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First of all, Happy 70th Birthday! 

Introduction to the antinuclei study

Focus on the antihypertriton

Summary

Outline
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Introduction

Hypernuclei: ideal lab for YN and YY interaction
– Baryon-baryon interaction with strangeness sector
– Input for theory describing the nature of neutron stars

No anti-hypernuclei have ever been observed

Coalescence mechanism for production: depends on 
overlapping wave functions of Y+N at final stage

Anti-hypernuclei and hypernuclei ratios: sensitive to anti-
matter and matter profiles in HIC
– Extension of the nuclear chart into anti-matter with S [1]

[1] W. Greiner, Int. J. Mod. Phys. E 5 (1995) 1 

in 2009, we said:
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STAR has measured antinuclei in run1

14 anti-3He based on 0.6M central Au+Au at 130 GeV

VOLUME 87, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 24 DECEMBER 2001

d̄ and 3He Production in
ppp

sNN 5 130 GeV Au 1 Au Collisions

C. Adler,11 Z. Ahammed,23 C. Allgower,12 J. Amonett,14 B. D. Anderson,14 M. Anderson,5 G. S. Averichev,9

J. Balewski,12 O. Barannikova,9,23 L. S. Barnby,14 J. Baudot,13 S. Bekele,20 V. V. Belaga,9 R. Bellwied,30 J. Berger,11

H. Bichsel,29 L. C. Bland,12 C. O. Blyth,3 B. E. Bonner,24 A. Boucham,26 A. Brandin,18 R. V. Cadman,1 H. Caines,20

M. Calderón de la Barca Sánchez,31 A. Cardenas,23 J. Carroll,15 J. Castillo,26 M. Castro,30 D. Cebra,5

S. Chattopadhyay,30 M. L. Chen,2 Y. Chen,6 S. P. Chernenko,9 M. Cherney,8 A. Chikanian,31 B. Choi,27 W. Christie,2

J. P. Coffin,13 T. M. Cormier,30 J. G. Cramer,29 H. J. Crawford,4 M. DeMello,24 W. S. Deng,14 A. A. Derevschikov,22

L. Didenko,2 J. E. Draper,5 V. B. Dunin,9 J. C. Dunlop,31 V. Eckardt,16 L. G. Efimov,9 V. Emelianov,18 J. Engelage,4

G. Eppley,24 B. Erazmus,26 P. Fachini,25 V. Faine,2 E. Finch,31 Y. Fisyak,2 D. Flierl,11 K. J. Foley,2 J. Fu,15

N. Gagunashvili,9 J. Gans,31 L. Gaudichet,26 M. Germain,13 F. Geurts,24 V. Ghazikhanian,6 J. Grabski,28 O. Grachov,30

D. Greiner,15 V. Grigoriev,18 M. Guedon,13 E. Gushin,18 T. J. Hallman,2 D. Hardtke,15 J. W. Harris,31 M. Heffner,5

S. Heppelmann,21 T. Herston,23 B. Hippolyte,13 A. Hirsch,23 E. Hjort,15 G. W. Hoffmann,27 M. Horsley,31 H. Z. Huang,6

T. J. Humanic,20 H. Hümmler,16 G. Igo,6 A. Ishihara,27 Yu. I. Ivanshin,10 P. Jacobs,15 W. W. Jacobs,12 M. Janik,28

I. Johnson,15 P. G. Jones,3 E. Judd,4 M. Kaneta,15 M. Kaplan,7 D. Keane,14 A. Kisiel,28 J. Klay,5 S. R. Klein,15

A. Klyachko,12 A. S. Konstantinov,22 L. Kotchenda,18 A. D. Kovalenko,9 M. Kramer,19 P. Kravtsov,18 K. Krueger,1

C. Kuhn,13 A. I. Kulikov,9 G. J. Kunde,31 C. L. Kunz,7 R. Kh. Kutuev,10 A. A. Kuznetsov,9 L. Lakehal-Ayat,26

J. Lamas-Valverde,24 M. A. C. Lamont,3 J. M. Landgraf,2 S. Lange,11 C. P. Lansdell,27 B. Lasiuk,31 F. Laue,2

A. Lebedev,2 T. LeCompte,1 R. Lednický,9 V. M. Leontiev,22 M. J. LeVine,2 Q. Li,30 Q. Li,15 S. J. Lindenbaum,19

M. A. Lisa,20 T. Ljubicic,2 W. J. Llope,24 G. LoCurto,16 H. Long,6 R. S. Longacre,2 M. Lopez-Noriega,20 W. A. Love,2

D. Lynn,2 R. Majka,31 S. Margetis,14 L. Martin,26 J. Marx,15 H. S. Matis,15 Yu. A. Matulenko,22 T. S. McShane,8

F. Meissner,15 Yu. Melnick,22 A. Meschanin,22 M. Messer,2 M. L. Miller,31 Z. Milosevich,7 N. G. Minaev,22 J. Mitchell,24

V. A. Moiseenko,10 D. Moltz,15 C. F. Moore,27 V. Morozov,15 M. M. de Moura,30 M. G. Munhoz,25 G. S. Mutchler,24

J. M. Nelson,3 P. Nevski,2 V. A. Nikitin,10 L. V. Nogach,22 B. Norman,14 S. B. Nurushev,22 G. Odyniec,15 A. Ogawa,21

V. Okorokov,18 M. Oldenburg,16 D. Olson,15 G. Paic,20 S. U. Pandey,30 Y. Panebratsev,9 S. Y. Panitkin,2 A. I. Pavlinov,30

T. Pawlak,28 V. Perevoztchikov,2 W. Peryt,28 V. A. Petrov,10 E. Platner,24 J. Pluta,28 N. Porile,23 J. Porter,2

A. M. Poskanzer,15 E. Potrebenikova,9 D. Prindle,29 C. Pruneau,30 S. Radomski,28 G. Rai,15 O. Ravel,26 R. L. Ray,27

S. V. Razin,9,12 D. Reichhold,8 J. G. Reid,29 F. Retiere,15 A. Ridiger,18 H. G. Ritter,15 J. B. Roberts,24 O. V. Rogachevski,9

J. L. Romero,5 C. Roy,26 D. Russ,7 V. Rykov,30 I. Sakrejda,15 J. Sandweiss,31 A. C. Saulys,2 I. Savin,10 J. Schambach,27

R. P. Scharenberg,23 N. Schmitz,16 L. S. Schroeder,15 A. Schüttauf,16 K. Schweda,15 J. Seger,8 D. Seliverstov,18

P. Seyboth,16 E. Shahaliev,9 K. E. Shestermanov,22 S. S. Shimanskii,9 V. S. Shvetcov,10 G. Skoro,9 N. Smirnov,31

R. Snellings,15 J. Sowinski,12 H. M. Spinka,1 B. Srivastava,23 E. J. Stephenson,12 R. Stock,11 A. Stolpovsky,30

M. Strikhanov,18 B. Stringfellow,23 C. Struck,11 A. A. P. Suaide,30 E. Sugarbaker,20 C. Suire,13 M. Šumbera,9
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Select pure 3He sample:   3He: 5810 counts

anti-3He: 2168 counts
condition: -0.2<z<0.2  &  dca<1.0cm  &  p>2 GeV/c…

Theory curve: Phys. Lett. B 667 (2008) 1

Collect giant data with run4 + run7
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3
LH mesonic decay, m=2.991 GeV, B.R. 0.25;

Extend the antinuclei study with v0

-
L

+
L

+®

+®

p

p

HeH
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33

Secondary vertex finding 
technique

DCA of v0 to PV < 1.2 cm
DCA of p to PV > 0.8 cm
DCA of p to 3He < 1.0 cm
Decay length > 2.4 cm
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signal from the data

Signal observed from the data (bin-by-bin counting): 157±30;

Mass: 2.989±0.001±0.002 GeV; Width (fixed): 0.0025 GeV.

Projection on anti-hypertriton yield:                              =157*2168/5810= 59±11Hee/HHH 333
Λ

3
Λ ´=

H3Λ
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Signal observed from the data (bin-by-bin counting): 70±17;

Mass: 2.991±0.001±0.002 GeV; Width (fixed): 0.0025 GeV.

signal from the dataH3Λ
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Combined the signal

Combined hyperT and anti-hyperT signal : 225±35;

It provides a >6s significance for discovery.
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A beautiful event and the PR

Anti-hyperT : anti-proton, anti-neutron & anti-Λ – the first antinucleus with 
strangeness, and the heaviest antinucleus until 2011.
After searching >100 million AuAu collisions, found 70 anti-hyperT.
Published in Science in March 2010; much favorable PR for STAR & RHIC.   
News stories in Nature, Scientific American, National Geographic, many 
news outlets worldwide.  
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3-D Chart of the Nuclides
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Extension of the Chart of the Nuclides into 
antimatter with Strangeness sector

Out of >800 peer-
reviewed papers from 
all Brookhaven 
programs in 2010,  
antimatter paper in 
Science was named by 
lab management in 
Jan 2011 as one of the 
“top 5 for 2010”

The physics people may discuss by measuring antinuclei:
What type of matter is in interior of collapsed stars?

What happened to antimatter created in the Big Bang?

Implications for cosmic ray searches for new physics.
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First measurement of the lifetime in HIC and stimulate
studies from other experiments. 

The lifetime quest

J. Chen, X. Dong, Y.-G. Ma, Z. Xu, arXiv:2311.09877

”a measurement to a precision of a few percent will guide and constrain 
the theoretical input leading to a more precise determination of the YN 
interaction, eventually contributing to solving the hyperon puzzle”
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From 𝞽 to Λ separation energy
Dalitz’s comment on the lifetime “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.”                                           
                                                                                                                      Nucl. Phys. A 754, 14 (2005)

W. Gajewski et al., Nucl. Phys. B 1, 105 (1967) PoS(Hadron2017)207

High-Precision Measurement of the Hypertriton Mass Patrick Achenbach and Josef Pochodzalla

1. Binding Energy of Hypertriton

Our knowledge of the LN interaction is based on measurements of observables such as L bind-
ing energies BL, excitation energies for particle-bound states, spins, lifetimes, and decay branching
ratios. Most binding energies of light hypernuclei (A < 14) are known from nuclear emulsion ex-
periments [1, 2], in which they were determined by analyzing the kinetic energies of products from
weak pionic decays. Only recently, BL values of light hypernuclei could have been determined by
electron scattering experiments using high-resolution magnetic spectrometers, e.g. with the method
of decay-pion spectroscopy at the Mainz Microtron (MAMI) for the binding energy of 4

LH [3].
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Figure 1: Left: Distribution of binding energies of hypertriton determined from pionic decays observed
in emulsion experiments [4, 5, 6]. A Gaussian function was fitted to the distribution for illustration of the
spread of the values, resulting in a FWHM of 2.1 MeV. Right: Binding energy data, separated into two-body
and three-body pionic decays [4, 5, 6] (with statistical errors only). The total number of events was N = 204
and the mean value was evaluated in ref. [4] to be BL = 0.13±0.05 MeV (statistical and total uncertainties
including an estimate of the systematic error [1]).

Despite the small systematic error assigned to the emulsion measurements [1], it was shown
recently [7] that for p-shell hypernuclei a discrepancy in the range of 400 to 800 keV between the
emulsion data [2] and those obtained with the (p+,K+) reaction [8] exists. This discrepancy could
be partially resolved by a correction of the emulsion data for 12

L C which served as a calibration point
for (p+,K+) measurements. A similar observation was made in a survey of existing hypernuclei
data taking also the FINUDA measurements into account [9]. Even after the re-calibration of the
(p+,K+) spectrometer data with respect to the FINUDA data there remained substantial differences
between emulsion studies and electronic experiments with a significant spread from �700 keV to
+200 keV for individual hypernuclei. Both studies suggest that the emulsion data could have larger
systematic uncertainties than published and that these differ dependent on the hypernucleus.

The first observation of hyperfragments by the technique of decay-pion spectroscopy with a
high-resolution magnetic spectrometer was performed in 2012 at the Mainz Microtron MAMI [3].
The technique used by the A1 Collaboration was to measure the binding energy of light hypernu-
clei produced in a multi-step strangeness production, nuclear fragmentation and pionic weak decay
reaction chain following the (e,e0K+) reaction on a 9Be target. In 2014, an extended measure-
ment campaign was performed with improved control over systematic effects and confirming the
measurement with two spectrometers at the same time [10]. The L binding energy resolution was
designed to be dB  100 keV, the highest resolution in hypernuclear spectroscopy using magnetic
spectrometers.

1

108 W.GAJEWSKI et al .  

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  s y s t e m a 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.  

The early data suffers from large statistical uncertainty!
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Figure 2 | Particle identification using TPC and TOF, and the invariant mass distributions for 3
�H and 3

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

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

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

�H and 3
�̄H mass

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

m3
⇤

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

m3
�̄

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

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

�̄H combined is

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

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

�̄H is

�m
m
=

m3
�H � m3

�̄
H

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

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

⇤H and 3
�̄H observed in the present

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

3
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3

数据分析

29

Energy loss correction and systematic uncertainties

Λ serves as a calibrated probe to understand the momentum distortion 
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And the results

LETTERSNATURE PHYSICS

fitted with a Gaussian function plus a straight line, using the 
unbinned maximum likelihood method. Mass parameters are 
extracted from the peaks of the invariant mass distributions. The 
final results are the average of the masses from 2-body and 3-body 
decays weighted by the reciprocal of the squared statistical uncer-
tainties. The main systematic uncertainty arises from imperfections 
in the energy loss and field distortion corrections applied to the 
tracking of decay daughters, estimated to be 0.11 MeV c−2 (37 ppm). 
Other sources of systematic uncertainty, including those from event 
selection, track quality cuts, decay topology cuts and fit procedure, 
are negligible. Accordingly, the measured masses are

m3
ΛH

¼ 2; 990:95 ± 0:13ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

m3
!Λ
H ¼ 2; 990:60 ± 0:28ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

The average mass (weighted by the reciprocal of squared statistical 
uncertainties) for 3ΛH

I
 and 3!ΛH

I
 combined is

m ¼ 2; 990:89 ± 0:12ðstat:Þ± 0:11ðsyst:Þ MeV c$2 ð1Þ

By taking into account the current best limits for the mass dif-
ferences of 3He and d reported by the ALICE Collaboration13, the 
mass differences between 3ΛH

I
 and 3!ΛH

I
 are −2.9 ± 2.5(stat.) ± 2.8(sy

st.) MeV c−2 and 0.13 ± 0.63(stat.) ± 0.31(syst.) MeV c−2 for 2-body 
and 3-body decay channels, respectively. The relative mass differ-
ence Δm/m of 2-body and 3-body decay combined is (see Methods 
for details)

Δm
m

¼
m3

ΛH
"m3

!Λ
H

m
¼ ð 0:1 ± 2:0ðstat:Þ ± 1:0ðsyst:ÞÞ ´ 10"4 ð2Þ

If we assume CPT symmetry is true for the decay daughters, the 
relative mass difference between 3ΛH

I
 and 3!ΛH

I
 would be Δm/m =  

(1.1 ± 1.0(stat.) ± 0.5(syst.)) × 10−4. In addition, by taking the differ-
ence between the masses measured in the 2-body and 3-body decay 
channels of 3ΛH

I
 in conjunction with the deuteron masses reported 

by ALICE13, we can place a new constraint on the relative mass dif-
ference between 3He and 3He

I
, namely Δm3He=m3He

I
 = (−1.5 ± 2.6(s

tat.) ± 1.2(syst.)) × 10−4 (see Methods for details). These results are 
displayed in Fig. 3 along with the relative mass-to-charge ratio dif-
ferences between d and !d

I

 and between 3He and 3He
I

 measured by 
the ALICE Collaboration13. The mass difference between 3ΛH

I
 and 

3
!ΛH
I

 observed in the present data is consistent with zero, and the pre-
cision is an order of magnitude improved over the early data with 
same mass number13. The current measurement extends the valida-
tion of CPT invariance to a nucleus containing a strange quark.

The Λ binding energy, BΛ, for 3ΛH
I

 and 3!ΛH
I

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

BΛ ¼ 0:41 ± 0:12ðstat:Þ ± 0:11ðsyst:Þ MeV ð3Þ

This binding energy is presented in Fig. 4 (left panel) along with ear-
lier measurements4,28–30 from nuclear emulsion and helium bubble 
chamber experiments. The current STAR result differs from zero 
with a statistical significance of 3.4σ, and the central value of the 
current STAR measurement is larger than the commonly used mea-
surement from 19734. It has been pointed out in ref. 20 that for mea-
surements of BΛ for p-shell hypernuclei, there exists a discrepancy  
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fitted with a Gaussian function plus a straight line, using the 
unbinned maximum likelihood method. Mass parameters are 
extracted from the peaks of the invariant mass distributions. The 
final results are the average of the masses from 2-body and 3-body 
decays weighted by the reciprocal of the squared statistical uncer-
tainties. The main systematic uncertainty arises from imperfections 
in the energy loss and field distortion corrections applied to the 
tracking of decay daughters, estimated to be 0.11 MeV c−2 (37 ppm). 
Other sources of systematic uncertainty, including those from event 
selection, track quality cuts, decay topology cuts and fit procedure, 
are negligible. Accordingly, the measured masses are

m3
ΛH

¼ 2; 990:95 ± 0:13ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

m3
!Λ
H ¼ 2; 990:60 ± 0:28ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

The average mass (weighted by the reciprocal of squared statistical 
uncertainties) for 3ΛH

I
 and 3!ΛH

I
 combined is

m ¼ 2; 990:89 ± 0:12ðstat:Þ± 0:11ðsyst:Þ MeV c$2 ð1Þ

By taking into account the current best limits for the mass dif-
ferences of 3He and d reported by the ALICE Collaboration13, the 
mass differences between 3ΛH

I
 and 3!ΛH

I
 are −2.9 ± 2.5(stat.) ± 2.8(sy

st.) MeV c−2 and 0.13 ± 0.63(stat.) ± 0.31(syst.) MeV c−2 for 2-body 
and 3-body decay channels, respectively. The relative mass differ-
ence Δm/m of 2-body and 3-body decay combined is (see Methods 
for details)

Δm
m

¼
m3

ΛH
"m3

!Λ
H

m
¼ ð 0:1 ± 2:0ðstat:Þ ± 1:0ðsyst:ÞÞ ´ 10"4 ð2Þ

If we assume CPT symmetry is true for the decay daughters, the 
relative mass difference between 3ΛH

I
 and 3!ΛH

I
 would be Δm/m =  

(1.1 ± 1.0(stat.) ± 0.5(syst.)) × 10−4. In addition, by taking the differ-
ence between the masses measured in the 2-body and 3-body decay 
channels of 3ΛH

I
 in conjunction with the deuteron masses reported 

by ALICE13, we can place a new constraint on the relative mass dif-
ference between 3He and 3He

I
, namely Δm3He=m3He

I
 = (−1.5 ± 2.6(s

tat.) ± 1.2(syst.)) × 10−4 (see Methods for details). These results are 
displayed in Fig. 3 along with the relative mass-to-charge ratio dif-
ferences between d and !d

I

 and between 3He and 3He
I

 measured by 
the ALICE Collaboration13. The mass difference between 3ΛH

I
 and 

3
!ΛH
I

 observed in the present data is consistent with zero, and the pre-
cision is an order of magnitude improved over the early data with 
same mass number13. The current measurement extends the valida-
tion of CPT invariance to a nucleus containing a strange quark.

The Λ binding energy, BΛ, for 3ΛH
I

 and 3!ΛH
I

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

BΛ ¼ 0:41 ± 0:12ðstat:Þ ± 0:11ðsyst:Þ MeV ð3Þ

This binding energy is presented in Fig. 4 (left panel) along with ear-
lier measurements4,28–30 from nuclear emulsion and helium bubble 
chamber experiments. The current STAR result differs from zero 
with a statistical significance of 3.4σ, and the central value of the 
current STAR measurement is larger than the commonly used mea-
surement from 19734. It has been pointed out in ref. 20 that for mea-
surements of BΛ for p-shell hypernuclei, there exists a discrepancy  
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fitted with a Gaussian function plus a straight line, using the 
unbinned maximum likelihood method. Mass parameters are 
extracted from the peaks of the invariant mass distributions. The 
final results are the average of the masses from 2-body and 3-body 
decays weighted by the reciprocal of the squared statistical uncer-
tainties. The main systematic uncertainty arises from imperfections 
in the energy loss and field distortion corrections applied to the 
tracking of decay daughters, estimated to be 0.11 MeV c−2 (37 ppm). 
Other sources of systematic uncertainty, including those from event 
selection, track quality cuts, decay topology cuts and fit procedure, 
are negligible. Accordingly, the measured masses are

m3
ΛH

¼ 2; 990:95 ± 0:13ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

m3
!Λ
H ¼ 2; 990:60 ± 0:28ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

The average mass (weighted by the reciprocal of squared statistical 
uncertainties) for 3ΛH

I
 and 3!ΛH

I
 combined is

m ¼ 2; 990:89 ± 0:12ðstat:Þ± 0:11ðsyst:Þ MeV c$2 ð1Þ

By taking into account the current best limits for the mass dif-
ferences of 3He and d reported by the ALICE Collaboration13, the 
mass differences between 3ΛH

I
 and 3!ΛH

I
 are −2.9 ± 2.5(stat.) ± 2.8(sy

st.) MeV c−2 and 0.13 ± 0.63(stat.) ± 0.31(syst.) MeV c−2 for 2-body 
and 3-body decay channels, respectively. The relative mass differ-
ence Δm/m of 2-body and 3-body decay combined is (see Methods 
for details)

Δm
m

¼
m3

ΛH
"m3

!Λ
H

m
¼ ð 0:1 ± 2:0ðstat:Þ ± 1:0ðsyst:ÞÞ ´ 10"4 ð2Þ

If we assume CPT symmetry is true for the decay daughters, the 
relative mass difference between 3ΛH

I
 and 3!ΛH

I
 would be Δm/m =  

(1.1 ± 1.0(stat.) ± 0.5(syst.)) × 10−4. In addition, by taking the differ-
ence between the masses measured in the 2-body and 3-body decay 
channels of 3ΛH

I
 in conjunction with the deuteron masses reported 

by ALICE13, we can place a new constraint on the relative mass dif-
ference between 3He and 3He

I
, namely Δm3He=m3He

I
 = (−1.5 ± 2.6(s

tat.) ± 1.2(syst.)) × 10−4 (see Methods for details). These results are 
displayed in Fig. 3 along with the relative mass-to-charge ratio dif-
ferences between d and !d

I

 and between 3He and 3He
I

 measured by 
the ALICE Collaboration13. The mass difference between 3ΛH

I
 and 

3
!ΛH
I

 observed in the present data is consistent with zero, and the pre-
cision is an order of magnitude improved over the early data with 
same mass number13. The current measurement extends the valida-
tion of CPT invariance to a nucleus containing a strange quark.

The Λ binding energy, BΛ, for 3ΛH
I

 and 3!ΛH
I

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

BΛ ¼ 0:41 ± 0:12ðstat:Þ ± 0:11ðsyst:Þ MeV ð3Þ

This binding energy is presented in Fig. 4 (left panel) along with ear-
lier measurements4,28–30 from nuclear emulsion and helium bubble 
chamber experiments. The current STAR result differs from zero 
with a statistical significance of 3.4σ, and the central value of the 
current STAR measurement is larger than the commonly used mea-
surement from 19734. It has been pointed out in ref. 20 that for mea-
surements of BΛ for p-shell hypernuclei, there exists a discrepancy  
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Figure 1 | Examples of squared mass-over-charge ratio distributions in selected rigidity intervals. Particle and anti-particle spectra for deuterons (left)
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inverting the magnetic field. Any residual asymmetry is therefore
indicative of remaining systematic uncertainties related to the
detector conditions. To estimate them, and keep these e�ects under
control, both nuclei and anti-nuclei measurements are performed
for two opposite magnetic field configurations and then averaged.
Their half-di�erence is taken as the estimate of this systematic
uncertainty. Other sources of systematic uncertainties are evaluated
by varying energy loss corrections applied to the reconstructed
momentum, the range and the shape of the background function
assumed in the fit of the mass-squared distributions and the track
selection criteria. In particular, TPC dE/dx cuts are varied between
one and four standard deviations to probe the sensitivity of the fit
results on the residual background, and a tracking quality cut on the
distance of closest approach of the track to the vertex is varied to
evaluate the influence of secondary particles on the measurement.
The sources of systematic uncertainties are found to be fully
correlated among all the rigidity intervals, except for those due to the
fit procedure and the TPC selection criteria, where the uncertainties
are uncorrelated. For deuterons and anti-deuterons, the largest
relative systematic uncertainties on 1µ/µ come from the detector
alignment (⇠0.7⇥10�4), the TPC selection criteria (⇠0.7⇥10�4)
and the secondaries (⇠1.0⇥ 10�4). For 3He and 3He, they come
from the energy loss corrections (⇠0.7⇥ 10�3), the fit procedure
(⇠0.5⇥10�3) and the TPC selection criteria (⇠0.4⇥10�3).

The (anti-)deuteron and (anti-)3He masses are measured as the
peak position of the fitting curves of the mass-squared distribution.
The mass-over-charge ratio di�erences between the deuteron

and 3He and their respective anti-particle are then evaluated as
a function of the rigidity of the track, as shown in Fig. 2. The
measurements in the individual rigidity intervals are combined,
taking into account statistical and systematic uncertainties
(correlated and uncorrelated), and the final result is shown in
the same figure with one and two standard deviation uncertainty
bands. The measured mass-over-charge ratio di�erences are

1µdd̄ =(1.7±0.9(stat.)±2.6(syst.))⇥10�4 GeV/c2 (1)

1µ3He3He =(�1.7±1.2(stat.)±1.4(syst.))⇥10�3 GeV/c2 (2)

corresponding to

1µdd̄

µd
=(0.9±0.5(stat.)±1.4(syst.))⇥10�4

1µ3He3He

µ3He
=(�1.2±0.9(stat.)±1.0(syst.))⇥10�3

where µd and µ3He are the values recommended by CODATA
(ref. 25). The mass-over-charge di�erences are compatible with
zero within the estimated uncertainties, in agreement with CPT
invariance expectations.

Given that zd̄ =�zd and z3He =�z3He as for the proton and anti-
proton1,2, the mass-over-charge di�erences in equations (1) and (2)
and the measurement of the mass di�erences between proton and
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field is considered by performing the analysis separately for
positive and negative polarities of the solenoidal magnet. As
the analyses with the two polarities returned results sta-
tistically compatible with each other, no further systematic
uncertainty is added.
For both the lifetime and the BΛ analyses, other potential

sources of systematic uncertainty were tested, such as the
input pT and ct shape of 3ΛH in the Monte Carlo sample, the
BDT hyperparameters, the discrepancy between BDT and
linear selections, and the 3

ΛH reconstruction algorithm, all
resulting in a nonsignificant contribution.

The measurements for the 3
ΛH and 3

Λ̄H̄ lifetime and BΛ
obtained with this analysis are

τ ¼ ½253# 11ðstatÞ # 6ðsystÞ& ps;
BΛ ¼ ½102# 63ðstatÞ # 67ðsystÞ& keV:

As shown in Fig. 2, the measurements are in agreement
with both the predictions from pionless EFT [19] and χEFT
[20], while they severely restrict the phase space available
for these theories and strongly confirm the weakly bound
nature of 3ΛH. Furthermore, the new measurement of the BΛ
is in agreement within 1σ with the binding energy value
describing best the p-Λ correlations measured with the
femtoscopy technique [17,18].
Finally, the relative differences between the 3

ΛH and 3
Λ̄H̄

lifetimes and masses are measured, giving the values

τ3
ΛH

− τ3
Λ̄H̄

τ3
ΛH

¼ ½3# 7ðstatÞ # 4ðsystÞ& × 10−2;

m3
ΛH

−m3
Λ̄H̄

m3
ΛH

¼ ½5# 5ðstatÞ # 3ðsystÞ& × 10−5;

which are consistent with zero and, therefore, with the CPT
symmetry expectation. Note, in the mass difference meas-
urement, the decay daughter masses are taken to be the
same between particles and antiparticles.
In summary, the most precise measurements to date of the

3
ΛH lifetime and BΛ, presented in this Letter, strongly support
the loosely bound nature of 3

ΛH. The measured value
perfectly agrees with the BΛ that best fits the correlation
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FIG. 3. Collection of the 3
ΛH lifetime (left) [21–26,51–56] and BΛ (right) [27,55,57–62] measurements obtained with different

experimental techniques. The horizontal lines and boxes are the statistical and systematic uncertainties, respectively. The dashed and
dash-dotted lines are the corresponding theoretical predictions [10,17,19,20,50,63–65]. Two predictions are reported in [20]: prediction
A assumes BΛ ¼ 130 keV, while prediction B assumes BΛ ¼ 69 keV.
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From antihypertrion to anti3He, two order of magnitude improved 
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Summary

Our captain of the 
antinuclei journey

photo from web page of ~2009

We have observed the 1st antihypernucleus, we have seen many interesting physics

How does his mentorship shape my career?
v the 2009 project guaranteed a professor position 
v the 2020 measurement won the competition of NSFC for Distinguished Young Scholars 

Wish you good health and looking forward to another 15-year journey  


