8 Ty smRT

University of Chinese Academy of Sciences

E%%W%#E%E@mﬁm
AR

VAN — —
=R
wujunlin@ucas.ac.cn

PERZFERRF
2026.07.09

Junlin Wu for UCAS


mailto:wujunlin@impcas.ac.cn

F—abn: &=
: RYIR
AZIMFNE SR
SR



FRFEENt

A
@
v
—
@
=
[=
=
3
=
i
7]
.-
>
v
=
-
o
=]
w
=
-
-
m
(= 4
|

0 1072Sec 1 Second 300,000 Years 1 Billion Years 12-15 Billion Years

2026-7-9

Quark Soup
Parting Company
First Galaxies
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Age of the Universe

IERYIERMERAER, BFAITEERY
FHZAMYIREEHIEYIEAREY,
HIRBE MR RIS DR IR,
EFEHKIBENEFIRAT:

BSU (Baryon-Symmetric Universe)
or

BAU (Baryon-Asymmetric Universe)
?

Sakharov's conditions:
1. Baryon Number Violation
2. C, CP, CPT Violation

10000000001 s 3. Departure from Thermal Equilibrium
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IEBRFRIRIR (FRAIFEZECN)

« P.A.M. Dirac, The Quantum Theory of the Electron. Proc. Roy.
Soc. Lond. A 117, 610 (1928): Skf T2 5 TEHE AEEREE=+p2+m2,

- XBFE BN HT R B R H R U
C. D. Anderson 1932 FRAZEEFEHEFT AN 7 RET;

Paul Dirac

Anderson BT A RFBF
RN ==RA.

S ‘ Science 76(1932) 238-239
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REFHIZIR (FHARFRIGLIL)

Sl e i Phys. Rev. 100 (1955) 947-950.
2.5 e 4  Reported by Chamberlain, Segre, Wiegand and
/ {\ _ Ypsilantis in 1955.
/ \ « The Bevatron at the University of California Radiation
m | ] Laboratory (now Berkeley Lab) was designed with the
Lof - search for antiprotons.
il } * Proton beam energy at 6.5GeV and Copper target.
F ~ « Time-of-flight counters and Cerenkov detectors, was to
%85 | o5 100 105 Lo .25 distinguish antiprotons from Tt-.
RATIO OF MASS TO PROTON MASS
i, Phys. Rev. 101 (1956) 909-910.
pion,

Selected by a magnetic spectrometer
Traversed a copper absorber
Stopped inside the emulsion

A sample annihilation vertex

antlproton \,-9

e

proton (______,_—_-

100 um




REZRIAI (BRHIRFRALIE

)

Whether antinucleons could form antinuclei?
Are their properties identical to those of their matter partners?

rrrr-rr*‘r— e '“"'"

CORRELATION PLOT |

« Alternating Gradient Synchrotron (AGS) at Brookhaven

40 ek W National Laboratory
' ¢ » Dorfan, Eades, Lederman, Lee and Ting in 1965
P TR . | + 30 GeV protons on a Beryllium target (p-Be)
3 2- | - 21 antideuteron candidates
u R, s, A  a similar p+Be experiment at the CERN Proton
; *2_‘*‘" o ¥ '_"jr___’-f' ) Synchrotron, also reported an observation of
- antideuterons later

Phys. Rev. Lett. 14 (1965) 999—1003
Phys. Rev. Lett. 14 (1965) 1003—1006
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REZRIAI (BRHIRFRALIE

)

In 1960s, many experiments searched antimatter nuclei.

« 70 GeV synchrotron at the Institute of High Energy Physics, Protvino (Serpukhov), USSR(1967)

 CERN Intersecting Storage Rings the first proton-proton collisions at the ISR (53 GeV, 1971)

» the US National Accelerator Laboratory (NAL) in lllinois (later renamed Fermilab) (200-300GeV,
1972)

anti-He-3 was discovered in 1970 in Serpukhov ~ 5 candidates in p+Al
anti-Triton was discovered in 1974 in Serpukhov ~ 4 candidates in p+Al

;
F E A=-3 antimatter nuclei yield much low in proton beam

i 1 experiment.:

104 |- | » Threshold kinetic energy: A=-1is 5.6GeV; A=-2is 15GeV,
2 g0 - - A=-3 is 28GeV
& i N » Coalescence Penalty Factor pa(Ap) x pﬁzl(p)

(1l = » Small system.

10" |- -

1075 4 > 3 4

Atomic Number
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Discovery year

hadronic phase

QGP and and freeze-out

initial state hydrodynamic expansion

v

pre-equilibrium hadronization

The heavy ion collision experiment is a large system,

which has increased the yield of anti-matter nuclei.
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Figure 3. A schematic of the ALICE detector.
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Science, 2010,328:58-62
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Nature,2011,473:353
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151 aq Ng,: 6.4+0.4

: K Zcount: 4.8

w ¢ 2, 47

e 10 P

-

)

&/

Decay Length: L

-y

8L AL TN 8L

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

2,
D CA1T — ”Z primary

¥ 2H 4He
g 4 e - Kalman Filter Arithmetic
E 3 A  |sobar Data
7 ok d ZrZr+RuRu(lsobar)@200GeV ~4.6B
= fe A « Combine with AuAu and UU system
P « Excited state
0~~4940 1960 1980 2000 2020

Discovery year

2026-7-9 Junlin Wu for UCAS 12



RIEHZRIZIN (FR4

2026-7-9

Pb+Pb collisions at Vsy=5.02TeV

Excited state

Counts / (0.0036 GeV/c?)

AEEE i S hllfEsLd)

Phys. Rev. Lett. 2025, 134, 162301.

T R B e e L e
8F- ALICE 3 10~ ALICE ]

g 0-10% Pb—Pb (5, =5.02 TeV ] C 0-10% Pb—Pb (5= 5.02 TeV ]
7 He » *He+p+n* ERCNE H- ‘He+n 7]
aF. yl<0.5 ElR-R <05 o

E local p-value: 2.73 x 107 1 @ local p-value: 4.26 x 10 -
sE Significance: 3.5¢ 3 O 6_— Significance: 4.5¢ ]
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SIS CPTYIFRTE

. 5 B ALICE #1 STARSCIRAS T7ERIZ-R A%,
3 —ig— H-ZH S3-R&E3. H- (HZ2E, BERENEE
B : 3 3 (% %\E) %ﬂ‘l‘o
< 28— A He - "He
S I 5 B S AT AT RIS CPTIIRRE,
a 200 : 2023’EE ALICE1‘|_3,7,€2=ET3H 5 HEwmER
Q — 1
S [ |-@ ALICE 2015 !
% 22— i T?\H N T_;H -2
& L |4 crars01s ! — = 3 + 7(stat) £ 4(syst)| x 10
21— : AH
- |- ALICE 2023 + d-d
S D fE20154F, STAR@E%L&F?&F?Z
_0.0015 —0.001 —0.0005 0 0.0005  0.001  0.0015 g Rk
R e, BB TS, HERT-RPOXHR
BZE5,
- Nature Phys. 11 (2015) 10, 811-814
» Nature Phys. VOL 16, April 2020, 409-412
« PHYSICAL REVIEW LETTERS 131, 102302 (2023)
» Nature volume 527, pages345-348 (2015)
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» |s the method for extracting resonant nuclear
signal correct?

« Why is the yield of anti-Li-4 much lower than
that of anti-He-47?

2026-7-9

Giorgio Alberto Lucia
on behalf of the ALICE Collaboration in SQMZ2026
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Motivation
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B o _ @5‘ e ]
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Present systematic studies of light nuclei

production at +/ = 3 GeV, extending published

results on stable light nuclei (STAR Collaboration,
Physical Review C 110, 0564911 (2024)).
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Motivation
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2374
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3
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OLi+d-t

-3.91
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Fig. 2. Energy levels of °Li, extended R-matrix prescription (see Table 5.3). For notation see Fig. 1.

2. Thermal production v.s.
coalescence v.s. other possible
mechanisms.

To further understand the
production mechanisms of light
nuclei via resonance state point
view.

The mass of the resonance
state is higher than the sum of
its components.

Resonance states are mostly
produced by elastic scattering.



Motivation

3. Unstable light nuclei will decay, which allows us to measure their polarization or Spin Alignment.
This analysis will be the basis of polarization measurement.

I "] * 0 (yl<1.0and 1.2 <p; <5.4 GeVc)

& - L
- i . 0 1.0and 1.0 < p; < 5.0 GeV ¢™)
Py L - 0.40 - ° K< T
K o S _» Nuclear 8 /\ and anti /\ - I — GY=4.64+0.73m?
. o ragments ' polarization i
¢ meson ﬁ. g/ 6 -
. 0.35
Py
I

o
I

/ i 7 0.30 — *
# i | I $¢andK0
K0 meson @ TR < ! i”cﬁ - - Spin Alignment.
S ®) | o% STAR (Au+Au and 20-60% centrality)
¥ Nuclear X . I 0ig3 __ 0 ¥¢ ALICE (Pb+Pb and 10-50% centrality)
> fragments " L - II| 1 1 1 |||||| 1 1 1 |||||| 1 O' 1

L1 1 1 T A 10! 102 108
2
10 10 Sy (GEV)

Nature volume 548, pages62—65 (2017) Nature volume 614, pages244—248 (2023)

* magnetic field
 Spin-orbit angular momentum coupling _ _
- QCD chirality symmetry EEEEsSs——)  Spin Physics
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Motivation

4. Unstable light nuclei will decay, which allows us to measure their polarization or Spin Alignment.
This analysis will be the basis of polarization measurement.

Global Spin Alignment of (Anti-)*Li in Non-Central Heavy-Ion Collisions ¢ H ow IS th e po I a rl Zatl on Of th e nu CI eon measu red ?
Yun-Peng Zheng,"2 Dai-Neng Liu,"2 Lie-Wen Chen,>* Jin-Hui Chen,"2t Che e 4Li S pl n Al |g nment ==>> nucleon pOIa rization

Ming Ko,* # Yu-Gang Ma, 2% Kai-Jia Sun,"2 % Jun Xu,>>** and Bo Zhou!-2- *

IKey Laboratory of Nuclear Physics and Ion-beam Application (MOE),
Institute of Modern Physics, Fudan University, Shanghai 200433, China

2Shanghai Research Center for Theoretical Nuclear Physics,
NSFC and Fudan University, Shanghai 200438, China dN l 2
3State Key Laboratory of Dark Matter Physics, Key Laboratory for Particle Astrophysics and Cosmology (MOE), _ l ?2 3 2 e * l
and Shanghai Key Laboratory for Particle Physics and Cosmology, R —_— — N CO S = .
School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China Sln 9* d e* 2 3

4Cyclotron Institute and Department of Physics and Astronomy,
Texas A&M University, College Station, Texas 77843, USA
58chool of Physics Science and Engineering, Tongji University, Shanghai 200092, China
(Dated: September 22, 2025)

Non-central heavy-ion collisions produce hot and dense nuclear matter with significant fluid vorticity, which
can induce global polarizations or alignments of particles with non-zero spins along the direction of the total or-
bital angular momentum. This phenomenon has been observed for hyperons and vector mesons in experiments.
In Lhe4present study, we demonstrate that polarized nucleons leag to glogbal spin alignment of thi unstable nu- R .
cleus “Li, which can be measured through its strong decays via “Li — "He + p. Assuming that “Li is formed B t A y pI q t *
through the coalescence of polarized nucleons at kinetic freeze-out, we obtain the angular distribution of the u Ve r SI m e u eS IO n *
daughter particle *He in the rest frame of the polarized 4Li. Taking kinetically freeze-out nucleons from an

isotropic and thermalized fireball of constant vorticity and including quantum corrections up to s in the coa- H OW to O btal n th e n u m be r Of 4 LI S I g n a I S?

lescence calculation through the Moyal star product, we find that the angular distribution of *He has a cos(26*)

dependence with 6* being its angle with respect to the quantization axis of “Li. We also find that the *He an- B f th 1 h 't t' I I I

gular distribution depends on both the vorticity and the polarization of kinetically freeze-out nucleons. Future e O re IS resea rC y I WaS S I u n C e a r-
measurements on the spin alignment of “Li in heavy-ion collisions thus offer a promising method to probe the

spin dynamics, vortical structure, and spin-dependent equation-of-state of the nuclear matter produced in these
collisions.

2026-7-9 Junlin Wu for UCAS 22



Particle Identification

-
o
)

W
o

 4Li and °Li Reconstruction channels:
e 4Li—>3He +p (B.R.=100%)
 9Li— 4He + p (B.R. =100%)

TPC dE/dx (keV/cm)

« Good particle identification capability
based on TPC (dE/dx) and TOF (m?2/qg?)
for charged particles: p, SHe and 4He.

TOF m%q? (GeV?/c?)

2026-7-9 Junlin Wu for UCAS
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Background Handling

Counts

4Li — 3He + p

x103

10000F=

N
8000
6000

4000

2000

IIIIIIIIIIII

0

Sig

- Ng,= 26128494+1653

| Ng;g/\|Ng+Ng = 173.7

= 90317815456

—+— Same Events
— Mixed Events
—— Same - Mixed

O

HIIIIIIlllIIIlllIIIIIIlIIllIlI

3.74

&, N 4] 3.76 397 3.78 3.79
*He + p invariant mass (GeV/c?)

3.8

The signal region is close to the
threshold.

Mixed-event (or rotation) background
can lead to negative signal counts.
The p-3He corelation is mixed with 4L
signal region.

The correlated background needs to
be accounted.



What is 4Li? How was 4Ll first identified?

scattered p T S —
I 5
p beam (few MeV) sk
o4 | 1
recoil 3He A I&D":
a@) |
Elastic scattering: p + *He — p +3He (b/sn |
03 -
1. Measure the scattering cross-section, spin-related o
coefficients or polarization angle distribution. (Few el \ ]
MeV beam energy) ; /
wf w . |
0.0 | L 1 ! e 1 1 1 1 [ ] 1 L 1 | L

o* 20° 40° 60" 80" 100 120° 140 I6Q*  |80°

Fig. 5. The scattering and polarization data of Ref. 7 together
with the fit corresponding to solution I at a proton energy of
4,00 MeV.
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What is 4Li? How was “Li first identified? EA

il
120 ——r———7—————7 ) M.T. Alley etal., Phys.Rev.C 48"
scattered p ool 1 4]993) 1901-1909
> 90t i 90t
8 80+ {1 80}t
W 70} {1 70t
p beam (few MeV) = g0l | eol
n 50} | sol
"""""""""""" @ 40f {1 a0}
S 3ot 30+t
0- 20t 20
10r 10
recoil *He O T e O T
Energy (MeV)
Elastic scattering: p + *He — p +3He jg AERARERNEFE
40} P, .%. o’
1. Measure the scattering cross-section, spin-related 30¢ )
20+
coefficients or polarization angle distribution. (Few = o}
$ 0 L o
MeV beam energy) P | | 0 5 10
2. Phase-Shift analysis for each partial wave. =
o 60
8sof
Db40
30+
20+
10
% s w0

Energy (MeV)
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What is 4Li? How was “Li first identified? A

S wave:
Negative value,

1 1o} repulsive interaction
f | I

-1 3 LT i g TR D . -
recoil °He oo 5 10 00 5 10
Energy (MeV)

4 40}
30+
20+

120 LT Alley et al, Phys.Rev.C 48"}
scattered p ool 1 993) 1901-1909
o 90r {1 90} ..331 Lo
(5}
e 80+ {1 80}
w 70T 1 70+t
p beam (few MeV) E 60} { s0}
n 50} | sol
?
2
a

Elastic scattering: p + *He — p +3He SO -
40} P, . %. o’
1. Measure the scattering cross-section, spin-related 30 L )
20+
coefficients or polarization angle distribution. (Few o}
MeV beam energy) % 5o
2. Phase-Shift analysis for each partial wave. 70— [ '
: . : 60 P,
3. The phase shift of a specific partial wave shows a soil
L] L] [l [l 40_
rapid change with energy, suggesting the existence of | P wave:
a resonance state here. 20} Positive value,
10} attractive inlieraction
% s 0 TS T T e

Energy (MeV)
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Signal Extraction Technique

1. The final-state interaction (FSI) of nuclear in HIC, corresponds to the low-energy

nuclear scattering!

2. 3P, wave of p-3He is 4Li. Other partial-waves (3P, 3Py, P4, 1S,, 3S; ...) also contribute in the

signal area.

3. Correlation function C(k*) can be used to describe this FSI.

Definition of the correlation function C(k*)

C(k*): P(ﬁlaﬁz) {Nforeground(k*)]

P(ﬁl )P(ﬁ2) Nbackground (k*)
experimental

« P: The probability of observing particles
with given momenta.

« k*: Daughter particle momentum in rest
frame of particle pair.

2026-7-9

proton

C(k*)

Y

Coalescence FS |

SHe

1S,+3S,+1P,+3P+3P +3P,(4Li g.s)+...
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Signal Extraction Technique

1. The final-state interaction (FSI) of nuclear in HIC, corresponds to the low-energy
nuclear scattering!

2. 3P, wave of p-3He is 4Li. Other partial-waves (3P, 3Py, P4, 1S,, 3S; ...) also contribute in the
signal area.

3. Correlation function C(k*) can be used to describe this FSI.

4. Lednicky-Lyuboshitz(LL) model is used to fit C(k™).

proton

C(k*)

LL model :

Y

Coalescence FS |

. Wave function: w (k",7) =W ingoing T J "V ousgoing

3He
» Source function: S(7)

1S,+3S.,+1P, +3P. +3P,+3P,(4Li g.s)+...
« Scattering amplitude:f Sot3S1+1P1+°P1+°Pg+°P,(°Li g.5)

2

Koonin-Pratt equation: C(k*) = j rSAwk’,7)
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Signal Extraction Technique

Three assumptions of LL model:
1. Asymptotic wave function: Confluent Hypergeometric function+ f*Coulomb wave function
(The solution of the Schrodinger equation under the Coulomb potential)

& 5 o Gi(p,
Y(r*, k*) = /Ac(n)[e™ T F(—in, 1,ik*r* —i.k* -1%) + fne I(i' 3’?)]

Y ’ ——

ingoing outgoing
~1fm ~50fm +o0 fm
N U\ U\ /'
Y Y Y
Coulomb + nuclear force Coulomb free Schrodinger equation
2. Gaussian Source.
_
S\F) = e %o

(47rf?.§)7' R, The radius of the Gaussian source

b
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Signal Extraction Technique

Three assumptions of LL model:

3. Partial-wave scattering amplitude (f): |
Yu.V. Orlov, Nuclear Physics A 1004(2020) 122060

4 1 |=0, even-order 1\
NC aylor expansion .
Ji (k)= CPh(c O@Q Twﬁ fN€ = D+ dok® —2knH (17) —ikC 2(77)}

0

L For any partial wave phase-shift data Only for S wave )

3

p-*He: Czn*(iC(lSO) ~CCS)))+(1—n)* (—C(IP) C(3P) C(3P)+ C(3P))

p-*He: c=n*C<S)+<1—n>*<§cm/2>+§C<Iz/z>>

* nis fraction of the S wave, Gauss Source size R,
both are determined by fitting the experimental data.

« Spin degeneracy factor ___(25+) = (@2J+D)
(2s, +1)(2s,+1) CL+D(2S+1)
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Signal Extraction Technique

8OOOOE_BaCkground w/o C(k*) Correction
70000F
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50000F — background
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p-*He invariant mass (GeV/c?)

UCAS

dsill(E)_ 2E VEZ _E;tf
7 (E*=M?*?+(E*—E)I?
=__IM
M? - E?
 The blue line shows the fit

using the Sill function

Francesco Giacosa et al., Eur. Phys. J. A

(2020) 56:193

P. Schwandt et al., Nuclear Physics A163

(1971) 432-448
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pr Spectra
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Efficiencies are obtained using Monte Carlo
simulations embedded to data.
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dN/dy Yield and mean p-

1025 STAR Preliminary 3 GeV Au+Au Collisions 1021_STAR Preliminary 3 GeV AutAu Collisions
% rapidity: -01.2<y<0 = rapidity: -0.4<y<-0.2 ° The baseline Was Obtained
R —— P,*P, ™ fit stable nuclei L —— P,*P,™ fit stable nuclei Lo .
10¢ 10¢ e 1 by fitting the stable light
P T nucleus yields with an
~ B ~N - : :
=107F = 107" exponential function.
o . o - . . al i
% 10—2§_ ® 00-10% % 10—2§ 8 BI0-10% T.he.¥|e|d Of LI IS
S b motezon = L wotaow significantly lower than the
107 4 A20-40% 1075 4 A20-40% C . s
v va0a0% v vaoson baseline in midrapidity.
107 ‘Li+0.1  SLi 107 “Lit0.1  °Li
—5 :I | ? | | | | dl | | It |3H|e+|0'1| I“’HIe | | | | | I | | _5 :l | ‘|) 1 L I L dl 1 | It 13H|e+I0-1I \4Hle | | | | | | | 1
1077 2 3 4 5 107 2 3 4 5
Particle Mass m, (GeV/c?) Particle Mass m, (GeV/c?)
stable light nuclei data: STAR Collaboration, PHYSICAL REVIEW C 110, 054911 (2024) (E) Ar(2[+1) . , (S.(E))
. [ " . - - L] 0 — Sln
* Production mechanism of unstable light nuclei: it is influenced not l k? l

only by the mass number A, but also by the partial-wave p-*He o(3P;) < p-*He o(P3p)
scattering cross sections of its constituents.
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Summary

1. Areview of antimatter nuclei research in experiment field.

1. First measurement of unstable light nuclei (4Li and 5Li) yield in Au+Au at

v =3 GeV with STAR.
2. A new method to extract near-threshold resonance signals. Partial wave

method+phase-shift data + Lednicky—Lyuboshitz model.
3. 4Li yield (over 2J+1) is significantly lower than that of 4He, which implies

that the production mechanisms may be different.
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Thanks very much for your
attention!
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