of nucle-
ons both in the momentum and coordinate space. The coordinate
coalescence parameters are determined by the relation rC = h̄/pC ,
with the same values of pC as were used in [78]. As a first ap-
proximation we use the same coalescence parameters for both
conventional fragments and hyperfragments. An example of the
calculated invariant yields of the fragments produced in the central
Au + Au collisions at projectile momentum 11.5A GeV is shown
in Fig. 1. One can understand that at this energy the coalescence
model reproduces qualitatively the experimental data for conven-
tional fragments. The fragments yields fit very close to exponential
dependence with a penalty factor of approximately 50 for each nu-
cleon added in agreement with the data. Due to the fact that the
same coalescence parameters were used a similar penalty factor is
obtained for hyperfragments, which is supplemented by additional
suppression if the neutron is replaced by a Λ.

For the following results we fixed the coalescence parameters
as described, with a fit to the data at 11.5A GeV, and assume that
they do not change with beam energy. This allows us to predict
cluster production over a wide range of experimental setups.

4. Results

Figs. 2 and 3 show our results for the mid-rapidity yields (|y| <
0.5) of dibaryons and hypernuclei as a function of the beam energy

Fig. 2. Yields per event of different dibaryons in the mid-rapidity region (|y| < 0.5)
of most central collisions of Pb + Pb/Au + Au. Shown are the results from the ther-
mal production in the UrQMD hybrid model (lines) as compared to coalescence
results with the DCM model (symbols). The small bars on the right hand axis
denote results on dibaryon yields from a previous RQMD calculation at

√
sNN =

200 GeV [74]. In addition, the black lines and symbols depict results for the produc-
tion rate of Λ’s from both models, compared to data (grey crosses) from [75–77].

Fig. 3. Yields per event of different (hyper-)nuclei in the mid-rapidity region (|y| <

0.5) of most central collisions of Pb + Pb/Au + Au. Shown are the results from the
thermal production in the UrQMD hybrid model (lines) as compared to coalescence
results with the DCM model (symbols).

Elab . In our calculations we considered most central (b < 3.4 fm)
Pb+Pb/Au+Au collisions at Elab = 1–160A GeV. In addition, Fig. 2
shows the Λ yield (black lines and squares) for the two differ-
ent models compared to data [75–77]. In these figures, the UrQMD
hybrid model calculations are shown as lines, while the DCM coa-
lescence results are depicted as symbols. A striking feature of our
comparison is that, above Elab ∼ 10A GeV, both computations for

J. Steinheimer et al., Phys. Lett. B 714 (2012) 85
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Outlook (2)

On the lifetime measurements: 
• Proposed (π-,Κ0) reaction on nuclear targets for precise determination 

of the lifetime of the hydrogen hyper-isotopes and other neutron-rich 
Λ-hypernuclei at J-PARC 

                                                          M. Agnello et al., Nucl. Phys. A 954 (2016) 176 
                                                          Prof. Alessandro Feliciello, Friday 

• New experiment to measure decay-pion time spectrum w/MM tag at 
ELPH-Tohoku with tagged gamma 

                                          Dr. Sho Nagao, Thursday (A1) 

On the mass measurements:  
• Decay-pion spectroscopy at MAMI 

                                                P. Achenbach, Hadron 2017, Spain 

• Plans to measure at JLab with e-beam, 3He target (LoI for JLab 
PAC46)   

                                                    Prof. Satoshi Nakamura, Tuesday



Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.

2

!27

Back-up slides



Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.

2

!28

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 increase 
the mass of NS

» Lonardoni et al., repulsive 
YNN interactions increase the 
mass of NS 

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. 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

GW from NS merger, provides new 
information on NS EOS, and new 
constrains on radius and mass 

    Phys. Rev. Lett. 119, 161101 (2017)

Hyperons in neutron stars 
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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.

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

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 

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

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.
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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 in 
peripheral ion collisions
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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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