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History of Anti-matter Discovery

S —
- AT %H  P.A.M. Dirac, The Quantum Theory of the Electron. Proc. Roy.
< 4- He Soc. Lond. A 117, 610 (1928);
O - 3 - 3ﬁ * C.D.Anderson : Positron was discoveryed in 1932;
> af He t A -
o 3 A
) B - * In 2010, RHIC-STAR: ~70 anti-hypertriton candidates;
‘J)’ - d * |n 2011, RHIC-STAR: 15 counts of anti-Helium4.
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« Science 328, 58 (2010) * Nature 473, 353 (2011)
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Motivation

CPT theorem: A particle and its corresponding antimatter particle to have the same properties. (mass,
lifetime , and interaction etc.)

Our current knowledge is that the initial Universe should have contained equal amounts of matter and
antimatter (Baryon-Symmetric Universe, BSU). But our Universe is the matter-dominated (Baryon-
Asymmetric Universe, BAU ) world today, whose source is not completely understood so far.

Comparing the mass or lifetime of a particle and its corresponding antiparticle is an important experimental
way to test the CPT symmetry.
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Particle Mass [GeV]

Motivation

3'2: - The ALICE and STAR experiments reported that
3 —Ag— iH - %ﬁ there is no significant mass (binding energy)
E . ; g difference between d and dbar, He3 and anti-He3,
2.8—@ A—, He - "He H3L and anti-H3L.
2.6 | Hypernucleus lifetimes also can be used to test
K \ the CPT symmetry. In 2023, ALICE also publish
2'4:— . their new precise lifetime difference
- —@- ALICE 2015 . measurement between H3L and anti-H3L.
" |4 STAR 2019 S Tl | B .
2| ! ——— = [3 £+ 7(stat) + 4(syst)] x 10
- |- ALICE 2023 e d-d P
1.8— '
B TR T T - — (!) —— 35005 6001 " ooo15 In 2015, STAR published the correlation function
A(ml|q|)/(ml]q]) of p_bar-p_bar. There is no difference with p-p
* Nature Phys. 11 (2015) 10, 811-814 correlation function.

* Nature Phys. VOL 16, April 2020, 409-412
* PHYSICAL REVIEW LETTERS 131, 102302 (2023)
* Nature volume 527, pages345—348 (2015)
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Motivation
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The ALICE and STAR experiments reported that
there is no significant mass (binding energy)
difference between d and dbar, He3 and anti-He3,
H3L and anti-H3L.
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| | In 2015, STAR published the correlation function
" e of p_bar-p_bar. There is no difference with p-p

Nature Phys. 11 (2015) 10, 811-814 correlation function.
Nature Phys. VOL 16, April 2020, 409-412

PHYSICAL REVIEW LETTERS 131, 102302 (2023)
Nature volume 527, pages345-348 (2015)
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Motivation

* Nuclei are abundant in the universe, but antinuclei heavier than antiproton

have been observed only at accelerators.
* 12 years after discovering * 7z, can we find heavier anti-(hyper)nuclei? Can

we find * /7 ?

2010: JH 2011: “He now? ‘H
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STAR Detector and Data Sets

Time Projection Chamber (TPC)

e Charged particle tracking

* Momentum reconstruction

* Particle identification from energy

loss (dE/dx vs. p/Q)

Time of Flight (TOF)

* Particle identification with M2/Q?

The -olenoidal rackel
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STAR Detector and Data Sets

data set year N events
AuAu@200 GeV 2010 ~606 M
AuAu@200 GeV 2011 ~626 M
UU@193GeV 2012 ~512 M
ZrZr+RuRu(lsobar)@200GeV 2018 ~4.7 B

e Use as many triggers as possible to find signal and measure lifetime
e Use minimum bias trigger (in red) for yield ratios measurement

2025-1-14 ATHIC2025-Junlin Wu

Trigger:

Minimum bias trigger
Central trigger
Electromagnetic and hadronic

triggers




(dE/dx) (KeV cm™)

Particle Identification and Reconstruction

n (*He)

_5 1 1 ] 1 1 1 I I
1.0 1.5 20 25 3.0 35 4.0 45 5.0
m?/Z2 (GeV? c™) m?/Z2 (GeV? c™)

| | | T | | | |
10 15 2.0 25 3.0 3.5 4.0 45 5.0

Rigidity p/Z (GeV ¢c™)

3 3 — 4 4 — ¢ 3HePID: (Q<0 || p>2.) && |no3He | <3 && (if TOF matched,
AH_) He_l_ﬂ- AH_) He+ 7 1<M2/Q2<3); )
3T — N _ S * “4HePID: (Q<0 || p>2.) && |no*He|<3 && ( |no3He[>3.5 | |
~H— He+nx K4H_) He+ 1" 2.8<M?/Q2<4.1));

* TIPID: |nog|<3;
10
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Particle Identification and Reconstruction

* KF(Kalman Filter) Particle package and rotation

A B \ TR background are used.
\ \ [ / g .
: VEAVANR VAN * Topology cuts obtained by optimizing ;H
I\ W\l 47 /4 significance (blind for /H and +H );
\ | J
I s 3/4
R o e He
= = : \ 3/4H
T by .
e o.Ml :
7, ' f
‘7 A 4 \/:I 2
i“ \\\i! \} \ X\ . .. DCAHe—pi(_’ anf
7=l Y ‘:ﬁ:“‘; AN S 7
R o+ ’

*ifn Pty RO
S - T Decay Length: L
He

2
DCAy— X primary

2
DCAje— He Zprimary

Science 328, 58 (2010)
Primary \‘ DCAyy— Xiopo
Vertex
| b D ) { I | b ) 1
| i | y2 | | y2 i | i | |
: Particle ! X prim He X prim ! X ndf ! X topo : L/dl- ! L : He DCA !
- 3 ——————— 4-]. —————————— B R I e e L B R I 1
1 1 I 1 1 1 1 1 1
“Hg H | <2000 ' >10 | <5 <2 ' >3.5 ' >3.4cm ' <1cm :
370 4ATT om0 A T R e :
wH& H '+ <2000 ' >10 ' <5 1 <3 + >3.5 ' >3.4cm - !
* S Gorbunov and I. Kisel, Reconstruction of decayed particles based on the Kalman filter. CBM-SOFT-note-2007-003, 7 May 2007
e KF Particle Finder — M. Zyzak, “Online selection of short-lived particles on many-core computer architectures in the CBM experiment at FAIR,” Dissertation thesis, Goethe University of Frankfurt, 2016, 11
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Counts

Counts

Particle Identification and Reconstruction
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[ STAR Ng;g: 94159
-3y ‘ Ng,: 2493+ 7
LA Z iiga 178
+ Zopape: 23.4
¢ ¢+ Signal candidates

—— Rotated background

'shape”
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*He + 7 invariant mass (GeV/c?)
f STAR Ng,,: 24.4:6.1
4 Ng,: 12.6+0.6
AH ZCOunt: 5-6
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T
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3.9 3.95
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Counts

800F

STAR Ngg: 637::49
3 4 Nagi 173856
- KH Zcount: 14.5
l Z,...183
295 3 305 3.

*He + n* invariant mass (GeV/c?)

10}

STAR N+ 15.6:4.7
L 475 Ng,: 6.4+0.4
KH Z 4.8
i Zpopet 4.7

I *ﬂ ,
1 uilll AL AL SR
3.9

3.9 4
“He + n* invariant mass (GeV/c?)

K4H is the heaviest antihypernuclei
observed in laboratory!
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Got 15.6 candidates of X“ﬁand their significance reached
4.7.

N_sig/sqrt(N_bg) or N_sig/sqrt(N_sig+N_bg) is not work
when N_sig<<N_bg doesn't hold. In general, calculating
significance requires calculating Likelihood function ratios
between the pure background hypothesis and signal +
background hypothesis asymptotic formula.

Rotation background and Gauss shape signal.

In this way, we use RooStats()::AsymptoticCalculator()
calculate the significance as Z_shape.

Specially, In the counting experiment, the counts follow a
Poisson distribution, and we already know the N_sig and
N_bg, the significance is calculated by the formula

o

N.S':'g

Zmum = \/2 [(N.S‘:'g * Nﬂg) In (1 * N

Bg

12



Lifetime Measurements
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L/By (cm)
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x — This work
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| PRL(2022)
" - NPA(2013)
*H - NPA(1995)
— NPA(1992)
m PR(1969)
L PR(1964)
A EPJ(2022)
3., 35 0 PRL(2023)
AH+ZH — PLB(2019)
O PRC(2018)
—=gE— Science(2010)|
iH =0 This work
—— This work
- PRL(2022)
o PLB(2016)
—o— NPA(2013)
& NPA(1992)
—— NPB(1973)
3y -e— NPB(1970)
A — PRD(1970)
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Decay time: t=1/By

Efficiency corrected

Well described by the exponential
function: N(t)=Nge-/Byct

TH ~ T:{ =16 £ 43(stat.) £ 20(sys.) ps
& A

TiH ~ Ti{ =18 £ 115(stat.) + 46(sys.) ps

4
A

No lifetime difference within
uncertainties!
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Yield Ratios Measurement

This Analysis Au+Au, U+U, Zr+Zr, Ru+R .
s Th:: AR:I;::Z AﬂIAE, U:U R * STAR Science 2010: AU+AU@ZOOGGV
B i This Analysis Zr+Zr, Ru+Ru
O STAR Au+Au Science(2010) * STAR Nature 2011: Au+tAu@200GeV
A STAR Au+Au Nature(2011) X
¢ STAR Au+Au PRC(2009) — N e ALICE PLB: Pb+Pb@2.76TeV
4| O ALICE Pb+Pb PLB(2016)
. —— Thermal Model o .
- T=164MeV p_=24MeV X 5 Thermal Model:
s | | | T=164MeV, ug=24MeV
m —
o b | #J  B.R.:25%for ,H 2 body decay
~ A
i i N | * B.R.:50% for 'H 2body decay
?{; I; * Phase space of this analysis: 0.7<p;/M<1.5,
. + |rapidity|<0.7
Scince 328, 58 (2010)
10-1 ! | | | | | | | | | Nature 473, 353-356 (2011)
g me— = go— 3H SH= AH 32 4 SH A = Phys. Rev. Lett. 97, 152301
He 3He% :He 2 x% 2 3AH 4AH = A % Phys. Lett. B 754(2016)360~372
He “He He H H AH “He “He °He “He e Phys. Lett. B 697.3 (2011)
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Yield Ratios Measurement

¥ This Analysis AutAu, U+U, Zr+Zr, Ru+Ru For the ratios of anti-matter over matter:
i This Analysis Au+Au, U+U
- This Analysis Zr+Zr, Ru+Ru
o) gﬁg ﬁu+ﬁu ﬁcienc&(gﬂ)o) * Qur results are consistent with thermal
A u+Au Nature X -
& STAR Au+Au PRC(2009) 0 — model and STAR measurement in 2010 and
| O ALICE Pb+Pb PLB(2016) 2011
1™ ___ Thermal Model :
- T=164MeV 1_=24MeV X &
o | 4. /4 3 /3 =
5 [ | | #] He/“He ~ “He/°He X p/p
X 47T /4 3T /3 -
s «*» 4 _* iH/A{H ~3H/{H x p/p
i ¥ I | fﬁ‘]
10-' L | : +——o —+ | | L L |
‘He ‘He P ‘He ks /THXE H| JH 3H 3 AP
°He *He P “He 3H 3HP %H| °He “He °He *He P
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Yield Ratios Measurement

X This Analysis Au+Au, U+U, Zr+Zr, Ru+Ru
i This Analysis Au+Au, U+U
— This Analysis Zr+Zr, Ru+Ru . . . .
5 STAR Aui’Au Science(2010) For the ratios of (anti-)hypernuclei over (anti-
A STAR Au+Au Nature(2011) X )nuclei'
& STAR Au+Au PRC(2009) i —— :
4L O ALICE Pb+Pb PLB(2016) * The Au+Au and U+U results constitute a fair
. —— Thermal Model . . ]
- T=164MeV p_=24MeV & comparison to previous results in Au+Au
2 t | and Pb+Pb collisions due to similar system
© .
X [ | #] sizes.
I | + i B * The newly measured [H/’He and
| * 1 — /33— .
T | | % A3H/ He are lower than previous STAR
i ?T; I; measurements by 2.8 and 1.9 o.
101 | | N — | : : : | |
_ e — | i — 413 40 —
‘He *He P “He 0 x1p zH| iH 2H il
p He Y

3
A
He *He' P “*He 3H °*H P “H| *He “He 3%He *
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Yield Ratios Measurement

This Analysis Au+Au, U+U, Zr+Zr, Ru+Ru For the ratios of (anti-)hypernuclei over (anti-

This Analysis Au+Au, U+U )nuclei'
This Analysis Zr+Zr, Ru+Ru )
STAR Au+Au Science(2010) e With all the collision systems combined,
STAR Au+Au Nature(2011) X
STAR Au+Au PRC(2009) —_l
ALICE Pb+Pb PLB(2016)
1™ Thermal Model

I
0< > O

‘H/*He ~ 4 x 3H/°He
i | %ﬁ/‘ﬁlﬁé ~ 4 X %ﬁ/:‘%

%
A T PRI .
v

T=164MeV HB=24M9V e

I

Ratio

o

Bn[MeV]  He+A

1+ 0.942 £ 0.036

1+ 1.081 % 0.046 1.405 + 0.003
{> /7 1088£0019 5, sHe 1/

10" 3o g 2

| ! || |
—— S— - H 3_
‘He *He P *He 1 0P zH |[AH H
He *He P “He 3H 3HP “%H |°He “*He °He *

Rl R
e
Tl —

0* 2.169 + 0.042

0* 2.347 £ 0.036
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Summary

* 15.6 signal candidates of K“ﬁ observed, with significance of 4.7 O.

ol : . ~T . Ta. RT.,—
Lifetimes of hypernuclei are measured: TEH Z'A3H, ap 4

* Various anti-particle or particle ratios are presented. Consistent with

coalescence picture and thermal model. ‘He/“He ~ 3He/*He x p/p
e This work has been published in j{ﬁ/iH ~ %ﬁ/iH X p/p
Nature volume 632, pages1026—1031 (2024) iH /4He ~ 4 X iH/ 3He
15_STAR Ng: 15.654.7 — WS
A ’ “H/*He ~ 4 x H/°He
j ¥
oLt 39 '+'I”“?t.§5'+ '+Hi'

“He + n* invariant mass (GeV/c?)
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Thank you for your attention!
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p_[GeV/c]

p_[GeVi/c]

T

Back Up: Yield Ratios Measurement - Phase Space

7 7r
""" 10° f—
5E -
T
4 10° >
o)
3R =
= o f
2 10 -
10 = i i
: _ : * Yield measurement in phase
D_IIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIII 1 D_I II II 1 IIIIIIIIIIlIIIlIIIIIII
-1 -08 06 04 02 0 02 04 06 08 1 -1 -08 06 04 02 0 02 04 06 08 1 .
Rapidity Rapidity space region : 0.7<p;/M<1.5,
5 _ 5t | rapidity|<0.7
C 3 ; C
g @ " - L & . 61—
E- ?\H w 2 g [ ] .-I 2 ? [ ] E
5:_- ] = e - i sE
i . T f
4 = > 4-
k| - o C
. 0 _C
3[ = 3[
- a L
2F 2
1F 1E
D:IIIIIII|III|IIIIIIIIIIIIIIIIIIIIIIIIIII D:IIIIIIIIIIIIIII|III|III|III|III|III|III
-1 -08 -06 04 -02 0 02 04 06 0B 1 -1 -08-06 04 02 0 02 04 06 08 1
Rapidity Rapidity
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Back Up: Yield Ratios Measurement - A = 3 Particles

E
= STAR Collaboration
— Au+Au@200GeV in 2010 and 2011, U+U@193GeV in 2012
< 10' e Zr+Zr@200GeV in 2018, Ru+Ru@200GeV in 2018
= — :
%) [
o 10°Eg
e —
-OI— 102 =
. =
© =
o B
e 10 | —4+— JH, IyI<0.7, minimum bias
(q\| —
E — —‘f— H, |y|<0.7, minimum bias -
B ks
A
© 1| —9— °He, |y|<0.7, minimum bias \ =
- o s
» —&+—  °He, |y|<0.7, minimum bias \‘\
1 0—1 1 1 L 1 I 1 1 L 1 II || 1 1 1 I 1 1 1 L | 1 1 1 1 | 1 XI
0 1 2 3 4 o §)
p_(GeV)
Blast Wave function fit:
2 .
1 d°N R sinh m.. cosh
oc_[ rdrml Pr P | =+ L
0
27p; dp,dy T T
* Physical Review C Volume48, Number5, 1993
2025-1-14 ATHIC2025-Junlin Wu

© 3He “He <#hd -YEEIds are
obtained by integrating over the

measured p; spectrum.
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Back Up: Yield Ratios Measurement - A = 4 Particles

2025-1-14

l EIIII!IIIijIIH!IIII|IIII!IIII!IIII|IIII|IIII

‘He Au+Au@200GeV 2011
erage Efficiency:359%

I -I—H—H-Ill

‘He Purity =81.6 %
M?Q? Range: 2.8~4.1(GeV/c?)?
STAR Preliminary

YETTRTEE 3T 884U 5 BE e

M/Q? [(GeV/c?)?]

s =H S:8.3:3.3 B:2.740.2

= S/{S+B: 2.5

LS + Candidates _+

6 — Rotation equiv. Gauss N : 3.7
a 55_ background ) minimum bias trigger
S, STAR Preliminary 0.7<pT/M<L5, |y|<0.7
o E

3=

2:

1

NP, .- ] Pl I PO SRR SRR | B PO S I PRTRIN I S AR U B PR N
86~ 388 39 392 394 396 398 4

e + 7* invariant mass (GeV/c?)

* For A =4 particles, the yields are too low to
obtain a p;spectrum.

* An average efficiency is obtained for the whole
measured p; range, assuming Blast Wave
functional shape with the same T and [ as

those of A = 3 particles.
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Back Up: ALICE A=4 antimatter hypernuclei

L UL L IIII|IIII|I||||IIII|II|| —IIIIIIIIIIII||II1|I'II||FIII|iIII||I||I|_

c_:tl._g 8 ALICE = ‘:'5._3 10~ ALICE i
= B 0-10% F'b—F'b lJ_ 502TevV 3§ > = 0-10% Pb-Pb m =502 TeV 4
(‘B i ‘He —» °He+p+n' — (‘1_,-)’ g *H— *He+n’ -
& [y|<0 5 3 8 [ lv| <05 i
c(% 6F local p-value: 2.73 x 10°* ERPTE local p-value: 4.26 x 10 .
o 53_ Significance: 3.5¢ q © K Significance: 4.5¢ B
e = 1 S 6 i 9
=2 4k " q 2 } -
= C o [ il
7)) 3 oK I n 4 e i
Wt C _ o = =
= - - o B &
- E 3 =
o 2p R H 2 »2H e |
O F 3 O <L i
1; ] ‘ —— —— l —e— -—u‘—-_
0_ T 1 'I 1 1 111 1 | 111 1 | I TL_‘I | | ‘_Ll | [ 1_: 0 . = 11 1 1! I 1 l| [ 11 1 7 1 1 T
389 39 391 392 393 394 3 95 3. 96 3.97 389 39 391 392 393 394 3 95 3. 96 3.97
2 2
Mse. . (GEVICT) M., .. (GeVicY)
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