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Abstract

Abstract

Antimatter is a research topic of fundamental interest. Sufficient matter-antimatter
asymmetry in the early Universe created the matter-dominated world today with no ev-
idence of the existence of any antimatter at cosmological scales. The origin of this
asymmetry is not completely understood to date. High-energy nuclear collisions create
conditions similar to the Universe microseconds after the Big Bang, with comparable

amounts of matter and antimatter.

Much of the antimatter created escapes the rapidly expanding fireball without anni-
hilation, making such collisions an effective experimental tool to create heavy antimatter

nuclear objects and study their properties.

Hyperons are a kind of short-lived baryons with valence quarks containing strangeness,
and hypernuclei are the bound states composed of hyperons and nucleons. Studying hy-
pernuclei can help us to understand the hyperon-nucleon(Y-N) interaction and help us

study the properties of compact stars.

In this paper, we report the first observation of the antimatter hypernucleus f_\ﬁ
composed of an A, an antiproton and two antineutrons. The discovery was made through
its two-body decay after production in ultrarelativistic heavy-ion collisions by the STAR

experiment at the Relativistic Heavy Ion Collider.

In the gold-gold, ruthenium-ruthenium, and zirconium-zirconium with the colli-
sion energy /sy = 200GeV, as well as uranium-uranium with the collision energy
of /syn = 193GeV, we use Kalman Filter algorithm to analyze the data totaling 6.6
billion collision events. Hypernuclei were reconstructed by two-body decay channels
f_\ﬁ—f‘ﬁ + z*, we obtained 15.6 signal candidates for the antimatmatter hypernucleus
f_\ﬁ, with the estimated background counts 6.4 and significance of 4.7. We also obtained
941 ?\Hsignal candidates, 637 f_\ﬁsignal candidates and 24.4 f\Hsignal candidates using

the same method.

We measured the lifetimes of f’\H, f.\ﬁ, j‘\H, and j‘.\ﬁ. The resultis 254428 (stat.)+14(sys.)ps-
238 + 33(stat.)+28(sys.)ps~ 188 + 89(stat.)+37(sys.)ps and 170 + 72(stat.)+34(sys.)ps
respectively.

We also have test the CPT symmetry between matter and antimatter by comparing

M1
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the lifetime of the hypernuclei and its corresponding antihypernuclei. We haven’t found

the CPT symmetry broken within the measurement uncertainty.

Various production yield ratios among (anti)hypernuclei and (anti)nuclei are mea-
sured. We found<3H_e/3He> X (p/p) ~* He/*He and (%?UiH) X (p/p) zj‘_\ ﬁ/f\H, these
agree with the thermal model and coalescence model predictions. And 1H/4He and
f_\ﬁ/“H_e is expected to be about 4 times higher than f\H/3He and f_\ﬁﬁH—e, respectively,
verifying that f\H has an excited state with spin 1. These measurements shed light on

their production mechanism.

Key Words: Relativistic Heavy-ion Collision, Antimatter, Hypernuclei, Light nuclei,

Hypernuclei Lifetime, CPT Symmetry.
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DX I 5 7R AE, B DA T e T R AR E, BT AR A R
RN, A E BT AT g, 56 N T B2 P AR AR AR 72 IR R B e Y [X 35

ag (1-2)
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Figure 1-1 The strong coupling constant « ¢ as a function of transfer momentum Q [8].

B TR T B TARHM (Quark-Gluon Plasma, QGP), & s, ki1 K HGE shil
BB REROR, WA B 5 S, AT LU S TR
B, DU S, B QCD BRI H 4 R, AR
T, BEHERERAEL, BTFAAMS QGP M2 A& EL A, MARE KL
£ 150-160MeV i ti. BEENFHPIGIN, 2 up/T > 2 B, K AESH T “F75
)RR TR, (E R A A — S EE M SRR I, SR TSRS QGP A2 1Al
FAAE—ZARAE, TAEAR U T 0 28 sSAFAE— I T o AHZAR — M 4 B 5 0 R P i
RS, SRT SRS QGP A 2[R AR HA A2 FAERTFRIE U, (1) sk
FPKS



200 ;s = 62.4 GeV The Phases of QCD

Quark-Gluon Plas ma
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& 1-2 QCD MK~ RE, MU ANETHES, PLIFAERE. ARKFFIRTAFH
O REERKER TR RGKENEMAE ERAE, BHETRbHE RS %A
218 )AL (23]

Figure 1-2 Schematic of QCD phase diagram. X-axis represent baryou chemical potential, and
Y-axis represent temperature. The white lines mark the position on the phase diagram
of the evolution of the heavy-ion collision system for different collsion energies, and the

freeze-out position of the heavy-ion collision system is marked by a red dot [23].
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1.2 HXeESEFHiE

FEFHRBIERR UM N, FHeTSE&E RS, BREMITILE
MeV, FH TR L. QGP M AEER] [24, 25]. FEEFHMZK SR, &
ST T 58, DR, R Z WIS, BT JE AR (B,
I TS 0.51MeV LT A BB iAS EAFERIHL T, IRE T RONILA eV AR
T RARE B R ). TESCIR MR, AN IR B 3 FREE B N RE B2 72 42 QGP.
FERXHE B Rl AR FAZAE TUAS fm (173 8] ROBE AR, ZE AR IR I
(] P 7= A KRR SORE X6 XS 7R ARG 18 B 28 o 48 HH = 28 QGP N AT g
PRI E], XA AR T LA B LA 4

o T} (Pre-equilibrium), LB &A= T-hlldE & A 5 1) 1fm/c RN TR 2 N,
TR FAEAR /N S ) A R AR K BRI N o 3X — [ B AT DA A AR R 8
(30 7> s BAUKRFR . T B RN, fris B ki T n] LA 5
Pt QCD 25 Hi B A

o I #-F4 (Local Thermal Equilibrium) , JBEBYE & A= T-Mb e & A 5 1Y
1-10fm/c I TALZ N, BT RIRIR N AR5 R A, RS & HB 0 L [BI#EAT 1 7853 11
WEFEAC R, HATT UG RAE R, RE0UE BRI . R mT Ug
FXHEMERAR S 18 3 T FER IR R 4.

o i Tft (Hadronization), RAMIKAEI, REEZEIFK, “OIRH” FrHIE
BIHK, QGP AN HATHIE ¥ £ F IR

o ith (Freeze-out), 4% FEif kSRS, RGN H HFE K TR
(R RBET, 2% 0~ TR A P A R B ) A8 4 ) SV RO o 4 R HRL T
M RAENAE, WG, B E RO A R AR, K ()3 &
AER AR, FRZ BN 5 o IR R HY 158 T 1T AR PRI 2R BRI ), 56
R FRATIE I PRI Le VR R AR, ANTATAIF 70 B B il 4 2R 4 (0 1 o

SRR B Rl S Oy AR, L an R Ol P A AR K R S W R
RAMEAER, WK 255 R, QCD AHM S I Tt AU R &, 7R
KA REE A2 A QGP A B I 48 545 o]
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Bl 1-3 EE TREHEKE S REMEECED RSN FRRDES FRDtEEs), a1
X RGESL, ELRERTREIWER FAENEITR “R” K. tfEhREL
by z RERWHT [E 2 RE, NIRRT IE 1, IR (Beam) T3 EEIGE ¢, A=
MURRAFRA £1/c BBHELZER: BRMBIRZIBO TR FERHE K
#%, 1, N RG22 [EHFE 5 # 4t (Thermalization), ILETE W REFE QGP, EHHAE
XigEr: ZERAGUEWK, ERABRTVEHETE, TEREMLEBNSI
FRH, WXBAEGERR [26].

Figure 1-3 Schematic diagram of the evolution of heavy ion collisions and their structures in
light cone. The speed of heavy ions beam is close to the speed of light, the heavy ions
observed in the laboratory are “flat” before the collision due to the relativistic effect.
In the light cone, the X-axis z represents the space scale of the Beam direction, and the
Y-axis represents the time 7. The speed of beam is very close to the ¢, and it is represented
by a black line with a slope of +1/c in the third and fourth quadrants. The white part
shows the parton cascade reaction. Over time, the system reach thermalization at time 7,
at which there may be a QGP phase, represented by the red area. After that, the system
continues to expand, the system transfer to the hadron gas phase, and then the chemical

and kinetic freeze-out occurs, and that region is shown in blue [26].
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1.3 #BFfEx

By R_IEEDEE—ANEFRE T sG) AMNMERMET, WA, =7, 20 B,
B0, Q% [26]. 1950 4, HF A WA TAR= S, HFwe~ 4 27]. 87—
FECAE SEAR ELAEF ot P2 A, R AR —St i s f s Bk 7, RIG4
WRIE AR S AR EAE AR, R H Ay « LT ELE ps, Y6l S A IR
CcT y\jﬂ/l\@ﬂfo

AR AT R T M MO, 1 3 TR B SR A% S H,
EH—ANRT ARy A A TR J 5 B — W BB R AE 1953
F, MUE—ADREERTERZAEZ ORI (28] E1-487R 7 4RI
AR e B R — N E R E A il T AR E TN E T %
b GRIEFERERET), P T KEEERA, HPh— AT T 90um 53
B~ 7 A FR—ADHAAZ . SHTRHE AR B — M A K.

\ -z

B 1-4 RIEZ IR ERDI . A G kinid a2 — MR RG24
B, HEWTT —BUEEE R RE AR AR C AR T . PR EEA Shn
%, EMFERTETNESL. [26]

Figure 1-4 A track photograph in emulsion chamber of the discovery of the hypernucleus.
One of track marked by an red arrow may be a candidate for a hypernucleus, which
decays into two particles marked by blue arrow after traveling some distance. No external

magnetic field is applied in the chamber, so all tracks are straight lines.
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BIF T TR A% T (Y-ND AHEAR O B, Y-N AR ELAE A Ak ot mT
ARBRATXS s A LA P BRI T 2 18 AR T (N-ND AR
Fl, AR AL AT IF T 3T o 900 5 HJBH AR & — AN B iU
M= A BRI SR A 2 G8, A BRI R BT BN &g, X5 K
MRRARE. E1-52 50 T A MEZZRE, Bitc2xZ 7L+
% o

A A A
1 2 3 4
>
2 N
4371317

B 1-5 58— A RABTREEERE . BRI TH, QLR T8, FE8RR
HX MR AP TH. RETH. BTHRFTERT 4 KBREAESTFREH. H
AL EJTRER ) A H RASCHTE IR,

Figure 1-5 The table of the hypernuclei containing a hyperon A . The horizontal coordinate
is the number of neutrons, and the vertical coordinate is the number of protons, and
the negative number represents the corresponding number of anti-neutrons and anti-
protons. Hypernuclei with more than four protons or neutrons are not shown in this

figure. The j‘_\ﬁ in the red box is what we focus on in this paper.

WL Y-N A EAE S T 8oE Ris e+ BmE. £h 2R, BT HR&En
BIE . PORBEPAL A, s Be g% 7 18] R OS2 AR BB T, T RO
ATV 7 B RS TR, 1 2 BRI RN SR IIAE T 1
TEMHE, IR TR EATERICUM. Fr AR Y-N AHEAEH,
PARAR DT Y-N A LA H T i 1 225 RPIRES T7 R A B i ok b 1 B B oK i
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A, [29-40].

PUAE S F R AR AR B N 38 SE 58 EZA WM, — MR E SRS wr
K N FARIT AR5 7 b, DUBASE =A%, 1911 H A1) J-PARC-E73 S£56 [41],
B K™+ He —3 H+ 7" KWFF S H 05 Ay e 57— FORARGH OV 8 5 Ak, 7E
KEASRETMREATES FIEZ, W STAR 525K [42-44]. ALICE 525 [45].
E864 SR [46] %%

1.4 R¥YRMRBESE
141 IRRIZmHIZ

1928 4, Pual Dirac K& | Z L WIKBL e J7HE [47], FH UARGIB XTGP L7

ATEAE
(irto, —m)y =0 (1-3)

%77 R RN FE A0 RE B TE MRS B IR E = £4/p2 + m2. Dirac 42 H—4
EAWRERE KBz DR fReE: AT ES AR AMEA, M
BT —FF, W1 FAFEE ISR, B BN R EEHR. LT
FH ¥ T B O B T B AR e i, R — AN IEH BB R — AN e e
IEHATI “23 987 2] Dirac WONIXFE S 7GR T [48, 491, 1HEE S ATk K
DR TR AR Z WA [50], XFEME AN ZEBRTFHEMFIRRE. 1931 4,
Dirac 5 1 IXAMEME, I “7 ZFHE “IEHRT7, SHTAEMERE
VRS, (FRA MR HAT, HAMBIETE T R T FIAFAE.

R “Ikrimzifs” BESMRETHRR YR FEREA LN, H27E
X —JE LR R HES) T R TR R &

142 ERFMRRTFHAIL

1930 4F, 4 74 [E 5 %K TAR B S0B S SR R I 1A y S 2R AE 4T
AL HUBRAMIR A [52]0 1932 4, X G S8R S Carl Anderson FERJF 7T 5% 7 48 5 Y
5, FEZ= BRI T — MO I B BORL T [51], ARAE 1300 5K 2= % R
ORI T 15 AMZRTIEIEE, Wi 1-6, — /M lERIRT1E 15T s~
RO R AR, A EXMRC TR E T BIa T, # Anderson fi
S NIEHT (Positron) o B FIFE R 7E7 B SL 38 b &80, AR P i 2,
IEHL 7Rt/ Dirac HIRHH) “5X7, I HJE R X EIR 2 441 858 28 A K I
By S ZAAMR SO 2 5 ORI IE R A 5.
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& 1-6 Anderson HIBFHIERH FFEIEZZMNE . —MNEEEN 63MeV HIIEEFMNRHAL,
T 0.6cm BRI, TET 23MeV HIfeE. FJUAFE, FHRE, BFEMS T

FImEE 22N [51].

Figure 1-6 A picture of a positron in cloud chamber took by Anderson. A positron with an
energy of 63MeV enters from the bottom and passes through the 0.6cm thick lead plate,

losing 23MeV of energy. After passing through the lead plate, the radius of the particle

track in the magnetic field becomes smaller [51].
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1955 4, WM REAI5E S 52560 % (I Berkeley 5256 %) 1) Bevatron JIIiE 2%
(PIREREACSEER T, AT INE R 6.5GeV IR FHI7E TS L, AT HRE
BRI T 51 A AT R T [53]0 XN SEER ) B ARt 2 T, BT 1
TR RIS iR 1, WL R 75 o~ A TIX0TT. i 1-7 R
IR S I 3 A S5 TR T 5 o AR

T T e T ; T T
— POSITIVE PROTON CURVE

IN ARBITRARY SCALE
NO. OF ANTIPROTONS

2.5~ PER 10° 7~ -
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® &

L5 i

.ok ' R

0.5} { | -
o -’1{ ! 1 1 1 \r* 1
0.85

095 10O LOS LIO .20

RATIO OF MASS TO PROTON MASS i

& 1-7 Bevatron B AR FTMERN B TRES R TRENHE, XE5RTHREE
FE 5% VAW, HSE MR B RIS K 23 HER (53],

Figure 1-7 The mass of the antiproton measured by the Bevatron magnetic spectrometer ex-
periment is within 5% of the mass of the proton, and the uncertainty comes from the

resolution of the detector[53].

143 RE#ZBELZIM

—/NEIRTAR A 2, BRAME %, B4 EATRe S B AL T — ALK
XF LR A% 2

1965 4, {EAT & v ifg S 5 S50 % (1 A0 B il 28 (AGS) b, AAT#m
HEIREE N 30GeV PR FATIESHE b, TEREWH KIL T H— A FiAg, i
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BAT L TR [54]. AAZ)E, TERKPNIZ T 0 Proton Synchroton
SEgSH,  [EE R BT T A ) SR B ORI T IR AR [55]. XANKE TR X
i

a5 JL4F, A I 28 AR AU 7~ 3R 38 HoR 1R g, BORER 2 1) S W) ot
BRI B 1-8J&oR 1 Bk o & LA S LR I AR 67

ol

=
e 1

il

“1940 1960 1980 2000 2020
Discovery year

Mass(GeV/c?)
o = N w N

) «— (DI

& 1-8 RYFERRES KAINES. TEAFBERT. RET. RPTF. A, BUERHEAR
MR G Z&ER. [44, 51, 54-61]
Figure 1-8 Masses vs. discovery years of selected antimatter particles, including the positron,

antinucleons, A and antimatter (hyper)nuclear clusters. [44, 51, 54—-61]

1.4.4 ;ﬁ MES-40&5m

SR RA-3 AN ROTALTE 20 tE22 70 SEAURAE R F IS H R T, HEH
2010 4, AA1147E RHIC-STAR R BUR BN S H [44], HJRHBRAETHA
UL (2200 ps), HBEAEIRIIES T AT )L EOR sl KA AR . K% 110M
MR, RO RRHEGEE (/[syy = 200GeV HISLRREHE T, 32T 70
AIHIES, W 1-9. XUEES W T H KPRl md k.

UAE—HEZ 5, 2011 4E, M5 CATHHA BRI SS  (Time of Flight, TOF) ]
FAAMEH, RHIC-STAR S253 /i ORI T ) a KL [61], BIRZ4 . RZ-4
RN Z ATE T, ERER 4 NI F ARV, 72 K& 1
SCIOHE . TEAR R RERA IR E S PR, R T LTSNS S RS,
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30 N TR T T 1 F T [f_! T 7
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L —He ] £ a0f S He o 3
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Q =1 E e [9
4 - O 200F 3 3
~ (O]
—~ 10 q
< N f
S : 100 R
ol 0
S o 1 2 3 4 -0.
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B 1-9 (A)B) 7 B: RO R-3#% +7~ () A TRIARFRE DA ; BB R Rk 5 fof, B

BRRERE R, BORKRASMEATHHAENES, DRBREEANT RO ESE
H.(C) 4 B 7 BRI F PR REIRAR ST T REAN I (Bh R/ B8 D A - R R-3 8 7z 119
H R4 LR BAELEIRE. (D) 2 B:EX Z = In(< dE/dx > | < dEldx >p),
H < dE/dx >p REWERER, XANMFBERRTR-3 AIRE-3 1 ZCHe) 5441, A
|ZCHe)| < 0.2 4RI LSRR F. [44],

Figure 1-9 Panel (A)(B): The invariant mass distribution of (anti)Helium-3 + 7~ (z*); The

12

open circle represent the distribution of candidate signals, the solid black line repre-
sents the background, and the blue dashed line represents the fitting result using the
Gaussian distribution as the signal and the double exponential function as the back-
ground. Panel (C): distribution of the average energy loss of negatively charged par-
ticles versus the ragidity (momentum/lunit of chargel). The theoretical energy losses
for anti-Helium-3 and 7~ are marked by solid red lines and dashed black lines. Panel
(D): Z = In(< dE/dx >/ < dEldx > ), where < d E/dx > is theoretical energy losses,
this figure shows the helium-3 and the anti-helium-3 Z(*He) distribution, use conditions

| Z(He)| < 0.2 for particles identification [44].
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BEX A

XEHW SRS RGTEN T EFAMREYT, MXEEFEERE RSB
i GED 1o BT SG B LI =805 T8 R HA% - 1R 38 BE S IE L, B DAY
=T, B HE T e BN, EEEFLRMER (/[syy = 200GeV il
FSLIG, BRI —AMZT, BARI R B9 ER I 1/300 [61]. 1 He-3 5
He-4 #Z IR 28 X bz, BT LAYE TOF %235/ 2 /i, STAR SZIRRAE(Y
PRI RE AR S o R M 300 F5 H AR 1 [ 23 S i X4y k. HE—

HAT Y TOF, W 1-10f, #REZKEEREX 2P .
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10?

Counts

2 2.5 3 5 4 4.5
Mass (GeV/c?)

B 1-10 BEAAR I FTII BN R, ()b)(o) 4 EIRRALIRA BN RE ‘He FIRAER AR

WE, WE ‘He BRI EE, BRIENTHRHTE. BEAREERMNTHRGES,
BEARAEFRTFHES. *He CHe) 1 ‘He (‘He) HIRESD TN 2.81GeV/c: F
3.73GeV/c, R FELFR . HEARET ‘He CHe) KIS B IEHERXE: -2 <n, <3,

3.35GeVc < & <4.04GeVc’. (o) BN (a)(b) 2 BRTHE -2 <n, <3 KVEH
X BT B AR AR BRI [61]

Figure 1-10 The X-axis is the measured mass, the Y-axis of (a), (b), (c) panel is the standard

14

deviation from the theoretical energy loss of the 4H_e, the standard deviation from the
theoretical energy loss of the “He, and the count of the candidates. Orange represents
the signal of positive charged particles and blue represents the signal of negative charged
particles.The masses of *He (He) and ‘He (*“He) are indicated by the black vertical
dashed lines at 2.81GeV/c? and 3.73GeV/c?, respectively. The rectangular boxes highlight
areas for “He(‘He) selections: —2 < n, <3 and 3.35GeVc’<mass<4.04GeVc’. Panel
(c) is a projection of entries in panel (a) and (b) onto the mass axis for particles in the

window of -2 < n < 3[61].
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PRI AN N IE [ P AR [62—671, AHFRATT A tH: 5L 52 v 4 ot #4) s 1)
MRV . GEWLETRATTHI Wt BR 2 12 1547 SV ot R AR 1) B AR 4 R R T 5
SRR O KIS . K R R KR 2 A7, Hod 29 AR
BRE—XF, AL G R, XA FRATTSE bbb T4 5 1 o S Joi 3
HEARIE . H FTRE R SO A IR 8 1) 5 1 2 IRV A B2 R I, A K
IS I RE) BSCER) R AR o BB T4 DA A BT R KET I ) o 70 Ak s, 3238
1B S5 R T AR R o S e AT S OUI S5 T (681, T AU 3 2
% LA SR B R . AT 4 S5 PR BORATT A 5 2 E 4 5 i =l B ) Jo ) R
1, IXAR A AN BT AR R 7] /o 7 RS et 5= v B, Rl S T
AR T IE RGN T, 1ERSTART# W E KREAAAE, 0BT &)
TR AR BWRFATAN K ARAWE, MAIRAIZEEE, R R
BSU(Baryon-Symmetric Universe). 24 BSU & JE T &2 —EfEER, 1EREFH
FOOEER, B HUR S RE N R, BRI EWAR, AR E T RS K AT fE,
RURL 7 1R ABIE R 4 . BeAlTh, E RS KERTHIRE T = 22MeV I,
{ER XA R 5 1 B T8 AR, B R R R 7 P il R B AR T 9 MR
g, XA PSR R TS IR A0 ] BT A AN B SE 2 o Dy 17 R AR 2K R ) E T
DB, o e AR 1 FHEE K AT IE R B O e AR, H) BAU(Baryon-Asymmetric
Universe). R IEERE FHIKS, RETREEEEKHERE, e kI IES
THOEF 6 JEREBUEFAZ M ESK, B, 1ERE IR FHFEAXNIRE
Ax3x 1078 gl LSl (BERE—0 1, X2 = IMERIREAKN? Rl
KRB BARE T F2 BSU, 4B U lisEL R BAU /)2

1967 4, 3RS 5X Sakharov Wt 7T 1 5 Hi )\ BSU AL/ BAU AT g, fih
TR A AR ReE, DZUHAE =A% A

1 AFAERBR =7 H sy fE AR BLAE

2 IECE FLERMOME T E AR 2 s

3 FHON BT R

MMITEE CP BRI G I A R 258, W K — KO MIRA K Kg #
K, BT CPHIARAMRE I ARIAET —F . (HRXFERZEIUXRAH Tz —
MRS, A REfEREY) o E ) ot 3 3

BRRRIZAS )@, AR SRS b E A R e A T BRI B 2 1 e ) o O
M AR BT, b O R IR R T BT LU, BRAIE CPT X RRTE, ek 1k S E
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FAEWORNE T B BAEAE 20 . fEAHRNHRE & Fhlb i, RGN ZIK A,
i — L8 S VBT S5 o3 S o XA A L A RO 63 M T ) A% B A%
A LR [69-75]. FERKIURA-4 % VEZ)E, FRATEAR XS 18 58 1 fll 4
RE%T%ﬁ,ﬁ%ﬁﬁﬁﬂﬁ&%ﬁ%%%%ﬁ*ﬁ,ﬁﬁﬁﬁmﬁ*ﬁ%ﬁ
CPT X} R A

1.6 B

A, AR 7E RHIC-STAR S0 B YOWIN 3 [ 7 5 i SH, X
KA A NI NI B I R R § %, o d = I R R A

FmEENG T AT TR E NS . MR d T E T O E
AL QCD MK, FHXTIRE B FalfE ) — SO i, @S58, ’Y
J IR A% R LR g sk DA R P P S

B EmE RGP R SR A B, BN R S T E AL
RHIC DL} STAR 5% 255 .

FEEIRMN A TR BRI R, R, R, WA
A3 H LB IS S iR

SR B T E AR T A RCRABIE, DU S [T 8 A7 A 2 A RORL
TP 3T

55 T T EHREAZ A7 dw (R 2 AT CPT SRR () S50 96 10E o

SN T B R AR AR AL B A L AR R I AN DL S GEE AR AR A ) 7 AR
B

FLEARLHELEE,

16



F2E SHREE

£28 SWRE

2.1 HEFIEEEFXENL (RHIC)

FHXHE B BT 5HE AL (Relativistic Heavy Ion Collider, RHIC) [76] £7 T35 H 4
K A S s S K 9286 % (BNL), ‘BT 1983 £ YIS, i &k
VE N RIS K TR — 8B4, 1991 SEFF8REEE, FET 2000 SEFF4RIE 1T
A SIS KR . B AT LUK S R N £ 3.85-100GeV/u [RER, BB AL T Inik
F| 250GeV IfERE. WE2-1875, RHIC ISR A AR F2D 28 (AGS)
N, HEK 3834 K, J&— R NIUIEIIAE R EFA &S . IR AEAE
T6 X, EH P 4 AN E AN S STAR. PHENIX. PHOBOS #1
BRAHMS. RHIC {3 ZEW3 H br & @i izl fie, W SO0 0 7 =il = fe i
FE R IV AR 2548, BSd i A A o7 0 4 At 5 5 1 B e A A

\PHENIX‘;:

s

LINAC

. NERL St
- t‘kEBl}:’,f ./ ;

4

T A, T e : e
B 2-1 ST TS BRI f, BB BAIRE T RHIC (P METERR, s
LT 6 MRS, SRALT 6 A R STAR IR AL, AGS S
AT (26,

Figure 2-1 In this overhead view of the RHIC, yellow and blue lines mark the two storage rings
at RHIC, and white squares mark the six intersections. The STAR detector system is

located at the 6 o ’clock direction. The AGS is marked with a green circle [26].
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22 BEERTHRMEE (STAR)

{E RHIC 523635 8 |, STAR Al sPHENIX & H 875 7EIE 47 1 BRI 28 R
4t [77]. sPHENIX & i PHENIX FFZ4IMoK, F 2023 SEHNIEAT . 1 STAR #27
wmARGMNE P T 2000k, BEMLK— B RS A 8E, THRIFRF2RIa1T 2 2025
o STAR R 251 22 H AR Z B FUAR XS 18 B 1 70 488 S 36 vl e 7 AR 5 T iR
THE T (QGP). X—HARIE T STAR FIJE& I E 2R T, SMTHAE
MG MR L E R i, NS S G B KA 9 0.5T o 8 & 1 x i seii rh, g
FAERAAE R R R, 843 STAR BAA 7 a5 O PR B IX S R 45252 5

STAR R #% R4 £ 54 : N [A/$¢52 % (Time Projection Chamber, TPC) [78],
FEXHE LI, A LB @R PUZ VAN || < 1.0 A7 R ARIE,  H RATHEE
ki RE RIS E; RATH AIERIES (Time of Flight, TOF) [79], HE#HLE
TPC #J 120 /> 2 [A] B2 R BELAR S B B, T PR BEVE LA (] < 0.9 Ky FEURIL
T MR TH £ # TOF #) RATIF ], JF5 TPC B4R 7E DL HE H LA SR00E 5 Y ot 5
T s A7 BAR IS (Vertex Position Detector, VPD) DLl & /e ST s A7 &, IF
HEA5FEEfahess (Zero-degree Calorimeters) 5 5 FH SRASER I #5 (1) fh & R 5t
(Trigger System) ; & T HEHNPRAA NG KR TH % (Beam Beam Counter,
BBC) FIHAFHI#RM S (Event Plane Detector), 2018 SRl N Z N /NIUTE 451
K1 BBC, 2018 ££Ja JHEUA A ANF B X (A #4544 (1) EPD, EPD W] Il & i dR &
EH 2.1 < |n] < 5.1 KPR DU RO Re &, T DA B AR50 Colf 2 S 2 1 < A1 1
55, ARWREFEEAM A TPC M TOF R M AR ST R, TR AR
e BEAT VR 4

2.2.1 HEEIE=E (TPC)

{E RHIC [ B XSG, I E-ext s, HsseREn /sy =
200GeV/u. FEMAS R T DR ST, — RG] e EIE TN RS
KL, XSk A] Ae 5 8RN g M R BLAE R, B R AR AR AR B 2 R
To [N Gkt 22 (%) B R TR I SR B TR BBk, T STAR HRIIAS R
Gii% 0> TPC IEA2 i it

TPC 72 STAR HJ# 0T R4 [78], &2 — MK 4m, WL 50cm, 4ME 200cm ()
O LTSN 90% KRS 10% KL (P10 5S40, FaE
A s R R, JF HAR IS RO BRI 5, AT LU B H IR 219 1
355 MY, WY 135Vem. i kL 28k TPC T, SHE g
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F2E SHREE

MTD

] 2-2 STAR R R G ZENE . HAZOIRM R HRZLE (Time Projection Chamber,
TPC) FKATHFEHRMEE (Time of Flight, TOF)

Figure 2-2 A perspective of the STAR detector system. The main sub detectors are Time Pro-
jection Chamber (TPC) and Time of Flight (TOF).

DX PN S XS B I T IE ST SR IE I T, IR I 5 S
TPC 325 b, #izssrh 12 MRIX, 45 2 (2018 FEF-RTT R 45 )2, ARG A
70 J2), BILH 136608 MEHAR (pad) . M8 BT P AR BT KE S
I, BT LACSE N x-y A2 B . UkAh, TPC WAMOCRSE, AR T 15
Bl . i 454 pad MR SUKETHE], BTG BIRFA20E ) z ARARhiE . K5 —
RYNIF B mU AL BTN )10 Rk, i n] DL HORLT- 280 TPC AU R
TREATIE . HH T W70 O, DO R s . B E K E S
(R Es, T DL EDR 2 0 TAE SR RERL . 15 By BRI 75 S0 Y R T 28
(Bethe-Bloch A, W LA RIAFEIFSEHIR 7. BEE R FREZNE M, 15k
AT ARG R, TPC MENE SRS M. HmshEn A RS0
REFRZIL, IX{F TPC KR T4 5 BE J1BR 1K

222 KITEHIRNZF (TOF)

T ERZ RSO TPC R T2 AR AR, BRIk TPC SMRAA AT
[EIRNES (TOF), ‘& RENIE M M Fh 1 RAT I R i s ™R R i
Jgir EERIFJ7 ), AT 58 kL1 4 5] . TOF Sk 1 2 B PR % (Multi-Gap
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OQuter Field Cage
& Support Tube

Sector
Support—Wheel

&l 2-3 STAR-TPC M&HAEE. BARBEEY, K4.2m, 5ME2.0m, SMEREZENIE
PR, PR — AN R R R BRI E, EREARE 90% &M
10% ke, kT d s EM K= ERE B F2EBR RN % L EE S

Figure 2-3 Structure diagram of STAR-TPC. It is a cylindrical with a length of 4.2m and an
outer diameter of 2.0m. The outside is composed of the field cage and supporting mate-

rials. The inside is divided into two drift chambers by a high voltage membrane.
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B2 OSKERE

Resistive Plate Chamber) £ A . TOF H 120 ME4E: (tray) 20K, BN FEHLK 240cm,
% 21.3cm, m 8.5cm, HE 23 MEH, BAEHUE 6 N#IT. BAERITHPI
RLARARAI EAT T2 (B ) 6 = SRR AL B, BB AR IA) 78 1 220 oK R ) AUE, <
IR 72 95% 1) CyHo Fy R 5% W5 T bt o B B9 S HIRIB, k1%
AR, 251K H RN, AT R ™ A A 5

FESEPRE Y, pVPD (R AERIIES) 245 tHWIARISZ), TOF & HoR 11
RATIE] 1, TPC B R T AR s HARTE K L MBS AT p/Q, WIA]
THERLT 1 5T B b AT R~ 07

p=: @-1)
m? p2 1
e (m) 22

Honey comb length = 20.8 cm
de length = 20.2 cm

pad width = 3.15cm

interval = 0.3
pad interv o honey comb thickness = 4mm

(not shown: mylar 0.35mm)
— outer glass thickness = 1.lmm
—# inner glass thickness = 0.54mm
-1}

- gas gap = 220micron

-— PC Board thickness = 1.5 mm

inner glass length = 20.0 cm
outer glass length = 20.6 cm
PC board length = 21.0 cm

| L

T T T o

13 74 84489 94 Position(cm)
1 8.6

|
T

& 2-4 STAR ¥ TOF KIS MR SRR A .
Figure 2-4 Structure diagram of each module of the STAR TOF.

TOF MIEREM S, BRI R n] ik 80ps. {H1F—$EMI/&, STAR [ TOF /&
WE M EEE T 2006 FEFFLEMF], 2009 FEFNAE . JLAF 1P A 7 RIS BY
STAR #{EALT 2011 SERIL T KA -4 B, EARARIHEH {H RBLZ AT, Fel
(1) S o S5 #%
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-
N

-

Mass? (Gev/c?)
o -
%

e & e
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om
e
o
—

1.5 2 2.5 3
Momentum (Gev/c)

&l 2-5 f# 4] STAR-TOF Frill &3 R EF 75704, BRI LLE MBI ~* K+ AR/
55 . BIERET 2008 ) p+p MR, FioREER 200GeV.

Figure 2-5 The mass square distribution measured by TOF, the figure shows clear signals of
z*, K*and protons. The data come from p+p collsion in \/m = 200GeV, these data

was collected in 2008.
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FIE HEXRENNFLENSER
3.1 HIE&E

AR VR FIT A P PR R X 1 B Al A ) SE B B AR B0 RBEE (/syn =
200GeV 11424 (Au+ Au) Blifi. &7 E (Isobar) %747 (°° Ru+ %0 Ru) i Al
B C0Zr +7°Zr) Rlifi, CLRTUG RBERN (fsyy = 193GeV Hifl (U + U) hill
. KREB2EIRH T H/MeF il (minimum bias triggers, MB trigger) 152 =&
B, AT T — L EA N fid A A U DS NGt v o Sz el A ik A ) 6
PEVELIE B KA1,

{£ 2014 A1 2016 4F, STAR thREE 7 KEFLRBEE (/syy = 200GeV
G4 (Au+ Au) RERESZIOHE . FEATEALINEE, 88 24 i) oA A AN B IR
I3 EH o I ) STAR RINES R G823 TR S RS0 HRE e R4 (Heavy
Flavor Tracker, HFT), ‘&% 4 2 AR 1R A ARG 2 BUREREEIRIN 28 40
i, BARE RIS % (29 20um), FEHATHFAERS W, HIRFH
FdE s () oy P A T A A b 1o S2br b, FRAT G 2R E I S B b T4k
TH, (HARIRAHEMEE R Bl R A w A

(1) /& HFT IARL7 6 5 # a1 TPC, HEXHMEEIER « /1R
MR, TR ED AN 7 N FiEE B AR &,

(2) BRfEIRAT1 288 HFT 24815 2, AUH TPC S &, X B 54
Rigit. RNET, R HFT AR, G55, (B4R 9 B g8 A 5 4
GERINT T % (G He R Y He) 175 R0 KA FE I KT SRR 2% TPC A Rk
KKJE, 1 H HFT 77 TPC WARKI N ES, X MRN8 BT R B BUZ IR S 5
FEHEN TPC Z TR AHUN o X0 R A FE PP Y H e BIHRIAR R AF) .

fil A (trigger) &4 2R AR T LA S IN AR S -0 45 ) A ik A WAL B
ZHEA SRR BRI R R, N D MR B . X
S P T fi PRI 5% 36 o RO e L, A9 R T s o B BRI VPDL P
AR REAE ZDC 55 o T2 SRS, W1 TPC, 72— @ i [ EAT AR SRR I G
T . AREIRATBOGR Y BLIE R, FRA TR LA il A S A, DARE I
PRAE AT 2R I SR AR R . BN, B R B (High Level Trigger,
HLT) W] B8 M ) T BB A RESRF AT BOR T4 T 2 B, an R A 1A
T REFAHRHIA A, IAMEH HLT kB A G RBIRESRTHEH o 1
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Collision Year | Production | Library Trigger Events

system Tag Version (x10%)

AuAu@200GeV 2010 P10ik SL14g | VPD-MB, CENTRAL, 660
HLT, NPE

AuAu@200GeV 2011 P11id SL19c VPD-ZDC-MB, 680
VPD-ZDC-MB-
PROTECTED,
HLT-HEAVY-
FRAGMENT, NPE

UU@193GeV | 2012 P12id SL12d VPD-ZDC-MB, 660
VPD-ZDC-MB-
PROTECTED,
CENTRAL, HLT-
HEAVY-FRAGMENT,
HADRONIC MTD,
MTD2hits, TOF-Mult,
NPE

ZrZr and 2018 P20ic DEV DIMUON, 4600
RuRu@200GeV VPD-MB-30,
VPD-MB-30-HLT

& 3-1 HUERER A REESR, Hd R T e/ Muks il s =0 A B AR AR T Hin
2% (trigger label).
Table 3-1 The data set use to reconstruct hypernuclei, the minimum bias triggers are marked

in boldface label.
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053 5 BURREANRL T ) 5

B 3-1 =/ H REFBR=ARE, £t HFT # TPC MrRE. ARVEEFZRFIEN
R HFT SRR, 25 5HAPRRNSRRE RN, SBCEFRRMEFREK [70].

Figure 3-1 The three-body decay of a %ﬁ, passing through HFT and TPC. When the antimatter
nucleus passes through the internal HFT detector, it is easy to react with the detector

material of HFT, resulting in the lower efficiency [70].

Fifts

JUFT A Bl A AR, Bl “ImAs” 248 BT S B i e 14
FEUR AL R B EWE . Bltn, A NPE filUk o] 52 5 il & 2 (1) ) 2 4%
= giEl . JUFRTA il A S A AE A%, BV i Mm s ik, 7R 5l
Z MR T (PO BN 80%-100%), H TR ASKL TR B B> (R 2 AL
0, HARKRCRM ST, SRR By PO R F WS . 2R, i
HAEOLT B /Mm A Al A IR FE AR /DN, DR e AT SR 2 de i FH I ik A B A2 —

FEARME S, N THREEZHG, MAMMARARZ, HRN T AMEY)
PEE IR A AL, AERL T A L B R, FRATAAE H MB fil & 12

A L S R A R R ) T A4

1) HLT(High Level Trigger) mif il , s BLeBi i iy, g 8Os ORI
Fi, B0 *He #.

2) NPE(None Photonic Electron) BIAEJ6F M Ffil &k, B2k X B ERE
I E —LBH (1E An X Ag = 0.05 X 0.05 11975 (B SZARF P, #1A) A &2 AR
Ep >2.6,3.50r4.2GeV). BN 1% B4 5 18 rUG R R # i K A 0K
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MREEUTR, AR A A 20 &5 S o R 1 1% ) A il R AR B

3) Hardronic trigger, 5% filk, 5im T-iE3FRELE I & RE A il & HAS 5 1
=, B m SRS R A RS .

4) VPD and ZDC trigger, 10 s B #R|#5 (vertex position detector, VPD) il
B M TR AL R i 20 Ay B3k East/West S RS R] 22, AT 550 T o7 B
1) Z bn. EEMAEFES (The ZDC detector) Ml = R 7] 4652 FE VTR BE &, 1X
PRSI &5 45 & TOF 38 %5 VE e/ IMin S fid AR 2 Y Al

5) Central trigger, F1 0ok, XAl ALK B T 1038 ATI [AERI S (bar-
rel TOF) RN, XA &5 525 2 fid iy FEURL T~ 22 BB (R SR

32 FEHRNERE

AE X 18 B R A S M TS AL B (Primary Vertex, PV) i & B —2H A
b (Vy, V,, V) fik . {E TPC HA2idk B 58 Bl Al 52 PV HUAEAR, VPD #RII &%
AT v, BARARME. D 1 AR N 28 SRS BON BRI 32 VG, ASPRETED R
FITEIIFAE [V, | < 40cm; N 1 RAT REHFRR AU AT 768 B b i A= (1 S At flf

ARURBIEFE Vg = \/sz + Vy2 < 2cmo
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Al x10° Run10 Au+Au@200GeV/u B1 x10° Runl1l Au+Au@200GeV/u
12 E
o 14
1of 12F
a 8 @ 10 E
c F £ of
3 6F 2 °F
o I O 6F
4= F
E 4
2 2 F
: 1 1 n 1 ™ 1 1 E 1 1 n 1 1 1
—900 -150 -100 -50 0 50 100 150 200 —900 -150 -100 -50 0 50 100 150 200
Vz(cm) Vz(cm)
C1 x10° Run12 U+U@193GeV/u D1 x10° Run18 Isobar@200GeV/u
12 120F
10F 100F
@ 8fF @ 80f
c - c L
3 6F 3 60
[ O f . .
ar 40F . .
2f 20f
: 1 : 1 1 1 1 : J I—— 1 1
*QOO -150 -100 -5 150 200 *900 -150 -100 -50 (0 50 100 150 200
Vz(cm)
B2 Run1l Au+Au@200GeV/u
3f
2f
1
5 E
= OF
> E
_1:—.
-2 z_
-3F
_12_
-2 ET
-3k .-
1 4 1 1
2 3

-3 -2

Lvdm T wx@m)

Bl 3-2 AN BIRE TR ETUS 2 77 FALE Vv, IR x. y FRTRRAE V.. v, K=45
fi. Al A2 M1 B1. B2 7} B9 FI9RET 2010 401 2011 4570 R AE 200GeV/u &8
SKRHIE, Cl. C2 2 EARET 2012 F/{ -0 R AERE 193GeV/u H4h xS0 B,
D1. D2 5BERE T RET 2018 SFJ-0 R AEE 200GeV/u FIFT 4T X484 4 x5k
IBE . LBLRIRE T RATT 28R fTE .

Figure 3-2 The V, distribution of 4 kinds of data set.The panel A1, A2 and panel B1, B2 show
the gold-gold collsion data of 200GeV collsion energy in 2010 and 2011, respectively. The
panel C1, C2 shows the U+U collision data of 193GeV collsion energy in 2012. In the
panel D1, D2, the Ru+Ru collision and Zr+Zr collision at 200GeV collision energy was

mixed. The red line marks the data range we used.
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3.3 RimEFEMKTERE
33.1 RBiErmBRiEE

£ 2019 4F, STAR-TPC Rl 2k 2 |, TPC H 45 Z#Hi#k (TPC pad),
B 564208 f 2 TT 45 /> hit B ETIK . STAR A 1EH—MRAEH nHits KR
—% TPC R SZBR bt 2204 hit SRR, @ ERILEEL, [
nHits Poss 78 W PRI 2% 76 36 M BLX 5642708, IBAX KL T 204
Wi, I ER nHits/nHitsPoss KT —2F, DU — 5% 56 BE AR 1004 8% 2L R
o X TIREREzh & pp IRICIRL T, BT EAEM MR AT /N, A
W TPC R #S s Fr LA in— MK 3) & KT LLysk /> TPC 42728 3 (1) 2%
o TEARBRGIN, FAVTERM 7 AR SR IR R A a1 ER

(1) nHits > 20

(2) nHits/nHitsPoss > 0.52

(3) #* KINEBIE pr > 0.1GeV/c

(4) *He [MIREEIE pr > 0.2GeV/c

332 RIFEH

TPC R4 7 UKL I 7E TPC 1 YAT RSP REE SR (d Eldx) FIzhE S5
Tz W (prZ) BRGNS . 1B 3-3 A R R TP X Redit 5 k1 3h & b fifer prZ
iR R, SELRMRE LR/ RN B 7 AR F- 55 T Bichsel BR%(1)3E
WHERIHIZR . X g C— DR E n, RS IRLT I Fh

(dEldx)

experiment

Z = ln (3_1)
(dE/dx)Bichsel
ny=—2—, (3-2)
5dE/dx

(d ElAX) gy perimens T (d EIAX) g s 7350 U B R BESUE AT R 12 1) 301 B2 4H (80156
7& d Eldx WS AR R ZE o

RATIS (A4 (TOF) REMIEHRL 11 KATHS [A], 454 TPC Frill 15 2 42 78
KB L RzhaE p, SRR 7K AT RS & 7 LA 3Cr 7 M2102,

SE CIFARRAR B G, i v] LAZS R 5 ) 2% A

() 7*: |ny(7)| < 3;

(2) *He: |n,CHe)| < 3, 4 TOF [i{5 55 TPC 2 VLAL &I, WER 1 <
M?/Q? < 3 (GeV/c?)?;
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C 5
Ar 4
3k He He
1 2 e
Fc? 13 LAl
. T ok U
.y —oF: . |. H
T ' -3 .| . -
i L -
0 {

2 -1 0. 1 2 3 4 52553354455 1152253354455
Rigidity p/Z (GeV/c) m2/Z% (GeV?/c?) m%Z? (GeVZc*)

& 3-3 B (A)TPC F BB KPRL T FIIREBR (d E/dx) AN FRENE K576 ARBIENER
#Ric T 7, He, *He DARCEATXS R SORL T BB BE B HI 28 . B (B)(C) 23 A2 0,y M
n,5; H%EF TOF WEBIMFATLLFH 445, *He #1 “He {55 X A AL T HERR
L HR.

Figure 3-3 (A) (d E/dx) versus rigidity (momentum/charge) of charged particles measured by
the TPC. The lines represent the expected trends for z*, *He, “He and their corresponding
anti-particles; (B)(C) n_.j; versus the square of mass/charge. The red box indicates the

region for *He selection.

(3) *He: |ny,(*He)| < 3, W [n,CHe)| < 3.5, MR 2.8 < MYQ? < 4.1
(GeV/c?)?.
XH S He (SRR, FE054T TOF HMEE B A%t M2/Q* 1EIRGI, %A
TOF 2315 JUN S U8 F e 5 5, IXAE AT DLFE RS Glcg in 25 ) 4l FE 1) [R) i, X
B4 IR TOF R 2% R 1M 51 N RCRABIE . WE 3-3 (A) FiR, *He fl *He 1
AR BRI BON L, X He %N, 7E9 T IEMK He 1i5%:, T TOF 48
MERPEH, BRXWEIN THIMEIE, R2EZ FHETTR.

333 REIEBREZEENS KF Particle 48

= YEP (Karman Filter) 5% —Mis it B BUHER HIL, EREAEAAAE
2 AHEVERS DL A5 2R BB I T 225 R RIRES,  tE—(E B4
ITIN BE A . R 2B I N T A USSR FHE T B 3h % il 5 45
delo T JE NATI ORI NP 15 BE P 35 A% A0 B AUl ok~ SR 0 8 v S 2 T e 1) B
. R E . MR AR M E R EAE [81-83]. N I BATH — Al LA
TAAR ISP AL . BOXFE— D ARG, A WIRAERS R CRUR ] HE
W, B4 FEEE N R ARE s, XYL k- 1 I ZI RS
WERE x| RIE

X1 = (Xp—1> V1) (3-3)
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Folt x REAIRTE k— | IR, v, RWIRTE k— 1 MR . (AT
SERRTIL A, RS S N2 — A BEHLAE R, R e T DS 4 4 RER oK 1 1)
FIZ R, G TE, BRI PR ek Skl R NXLER
S B AR A 2 B B HL A AT A7 06, DL x U o #0306 AL 3
SREHIIE o RV R 77 2 0%, TR A R, (LB x iR
R o (0152 AT REAZAE ARG RE, FTOME ko — L%, RGEIRAS I 1525 7T B
17 2 M A
o2 q1

(3-4)

o

COU(Xk_l) = Ck—l = [

FINRGA —MMERGE, AT EARENZ] k PRI E x, MRS v, o AT
SR AT UL R A A% SR 45 210 10 00 B 45 SR M T SRS RN 20 AR KRS, (B2 IR
AE TR G A MRS LR 2w n] LLES SR 1z sh s S R | —
BRI RPIRES, DS BIERS AR R X 52 R S U8 FT B AR U 0 . AR R
BN A E AN T FIIE, f£ 6r Il fal R e, k 2RO B X, FTERE v, N

Xk = xk—l + Uk_]gt (3'5)

Uk = Uk—l (3-6)

AR RGBSR, B ] LS HIX AR IZ S INEE o, N ER
TR 5

X = Xp_y + Ug_ 6t + %aétz (3-7)
Uk = Uk—l + a5t (3-8)
5 R I At &
Xk - Fka_l + Bku—;( (3'9)
Forp ]
1 ot
F, = (3-10)
0 1)
oy
B, = (3-11)
_O a_
[ Lse?]
=2 (3-12)
L 6t =
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F, BB 25E R, By, BROVIEHIFERE, a) FROVIER|F&E. Cov(x) =C, AT
ZEHPRIZE RN Cov(Fx) = FCFT o MITE k B %1, IR YIR PPIRAS 1) & A &
VEII 7 Z 56K

C, = F,.C_ F] + 0,

Hrb 0 MRS EMAE . 07, {E kR, ARSI 2] 1Yk
WAREREN z,, BATRIONER AT —HEEN AR R, HEDv RS
(ks B BT ZHE RN Ry o BN RN T k I 2R FPIRES R B
YEE AT, RN A AT, SRR R . I
A BRI AT B BN, B RA — 0 A0 o 137 5 s RS2
PIVRSEPRI ST B o BR8] B INE R R A s A Ao, B 50 IER], A
FeJR TR NMESRE i oA, HIEA T 225 R B B AR R R 02

(3-13)

= jijeoy + K (H = i) (3-14)
C, =C,_, —KC;_, (3-15)
K=C_, -K(C_, +R,)” (3-16)

Ho KON RE288E33. AT LUME & W2 s B g AEENRT % C 1E
NEERETIN R — 2 k 4+ 1 FPRES, B b+ 12 AR RSS2 B, a0
WA T A “AZIETIM " Bhoe k1R S UER A

KF(Kalman Filter) Particle Finder package /&3 TR 2 JE K Hil R E BB A
MEEAZ S5 K IF ambL T AL . R BPIRES B 7 ANRHIA, 407l 3 AN [a)Ak
b x,y 2z, BLRKETIUZNE pp.p,. E, RDRLFHPIRGS R E

I =X, 2Py, Py, Pz E (3-17)
DA HoAR 22 B P 5 2 H R
- -
Ox ny sz Cxpx Cxpy CxpZ CxE
2
Cype 0y G Gy G € G
2
sz Czy 0 Csz Czpy Czpz CzE
— T _ 2 -
C=<m' >=1C,. C, C. 0, Cpp Cpp Cpp (3-18)
2
prx pry prz prpx Op, prpz prE
2
Cox Coy Cpz Cpp, ppy b, Cp.E
2
| Cex Cpy Cpz Cpp, Cpp, Cpp,  Of |
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3/4
He

DCA,— . o

Decay Length: L

2
2 DCA,.«— He Z rima
DCAT[<—> 7Z.Zprimary e P .

. 2
Primary DCAo— Xiopo
Vertex

B 3-4 —ANEIZRAEFIEIEETE K-F particle 26 B4 1030 222 A H 0 LK LA

RKER. BRKE L: AHETREIERTURKMER; LdL: ZRKESHREZW; 1,
5HEEK AR T RS SREAE TR Z R K REES DCA,, FX, BHHROELET;
Xrpr: SRTRTEZZ ERBEERAR, EHHATR RTINS EEERTR;
Kvimaryt I TR T BRI R Z B KRR DCAF R, EPHFRTFEIRHEINRZ
Al K2R R LR R -

Figure 3-4 The topological variables and their corresponding geometric relationships are given

32

in the K-F particle package for a hypernuclei in the two-body decay. Decay length L:
Distance from collision vertex to decay vertex; L/d L: Ratio of the decay length to its
error; ;(fopg: Related to the closest distance DCA,,, between the reconstructed parent
particle track and the collision vertex, represented by the black dashed line in the figure;
;(12\, pr+ Related to the closest distance between two daughter particle tracks, represented
by the green dashed line between daughter particle tracks; ;(Z,ima,y: Related to the closest
distance DC A between the daughter particle track and the collision vertex, represented
by the green dashed line between the daughter particle and the collision vertex in the

figure.
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KF Partile 2325 F0A 1521 — R FI #0448 8 F DAH R B @R T IRPIRAS . XU AR &
5 BN LT E B @Z AN B A AHUURIER, ERAFE A T8 S
WEH—. MF—A3IH — He + 27 FAKYE, HIHIVERW T

1 L, FARKEE, BV To0 s 31 38 22 Tl p PO R s

2 LldL, ZFAKESHREZL;

3 popor IR T T HE EE A BRRL T ELHER B TSR T 77 A H AR 5 A T R
MR R EE, SUREZ T LRI & Vo DCA MK, BIBRRLF45528 3] S S 5
A 1 B R R

4 yxppe TR T HTE BRI TRCTOR B TR AR AR TSR R U,
52N AR NS & Volro2 MOE, BPPRIAS TR T 420 2 8] (14 e e P B

5 Xovimary THIR T FTE BRI R TR TR B T SRS HIRLSR SR B, 5
B2HE L TR IARINE B DCA MG, B TR 15 S 8 T A 22 18] () e de B

FAE TR SRR TR £ J7i%, RS IEPEERI T “ T 7 077 V54 AR AT 1 25 A]
B I E)_ BB R R R, HEE R A TR RAE M ERE .. £
B, fEHEEFETRFREMES, XFEER KRB MERTFE AR

334 (R) BR%HEERE
FABEL R EEE ()

“H— *He + 77 (B.R. » 25%) (3-19)
%ﬁ_»ﬁﬁ+anRz2w@ (3-20)
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Figure 3-5 The X-axis represents the background number b, the Y-axis represents the median
significance, the black point represents the true significance value, the blue line represents
the result calculated by the asymptotic formula, and the red dotted line represents the
result calculated by the formula s/ \/Z The cases with the number of signals s = 2,5, 10
are plotted respectively. As you can see, the asymptotic formula gives a more accurate

significance, and s/ \/Z deviate significantly from the exact value for small b value [85].
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Figure 3-6 Invariant mass distributions of *He+7z"~ (A), *He+z" (B), ‘He+7~ (C) and *‘He+ 7"
(D). The solid bands mark the signal invariant mass regions. The obtained signal count

(Ns;,), background count (Ny,), and signal significance are listed in each panel.
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Figure 4-1 A-H panel represent the comparison of the topology variables I, L/dL, )(]%,DF,
XioperDC A3y X7 DCA

prim—he3?

,,, ;(j,[m_ , distribution between the embedding data with the

real signal data.
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Figure 4-2 The comparison of transverse momentum distribution (panel A-C) and rapidity
distribution (panel D-F) between embedding data and real data of f\H and its daughter

particles.
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FEAE OB R R AN EAR I, B3 — N EREZENMASE, XM %5
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ZadrhE, RATEH T RS ERSEARAR SR, WE4-4FTR. IR
P& A sh B X8 0.7 < pp/M < 1.5 N, ZIMBIESSHIESIER T
B2 3%, Fe@i bt 3% REIEE TIEL 5%, PP EH 5%, HT (RO &

41



AR 1 5 B PR P S TR A 4 HL IR IS5

Table 2

Material thickness for the inner (IFC) and outer (OFC) electrostatic field cages®

Structure Material Density (g/cm3 ) Xo (g/! cmz) Thickness (cm) Thickness (%Xo)
Insulating gas N, 1.25¢-03 37.99 40 0.13
TPC IFC Al 2.700 24.01 0.004 0.04
TPC IFC Kapton 1.420 40.30 0.015 0.05
TPC IFC NOMEX 0.064 40 1.27 0.20
TPC IFC Adhesive 1.20 40 0.08 0.23
IFC total (w/gas) 0.65
TPC gas P10 1.56E-03 20.04 150.00 1.17
TPC OFC Cu 8.96 12.86 0.013 0.91
TPC OFC Kapton 1.420 40.30 0.015 0.05
TPC OFC NOMEX 0.064 40 0.953 0.15
OFC Adhesive 1.20 40 0.05 0.15
OFC total (w/gas) 243

? Adhesive is only an estimate.

&l 4-3 STAR-TPC KR (IFC) MAMEZE (OFC) KHIZMBER. KRB ME
GEANT4 LT

Figure 4-3 Material thickness of STAR-TPC for the inner (IFC) and outer (OFC) electrostatic
field cages. This will be used in the GEANT4 simulation geometry.
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Figure 4-4 Results of the absorption correction obtained in GEANT4 simulation calculations.
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Figure 4-5 1 — aas a function of transverse momentum p;. The red line is the fit result of a

second-order polynomial times a Gaussian function.
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Figure 4-6 The blue solid line shows the +1c range of the helium-3 mass/charge square dis-
tribution, it was obtained by fitting the mass/charge square distribution resolution of
helium-3. The blue solid line shows the +1¢ range of the helium-4 mass/charge square
distribution, it was obtained by applying the parameter of helium-3 mass/charge square
resolution. The red dashed line shows the cut condition. The TOF cut efficiency can be

calculated by integraling the Student ‘s-t distribution within the red dashed line.
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Figure 4-8 With the minimum bias trigger, the efficiency of four kinds of (anti)helium tracks in four datas set respectively, and different colors mark
the different range of reference multiplicity.
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Al € L CPT BRA AR ¥ AT
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CPT EHM—FMERIAZ: KRG CPT AERWE RAMGETE A

A
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BAEZA T HIXAAERE T, R
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mp =S TAITEf) = (LAY =m=mp (5-4)
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Figure 5-1 Some experimental results to verify the CPT symmetry by mass difference. It in-

cludes deuteron and antideuteron, f\H and j_\ﬁ, helium-3 and anti-helium-3.  The hor-
izontal line represent the measurement error, which include both systematic and statis-

tical errors. To be clear, the STAR 2019 result is shifted up slightly.

DLIE BH 220744 2 2 18] (¥ A0 B4 F 5 L6t 7 10 SR T R AR ELAE AR A, 2%
%

S AR IGAIE CPT & B FH 5 VRl A2 ) oA 5 LR L 1) SR 2 1] F) I
Bl A A 75 5 o ALICE A1 STAR SZEGR 5 T % MR A% (731 SHe 1 *He[73]
DLE AH ASH (70, 911 Z [0 3%A B R E (diaie) 25 . WE 5-150R, (E1E
SO AN VS L Y, #0EA R I CPT X RRPEIBIR .

L4, LHC-ALICE SRR 1) CPT XFFR I 1) SEAG Ik 45 2R [91],
XA TAEMH JH M SH, {328 TEURK AR, JRERE 7.

=[5 + 5(stat.) + 3(sys.)] x 107> (5-6)
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BT R T2 A AR TLAR P 5 5 5% 1 2 IAURA TLAF P 76— 5L

= [3 + 7(stat.) + 4(sys.)] X 1072 (5-7)

5.2 BiFEAS

97 MR S H, S H A H A A H 0% 6, RIS AR o = Lipy =
L/ (plm) K IVGF=40. 3ol LOSRIF IO KIE, § 8 AR RO F R0 (B
LU ¢ S99, v 9 Lorentz Z5H B T F B HIBBILIEARR Lipy X FIHY
AR W RIS B B 52T, SRS /gy K ) H R o
B3, % BT ER TS MG, DLRAR S (0 7 a0
WK, 3K EACH AR py > 2.1GeV/u (IR, 364 B SRR 7 1t 5
R, (RSN RIACE TR R, K RGR%E.

LA dNId(LIBy) KI5 RSRAT S, s B MR

dN/d(LIBy) = Ny x exp(—c%%) (5-8)

Hrr z kv, Ny 2GS RE ZRBHW M UESE Ny Mz, 1
BAOFE=A G WEHE, URIEDS HBHERTET

3H A %ﬁ M LIy = 3.4cm B Ligy = 22.0 77 ANADIXE, [HEEEAN 3.4
cm. 5.0cm). (5.0cm. 7.0cm)~ (7.0cm~ 9.5cm). (9.5cm. 13.0cm). (13.0 cm.
17.0 cm). (17.0 cm. 22.0 cm). H1F YH j_\ﬁ BS54, M Lify = 3.4cm %
LIy = 20.0cm 73 A="X[6], [EGTEEN 3.4 cm. 6.4 cm). (6.4cm. 11.0cm)
H1(11.0 cm. 20.0 cm).

el 5-4, FrilAs R dr oy
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Figure 5-3 Reconstruction efficiency ¢ as a function of L/(fy) obtained from the embedding
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Monte Carlo technique. As shown in Tab. 3-2, hypernuclei have stricter topological cuts

than antihypernuclei to suppress knock-out *He and *He, resulting in lower efficiency.

t(3H) = 254+ 28(stat.) + 14(sys.)ps
r (iﬁ) — 238 + 33(stat.) + 28(sys.)ps

H) = 188+ 89(stat.) + 37(sys.)ps

Q
/N
>
|
SN———
I

170 + 72(stat.) + 34(sys.)ps

BRI EN
c(GH) - ( Aﬁ) — 16 + 43(stat.) + 20(sys.)ps (5-9)
c(4H) =7 ($H) = 18=115(star) = 46(sys.)ps (5-10)
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S 2, CPT XNHRIEEAISR AT
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Figure 5-4 (A) f\H ,;\ﬁ ,j‘\H and jf\ﬁ yields versus L/fy. The vertical error bars represent
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the statistical uncertainties only. (B) Our measured f\H ,%ﬁ ,‘/‘\H and ?\ﬁ lifetimes
compared with world data [44, 71, 84, 91, 93—-103] and theoretical predictions [104-109]
(solid triangles). Error bars and boxes represent statistical and systematic uncertainties,
respectively. Solid vertical lines with shaded regions show the average lifetimes of f\H and
j‘\H and their corresponding uncertainties calculated from previous results. The vertical

gray line shows the lifetime of the free A[110].
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a5 R Rl _ETFaREI SR BRI, dn ZEHTER 2> R G R R AR .
R SR THANERNRGIRE.

Table 5-1 Systematic uncertainties on (anti)hypernucleus lifetimes.

Sources GH) tGH GH) tGH)
Track reconstruction 2.8% 89% 155% 16.8%
Topological selection 4.5% 73% 11.9% 10.5%
Signal extraction 04% 05% 24% 3.8%

Total 54% 11.6% 19.7% 20.1%
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Figure 6-1 f\H\ ?_\ﬁ\ He and *He signal distribution in the p, — y phase space. Red boxes mark

the phase space range of yield ratio measurement.
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Figure 6-2 The invarant mass distribution of JH , %ﬁ ,%H and j.\ﬁ in phase space range|y| <
0.7,0.7 < py/M < 1.5. The signal of f\H and f.\ﬁ have been corrected by efficiency count-

by-count.

% 6-1 TERP BN |y] < 0.7, 0.7 < p,/M < 1.5 AR/ MABMEEMHT, JH . 2H .
“H A j{ﬁ RIAZR R B 1 S 5 AR
Table 6-1 The 3 H , f.\ﬁ ,+H and ‘}\ﬁ invarant mass distribution signal and background counts

in the measured phase space |y| < 0.7, 0.7 < p;/M < 1.5 with minimum bias triggered

events.
Collision systems f\H f’_\ﬁ f\H f_\ﬁ
Total Ngig 606+42 317+31 133+4.1 83+33
Np, 11456 605+5 39+03 27x03

AutAu, U+U  Ng;, 207427 8919 - -
517+5 267+4 - -
Zr+Zr,Ru+Ru  Ng;, 400+32 228+24 - -
627+4 339+3 - -
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X A=3 PR, HEBU pp 5 AT LUH Blast-Wave BREIUA [114]

2 R sinh cosh
L &N [ rarmgr,y (PP g (2 S05RP) (6-2)

K p =tanh ' [B(/RM)], n=1. KERFE R EELE 10fm MAS S5HE,
Io MKy #0052 TUBEIR R, my KL TR, my = \/m2 + p2o B, BT N E BT
BHH, Foor KER T IR AR . LA 4 R 63
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Figure 6-3 The p, spectra of 4 kinds of A=3 particles in the rapidity range |y| < 0.7.Due to
the combination of data sets from different collision systems, these yield spectra are not

normalized by the corresponding number of events.

W A=4 (RT, AR *He, *He, (H M TH HIBEN B A 5 “He,
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Lipy XA NP IR0, i 5-307R . P82 5 IR “He, *He, {H
M SH R ECHAT IR IE, DR 41. WilEl6-2ffom, \H A TH JRUGTHE B B
AN 315 . WEl6-4T7KR, “He, “He B9 JEGATHE EH REBTRRAE (i 22 ny, MY
T M*IQ* [~ Ai AT, (XA —4) “He 81 *He V5 4%, CZRRILS)
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MTE |n,| < 3 TGRS M2/Q% il b, (B Student's-t HAHLE (O
A-3 A (RO Z-4 MTHURIG R -4 40

T \H. SH. \H A TH BRS55 A2 H 0TR, *He. *He. *He 1 *He P4l
Bemdl, AT JHL SHL (H R SH B84 & 54853 S oo SO R AT
TAEIE, RXELFGRAR S BIE () Z% R EBISIER6-2

£ 62 EARMNBE RGP, HABKNFHAEZIEENSE=HILE. Xdh JHAH
EF PR S SCHR 0.25, (H A AH B ARES IR 0.5, RENKE
PRI BT A B R SCHHIRE .

Table 6-2 Fraction of (anti)helium nuclei from the weak decays of (anti)hypernuclei in different
collision systems. Where j\H and f.\ﬁ use 0.25 as the two-body decay branching ratio ,
j‘\H and %ﬁ use 0.5 as the two-body decay branching ratio. The error of the decay

branching ratio is not consider.

Collision systems *He SHe “He “He
Total (4.3+0.8)% A9+1.)% (29+12)% (42+21)%
Au+Au, U+U  (58.5+1.7)% (6.2+2.5)% - -
Zr+7Zr,Ru+Ru  (3.6x1.00% (4.0£1.5)% - -
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6.2 BRFimE

AT R B R GUR ZE R IR A S TR S 3 P R G e i R GR E I =
FRYR: AR ERE R R GIEAFENE . TR IR e £ 2200 () B
ZEICRRGEAMENE . WA R PRI () MZAE S 78 R 5 A1
EVE. BRILZANEEIIN—FORIE:  (Antihelium yields. JEFHLER (%) =
PR RGE A ENE, ISR (dE/dx) 15N R S ACE I Z AR AR T

DCA B kAL T

M ARG M BN LIRS TRk~ F 5 FF J7 . ASFSRIEF= B L ) R 48
R Tk R S E R 6-3 1R 6-4 7,

R 63 AAMERSGR T HLLERNRARE. MT A=4 KRLRT, BTHEHE
BN, BRBRBERMSEHEIH N ZEEN Y BN ESETT BN, LG
FMARGREFAMLG—MAIRE TAKE TR, BHGREANERE. XERAN
WH A=4 KHLT5 A=3 KR TAHUKRRE, BT AR TR ALK R R RER

HR

Table 6-3 Systematic uncertainties on yield ratios in all measured collision systems. For those

particles with A=4, because their statistics are lower, changing the track quality cut or

topology cut of track reconstruction will obviously affect their statistics and yield. At this

time, a considerable part of the systematical error comes from the contribution of sta-

tistical fluctuation, so the calculation is not accurate. Here again, we expect the particles

with A=4 to have similar characteristic with the particles with A=3, so we can suppose

that they will have similar systematical error contributions.

e 4Oe °H ‘H 3 4 SH ‘H
Sources ig—e j% £ 4 3AI—II{ 4AI—II{ - A
( ( AH AH € € 3He 4He
Track reconstruction 0.6% 0.6% 12.6% 12.6% 58% 5.8% 10.8% 10.8%
Topological selection 0.6% 0.6% 11.4% 11.4% 3.8% 3.8% 13.7% 13.7%
Signal extraction 0.1% 222% 19% 463% 6.0% 204% 82% 49.9%
(Anti)helium yields  03% 03% - - 34% 34% 32% 3.2%
Total 09% 222% 17.1% 493% 98% 21.8% 19.5% 52.9%

65



AR 1 5 B PR P S TR A 4 HL IR IS5

X 6-4 KAHE RS (Au+Au f U+U) H5/EERS (Isobar) KR FRegib i REIRE .

Table 6-4 Systematic uncertainties on yield ratios in big and small collision systems.

Au+Au, U+U  Zr+Zr, Ru+Ru

JH °H H 3H

A A A A
Sources SHe  sHe  *He sHe

Track reconstruction 8.1% 27.0% 3.6% 4.9%
Topological selection 7.0% 28.9% 3.7% 7.9%

Signal extraction 151% 183% 3.0% 0.6%
(Anti)helium yields 4.2% 3.5% 3.8% 1.9%
Total 19.0% 43.7% 71% 9.5%

6.3 RIF/EEEERRITIR

B 6-5 for 1 A AR T AL b, JF HL S Z R I SEERAE (44, 61,71, 116] BLK
GULT- AR 45 BEAT LR [111]. HePHe. “Her*He Fil (HAH MILLE S 2 HHY
STAR U 45 AR W) 5 [44, 611 X JH He A1 S H He ths, iy T it A
i RGRBHBIE [117], ATBE S HEBRI (U+U, AutAu) BN (Ze+Zr,
Ru+Ru) RGEHHHEAT TR, DES S IR S5 AT e B U+U A
Au+Au RlifiE RZEHT L H He Al S HAHe LUK L2 BTHY STAR 4452 [44] 731K 2.8
190,

H T i R G T HONIE, R RS AT IEE T, Bk
0 A S - SR TR S AR T 1. JUAR *He/*He A JH/AH LU 5
*He/*He x p/p Al SHAH X p/p ML & Al — 8. XTE (R) Al () AL )
AR [112, 113] MGk AR [111] v v LUBORHRN I, R iX A L 26
[84, 118] XF LA 43T F1 43 BEAE B T80 2 5 FERT e (4 o R AR R o 3X 75 )5
H—MERIGR, ERAERS, B L R E T8 ], T
“He/*He I L *He/*He S, 145 *He/*He x n/n 21T, 1 51256 Hh A0 Wl 5t op -7
=4, A AHENA n/n ~ p/p < 1.

WT () BI/(R) B, JH He, SH/He, {H/*He il $H/*He, #7500
TESy TRV REZ (AR s %5 5% BOUNAE HP He 5 {H/ He L, LUK HPHe 5
*H/*He Lb 2 B2 AR I .\ H/He A1 S H He Hh 1 e 28 AR T,
HFTHIZEE A = £3(R) A (R) I E TR 1/2. AT, 5 3H A, (H
(e O AT | A5 H0A LIS &R, BIAEERE R VRIS ASE . FiT e
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Figure 6-5 Production yield ratios of various particles with the same baryon number. Results
combining all collision systems in this work are shown by filled stars. Open stars show
results with only U+U and Au+Au collisions, while quadrangular stars show results with
only Zr+Zr and Ru+Ru collisions. Statistical uncertainties and systematic uncertainties
are shown by vertical bars and boxes, respectively. Previous measurement results[44, 61,

71, 116] and thermal model predictions[111] are also shown for comparison.
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NHAFEABEN 11025, HARERMIFEEN 3, REREERRI AN 0 Mis. 5H
A E S 0 RIS [84] 1 *He Al *He AL, X ¥ AHIIREK) \H A TH P Hid .
PR, MR SR AL, {H/ He A1 SH/'He Biit /3 AL JHAHe A1 S H/ He # 4 £
ki X5 E6-5HTREIN RS KB & -

B I k77 2E BB S e VSR [111] fUB S5 REEAT 1 L. )8
) ESCHRBA TH ASH B R F RN, SR ) A AR S AI7E El6-5
W B 2 WA AR AT, U S S H He L RABSERL [ T 45 FEME A . i 2 5,
AR EAELERTE, AR S H H He (0454 BETE /D [115] M0 R B0 KR
B (1171,
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Figure 7-1 j‘\H and f\He energy level diagram. Each energy level is labeled with its correspond-
ing bound energy. The binding energy of the ground state of j‘\He is slightly larger than

j‘\H, and there is an excited state with spin 1.
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Figure 7-2 The yields of light nuclei and light anti-nuclei as a function of the baryons number.
The measurement from gold-gold collision at \/m =200GeV/u of STAR[61, 119, 120].
The measured values corresponding to the p,/| B|=0.875GeV/c, yis rapidity, (anti-)triton
are not included. Exponential function x ¢~"/!%! is used to fit it in yellow solid line (particle)

and blue dash lines (anti-particle).
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Figure 7-3 The yields of light nuclei, hypernuclei and their corresponding antiparticles calcu-

lated by thermal model as a function of the collision energy[111].
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