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Revealing the mysteries of heavy-quark exotics from QCD

First-principles calc.
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Nuclear Elucidation of Exotics
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HAL QCD method

NBS wave func. Lat Hadron Force
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Interacting kernel (“potential”) from spatial & temporal correlation
— Potential - Phase Shifts guaranteed by QFT Aoki-Hatsuda-Ishii PTP123(2010)89

Enerqy-indep potential N.Ishii et al. (HAL Coll.) PLB712(2012)437
— “Signal” from (elastic) excited states = Ground state saturation NOT required

CO u D l ed Ch ann el fO 'm al iS m S. Aoki et al. (HAL Coll.) Proc.Jpn.Acad.B87(2011)509
— Physics above inelastic threshold - Essential for Exotics, Hyperon-forces

Extension to N-body systems (N>=3) S. Aoki et al. (HAL Coll.) PRD88(2013)014036
(non-rela approx.)




Hadrons to Atomic nuclel from Lattice QCD
(HAL QCD Collaboration)

Hadrons to Atomfc nuclei

" from Lattice QCD
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H. Tong (U. of Bonn)
L. Zhang (SINAP)
+

= |. Kanamori (RIKEN)
K.-l. Ishikawa (Hiroshima U.)
SPACE ODYSSEY
T. Hyodo (Osaka U.)
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https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=0ahUKEwi35-rG59rMAhWBPZQKHdSzDqcQjRwIBw&url=https://www.youtube.com/watch?v%3De-QFj59PON4&psig=AFQjCNFAGYd4wJZdbFMbgLIViHhSf6rOAQ&ust=1463358014415076

LQCD @ near & on the physical point

e Nf=2+1gauge configs

— lwasaki gauge + clover-uds + (quenched) RHQ-charm N -
— V=(96a)*=(8.1fm)%, 1/a=2339 MeV Fugaku (440PFlops)
2000~
L input
— [K-conf] PACS Coll., PoS LAT2015, 075 Lso0. [F-conf] s
(m,, m,) = (146, 525) MeV ~ ‘ I
(#confs —= 400) % 1000 - iy .
= -(in ut) + - :
— [F-conf] HAL QCD Coll,, PRD110(2024)094502 . {U"Put experiment
’ width
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(ud + s)-flavor sector  °




LQCD @ near & on the physical point

Nf = 2 + 1 gauge configs

— lwasaki gauge + clover-uds + (quenched) RHQ-charm

— V=(96a)*=(8.1fm)%, 1/a=2339 MeV

I£ugaku (44OPFIopé)

2000~

— [K-conf] PACS Coll., PoS LAT2015, 075 e [F-conf] _T_Eﬂt
(m,, m,) = (146, 525) MeV = dr
(#confs —= 400) % 1000 - . o

— [F-conf] HAL QCD Coll., PRD110(2024)094502 = e L T — experiment

' width
(m,, mi) = (137, 502) MeV jigpe I Latice resonance
(#confs = 1600) 0= T NAEL ArTa
C=1 C=2 C=3 C=4 C=5 C=6
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Exploring hadron interactions in broader families

e N-Q (=N-Q...) interactions
— Distinct quark flavor config, attractive at all distances

SSS

-

* N-Q . interactions o/

L.Zhang
spin-dep can be examined €< NQ_. Is below A = ., X2

c—'cc>» ~‘c—cc

(c.f. AE, ZE are open channels for NQ)

* N-¢ (N-sS), N-J/y, N-n. (N-cc) interactions
|'f/}\| EEEEEEEEEEI] 0 D?pole-DipoIe inf[: H. Fujii and D. Kharze_ev, PRD60(1999)114039
.\\\H./f. Jx 0 Dipole-Nucleon int: J. Castella and G. Krein, PRD98(2018)014029

How color-dipole interacts w/ other hadrons?

Role of two-pion-exchange (TPE)
chromo-polarizability of heavy-quark system



Exploring hadron interactions in broader families

e J/y-J/y interactions > Talk by Y. Lyu

e Dbar-N interactions > Talk by W. Yamada

to be submitted soon

e K-N interactions > Talk by K. Murakami
PRD in press, arXiv:2509.00838

e D-D* interactions (Tcc) Y. Lyu+, PRL131(2023)161901

e B-B* (& B*-B*) interactions (Tbb) - Talk by Parry



Previous LQCD results on
two-pion-exchange (TPE)
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“Charming world” and Exotic tetraquark T..*

Y. Lyu, et al., PRL131(2023)161901 (Editor’s suggestion)

LQCD calc of D-D* (I=0, JP=1%) interactions at mr=146MeV
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N(I) system (4532)_ (Mr=146MeV)

Potential Phase shifts
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Y. Lyu et al., PRD105(2022)074512

two-pion exchange (TPE) See also J=1/2 by LQCD+ALICE,
E. Chizzali+, PLB848(2024)138358
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New LQCD results on
N-Q,_(and N-Q; )



N-C,_interactions 5
L. Zhang+, PLB871(2025)139998 ¢
* N-Q); system L. Zhang
— N-Q, (2611), A-Z(2434), 2-2(2511) in MeV
— Quasi bound state in °S, channel w/ B.E. ~1.5MeV @ m(pi)=146MeV
(decay to A=, X= suppressed by D-wave)

— How about 3S, channel? LQCD calc is more involved
(decay to A=, X= is S-wave and is NOT suppressed)

* N-Q;_ system
— N-Q, (5740), A-Z..(5910), X.-Z_ (6080) in MeV

— Possibility of true bound state MeV

— ldeal system to study spin-dep; - o080
both of 3S, and °S, can be calculated [ —
—> may be useful to estimate spin-dep for N-Q,, system? No=cc~5910

5900
— Physical point simulation at m(pi)=137MeV NQ; ~5740

5700




N-Q),_potentials (channel-dep)

V(r) (MeV)
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Universal attraction at all distance

3S, Is more attractive than °S,
Interpretation from hadron-theory side? 15



N-C),_ potentials (operator-dep)

Vio(r) = Vo(r) + 8y - 55, Vs(r)

YY) A AN NS S U N S -
O 02 04 06 0.8 1 1.2 14
r (fm)

Spin-indep pot is long-ranged, Spin-dep pot is short-ranged
Can we also use this info to estimate (diagonal) 3S; N-Q pot?



J, (degree)

N-CQ, . phase shifts & scatt params
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d, (degree)

"I"l"i"'["l'"i"'J"'f"I"l"‘l"'f"I:l'.l]' |

channel aop [fm] reg [fm]

’S1 0.56(0.13) (1525) 1.60(0.05) (F5:95)
°S2  0.38(0.12) (£9:55) 2.04(0.10) (F5:93)

Attractive, but no bound state 17



V,(r) (MeV)

Ratio

Comparison of potentials

N-Q3C VS N'\J/\l]
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Charm quark mass dep

U: i..tii‘i yeesidbanaaiansl
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I::r.'rrrh_ + 3.!'1-1';.,"” )/4 [MeV] Mgy [MeV] Spln'lndep N-Q3C pOt |S
Setl 3101.9(0.1) 4846.4(0.1) weaker for larger m.,
Set2 3056.6(0.1) 4779.0(0.1) w/ ~1/m(Q3c) scaling

Interpolation 3068.5(0.1) 4796.8(0.1)
Experiment 3068.5 none




Preliminary LQCD results on
N-CQ,. (°S,) at the physical point



N-Q,. potentials

V(r) (MeV)
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N-Q,. potentials

(a) NQ(CS)
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Tail structure of potential in N-C2,_

1. Fit potential with Ae=2™="/r2 in the range r > 2:1 ~(.8 fm to extract A~ — 181 MeV - fm~—2
2. Calculate E. = —In(V(r)r?/4) /r~2m With higher stat., clear plateau
t=14 °S,, E_: L(r) = -log(U(r)/A)/r~2"m t=14°S, V(r)
C o E E .
- =148, V(1 2 o -1
= ° == TPE fit S 5
- —— 2m,=2"137.1 MeV| - ]
o t=14°S, L(r) -mE_ .F"
- . -15F ,.*
O 'i‘_. r I [A]"exp{-2*x*[m_ n]{F]nx
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& | ~20F i B
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Consistent w/ TPE taill
N.B. one should be careful about stability against analysis procedure .,



New method toward higher precision




The challenge towards precise calc
w/ light quark sector

e Signal/Noise issue Parisi (‘84), Lepage (‘89)
Sigl.lal . exp[—A(mN o 3/2mﬁ)t: A: mass number
Noise t: Euclidean time

e HAL QCD method

— t >> 1/(elastic excitation energy) NOT required
— t >> 1/(inelastic excitation energy) still required

 Optimized operator could cure the problem

— |If inelastic states are suppressed, we can take smallert
- exponential S/N improvement

— This requires (multi-) hadron level
optimization, while (simple) LQCD can
make quark level optimization




New optimized (source) operators

» In LQCD, quark propagators are calculated with given sources

N : : Y. L
® Spatial index is contracted at source — challenging Y
® Spatial index is open at sink — straightforward 1-hadron internal structure
_ _ 2-hadron relative structure
» Novel quark smearing techenique at the source can be optimized together
G(r) = f(7)
1 ,, L\ el
Fp(r) = NVE D Zs(7o) W)/ (o) f (7 — 7o)

sub ?:'D eAsub

® f(7) fined tuned for single hadron
® Each point is weighted by lIJ,:m (7o)

® 7, noise variable ensures no mixing terms

1 = - = )
G*F}} =—B(0) > W, (7o) B(7)
sub _
70 €EAsub
1 = o SN D=
ng(O) Z Uy, (70)B(70)
N 7o €A J

Y. Lyu+, arXiv:2507.09930, 2507.09933



The method can be combined w/ single-hadron optimization

» Smearing: incorporating realistic spatial profile (“shape”) of single hadron

[ q(®) — > f1Z — i)a() ]

Fig. from T. Iritani
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New optimized (source) operators

» \We can also optimize operators for each elastic state, too

» The NBS w.f. ¢, (¥) can be obtained by an iterative process
® Initial guess ¢,§°>(f)

v' Models, EFTs ...
v Overlapping factors from a variation method
v" HAL QCD potential

® Using ‘P,go) (7) at the source to calculate correlation function R,(ll) (7, t)

® \erifying if R\ (7, t) is stable against ¢, if not, extracting ¥\ () from it

and iterate this process until convergence

Yi
ROG,0) || V) || 40 ) || RG) | Stable?> =

| S ("



Benchmark w/ Q...Q... . Effective energies

The ground/first excited state Ro(t) = (Oo(t)Of(0)) = >~ Wo(#)Ro (7, ¢)

energy derived from A ) FEA
Ri(t) = (O1(H)01(0)) = > Wi (7R (7, 1)
relA
20 " | | | | ‘ § n=lo_
. t n=1
% 10 f
E n
%:i l....::l oooooo N 0 % 3
T i
< .... BT e
T 1
_10_
0 5 1'0 1.5 2.0 2'5 3.0

t[a]
® Spectra identification is achieved for states with energy gap ~5 MeV

® Spectra are consistent with the engine values (gray bands) from the potential

® Without O, 4, it would require t > 1000 [a](90 fm) to archive e 2E* < 10%




Summary

 LQCD calc for hadron interactions

e Coll. w/ Hadron theory and femtoscopy

The era of physical point calc is blooming now

Info on TPE, chromo-polarizability, spin-dep etc. could be extracted
Precise information on m_Q dep can be obtained

Information on m_q dep is also available (F-conf vs K-conf);
do we need more precise info on m_q dep? (reweighting)

System w/ annihilation diagram is still a challenge
New opt-op method could be crucial for precision calc

LQCD data are ready to be analyzed ©

More systematic / quantitative interplay
between LQCD and others is called for

(e.g., required channels, data and
precision to build comprehensive picture
In hadron theory side)

—{ Revealing the mysteri

es of heavy-quark exotics from QCD I—

Femtoscopy

Lattice QCD

U

Heavy-quark

g\
Q...

Validation by Exp-

First-principles calc.

Hadron Interactions

Elucidation of Exotics

Physical
[%plcture

Heavy-quark
Hadrcm Theory

LQCD and ALICE RUNS3 (how about sys err?)
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