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/_ Theoretical Efforts _\

Lattice QCD (HALQCD:2018qyu)
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Introduction (NQ;;)
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Meson exchange (Sekihara:2018tsb)
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Femtoscopy in

pp collisions at LHC
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Femtoscopy in heavy-ion
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at RHIC (STAR:QM2025-763)
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Further researches:

Bound NNQs¢ and NQ340Q5,
hypernuclei (Garcilazo:2019igo)
Investigating the production of
N.Q3s, NN.QgS and NQ3SQ3S in
Heavy lon collisions (Zhang:
2020dma, Zhang:2021vsf)

2025/11/13

BARYONS 2025




Introduction (NQ;,.)

S Theoretical Effort before —

Quark model :
ap (fm) ro (fm) B’ (MeV)
ChQM 1.4989 0.40810 —15.5
QDCSM 1.3347 0.43343 -21.6
\_ Huang:2019esu -
e Lattice QCD —

® The lowest threshold among C = 3 dibaryons
(~ 5740 MeV)

- No open channels
- Clean lattice set up to study low-energy int.
—> spin-dependent NQ5,. int. can be studied

-> Implications for possible charmed rnuclei

/ C = 3 dibaryon threshold \
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HAL QCD method

13 09:00 Hatsuda

Time-dependent HAL method ['23] used in this 4500
4000 F*
o F(r,t) ol Y (=
)i . ) . Ji AW bt < 3000 |+ 4 =700 MoV
R0 = Gy @~ 2 B (e Pawml 0]
By B3 n &5 2000 .
_% 1500 .
k2 1 352 = 1000 I:.
E,=-"2 =AW, + + (AWn)2+(9((AW,,)3) s00f
2 8 0
: _1 :__35'2 _______________________ ]_ T R 0.5 1 15 2 25
_ _ ] — 3! / ! 1 r [fm]
W\ 8y 0F = O HO) R0 jd TR, ), Ishii:2013ira.
Ulr,r') = V(r,V)§®) (r — 1)
— V(r)
' VLO(r, V) = (E) — Ho)¢k(r)
’ or(r)

PHYSICAL POINT CALCULATION IS [1] Ishii:2006ec  [2] Ishii:2012ssm
AVAILABLE NOW! 4] [3] Aoki:2020bew [4] Aoyama:2024cko
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Gauge Configurations (at m,~137MeV)

Here we using HAL-conf-2023I'l configuration 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 fermions ' input

with stout smearing ‘ -

—h
v’ the Iwasaki gauge action _ RS o | -
v 8,000 trajectories % , P —
= 1000 - Bl
v’ lattice size 96*, corresponding to (8.1fm)* ~ ' 3
0.2 1 (Input) —— experiment
a~! =2338.8(1.5)(F35) MeV 5001 - width
(|nput) @ Lattice

v 'm, =~ 137 MeV, my, =~ 502 MeV (at the physical point) - 1 Lattice, resonance
v Physical charm mass with relativistic quark action (RHQ) [? m K 515*&: NAIZ A3*z*Q

[1] Aoyama:2024cko [2] Aoki:2001ra
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()5 . potentials (channel dependence)

—_— Ln T 1 —_— T 1 1
3 O 3 O
2 | 2 |
;—50: \>-/—50 E:
—100F 100}
150} ~150}
—200} —200}
_ - (b) S, ¢ Yta=17  —Fit
250+ _ [ Ll | | 1
0 2505 0.5 1 15 2 2.5 3
r (fm)
%S, channel S, channel
t/a A, [MeV] Az [MeV] B [fm] B [fm] t/a Ay [MeV] As [MeV] B [fm] 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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N Q. potentials (spin decomposition)
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» The spin-dependent potential makes a

significant contribution at short distances. 200

» The spin-independent potential gives a
dominating contribution for whole distance.
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NQBC phase Sh |ft Attractive but No Bound State

9 C ) T | T T s
S 30r 3 © 30 =
g [ @°’s 2 | ®°s,
< 25 o 2 o5
600 B too g
20F
150 P I
10: RN |/ £ A ...................................... “
5f | | By =16 i
ot S ]
0 10 20 30 40 50
E.m (MeV)
channel ao [fm)] Te [f]

°S1 0.56(0.13) (X9:53) 1.60(0.05) (*0:92)
Sz 0.38(0.12) (£0:53) 2.04(0.10) (F9:93)

mean values and statical errors from t/a = 17; systematic errors fromt/a = 16 & 18.

2025/11/13 BARYONS 2025




Comparison between N(;. and N5,

t °S, N, (F-conf)
i °S, N, (K-conf)

S, NQ3,. (Fconf) potential exhibits a
similar shape but is 2-5 times less

attractive compared to the °S, NQ;
(Kconf)!]

There are two possible reasons:

€ Long range: two-K exchange vs.
two-D exchange.

€ Short distances: chromo-magnetic
interaction inversely proportional to
the constituent quark mass!?!

[1] HALQCD:2018qyu [2] Oka:1986fr

2025/11/13 BARYONS 2025

9




Comparison between N — Q3. and N — J /Y

- > Observed similarity between the NQ,,
: : TTTTTTEEEEiass and N — J /i potentials.

- eeet®t et = common 2-pion mechanism2 ?
Y| N M. L A T S T A e

B ° EQ’. : : : : :

— é : z z : s 5 _ _ A0 _

- H H H H H H H * o ~ 7 N L~
o 4 | 5 ; | AN -7 AN ¥

o | i NQg (Fconf)| -
E N-J/ K-conf)]
— 150 o . E | l/}( | 5 . > The plateau indicates the ratio of the

- i i | coupling strength to the gluons(®4!
_I_I_I_LM L1 I - 111 [
o] I O OO OO OO S S S between Q;.and /Yy ?

& ...noooooooo..é§§§§§§§§*

300 120 .406 """"" 0 18 H*WHL xén”l] 7 )

V (1) (MeV)

Ratio

[1] Lyu:2024ttm [2] Hatsuda:2025djd [3] Brambilla:2015rqa [4] Dong:2022rwr
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Summary

@ Physical-point lattice QCD simulation to analyze the NQ3, interaction with HAL QCD method.

® NQ;. 35, and °S, effective potentials and phase shifts.

»Overall attraction in both channels

»Dominated by spin-independent potential 1/,

with a short-range spin-dependent potential V; \‘
»No bound state found in NQ,. system _
» NQj. potential is weaker than NQ, /GQ \
»V, for NQs, is similar to NJ /Y G,j
= possibly governed by the same soft-gluon/two-pion mechanism? vo..

»charm mass dependence of I, of N3, is also observed

> Possibility of Q3. charmed nuclei with an intermediate mass nuclei, e.g. 2C ?
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V(r) (Mev)

Ratio

Comparison of V, between different charm mass for NQ..
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» Charm quark mass dependence is
found in the spin-independent N5,
potential

» The obtained ratio between these
two sets of potential may imply that
the charm quark mass dependence

is described by an approximate

mazc
scaling.
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Q... charmed nuclel

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

For higher A case: we apply folding model to estimate the existence of ;. charmed nuclei

2 — 3,7 21 =20
| Q3. separation energy / MeV Ve(@) = j a*r'pa(TIVona, (7 — 1),
Core nuclei
1ZC

w/o coulomb w/ coulomb Vona,, 1S the spin-independent
8.31(2.26) ° s swuw 0.127(-) Serveswww  Potential of Ns, system obtained
28 10.7(2.45) M SS——| || TOM the mean value of t/a = 17
20 : : ZOW
“0Ca 11.5(2.51) poe2® 6 B A0 214 T Lo 2 4 6 81012 14 Q}+-12¢ could be a Q5. charmed
587 12.4(2.61) o s isswmi - e nuclei candidate
00 E ) S(O?M
Zr 128(261) _%%MS 10 12 14 _4200 2 4 6 8 10 12 14 Due to the Strong coulomb repU|Si0n,
208pp 12.5(2.44) eiwssionu - ng heavier Q3. charmed nuclei may not
exist
Pa is token form EI-AzabFarleOOOmgb [1] Flllkh|n2025|ge

[2] Etminan:2025emv
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