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The Big Bang origin of the Universe requires

matter and antimatter

to be equally abundant at the very hot
beginning

from S. Ting, 2016/12 at CERN
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“INRBATER R HRR K EEYENERFNEZN TS
RAFRENHREIM AR, BATFDIAEHER 52 “Fishing Antihypernuclei
BANKHAFTEGSH TR FRIER4E/RR out of a Quark-Gluon

Soup”,
Thomas D. Cohen,

RAE T REE— S H ALK B IR BRI IESF AR, BlXLs Science 328 (2010) 55
ERFERHERTFMRE TR . SERFRFFRLZ _
, FHRERBVRAR, AL ERBE R Q”Z’_‘t:{m field theory
AR . XHRERK gz MEE, HITHRSTW predictions:
NFBREEX BN 7

— — RT3k P, 19333E TR Yy EE 2 e HL AL MATTER  ANTIMATTER

+ 19284, IKirrerEfR
RIS 50 5 R S RE AR I
5| HIERE PRI, |
5 7 IESCR T R K

« 19324, RERAEF
HHEP RI T IEHTF

+ 19594, FERGEFEMTK
B TE B FehnE s bk

WY RFF The “Bullet Cluster” is an extremely important object for astrop.
research including studies of dark matter. This cluster was
formed after the violent collision of two large clusters of galaxies
moving at great speeds. The Bullet Cluster is located about 3.8
billion light years from Earth.
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» Search for anti-helium in cosmic rays, AMS Col., Phys. Lett. B 461 (1991) 387...
» Search for Cosmic-Ray Antideutrons, BESS Col. PRL 95 (2005) 081101
* An anomalous positron abundance in cosmic rays with energies 1.5-100 GeV, PAMELA Col., Nature 458

(2009) 607

» Measurement of Separate Cosmic-Ray Electron and Positron Spectra with the Fermi Large Area
Telescope, Fermi LAT Col. PRL 108 (2012) 011103

« Direct detection of a break in the teraelectronvolt cosmic-ray spectrum of electrons and positrons,
DAMPE Col. Nature 552 (2017) 63

AMS-02: 2011/5HFnEE, EREBITI0LLFHHRL! REREE,
%f‘ﬁ[‘%ﬁ?ﬁ . PRL 110, 113, 117, 120, 122, 126...
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EEN Dark Matter Model example: Donato et al., Phys. Rev. Lett. 102, 071301 ( 2009 ).

Astrophysics Model examples: P. Mertsch and S. Sarkar, Phys. Rev. D 90, 061301 (2014); Momentu m [Gev]

K. Kohri, K. loka, Y. Fujita, and R. Yamazaki, Prog. Theor. Exp. Phys. 2016, 021E01 (2016).
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BABR ORI R FES?

To date we have observed a few Z = -2 events with mass around 3He.

At a signal to background ratio of one in one billion,
detailed understanding of the instrument is required.

It will take a few more years of detector
verification and to collect more data to
ascertain the origin of these events.

The Alpha Magnetic Spectrometer (AMS) on the international space station: Part Il — Results from the first seven years” Phys. Rept. 894, 1 (2021)
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https://baike.baidu.com/item/I& ¥ 5 B TR E A
/2961031
DArk Matter Particle Explorer:
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“E X BB 2| BT L RS TE1 TeVIHEZ KI5

#H NETRFIAE 2018 FE“H ERZ Kt R”
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PRL 126 (2021) 201102 BT S T 5 e P AR SR R, O
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KOy) = L (KO £[K%)  |KO) = [3d) KO = |sd)

0 —10
2 A 0 110 Ki -2 717=09-10""s
C ‘K1,2> — ——’K1,2> Ky —3r 17=52-10"%s.

BHEM: AT -ER—XKYRK?, RK/KIBEDS, WER, RIINFEBNMEK/K,, WEE, LRERNEK, BARTHBEK,?

Seiy B 30 GeVRE FIRMETHEE > K(/K, ... wacnr a1

) . He L2 ) é =
X—J‘F:——u 9: ‘&1+#E%K2{ﬁf&;ﬁ r %Mnrﬂlﬂﬂ}l I‘rﬁlo
P B T w

In 22700 K.° decays, 45+9 were observed

1t 20

e?enkov
A A
494 <m¥*< 504 |
CP ﬁ&ﬂ FIG. 1. Plan view of the detector arrangement. m © 10

NUMBER OF EVENTS

K=K —eK) K =K?+eK? em2-107°

Christenson, Cronin, Fitch, Turlay, 504<m*<5 (4 Lio
PRL 13 (1964) 138 w
Franklin, Evidence f;rothe 2p| Elecay of the 0.9996 0.9997 0.9998  0.9999 I.OOOOO
Historical Studies in the Physical Sciences, 13 (1983) 207 2" meson cos 6
“The discovery and acceptance of CP violation” FIG. 3. Angular distribution in three mass ranges

for events with cos# >0.9995,
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ﬁi’ﬁi _ 1. Cabibbo PRL 10 (1963) 531 “Unitary symmetry and leptonic decays”
1. SU(3)§&£@’{, Cabibbo angle, 2. Kobayashi, Maskawa, Prog. Theor. Phys. 49 (1973) 652
%ﬁﬁﬁgﬁ%% *H ‘_E‘L ,flla)gﬁ “CP-violation in the renormalizable theory of weak interaction”
2. SINFTHIEG /TS, SHEEY RR65 5, MRECPHHR

Ihad - c-[kin + o[mass + Istrong -+ I’, L= Zjﬂbc ! —2—r5q +h.c.,

S b BATFHBEMHEAGNE, CKMERE 4= LE = for) = DB = for)
S . I'(B” — fcp) + I'(B — fcp)

i Blg ;> j/\V‘Kd o I Ia): = (a) Combined
50 - 0 0 . > 1F _ . .
goijgi E éo\ ________ = —&rsin2¢ sinAmyt ,
0 : |“ \ ! 1 ! 1 T ! 1 ! | 1 Ib): §_1:_
i ) | & F —3
N ' B’ tags ] F . .
i )/‘:Kg | s (b) (CO)Ks (&= 1) BABAR Col. PRL 87 (2001) 091801
O [rleri= T e e -
0.5 | F
05 T —— : sin23 = 0.59 = 0.14(stat) = 0.05(syst)
i B’ - j/\I’KE + o d)f ; . ) J/\u.KL (E=+1)
25 ~ +§ B tags * > 1—
L J “E’ - 71 NN/
0 AR A ‘k“%’!ﬁt** %0/ Belle Col. PRL 87 (2001) 091802

25 |

(d) Non-CP sample

I sin2¢; = 0.99 = 0.14(stat) + 0.06(syst)

-0.5

At (ps) N N At (bs) ¢ 8 10
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O 500F t Data ] (5 120:
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FIG. 1. Mass distributions of selected (top) n*-tagged and
(bottom) u*-tagged candidates for (left) K~K™* and (right) 7~z ™"
final states of the D°-meson decays, with fit projections overlaid.

BHSCMBREE: 13 TeV R F5E, 5.9 fb-

(5.9 fb! = 5.9*10"5*1024cm2)

I(D°(t) » f) —T(D°(1) = f)
L(D°(1) = f) +T(D°(r) = f)

Acp(fs1)

AAZ 8% — [_18.2 4 3.2(stat) & 0.9(syst)] x 1074,
AAK 2 — 19 4 8(stat) 4 5(syst)] x 1074,

SSLIn BE, 92

LHCb Col. JHEP 07 (2014) 041; PRL 116 (2016) 191601

AAcp = (—15.4 T 2.9) X 10_4,

4342014, 2016F12019%

“The size of CP violation in the SM appears to be too small to account for the observed matter-antimatter
asymmetry, suggesting the existence of sources of CP violation beyond the SM.”

11



CPTISUE{h = S Ru40EERy;

J 3
FUDAN UNIVERSITY

Kostelecky, the standard model extension (SME)
[(q,/m,)—(q5/my)]/(q/m),

PHYSICAL REVIEW D, VOLUME 58, 072002

Measurement of the properties of the Q* and Q ~ hyperons

Masses, lifetimes and production rates of &~ and &% at LEP 1

DELPHI Collaboration

Measurement of the mass difference between top and anti-top quarks @CmssMark
in pp collisions at /s =7 TeV using the ATLAS detector

ATLAS Collaboration*

week ending

PRL 105, 151601 (2010) PHYSICAL REVIEW LETTERS 8 OCTOBER 2010

Search for Lorentz Invariance and CPT Violation with the MINOS Far Detector

week ending

PRL 106, 152001 (2011) PHYSICAL REVIEW LETTERS 15 APRIL 2011

Measurement of the Mass Difference between ¢ and ¢ Quarks

T '
(Do) et r we-y

L THGu™) - ST (Wt
Jedpeur L O b= Jiewd .
(s )y Loy o (ap)pames 7"

)i’ Q0" 17 Qu - dile)

;'(ln)p e Do UF Dy~ (ag
(o )y e U "V = (9p)par
R .
Hitp) o ee” Q0o /
Wk Yoo Wi
*F“,-)"v(l)’o)"A
;(‘d.). ™G

I

Kostelecky, editor,

CPT and Lorentz Symmetry,
World Scientific, Singapore,
1999, 2002, 2005, 2008, 2011...

2. BBLGIR:
Kostelecky and Russell,
Data tables for Lorentz and CPT

violation,
Rev. Mod. Phys. 83 (2011) 11
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| antimatter gravity.

ATRAP (CERN):
antimatter magnetic
moment etc.

ALPHA (CERN):
antimatter grauvity,
charge, etc.

ASACUSA (CERN):
antimatter mass to
charge ratio, hyperfine
structure.

| ’ | | ‘---I -------- i----l -------- i"--l- ------- %---T ------- 'i----l --------
102! 108 10" 1012 10 10°® 10°° 10°

o BHHTSLIRMIE: Observation of the mass difference between neutral charm-meson eigenstates, LHCb Col.
zop = ( 3.97£0.46 +0.29) x 1077, arXiv:2106.03744

yop = ( 4.59 4 1.20 £ 0.85) x 1072,
https://indico.cern.ch/event/1 027299/attachments/2259913/3835528/2021 -06-08-CERN-Seminar_both.pdf 1 3
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STAR Col. 4(9)
RL 87 (2001) 262301

20— 3He

ALICE Col.
NPA 971 (2018) 1

0-10% Pb-Pb, \s, =2.76 TeV

10 % § STAR Col.
— #Nature 473 (2011) 355
"¢ Au+Au @ 200 GeV

d?N/2mp.dpdy (c%/GeV?)
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+20 TPC dE/dx cut

N - 19 GeV/c < Z|z|<2.0 GeV/c 1022 . G:zoc-zppsgféd;g)uéeV/c ' .
0* 2 —@- ALICE :
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REZE. HEERNE ALICE Col. Nature Phys. 11 (2015) 811
AL » Aégqq
= (0.940.5(stat.) = 1.4(syst.)) x 10 P —0.04 £0.05 (stat.) ==0.12 (syst.)
Hd d
A/,L3H 3He — A(c;?’H 3H_
. — =(—1.2£0.9(stat.) £ 1.0(syst.)) x 10~ “* =0.2440.16 (stat.) +=0.18 (syst.)
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STAR Col. Science 328 (201 0) 58 Nature Phys. 16 (2020) 409
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STAR Collaboration, Nature Phys. 16 (2020) 409
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Baryon Number

A Greiner, IJMPE, 5 (1995) 1

T4

RABA-HAFERELRERTRE, 6
T T
“penalty factor”’~1/1600@200GeV

T— e RV R E-F1ZA=6;
(penalty factor)? ~ (1600)2

BT HIDLAH ?

Ushelimodel = gaNa(m) + g«...:N%O ((B) y

E = /p* + (m + gono(z))? £ gunVoo(2)

|dea from Walter Greiner: correlations are
present in vacuum, allowing antinucleus
like anti-a to be directly excited from the

\

r vacuum. Rate for such antinuclei could be
much larger than low value predicted by
statistical coalescence.

No evidence so far.
19
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STAR Col., Nature 527 (2015) 345; PRL 114 (2015) 022301;  ALICE Col. PLB 797,134822 (2019)
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o MEMAFABRR: BUTKENERIELEFHIREA IR FHRPHERS B SH
e STARFFLLEERI: sov.J. Nucl. Phys. 35 (1982) 770

R AR

I 1 -1
k + —dok* — ik
C(Q):N[1+/1<—%GXP( r50%) + lf(ro)| (1—%65—3) k)= (fo ! l )
+R\77;(rk>F1(Qro)—Irnzj;<k)F2(Qro)> axal <lapal < lany|
> 2 A LU R AN fo=a,
Famrp(-r ). <4> e BRI T g=-2g
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FHIEFREE

https://home.cern/news/news/experiments/new-antimatter-gravity-experiments-begin-cern
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. (&4 i+ HiEES(Antiproton Decelerator)+HTH ‘ 'j..;

HIEIFELENA (Extra Low ENergy Antiproton), g '@
GREFHIBEEMS.3 MeVIRE0.1 MeV, JRIEHIT G
JE1001Z (AEgIS, ALPHA, ASACUSA, BASE, @

GBAR""""Eﬁé

)

Table 1 Summary of the measured counts.

Sample X H... P nhumber

Counts in the S  Cosmic ray counts Counts in the C  Excess counts (S interval), H number

interval in the S interval interval normalized to N, AE g|S Col
N nS n’ n€ nS — n€ AL ) Mot . . "
X ] ( )% Communications Phys. 4, 19 (2021)
Ip 3498 (158 0.01)x10°  42.0 £ 65 170 £ 0.3 528+23 13.7£45
pe™ 21 (6.08+£0.07)x108 16.0 + 4.0 58 £ 0.1 278 £17 1.7 £1.6
lpe™ 2206  (1.08+0.0)x10°  79.0 £ 89 10.7 £ 0.2 475+£22 59.2+89 45.6 £10.0
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HEZMEF/RXRE~1.4Mg

© R TRHAT AT,

E: WRAESHEET (KELABHHEZE, AFER) , RESHE

Rt T WEFFERENFRERER

The LIGO and Virgo Col., PRL 119, 161101 (2017); 121, 161101 (2018)
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Lonardoni et al.,

AFDMCi}#

Wirth et al., PRL 117, 182501 (2016); PRC 97, 064315 (2018)

PRC 87, 014303 (2013); PRL 114, 092301 (2015) 1o | | "~ =

Z szA+Zvij

i<j
+ E vl]k+§ vﬂz+§ U/lzj’
i<j<k Ai<j

ab initiott®., N\-3 conversion

H=H(0) = Ty + Van + Vay + Vyn + AM

~405F T
410 TIA=/EYNNIER, 4&He °
st RRBGHEBH s
§—420§ R Al g g0
—425F g
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~440F . ]
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100 |
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Haidenbauer et al., EPJA 53, 121 (2017);

EPJA 56, 91 (2020)
Chiral EFTi1&

B |
Un(pa, p) = / PN Tyip y pa| G

(2m)?

U, (MeV)
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“Evidence for quark-matter cores in massive neutron star” Annala, Gorda, Kurkela, Nattila, Vuorinen,
Nature Phys. 16, 907 (2020); PRL 120, 172703 (2018)

570k 7] X B EoS/r#T; 1EFHHI%EFE: “given an interpolated EoS, the smallest
density from which gamma is continuously less than 1.75 to asymptotic densities is
identified with the onset of quark matter”

10* ¢

- RSHIE: 5 O
= /mETff%ﬁH’J}:T:gi BeE 2 Max(c?) <

103:

1.0

(M)

102 L 0.8

0.6

Pressure (MeV fm™)

Mass of quark core

e

nCET <n< nPQCD

10'
g 0.4

1/3

10° £

10° 103 10*
Energy density (MeV fm™)

MARNREREY, BRIVABRE R EYRTHETFHR EFEERTF. PFRESELABMNETFAR. BEEFTFE
W, R FSYHBREERERIZEYR, BPPFRRFRERYREBE—&E, HiBENMFFETIA—PMNERZ. &
X —ENMRE, FEBRRNFTTFEANEFRIYRESSTHERE A RS YR .

F—HENHETHERE, BAREREFTFEEANYR, 55WYRMANEZS TSHEZYRMAE, RS
WHIRZ R ERT] EETENM FEERR—F,

R BIX —# RIS T R EM AL AR AN EERR: FTFEFANZERS] 1EKNE, DERNEER
T A% KRR 3T & K2 - 2 B ER I

B HR: http://digitalpaper.stdaily.com/http_www.kjrb.com/kjrb/html/2020-06/04/content_446111.htm?div=-1
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BELRHTIAR: B2 RG. FHSSBBERENSATHREKR, SRAHE

-
3
‘_H
=

Bohm et al.2) This work

AH 0.01 + 0.07 0.15 + 0.08 0.14 + 0.11 @ 6

G. Bohm et al., Nucl. Phys. B4, 511 (1968)
This work : M. Juric, G. Bohm et al., Nucl. Phys. B52,1 (1973) BA = 0.13 £ 0.05MeV

Achenbach, PoS (Hadron 2017) 207

80

a E 3
c o E M. Juric et al. NP B52 (1973) H nuclear emulsion 1H decay mode B,
I.E 50 é G. Bohm et al. NP B4 (1968) x+H+H L =1 { M. Jur et al. NP B52 (1973)
o 3 A 14 | N .
6 o E W Gajewskietal NP B1 (1967) x+'He a-H bid
Z o 5 N reHeH —e—i || | [ G. Bohm et al. NP B4 (1968)
— ) 2 L4
a0 : x+'He =Gt | rd.
»o E. FWHM =21 MeV N\ XM 1 | W. Gajewski et al. NP B1 (1967)|
= x+'He —- P rd.
10 \E L
o ﬂ 4 | IS TR BT R |
3 25 -2 45 -4 05 0 05 1 15 2 02 0 0.2 0.4 06

B, (MeV) B, (MeV)

“| 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.” Dalitz Nucl. Phys. A 754, 14 (2005)
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B ME RS R EHY(0) R

(MeV) BaA(AH) Ba(3Hgs) Ei(3Hex.) Ba(3He) “Resolving the Lambda Hypernuclear Overbinding
Exp. 0.13(5) 2.16(8) 1.09(2) 3.12(2) Problem in Pionless Effective Field Theory”
Dalitz 0.10 2.24 0.36 >5.16 Contessi, Barnea and Gal, PRL 121, 102502 (2018)
NSC97£(S) 0.18 2.16 1.53 2.10
AFDMC(I) - 1.97(11) - 5.1(1)
A (fm™!)  Alexander[B] NSC97f yLO yNLO
AFDMC(I) -1.2(2) 1.07(8) —~ 3.22(14)
4 2.59(3) 2.32(3) 2.99(3) 2.40(3)
LOxEFT(700) - 2.13(3)  1.39(15) 4.43(2)
3 (b)
14 C p, =132.92 £ 0.02 (stat.) = 0.11 (calib.) = 0.04 (stabil.) MeV/c E 12
12 = ~  F
© u ~ 8 F
> — 2
N il
3 8 0.15 MeV/c o 4 ] i
o 6 : .
T
@ 4
LLl
2
H+A 0 *He + A
%431 1315 132 1325 133 1335 134 1345 135 “He(K- 1)
Pion momentum in SpekC (MeV/c) (p,=1.5GeVie)
1T 0.95+0.04 | 0.980.03 W
12+ 12+
. L E~=1406
3H - +0.002 3He
MAMI A1 Col. PRL 114, 232501 (2015); s g L0002 ;
J-PARK E13 Col., PRL 115, 222501 (2015) o604 o
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BRI = 45 5R

0 STAR Col., Nature Phys. 16 (2020) 409

; N ]
Q =Values with recalibration i
= 08 | B = 0.41 +0.12(stat.) + 0.11(syst.) MeV
0% 0.6 R
€ b - 1 1 -« ditfeRpionlessE B THE H HEIN S
'< r H l ’ Hildenbrand, Hammer, Phys. Rev. C 100, 034002 (2019)
£ o02F + - — o N
O F T e 4w T gE s BRI TYNHIEIER] (RAEA MR
é 0'0: A ] T‘//E\J Haidenbauer, Meibner, Nogaa, Phys. Lett. B 801, 135189; Eur.
I _go - _ Phys. J.A 56, 3 (2020)
< ]
o) - i : . 3
—0.41~ PRRITISTO) - YN interaction 2 H
| | | | | NLO13(650) w/ X | 0.087
1) L R N RN
j :\éveorﬁﬁz-rﬁ’;):icc):gl formula E NL013(650) W/O X 0.095
i ~orgralvate NLO19(650) w/ ¥ | 0.095
< 200 CTaRD0le NLO19(650) w/o ¥ | 0.100
o +A12016 ]
= 150 2 DAGNE-FINUDA . Jiilich’04 w/ 2| 0.046
o f E Jiilich’04 w/o X | 0.162
: : NSC97f w/ ¥ | 0.099
o ]
- ] NSCI97f w/o X' | 0.062

[ b b b by ke L]
80 01 02 03 04 05
A-2/3 Recalibration details: Liu, Chen, Keane, Xu, Ma, Chin. Phys. C 43, 124001 (2019) 29
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BA [MeV] 30

’(g\- 500 __ A lifetime - PDG value Theoretical prediction
~— - =« =+ H.Kamada et al, PRC 57 (1998) 1595
GE) B AH average lifetime R.H. Dalitz, M. Rayet, Nuo. Cim. 46 (1966) 786
'-|q=) 400 — ——— . J. G. Congleton, J. Phys G Nucl. Part. Phys. 18 (1992) 339 ° E‘%i%ﬁﬁé&tﬂx—ﬁﬂm%%
:.'_|: : = = == A Gal, H. Garcilazo, PLB 791 (2019) 48-53 %
300 |— | |
: | PN | N
e e i - DU BRI B
200 :_- o -PI:L2:(1968)-81: == _PR;1:197-0):6— 55 _H— Bk | e ° S _Ajl-:;E— o tBAﬁ?Eq/J\
- P 100 1951507 * - ALICE Col. Phys. Lett. B 797, 134905 (2019)
— NPA 913 (2013) 170
100 __ l oot Science 328 (2010) 58 PLB 754 (201':)6;265;)7 2018054505
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0
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i Ccoaan | Perez-Obiol, Gazda, Friedman and Gal, arXiv:2006.16718
12| I I o ] Hildenbrand and Hammer, arXiv:2007.10122
ol > M130%)410 KeV, X7 i FI5Z AR 7N
\ Observable Bjp =0.13 MeV By = 0.41 MeV
= | o_ 0.642 0.732 0.642 0.732
= (Cpa + Tna) /Ta | 0612 | 0612 | 0415 | 0.416
E (Tspge + Dagg) /Ta | 0.382 | 0.363 | 0.569 | 0.541
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e 2015FET/ERIH A R: KA QCDE R AKE, =T EE“HA Tk & ?
- Nagara event{/378 2 B 5 X A-AEH &R IFHIN & PRL 106, 162001 (2011): 106, 162002 (2011)...

12 o — 6 4
C+ 2 — spHe + "He + ¢ Takahashi et al., PRL 87, 212502 (2001)
\SHe — 3He + p + 7.

ABAA(WAZ) = Baa(WAZ) — 2BA(""3h2). (1) 101 + O.2Oi8.%é13 MeV
My > 2Mp = Baa, @ 1 22237 MeV/c?

E373 (KEK-PS), PRC 88, 014003 (2013) - 0.67 + 0.17 MeV

KEZGE > hERG ERSFZER

STAR Col. PRL 114, 022301 (2015); ALICE Col. Phys. Lett. B 797,134822 (2019)
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STAR Col. Phys. Lett. B 790, 490 (2019); ALICE Col. Nature 588, 232 (2020)
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years COLLABORATION

Early days of RHIC
discoveries and the topics
that continue

+ Jet quenching
* Flow
And hot topics nowadays:
+ Global/local pol.
- CME/CMW

« QCD phase diagram

Strong evidences pointing to
a “dense, opaque, low-
viscous, pre-hadronic liquid
state of matter not
anticipated before RHIC”
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RHIC white paper: NPA 757 (2005)

v B FER *gﬁfég?[@:, ? Watson et al., “Identification of strontium in the merger of two neutron stars” (Nature 2019)
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