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Introduction

/ Theoretical Efforts \ / Experimental Efforts \ A Possible
Bound Dibaryon
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Introduction

/ Theoretical Efforts \ @ Unlike NQ3, system! limited by open How about
channels
Nucleon-;,

© The lowest threshold among C = 3

Quark model prediction: dibaryons (~ 5740 MeV)

ao (fm) ro (fm) B’ (MeV) @ Clean setting to study low-energy NQs,.
ChQM 14989 0.40810 —15.5 interactions.
QDCSM 13347 0.43343 —21.6

~ Enables phenomenological study of

Huang:2019esu scattering mechanism

» Implications for possible charm

hypernuclei
C = 3 dibaryon
First-principles calculations from lattice QCD can provide a valuable MeV threshold
theoretical prediction for such triply charmed states.
S=0  S=-1 S=-2 c=3 C=4 C=5 C=6 6100 _ Ze=c~0080 N,
NN  NANZ  AA,AZ,Z3,NE AEec, ZcEc BeeBee  Eeeeoe  QoceCec No=6e~5910

> 5900
—————— T TR
NS~
EX_P ne better S/N 5700
rich 22 T ————a [1] HALQCD:2018ayu
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HAL QCD method

HAL QCD method provide a First-Principles calculation method on hadron interaction.
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N. Ishii, S. Aoki, and T. Hatsuda, Phys. Rev. Lett. 99, 5 (2007). BRIt
S. Aoki and T. Doi, Front. Phys. 8, 1 (2020). From N. Ishii, Pos(Cd12), p. 25.
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HAL QCD method

Time-dependent HAL method' 23 used in this 4500 1
work :zgz ’ 80 TR ATV
R]( t) FJ (T, t) z B]¢ ( ) —AWpnt — 3000 - g’: :%8 M2¥
rt)= = r)e n %
Gp, ()G, (1) n¥ln S as0f
n ¢ 2000 i °
F% 1500 F
2 2 > 1000 |
E, s;‘_" — AW, + (AW,)?+0((AW.)?) w0}
: 1;__352_ __________________________ 0 0.5 1 15 2 25
J — 3! "NRJ I r [fm]
:( 8y of —0 HO) R/ (r,t) jd Ur,m)R’(r', t) Ishii:2013ira
Ur,x') = V(r,V)d®(r — 1) POPTTCECECRTEEEEEEEEEEEERERE |
) V@) 143
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I --------------------------- d
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4 oki: ew
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NQ... system

Qecep (@) = gi,j’kcg(m) (ch(m)C'nc’“(m))

|
|
t to : 1. Using wall source
|
N(D) ywall : 2. Calculafting 4-Ppoint
l correlation F/° (r,t — t,)
. . with source projected to
F] (r, t — to) = : ]P state
x 0y (7 + 7) oyl |13 calculate R/ (1t — t,)
3¢ : for time-dependent HAL
h
Wall Source : method
. . ¥ "4, Solve effective potential
Nole) = eua (T @Ot @) k@) o= () "0 =Y q(E.10) |
3 5. Calculate observables
|
I
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Configurations

Here we using HAL-conf-2023" to do the calculation
which enable lattice simulations at the physical point on a large lattice volume and with a large number
of ensembles.

2000

v' (2 + 1)-flavor nonperturbatively improved Wilson Ingut

fermions with stout smearing 1500 - P
v" the Iwasaki gauge action % +...+ -
v’ Size of the lattice is 96%, corresponding to (8.1fm)*in = 1°°°': - |-

physical units - |G| m—s e
v a~1 =2338.8(1.5)(F32) MeV 500-,( +) m

1(input ice

v ' mg; = 137 MeV, mg = 502 MeV (at the physical point) . I Lattice, resonance
v’ 8,000 trajectories nK PK'¢ NAZZ A3*=Q

Charm quark is simulated by relativistic heavy quark (RHQ) action?, we adopt two sets of RHQ
parameters, one heavier charm mass and one lighter, to do interpolation towards physical charm mass.

[1] Aoyama:2024cko
[2] Aoki:2001ra
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Mass measurement

set1 Fconf-OMEGAcce

set2 Fconf-OMEGAccc

|
|
|
> 4856[= > F
= 48545— = 47901 :
48525— I fittod mass « 4846.39 +- 0.14972 MeV 4788;— | Fconf-proton
- 4786 :_ I fitted mass = 4779.05 +- 0.15218 MeV | - _
48505— 47845_ I 980 ;—
e ."!xnunﬂﬂ{ 4782 | snf [
48465_ ;';! 47805_ ,xxxxxzggEX ¥ | 9605— I fitted mass = 937.98 +- 1.44864 MeV
484l = p—- et X 1 =
w2 . 4776%— . . I 9501~
4840;— . araf o [ 9402_
o Lol | Lyyoy | 47723—, T , | 1 | : 930
15 20 25 30 35 40 45 % 5 30 35 20 25 =
I 920 [ ¥
| = .
I 910
(mn. +3my/y) /4 [MeV]|mq,.. [MeV] T~
Setl 3101.9(0.1) 4846.4(0.1) T TN SO TOPRL TN T I Y
Set2 3056.6(0.1) 4779.0(0.1) |
Interpolation 3068.5(0.1) 4796.8(0.1) :
Experiment 3068.5(0.1) * |
2025/10/27 QPT 2025 8




2
CcC po Fitted with $,2_; 4; exp (— (Bi) )With r € [0.08,3.00]fm
J : |

-

...........................................

V(r) (MeV)
V(r) (MeV)

|
)
o

n
o
)

_100; : .........................

~150}

-200 __ ....................... { t/a=18 { t/a=16

(b) °s, :{t/a=s17 — Fit

_ Ly pedl p ooy lisa g plhe p pal pu
05 4 15 2

=TT

w --l...l...1...1...l...l....]....l...l...L.-l....l....[....l...l...l....L..J...1...1...1...1...4...1.. ;

LN
o)
o
w -_llll.ltll.Ll&-l.l..l.l-l.JJlJJlll 2 i

o
o

r (fm)
3¢ channel ®S9 channel
t/ a A [MCV] As [MCV] B [fm] Bs [fm] t/ a A [MCV] As [MCV] B [fﬂl] B> [fm]

16 —118.9(1.6) —85.7(2.6) 0.142(7) 0.633(33) 16 —50.5(3.6) —66.5(3.0) 0.110(15) 0.665(46)
17 —118.0(3.0) —80.0(3.7) 0.135(8) 0.601(37) 17 —52.6(2.5) —60.4(2.5) 0.110(12) 0.612(50)
18 —119.7(4.6) —75.0(8.5) 0.141(12) 0.608(56) 18 —53.0(5.2) —57.8(5.2) 0.113(21) 0.636(67)
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Decomposed N(}... potentials

We further decompose the potential VLJO
into the spin-independent central potential

, _ ) B R R BB R 1
Vy and the spin-dependent one V; with the s | A‘“ .
35, and °S, channels, extracted as, = of g“mi s v
> - et ]
Vio(r) = Vor) + 3y - 5, Vo(r) S B TT .
il ) 15 -50 —_gigggt. ........................ S -Spin-dep ...... —
1 1005 3 -------------------------------------- . . z =
Vo =5 (5Vio” +3%6 ), : i :6 ; A E
1 Fiso — B 10| S S S —— — . ]
—200f . :
0.8

» The spin-dependent potential makes a
significant contribution at short distances.

» The spin-independent potential gives a

12 14
r (fm)

T W
O 02 04 06 1

dominating contribution for whole NQ,,  VWhat can we learn from the lattice calculated potentials.D
potentials
2025/10/27 QPT 2025 10




No Bound State Found according

to Levinson’s theorem

© S D @
9 30 __3 ............. , ............................. '_ E
o : (@ s, —
S p Lo H — ] O
S : S

15 — 4 - e W _E

4 —ta=18

10:_ AT W Bva=17 [ _E

5:_ ................................................................................ —t/la=16 | _’__'

ok . S

0 10 20 30 40 S0

E, . (MeV)

channel ao [fm] e [fm] Where the mean values and statical

errors are calculated from t/a = 17
And the systematic errors are derived
fromt/a = 16 and 18.

’S1 0.56(0.13) (X0:53) 1.60(0.05) (15:95)
°Sz  0.38(0.12) (*g59) 2.04(0.10) (£3:33)
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Comparison of V/=5/2 petween NQ,.. and NQ,

°S, NQ. (Fconf) potential exhibits a

% 0 = similar shape but is 2-5 times less
?, E attractive compared to the S, NQs;
— _1 00‘_ ................ e e s S — (Kconf)1
> - ¥ 4 There are two possible reasons:
1§ N S S N WA S S -
200: ;I» : : f ; 41 4 The exchange of two kaons (K) is
. ¢ 582 NQ,. (F-conf) i deeper and longer-ranged than two
8 e oniammsans e I ™o e 2 oy
300: I 582 NQs, (K-conf) . D mesons.
B ’ 7 @ Atshort distances, the chromo-
_400__ ..................... .................................................. ......................... .................... - magnetic interaction may also
: i contribute, which is inversely
BN O ORI I kit proportional to the constituent
: = | L [ L L 5 ¢33 l Lol l 1 Ll l S | — quark massz
0 0.5 1 1.5 2 2.9 S (1] HALQCD:2018qy
r (fm)  [2) oka:1986fr
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Comparison of spin-independent potentials V,, between NQ_.

V,(r) (MeV)

__“’Q’. ................... BEEE R

.. Oo.z_éi ....... ................... ................... E NQ (F Conf) ...........
B0 ] N-J/ll'(K-Conf) L.
2_“"."'””" ..... ' ..... '.
| ‘ , {HHHH“ ..... m”] _____ ,

00 02 04 06 08 1 12 14

r (fm)

» The soft-gluon exchange governs
the scattering for Nj /12, which
related to 1V, (QWEFT 3).

» Given the observed similarity
between the NQ3. and N J /Y
potentials. Extend similar
mechanism to N3,

» The plateau shown indicates the
ratio between the coupling strength
of the Q5. to the gluon field and that
of the J/y to the gluon field.

[1] Lyu:2024ttm
[2] Wu:2024xwy
[3] Dong:2022rwr
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Comparison of V,, between different charm mass for N,

3 o"%'. » Charm quark mass dependence is
.............. ..OA found in the spin-independent NQ,.

(N :
' F-conf N-Q, potential

..... b |} Sett heavier| | > Theobtained ratio between these
eavier two sets of potential may imply that
' ‘ ' : } Set2 lighter the charm quark mass dependence

oy, M- ................... ................... F— ........... is described by an approximate

mas.

'_lllilllilllilllilllilllilllill Scaling_

E 0.981:_......9.2.f..f..f.f..f...’.:.f..?..?.f..?...';.!..?..9.!..{»..{ 4 { ” M

11 1 l | 11 [ | 1 1 l | 1 1

0O 02 04 06 08 1 12 14
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¥ Performed physical-point lattice QCD simulation to analyze the NQ3,. interaction with HAL QCD
method.

¢ Reported NQ3. 3S; and °S, effective potentials and phase shifts from lattice calculation
»Overall attractive for both channels
»Dominated by spin-independent potential V,, with a short-range spin-dependent potential 1
» There is no bound state found in NQ;,. system
> °S, NQ3,. (Fconf) potential is qualitatively weaker than °S, NQ5, (Kconf)
>V, of NQs,. is similar with NJ /Y = possibly governed by the same soft-gluon exchange mechanism

»charm mass dependence of I/, of NQ3,. is also observed

2025/10/27 QPT 2025 15
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Q... hypernuclel

For A = 3 case: No bound state is found in Q;.NN, but serval resonances are found via the Faddeev
equations™-2

For higher A case: we apply folding model to estimate the existence of Q5. hypernuclei

w4 — 3.7 = = =0
| Q3. separation energy / MeV Ve (1) f d*r'paFWona, 7 —T),
Core nuclei
1ZC

w/o coulomb w/ coulomb Vona,, is the spin-independent
8.31(2.26) ° s swwu 0127() serisswww  Potential of NQs system obtained
28 10.7(2.45) 0 _Im 20 from the mean value of t/a = 17
. . _23M68101214 _282468101214
0Ca 11 5(251) _23M6 il _ng Q;C-l-- 12¢ could be a Q5. hypernuclei
58 12.4(2.61) ¢ yessimm \ S ieswnwu  candidate
90 g | i =
Zr 12.8(2.61) popet™0 81012 6 \ 201 £.4.2.5. 102 8 Due to the strong coulomb repulsion,
208 pp 12.5(2.44) 0 2wssioi \ R heavier Q. hypernuclei may not
exist
p4 is token form El-AzabFarid:2000mgb [1] Filikhin:2025ige

[2] Etminan:2025emv
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Introduction

From quark model, it's nature that we will have all these baryons defined as this formula shows

three generations of matter

(fermions)

I II II1
mass ~ =2.16 MeV/c? =~1.273 GeV/c? =172.57 GeV/c?
charge | % % %

- @0 (@
up charm top
=4.7 MeV/c? ~93.5 MeV/c? =~4.183 GeV/c?
- - -
@ e |- B
down strange bottom

QUARKS

three generations of matter

charge @ %

(fermions)
I II I11
mass ~ =2.16 MeV/c? =1.273 GeV/c? =~172.57 GeV/c?
% %
- @ | @ [ @
up charm top
=4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c?
- ) -%
- @ |9 [ ®
down strange bottom

QUARKS

three generations of matter

(fermions)

I II II1
=2.16 MeV/c? =1.273 GeV/c? =~172.57 GeV/c?
% % %A
@ |9 | @

up charm top
=4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c?
- - )
@ |- ® |- B
down strange bottom

The baryon with highest charm number predicted by quark model is ()..., which is predicted with mass
around 4.8~4.9 GeV from different model'-°
Although it's not found in experiment, theoretical research has long been carried out.
Except its mass, the production in HIC4, di-Q,.. interaction® and other properties have been studied

[1] P. Hasenfratz et al., Phys. Lett. B 94, 401 (1980).
[4] H. He, Y. Liu, and P. Zhuang, Physics Letters B 746, 59 (2015).

[2] J. D. Bjorken, AIP Conf. Proc. 132, 390 (1985).
[5]Y. Lyu et al., Physical Review Letters 127, 72003 (2021).

[3] PACS-CS Collaboration et al., Phys. Rev. D 87, 94512 (2013).
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Introduction

©The HAL QCD Collaboration has revealed a [ Q5. hypernuclei

strongly attractive interaction in the NQ
system, suggesting the formation of a quasi-
bound state’.

¥ At the low-energy, NJ /iy scattering is
dominated by the soft gluon exchange
mechanism?

[1] HALQCD:2018qyu
[2] Wu:2024xwy

» Similar with NQ5, system, interaction between
N2, may be attractive due to there is no Puail
blocking between valance quarks.

» Existence of heavier Q5. hypernuclei.

CIWhat kind of mechanism behind NQ;,.
system?
» Suppressed light-meson exchange due to

Okubo-Zweig-lizuka (OZI) rule violation in both
NQ3. and NJ /Y

» Comparison between NQ;. and NJ/y
potentials provides a valuable reference
framework for understanding heavy-quark
nuclear interactions

2025/10/27
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Related talk: Doi, 29a1 10:00

HAL QCD method Murskar, 20018 1445

Murase, 1p1B 15:25

HAL QCD method provide a First-Principles calculation method on hadron interaction.

R/(r,t) =

” Gg, (t)Gp, (t)

z kt — I

durfe it = ;Ci’ = Bl e
Nambu-Bethe- n

Salpeter (NBS) :

wave function . 4500

|
(01B1 (x + 1) B2 (x)| By B2, Wi | F/(r,t)
|

: : 4000 |*
l Lattice calculation . o . T
; 60 F " = e
VLO(r, V) = (Ex — Ho)gx(r) & s000p ‘z&i me=700 MeV
¢k 7') % 2500 - : +
(B — Ho)dk(r) = d3 r'U(r,r') i (r' ol i
£ 1500 i o,
Ulr, ') V(r V)oB) (r — 1) 1080 :;.
V(T) 500 -
500 L -
[1] Ishii:2006ec i o 1 r [fm] h i *
[2] Aoki:2020bew Ishii:2013ira.
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HAL QCD method

HAL QCD method provide a First-Principles calculation method on hadron interaction.

(0|B1(x + 1)By(x)|B1 By, Wi)

dr(rye Vel =

Nambu-Bethe-
Salpeter (NBS)
wave function

) i 15 f i ' ' p.on—7°0 MeV —— -
1 Lattice calculation il { moion=2T0 MoV 1
VLO(r, V) = (Ex — Ho)or(r) T ) { ‘IUMNH IJ -
(Be-Hor) = [ &rUGs)o o) *Hiﬂﬂm}%}i i -
w 0 S 9 6. C 1 S A A L 35504 7 VY b SO
5 | i !
Ulr,r') V(r V)6 (r — 1) Sl H}{HH{H %!gﬁﬂ%ﬁmi{?
V(r) H}{;H . f
i . \ X , {.HH}II
10 0 50 100 150 200 250 300
N. Ishii, S. Aoki, and T. Hatsuda, Phys. Rev. Lett. 99, 5 (2007). BRIt
S. Aoki and T. Doi, Front. Phys. 8, 1 (2020). From N. Ishii, Pos(Cd12), p. 25.
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M ass measureme nt set1 Feon-OMEGAcce

48545—
E I fittod mass « 4846.39 +- 0.14972 MeV
Fconf-proton 4808
= 4850—

2 o8op 4848 i
9702_ [ 48465— %ﬂé‘%u””ﬂ {
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920 —
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9102— i@ s, -
900 f_ = 47902—
EI 1 1 | TI 11 I | S -1 | | L1 11 I | N | | L1 | I | I 11 4788:—
0 5 10 15 20 25 30 35 4786 f_ I fitted mass = 4779.05 +- 0.15218 MeV
(mn. +3my/y) /4 [MeV]|maq,.. [MeV] ::::;:
Set1 3101.9(0.1) 4846.4(0.1) E .
Set2 3056.6(0.1) 4779.0(0.1) ook S A
Interpolation 3068.5(0.1) 4796.8(0.1) s et
Experiment 3068.5(0.1) - a7aE- =

1

4772
| 1 l - | 1 | | 1 | l | l 1 | 1 | 1 | | 1 1 1 1 | | 1
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_ Summay

We perform the physical point simulation by employing “HAL-conf-2023" generated by the HAL
Collaboration

Using HAL QCD method to analysis Q... — N interaction
»Reported Q...N 3S; and °S, effective potential

»As well as these channels’ phase shift
»Both potentials are overall attractive

»But we don’t find a bound state for Q...N system

What's more can we learn from
Q... — N Interaction

2025/10/27
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Folding potentials

Folding potential w/o Coulomb

40

20+

— 12C
—— 28Si
—— 40Ca
—— S8Ni

90Zr
— 208Pb

Folding potential w/ Coulomb

— 12C
— 288Si
—— 40Ca
58Ni

0 [

— 90Zr
— 208Pb

5 10 15 20 25 30
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