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Precise measurement of the mass difference and the binding energy of
hypertriton and antihypertriton

The STAR Collaboration

Using the STAR (Solenoidal Tracker At RHIC) detector1–3 at the Relativistic Heavy Ion Collider (RHIC),
we have measured the Λ hyperon binding energy BΛ for the hypertriton, which is the lightest hypernucleus yet
discovered and consists of a proton, a neutron, and a Λ hyperon. The measured BΛ differs from the widely
used value4,5 and from predictions in which the hypertriton is modeled as a Λ weakly bound to a deuterium
nucleus6–9. Our results place stringent constraints on the hyperon-nucleon interaction10,11, and provide critical
inputs for studying neutron star interiors, where strange matter may be present12. The same data also permit
more precise comparison between the masses of the hypertriton and the antihypertriton. Matter-antimatter
symmetry13 pertaining to the binding of strange and antistrange quarks (s and s̄) in a nucleus is thus tested
quantitatively for the first time. No deviation from the expected exact symmetry is observed.

The CPT theorem14–17 holds that all processes must exactly conserve the combined operation of C (charge
conjugation, which interchanges a particle with its antiparticle), P (parity, which reverses the direction of all spatial
axes), and T (time reversal). One implication is that every particle should have a mass and lifetime identical to those of
its antiparticle, but opposite electric charge and magnetic moment13. No CPT violation has ever been observed13,18, 19.
Qualitatively different tests of CPT symmetry are a continuing priority for fundamental physics, as are revisitations of
past tests with improved accuracy. While CPT invariance has been verified to a precision of 10−19 in the strange quark
sector for kaons18, we present here the first test of CPT in a nucleus having strangeness content.

Hypernuclei are natural hyperon-baryon correlation systems, and thus provide direct access to the hyperon-nucleon
(Y N) interaction through measurements of the binding energy BΛ in a hypernucleus20,21. However, in a half-century
of research, the creation of the hypertriton and precise measurements of its properties have proven difficult in contrast
to the study of heavier hypernuclei that are produced via the traditional method of a kaon beam incident on a nuclear
target22. Early measurements of the hypertriton BΛ are consistent with zero and span a wide range characterised by
a full width at half maximum of 2.1 MeV4,5, 23. Modern facilities now permit an improved understanding of the Y N
interaction via more precise measurements of hyperon binding in hypernuclei, such as the lifetime measurement for
the hypertriton24. Progress in understanding the Y N interaction and the equation of state of hypernuclear matter has
astrophysical implications in the understanding of neutron star properties. Inclusion of hyperons in the cores of neutron
stars softens the equation of state, and thus reduces the stellar masses12,22, 25. In model calculations, the maximum
mass of the neutron star can vary from 0.4 to 2.4 of solar masses, depending on the strength of the ΛNN three-body
repulsive potential which is directly related to the Λ binding energy in hypernuclei25,26.

Nuclear collisions at ultrarelativistic energies, such as those studied at RHIC, create a hot and dense phase of matter
containing approximately equal numbers of quarks and antiquarks. In this phase, called the quark-gluon plasma27
(QGP), quarks are free to move throughout the volume of the nuclear collision region. The QGP exhibits fluid
properties with an exceptionally low ratio of viscosity to entropy density28, and a far higher vorticity than any other
system produced in a laboratory or observed in nature29. The QGP persists for only a few times 10−23 seconds, then
cools and transitions into a lower temperature phase comprised of mesons, baryons and antibaryons, including the
occasional antinucleus or antihypernucleus9,11. Thus these collisions offer an ideal laboratory to explore fundamental
physics involving nuclei, hypernuclei, and their antimatter partners.

In this letter, we present two measurements from gold-gold collisions at a center-of-mass energy per nucleon pair of√
sNN = 200 GeV: the relative mass difference between 3

ΛH (the hypertriton) and 3
Λ̄H (the antihypertriton), as well as the

Λ hyperon binding energy for 3
ΛH and 3

Λ̄H. TheΛ hyperon binding energy of 3
ΛH is defined as BΛ = (md+mΛ−m3

Λ
H)c2,

where md , mΛ, m3
Λ

H are the deuteron mass taken from the CODATA30, the Λ hyperon mass taken from the PDG18,
and the 3

Λ
H mass reported in this letter, and where c is the speed of light. The main detectors used in this analysis are

the STAR Time Projection Chamber (TPC)1 and the Heavy Flavor Tracker (HFT)2 for high-precision tracking, and the
TPC and the Time Of Flight detector (TOF)3 for charged particle identification. The TPC is immersed in a solenoidal
magnetic field of 0.5 T parallel to the beam direction, and is used in conjunction with the HFT for charged particle
tracking in three dimensions. The HFT includes three subsystems: Pixel (PXL), which consists of two cylindrical
layers at radii 2.8 and 8 cm from the beam, the Intermediate Silicon Tracker (IST) at a radius of 14 cm, and the Silicon
Strip Detector (SSD) at a radius of 22 cm. The spatial resolution of the HFT2 is better than 30 µm for tracks with
a momentum of 1 GeV/c. The mean energy loss per unit track length (〈dE/dx〉) in the TPC gas and the speed (β)
determined from TOF measurements are used to identify particles. The 〈dE/dx〉 resolution1 is 7.5% and the TOF
timing resolution3 is 95 ps.

The hypernucleus 3
ΛH is reconstructed through its mesonic decay channels 3

ΛH → 3He + π− (2-body decay) and
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3
ΛH→ d + p + π− (3-body decay). Fig. 1 depicts a typical event in which a 3

Λ̄H candidate decays to d̄ + p̄ + π+ in the
STAR HFT and TPC. The 3

Λ̄H candidate is produced at the primary vertex of a gold-gold collision and remains in flight
for a distance on the order of centimeters, as shown by the dashed green curve starting at the center of the right-hand
side of the figure, before decaying as depicted by the bold coloured curves.

π

d

p

H3
Λ

50 cm 10 cm

Figure 1 | A typical event in which there is a candidate for the production and 3-body decay of 3
Λ̄H in the STAR

HFT and TPC detectors. The left side shows a less magnified view of the STAR detector with the beam axis normal
to the page, including a projected view of the large number of tracks detected by the TPC in a typical gold-gold
collision. The right side shows an end-on view of the four cylindrical layers of the HFT located at the center of the
TPC. The bold red, pink, and violet curves represent the trajectories of the d̄, p̄ and π+ decay daughters, respectively.
The reconstructed decay daughters can be traced back to the decay vertex, at where the 3

Λ̄H decays after flying for a
distance on the order of centimeters, as shown by the dashed green curve starting at the center of the right side.

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

Λ
H and 3

Λ̄H are cleanly identified over a wide rigidity range. The
helical trajectories of the decay daughter particles can be followed back in time to each secondary decay vertex and used
to reconstruct the decay topology of the parent (anti)hypernucleus. The effects of energy loss (ranging from about 0.2%
for π± to about 3% for 3He) and TPC field distortion on the measured momenta of the decay daughters are corrected
for by data-driven calibration using the world-average Λ mass compiled by the PDG18. Due to the high-precision
tracking and particle identification capabilities of the STAR experiment, the invariant mass (

√
(∑ Ei)2 − (

∑ ®pi)2, where
Ei is the energy and ®pi the momentum of the ith decay daughter) of each parent is reconstructed with a low level
of background as shown in panels c and d of Fig. 2. The background originates from combinatorial contamination
and particle misidentification. The significance S/

√
S + B, where S is signal counts (158 3

Λ
H and 62 3

Λ̄H candidates)
and B is background in the invariant mass window of 2.986 − 2.996 GeV/c2, is 11.5 for 3

Λ
H and 6.9 for 3

Λ̄H. The
signal-to-background ratio is close to a factor of 23 better than an earlier measurement from the same experiment using
only the TPC24.

The (anti)hypernucleus invariant mass distributions reconstructed through 2-body and 3-body decay channels are
each fitted with a Gaussian function plus a straight line, using the unbinned maximum likelihood method. The mass
parameters are extracted from the peak positions of the invariant mass distributions. The final results are obtained as
the average of the mass values from the 2-body and 3-body decay channels weighted by the reciprocal of the squared
statistical uncertainties. The main systematic uncertainty arises from the imperfections in the energy loss and field
distortion corrections applied to the tracking of the decay daughters, which is estimated to be 0.11 MeV/c2 (37 ppm).
Other sources of systematic uncertainties, including those from event selection, track quality cuts, decay topology cuts
and fit procedure, are found to have a negligible impact on the final results. Accordingly, the measured masses are
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Figure 2 | Particle identification using TPC and TOF, and the invariant mass distributions for 3
ΛH and 3

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

Λ
H and 3

Λ̄H, which are reconstructed through 2-body and 3-body decay channels, are shown as
data points with statistical error bars only in panels c and d, respectively. The red curves represent a fit with a Gaussian
function plus a linear background, using the unbinned Maximum Likelihood (ML) method. The 3

ΛH and 3
Λ̄H mass

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

m3
Λ

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

m3
Λ̄

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

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

Λ̄H combined is

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

The relative mass difference between 3
Λ
H and 3

Λ̄H is

∆m
m
=

m3
ΛH − m3

Λ̄
H

m
= [ 1.1 ± 1.0(stat.) ± 0.5(syst.)] × 10−4

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

Λ
H and 3

Λ̄H observed in the present
data is consistent with zero. The current measurement extends the validation of CPT invariance with high precision to
a nucleus containing a strange quark.
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Figure 3 | Measurements of the relative mass-to-charge ratio differences between nuclei and antinuclei. The
current STAR measurement of the relative mass difference ∆m/m between 3

Λ
H and 3

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

The Λ binding energy BΛ for 3
Λ
H and 3

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

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

Λ
H and 3

Λ̄H. The black points and their error bars (which are the reported statistical uncertainties) represent
BΛ for 3

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

Λ
H

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

Λ
H and 3

Λ̄H assuming CPT invariance. Error bars show statistical uncertainties and
caps show systematic errors. The green lines in the right panel represent theoretical calculations of BΛ.
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In addition to measurements, theoretical calculations of BΛ for 3
Λ
H are also available (see right panel of Fig. 4).

For example, Dalitz calculated BΛ = 0.10 MeV in 197235, while BΛ values in the range 0.01-0.37 MeV were obtained
through an ab initio calculation in 200236. More recent theoretical calculations have yielded larger BΛ values. In 2008,
BΛ = 0.262 MeV was obtained through SU(6) quark model baryon-baryon interactions37, and BΛ was found to be 0.23
MeV using auxiliary field diffusion Monte Carlo (AFDMC) in 201838. The dispersion of the results from the different
calculations emphasizes the need for a precise determination of BΛ from experiments. In a related matter, the latest
compilation of measurements yields a 3

Λ
H lifetime (30± 8)% shorter than the free Λ lifetime39. A calculation in which

the closure approximation was introduced to evaluate the wavefunctions by solving the three-body Faddeev equations,
also indicates that the 3

Λ
H lifetime is (19 ± 2)% smaller than that of Λ39. The larger BΛ value and shorter lifetime

suggest a stronger Y N interaction between the Λ and the nuclear core in 3
Λ
H, which may require a re-evaluation of the

inference that the 3
Λ
H can be regarded as a simple weakly-bound Λ-deuteron system.

In summary, we report the first test of CPT invariance in the sector of hypernuclear matter where (anti)strange
quarks play a role in (anti)nuclear binding. The relative mass difference between the hypertriton and antihypertriton
is [ 1.1 ± 1.0(stat.) ± 0.5(syst.)] × 10−4, consistent with no violation of CPT symmetry. Prior comparisons of nuclear
binding for nuclei and antinuclei involved only up and down quarks, and this measurement both includes a strange
quark and improves the uncertainty for mass number A = 3 by roughly an order of magnitude. We also report a new
measurement of theΛ hyperon binding energy in the hypertriton: BΛ = 0.41±0.12(stat.)±0.11(syst.)MeV. The value
differs from zero with a significance of 2.6σ, and is larger than the prior measurement from 19734 which is widely
used. Models in which the hypertriton is treated as a weakly-bound Λ-deuteron system predict smaller BΛ values.
These results constrain the hyperon-nucleon interaction, providing improved data to understand the role of hyperons
in neutron stars, and thus have wide-ranging implications spanning nuclear physics, particle physics, and astrophysics.
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Methods
This methods section describes the details of recalibration for the previous BΛ measurements. The Λ binding energy
for the 2-body and 3-body decays of the hypertriton are defined as40

B2−body
Λ

= mΛ + md − m3He − mπ− −Q = Q0 −Q (2)

B3−body
Λ

= mΛ + md − md − mp − mπ− −Q′ = Q′0 −Q′ (3)
where Q and Q′ are the total kinetic energies released in these hypertriton decays, and Q0 and Q′0 are the constants
defined by the equations above. In the studies being updated here, Q (Q′) was determined from the length of decay
daughter tracks, based on the range versus energy relationship for that charged particle species in nuclear emulsion
or in a He bubble chamber. The published BΛ values were calculated using the contemporaneous mass values for Λ,
π−, p, d, 3He, as reproduced in Table 1, which can be seen to differ from the best current numbers. Q0 (Q′0) has
been recalculated using current numbers and the BΛ values for past emulsion and bubble chamber studies are thus
recalibrated in this letter.

Table 1 | Assumed masses in past and present determinations of hypertriton binding energy BΛ. All masses are
in units of MeV/c2.

Measurements Λ mass π− mass p mass d mass 3He mass
Gajewski et al. (1967)31 1115.4432 139.5941 938.2641 1875.5040,45, 46 2808.2240,45, 46
Bohm et al. (1968)32 1115.5732 139.5842 938.2642 1875.5040,45, 46 2808.2240,45, 46
Keyes et al. (1970)33 1115.6733 139.5843 938.2643 1875.5833 2808.2240,45, 46
Bohm et al. (1973)4 1115.574 139.5844 938.2644 1875.5040,45, 46 2808.2240,45, 46

Present study 1115.6818 139.5718 938.2718 1875.6130 2808.3930

Table 2 | The previous measurements of BΛ for hypertriton and its corresponding recalibration results. BΛ is in
units of MeV. The uncertainties are the reported statistical uncertianties.

Measurements Original Recalibrated
BΛ Combined BΛ BΛ Combined BΛ

Gajewski et al. (1967)31 0.13 ± 0.15 (2-body) 0.20 ± 0.12 0.33 ± 0.15 (2-body) 0.41 ± 0.120.33 ± 0.21 (3-body) 0.58 ± 0.21 (3-body)

Bohm et al. (1968)32 0.05 ± 0.08 (2-body) 0.01 ± 0.07 0.11 ± 0.08 (2-body) 0.08 ± 0.07-0.11 ± 0.13 (3-body) 0.00 ± 0.13 (3-body)

Keyes et al. (1970)33 0.25 ± 0.31 (2-body) -0.07 ± 0.27 0.13 ± 0.31 (2-body) -0.16 ± 0.27-0.74 ± 0.43 (3-body) -0.73 ± 0.43 (3-body)

Bohm et al. (1973)4 0.06 ± 0.11 (2-body) 0.15 ± 0.08 0.12 ± 0.11 (2-body) 0.23 ± 0.080.23 ± 0.11 (3-body) 0.34 ± 0.11 (3-body)
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