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Hypernuclear systems

* Experiment vs theory — state of art
* Some hot points:

* Drip lines

* Hypertriton

* Double-strange systems

Strange matter Mikheev (today)
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<= Few-body / Cluster models

A\ separation energies

BA(42) = B(42) - B(*12)
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N\-hypernuclei
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N\-hypernuclei

A spin-orbit splitting (keV): 150 in 3C & related 43 in {Be

Precise structure p- hypernuclei ;Li, ;Be, *>"1B, **3C, 12N, 150
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Upy = Ug + Us(sysp) + Wis(Uyspy) + Wis(Ipasy) + TSy
By(A - ) = U, ~ —28 MeV
Us, WLSJ W,LSI T — small

Yang et al., PhysRevLett 120 (2018) 132505



2-hypernuclei
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0_40 30 20 -10 0 10 20 30 4& \?0 momentum (BNL AGS) [Nagae et al PhysRevLett 80 (1998)1605]
By R T. Nagae, in HandBook in Nuclear Physics. Springer 2023
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Double-strangeness hypernuclei

a unigue source of information on baryon interactions
in the S=-2 sector

Ban(anZ) = B(saZ) — B("7%Z)

ABAA —_ BAA — ZBA

T Tretyakova Dubna, May 2025



Double-strangeness hypernuclei

it

6 He double-hypernucleus
Unique inlerprelalion!!

-+ "C— 5 He +'He +t

HHe — He +p+ T oC(K-,K*) reaction to produce =~
A | then stop it in emulsion
- (H. Takahashi et al., PRL87(2001)212502)
‘ ".o 3 o 6
*Binding energy of ,\He
\ \> \ - is obtained to be

B,,=7.3X£0.3 MeV
(from o +2A)

® |n order to extract AA
interaction, we take

AB,p=Byp— 2B, (RHe)

5 =1.0X0.3 MeV
0 . \ — weakly attractive
0 o 10 pem . "
"NAGARA'" event \
presented by E373(KEK-PS) on Jan.2001 Phys Rev Lett 87 (2001) 212502
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Double-strangeness hypernuclei

it

6 He double-hypernucleus
Unique inlerprelalion!!

-+ "C— 5 He +'He +t

HHe — He +p+ T oC(K-,K*) reaction to produce =~
| then stop it in emulsion
- (H. Takahashi et al., PRL87(2001)212502)
' ".o 3 o 6
eHyperon binding energy of ,\He
\ N \ - is obtained to be

B,,=6.91120.16 MeV
(from o +2A)

® |n order to extract AA
interaction, we take

AB,, =Byx—2B,(3He)
=0.67=x0.17 MeV
0 - \ — weakly attractive

) 10 pem

0 -.
"NAGARA'" event \

presented by E373(KEK-PS) on Jan.2001
T Tretyakova Dubna, May 2025 9
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Double-strangeness hypernuclei

K. Nakazawa, in HandBook in Nuclear Physics. Springer 2023

Ev. name Nuclide Target Baa (MeV)  ABaa (MeV) Comments
Nagara S He 2C 6914016 067+0.17 | Uniquely identified
Danyszetal. 1> Be '>C 147+04 13+04 10 Be —% Be* (Ex.=3.0MeV)
E176 BB N 233407 06408 3B -1 C* (Ex.=49MeV)
Demachi- }&Be* 12C 11.90 + 0.13 | —1.524+ 0.15 Most probable (topology)
Yanagi Ex. =~ 2.8MeV for }PABE*
S He ['2C 1001 +1.71 377+ 1.71 | Most probable (mesonic decay)
Mikage 11 ge  12C 2215+ 294 395+ 3.00
1L Be [N 23.05+259 4.85+2.63
11 12
Hida i Be 2C 20.83+£127 2614134
12Be 4N 2048 £1.21 (2.00 4 1.21) | Assumed 10.24 MeV for B, (}!Be)
0 Be %0 |15.05+0.111.63+£0.14
Mino IBe %0  19.07+0.11 1.87+0.37  Most probable (x2 minimum)
12 Be %0 | 13.68£0.11 —2.7+ 1.0
8 12
5001 S Li C | 17.50+ 1.46 6.34 + 1.46
1VBe MN 15.05+£2.78 1.63+2.78 | Likelyby Bpy

T Tretyakova Dubna, May 2025
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Double-strangeness hypernuclei

="-Nuclear Bound States

KEK E373 and J-PARC EQ7 experiments

Coulomb-Assisted E-'“N 1p=- nuclear bound state

Hayakawa (J-PARC EQ7), PRL (2021)

"”*-.. = \c 2+ N - Be + f\He.

Yoshimoto, PTEP (2021)

KINKA (E373) E~ +'*N % Be+) He+n
IRRAVADDY (E07) £~ 44N —3 He+3He+*He+n.

- 1sz- nuclear state

IBUKI event

= hypernucleus (ESC [Z-14N])
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[1] K. Nakazawa. et. al., Prog. Theor. Exp. Phys. 2015, 033D02 (2015).
E. Hiyama and K. Nakazawa, Ann. Rev. Nucl. Part. Sci. 68, 131 (2018).
[2] S. Hayakawa, et. al., Phy. Rev. Lett., 126, 062501 (2021)
[3] M. Yoshimoto, et. al., Prog. Theor. Exp. Phys. 2021. 073D02 (2021)

Uy= ~ 14 MeV

K. Nakazawa, in HandBook in Nuclear Physics. Springer 2023
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N\ hypernuclei near drip-lines

Chart of A hypernuclei

— Particle-stable core nuclei guarantee stable A hypernuclei

* Still there are many unobserved A hypernuclei

— A-hyperon may reinforce the nuclear binding

* Glue-like role of A-hyperon: also

core of stable A hypernuclei

Chart of light [|;C
A hypernuclei
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Neutron-rich hypernuclei
Study by using DCX reaction: 19, Li

KEK E521: px.sahaetal. PRL94 (2005) 052501
— Study of the °B(m,K*) reaction
* Successfully produced 1, Li
* Almost background free

. : 35.0
— Promising production method
— Tiny production cross section ;30.0
do 10, - g 25.0
—(DCX,’s Li) =10nb/sr <
dQ = 200
S
e
Reaction mechanisms = 150
T~ p - K°A ™ p - n’A zi.hm.u
DCX: 0 + 0 n ol
K° - K*n 'p > K™n I 5
5.0}
0.0

Y-admixture doorway state:
12Li) = a| "Li®A) + B| "Be®z ™)

Tp-> KYL~
Tretyakova, Lanskoy Phys. At. Nucl. 66 (2003) 1651

T Tretyakova Dubna, May 2025
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Neutron-rich hypernuclei
Study by using DCX reaction: °,H

* FINUDA: M. Agnello et al. PhysRevLett 108 (2012) 042501
— Study of the °Li(K,,

"Li(Kgop. 77 )sH  PH-°He+ 7z~

— Reported 3 candidate events of ¢, H production BA(SH) = (4.0 + 1.1)MeV
BR(DCX, {H)/BR(NCX,2C) =~ 6x10°
BR(DCX, ¢ H)/BR(NCX, fHe) ~3x10™*

") reaction

* J-PARC-E10: H. Sugimura et al., PhysLettB 729 (2014) 39

No clear peak of ¢, H

— Missing-mass spectrum of the °Li(rt-,K*) reaction T _
production in threshold region

do do -
dQ (DCX)/dQ (NCX) <1.5x10 ) cross section is extremely

smaller than it was expected

DCX: (7,K*) NCX: (m*,K*) for 12,C

T Tretyakova Dubna, May 2025 14



Neutron-rich A hypernuclei

Proposal ﬁH

B, (MeV) L. Majling Nucl Phys A 585 (1995) 211c
124 " 6 4
| 11 = AH—=> AH+n+n
- = 5
10 : Son(RH) = Sy ( °H) + Bo(§H) — Ba(3H)
1 10
. 93 o ~-2 (4.0)? 2.1
5| g as BH - #H + 4n
6- 7
| .- . San(3H) = S4n( "H) + Bo(3H) — Bo(3H)
4- 6= -0,57 ?? 2.1
5‘
. 4 B4(3H) ~ 7-8 MeV ?
Hydrogen isotopes
7 4|_| 5|_| 6|_| 7H
0 qf I 1 | |
H He Li Be B Decay mode n 2n 3n 4n

Eres [MeV] 3.2 |1.7¥24| 2.3%0.5 0.57 +‘Z

T Tretyakova Dubna, May 2025 15



Proton-rich A hypernuclei

2p separation energy in XC

0,8 - o—=9 i 7 ' 8C - %He + 4p
1 9 oy - 5 / : ;
0,6 - AB 4L 0 AC - Be+ 2p
- ; ) calc
0,4 1 : ﬂ
. A\ | T ; 9 _ 8 9 7
> 02- P ~ 55p(R€) = S5p(°C) + BA(RC) — Ba(4Be)
g 1 )
> 0] - | 7 expi214m087 exp: 5,16 Ma8_§
—_— 050 ' I B ' I ' ! ': 1 ! :I "/ 1 -
o 4 *Ts 18 80 | 82 84 86
2-0.2 7 Y Different NN and AN interactions
7 _0’4_' | 7 ' The better the description of BA(XB)
' B,(1B, exp) =829£0,18MeV | and B,(aLi) , the greater 2p
-0,6 o7 : : :
] B,(ALi, exp) = 8,50 + 0,12 MeV separation energy in ;C.
084 &—* | 77 ! Sop (/?C) > 0.
-1,0 -

Lanskoy, Sidorov, Tretyakova EPJ A. 2022

| 9
B, (!B, °Li), McV AC should be bound

Isotope §p or 82, MeV dBp, MeV
16p S, = —0.531 £ 0.005 8BY =037+ 1.17
19, _ P _ . .

Na Sp = —0.323+£0.011 532\ =0.30+0.36 Whether 1,7\F, ZXN and ZXMg hypernuclei
19 _ P _ . . .

Mg S2p = —0.76 £ 0.06 8B =048+-072  3re bound remains questionable.

16
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Proton-rich A hypernuclei

Double-strangeness hypernuclei. 2p separation energy in 420

M09 B (exp) = 11,69 £ 0,12 MeV/| I
0.8 - i I
SAA3'I
I I SAAL'
0,6 -
. |—=— SkM*, SLL4'
I —a— SkM*, LY1
0,4 —w»— SkM*, LY 5r
 —e—SkM*, SLL4
. | —=—SKIII, SLL4'
0.2 - —a— SKIIL LY
—w— SKIII, LY5r
 —e—SKII, SLL4
0,0 L e
11,55 11,60 11,65 11,70 11,75 11,80 11,85 1190 11,95

B,(}’C), MeV

exp
o o
S2p(420) = Szp(**0)
+Baa(420) — Baa(44C)

L calc —’

as function B, 1,3;C) for different NN and
AN Skyrme parameter sets. Hypernucleus
1,3{0 is unbound; a second hyperon
addition completes the binding of the
hypernucleus.

A20 should be bound

Lanskoy, Sidorov, Tretyakova EPJ A 58 (2022) 203
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Lightest hypernuclei
Hyperhydrogen and hyperhelium

T Tretyakova Dubna, May 2025
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Theoretical predictions

= = Nuo. Cim. 46 (1966) 786
== PRC 57 (1998) 1595

Hypertriton 3,H

— J.Phys. G18 (1992) 338-357
PRC 102 (2020) 064002

PLB 811 (2020) 135916 - A ---- PLB 811 (2020) 135916 - B

Theoretical predictions
-==-NPB 47 (1972) 109-137
EPJA 56 (2020) 91

— PRC 77 (2008) 027001

PR136(1964)B1803H;OIHI‘llirsigl‘l‘llllllul "‘I'i'
PRL 20 (1968) 819 _y_'_ n L | _
PR 180 (1969) 1307 | Ll o B T
NPB 16 (1970) 46 | —o— || . ] i : —,—0—' |
PRD 1 (1970) 66: 4"*7 : — _.|_ —
NPB 67 (1973) 269 —for— B o B
STAR, Science 328 (2010) 58 B —EE»—LE—E-- B + |
HypHI, NPA 913 (2013) 170 | E.EI B B J 7
ALICE, PLB 754 (2016) 360: -EEI—I" E_A B Value: L L _
STAR, PRC 97 (2018) 054909 o= |1 |
ALICE, PLB 797 (2019) 134905 | ﬁcl*s'uf B B |E N
STAR, PRL 128 (2021) 202301 | E'l{—d B L : I -
AUCE’Pb_PbS'OETeV_....|...‘|.|§§é‘|‘...|..‘.7 ..|..‘|...\%]|‘|..|...\..
0 100 200 300 400 500 04-02 0 02 04 06
*H lifetime (ps) B, (MeV)

T = [253 + 11(stat) +

6(syst)] ps

B, = [102 £+ 63(stat) + 67(syst)] keV

o(3H) - 7 ()

7(3H)

= [3 + 7(stat) + 4(sys)] x 1072

Nuo. Cim. 21 (1961) 235

Nuo. Cim. 26 (1962) 840

Nuo. Cim. A 43 (1966) 180

NPB1 (1967) 105

NPB4 (1968) 511

PRD1 (1970) 66

NPB52 (1973) 1

STAR, Nat. Phys 16 (2020)

ALICE, Pb-Pb 5.02 TeV

T(,S\H) ~ 0.967,

3H > He+ m~

ALICE PhysRevLett

T Tretyakova Dubna, May 2025

131 (2023) 102302
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N\ hypernuclei A=4

A. Gal (2022)

——:—-‘——H

>
>

H

HADES preliminary
JPARC (2023)

STAR (2022)

HypHI (2013)

H. Outa et al (1995)

S. Avramenko et al (1992)
Phillips, Schneps (1969)
Y. W. Kang et al (1965)
Prem, Steinberg (1964)
N. Crayton et al (1962)

4
+He

STAR preliminary
J. D. Parker (2007)
H. Outa et al (1995)

l[LLllllllllJLlLl"Lllllll

100 200 300

400 500

Lifetime [ps]

Masses (keV)

STAR2022  fH 3922.38+0.06
ALICE2025 *5 3922.5£0.5

4
AHe

4
KHe

3921.69 £ 0.13
3922.4+ 0.6

ALICE
1.8

1.6
1.4

lyl<0.5

o

0-10% Pb—Pb |5, = 5.02 TeV

0.8
0.6
0.4

ti
M
III|III|III|IIIIII|III|III|III|III|II

‘He / {He

ZH/ {H

ALICE PhysRevLett 134 (2025) 162301

T Tretyakova Dubna, May 2025
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N\ hypernuclei A=4

Charge Symmetry Breaking (CSB) in AN-interaction

e The difference between pp- and nn-interaction,
between Ap- and An-interaction

* Different character of CSB in the singlet and
triplet AN-pair states

SHe + A

0.97 £0.13+£0.12

1+

1-016+0.14+0.10

1.41 £ 0.003

773016 +£0.14+0.10

H+ A 0
1.13+0.06 + 0.14
-
1.09 +0.02
0* seans lsmongemees
2.22+0.06 £0.14 o*
4H
Ba (MeV)

4He

238+£0.131+0.12

STAR, PhysLettB 834 (2022) 137449

T Tretyakova Dubna, May 2025

ABy(J™) = Ba(aHe) — BA(3H)

STAR (2022)
“‘ a)
NP3954(2016)
NPB52(1973)
[ |
® PRL116(2016)

® PLB744(2015)
® PLB744(2015)

® NPA914(2013)
| LNP724(2007) @
1

® PRL88(2002)
® MLN98(1999)

® Theoretical calculations
- Previous experimental results

+ This work
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PRL115(2015)
L
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n
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-- AB4T)=0
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Double-strangeness hypernuclei

4 H BNL-AGS E906 °Be (K-, K*) (Ahn et al, PRL 87 (2001) 132504) evidence

AN Reevaluation of the reported observation of the 4,,H hypernucleus

(Randeniya and Hungerford PRC 76, 064308 (2007) serious doubt

Few-body calculations: Filikhin, Gal 2002 - No 4H-LL bound state
Nemura et al, 2005 - stable bound state of 4H-LL
Without AA-interaction:
ditn 32t 2 4 .
TA N Baa(anH) = §BA (13\Hgs) + §BA(13\H )
34 FA O ZH__+A | | ‘H AXH bound if BAA > BA
013005 /2 431*\ > B,
d 1/\ AA-attraction:
+ 2 4 *
”32 Baa(anH) = 3B (AHgs) + §BA(/3\H ) + 6B
H
2.04+0.04 4BA > BA a 363
AH AH 05 = 0.2 MeV (compatible with Nagara event)
B, MeV] B; > —0,1 MeV 4H-LL is bound

Predictions: Au+Au, \/Syy = 3 GeV —yield per event ~ 10-10"* [Buyukcizmeci EPJ A61(2025) 23] ,,



Double-strangeness hypernuclei

AN = = N mixing

A—==p
. VA

58 MeV 0s1, e —-eo- —wo- o

AA p n A =
01
A —
. SaaHe AN2=n

> Large mixing? /\
I 0s1, —eo— - -ee— -
~75 MeV n A -
P =
A—Y
5 5
~ 300 MeV ABAA(aRH)< ABya(aRHe)
A-Z mix a few %
o+=— o+=9
~8 MeV ~2 MeV
N L 3H+A+ A 3He+l\+ A

[s=0f] [s=1] [s=2] M. - Mz, = 6,85 + 0,21 MeV (PDG 2024)

T Tretyakova Dubna, May 2025 23



Double-strangeness hypernuclei

D. E. LANSKOY AND Y. YAMAMOTO PRC 69, 014303 (2004)
2.5

Isle

AN==p
A

0s1, e —-eo- —wo- o
o) n A =

=0
M)
AFE /\/‘\
200 | 300 | 400 | 500 I_ﬁoo 0s1, —eo— - —-ee- -0
o] n A =

m-_—-m-, = 6,85+ 0,21 MeV (PDG 2024)

Five-baryons wave function:
|ArH) = ;| "H®AA) + B;| “He®E="p)
|srHe) = a,| *He®AA) + B,| *He®Z n)

Py = g*
]
200 300 400 500 . 600 FIG. 1. AB , , (a) and = admixture probabilities p= (b) as functions
Volume integral (MeV fm") of volume integral IV,\,\' =, d°rin 5, °H and , , °He for Za Isle-

type potentials and the Isle-type A-core potentials.

T Tretyakova Dubna, May 2025 24



Nuclear Instruments and Methods in Physics Research A 1073 (2025) 170196

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

s FR journal homepage: www.elsevier.com/locate/nima

Full Length Article

A novel application of machine learning to detect double-A hypernuclear
events in nuclear emulsions

Yan He #"@", Vasyl Drozd "<, Hiroyuki Ekawa *®, Samuel Escrig >¢*?, Yiming Gao "%"&,
Ayumi Kasagi*#®, Enqiang Liu >/ Abdul Muneem "/, Manami Nakagawa ",

Kazuma Nakazawa """, Christophe Rappold “‘, Nami Saito "/, Takehiko R. Saito *>"
Shohei Sugimoto ”/, Masato Taki ¢, Yoshiki K. Tanaka ", He Wang >“", Ayari Yanai */,
Junya Yoshida "*“| Hongfei Zhang *"'

@

ML for AN

|,

20 pm

(c)
F;

c_|

20 pm




Conclusions

Hypernuclei remain the main source of information on hyperonic interactions
(but: density is proportional to nuclear one, nuclear cores are from valley of
stability)

Extending the hypernuclear map up to drip-lines provides data on fine interaction
features (density dependence, CSB and so on)

Information on AA, =N and 2N interactions is very much needed — we are waiting
for data on the corresponding hypernuclei

New player in the experiment: Heavy lon collisions — data on the lightest systems
(the clearest information on interactions)
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Notation

e A: Total number of baryons (nucleon & hyperon)

AZ e 7: Total charge
A

e A\: hyperon (other examples -- 2., =, ...)

e Some examples:

L 3p+3n+1A> ;LI LTI

2. 2p+2n+2A 2> SHe | f

3. 1p+ 20+ 15" = =
2p +1n+ 12° }9 YHe P "
3p+0n+1% L > pN + (= 40 MeV)

LN — NN +1/6 MeV

T Tretyakova Dubna, May 2025 29



N\-hypernuclei

A spin-orbit splitting (keV): 150 in 3C & related 43 in {Be

3563 oF 1/2%
=1 T=1 388
M1} M1
2186 3T .. 772t
- MI* +
- 5/27 2.050
E2
I ’;'1 3/27 0,692
6Li "“‘~-_LLL”2+0
7L

Hypernuclear y rays
2012

0718 15— YMI
h— 1/2%
0 3t ]
) “'h—‘
'IUB
1
:\B

Level energies
in MeV

0+
/
P ~2 6786
= 1" 6562

3040 2+ 3/2"3 068 32 i
;3025 =
B 08
A
E2] |E2
0 oot /2%
8Be ?,_Be
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Double-strangeness hypernuclei

Nagara event, ,He, (KEK-E373) PRL 87 (2001) 212502
Baa( AfHeg.S,):fi.Ql:I:().lG MeV, unambiguously determined.

e A: = capture =~ +2C — , SHe +1 + «
e B: weak decay , He — 3He+p+ 7~ (no y, He — “He + H)
e C: ) He nonmesic weak decay to 2 Z=1 recoils + n.

1=



Double-strangeness hypernuclei

KEK E373 KEK E373

e “Iq 74 . .14
5 ”Nagara" event; an0He Kiso” event; =-14N

* ABar=0.67+0.17 MeV ¢ =N ibera ke

- \
-
.
b
-
‘.
-

K. Nakazawa et al., PTEP
(2015) 033D02

==1.03 or 3.87 MeV +I'/2

e etoi'zo'zzc 88(2013) «  Well beyond the atomic binding of 0.17 MeV
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Tools to access n-rich A hypernuclei
heavy-ion collisions vs meson- and electron- induced reaction

* Old emulsion experiments with stopped-K beams

— Hypernuclear species were limited and yield was low

* Charge-exchange reactions

— SCX: (e,e’K"), (K-, ) DCX: (w,K*), (K-, )
e Relativistic heavy-ion collisions

SCX: Single Charge-eXchange
DCX: Double Charge-eXchange

L. Majling, Nucl. Phys. A585 (1995) 211c

Chart of light | |JC
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?
=

both are bound

both should be bound
(not confirmed yet)

hyperucleus is bound

core nucleus is unbound

under investigation
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Neutron-rich hypernuclei
Study by using DCX reaction: °,H (1)

 FINUDA: M. Agnello et al. PRL 108 (2012) 042501
— Study of the °Li(K_,_, ") reaction

stop’
61 : — +3\ 6 6 6 —
400 = . .
= cut on kinetic 4
350 energy sum b
300 [ consistent with
E 250;_ kinematics |
3 200 ]
g C .,;ir'J: +++: “i_.a:.
g 1501 A +++++.:-'
100 - ;- +++++_,:*': 1
- A +H+++ H
50— oo
ST
0 oot Moo=l || |
120 140 160 180 200 220 240 p
T(x*) + T(r) (MeV) Byo(xH) = (4.0 £ 1.1)MeV

— Reported 3 candidate events of ®,H production
BR(DCX, {H)/BR(NCX,2C) = 6x10°
BR(DCX, sH)/BR(NCX, yHe) #3x10~*

Tretyakova Dubna, May 2025 35



Neutron-rich hypernuclei
Study by using DCX reaction: °,H (2)

* J-PARC-E10: H.sugimuraetal., PLB 729 (2014) 39

— Missing-mass spectrum of the °Li(rt,K*) reaction

No cl k of 6,H producti "l KX
o clear peak of ®,H production .
in threshold region O10p=2-14 deg.
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Tretyakova, Lanskoy EPJ A 5, 391 (1999)
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Neutron-rich hypernuclei

LBe
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Structure 12Be-L
SkHF, AMD

12 Be : [=3/2

Parity inversion in 'Be. Ground state is 1/2* instead
for 1/2-. What’s happening in *?,Be? Measurement
of low-lying 0, 1~, 0* and 1* states may be possible.
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Proton-rich A hypernuclei
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