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Background

Prefer DD* molecular state

Before the observation
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E. Braaten, et.al.,, PRD103(2021)016001, Not bound

J. Chen et.al., CPC45(2021)043102, Not bound

Faustov et. al., universe, not bound

M.Z Liu et. al., PRD102(2020)091502, OBE, loosely bound
Q.Lv et.al., PRD102(2020)034012 1

C. Deng, et.al., EPJA56(2020),9, deeply bound -150keV

P. Junnarkar et.al., PRD99(2019)034057

W. Park et.al., NPA983(2019)1

Z.G. Wang ACTA Physica Polonica B(2018) bound
E.J.Eichten et.al., PRL119(2017)202002, not bound

M. Karliner et.al., PRL2017, 7MeV above DDt threshold

Lattice QCD simulation, I’LB729(2014)85,_]"D = 1%, I = 0 attractivi

G.Q. Feng, et.al., arXiv:1309.7813(2013), bound
N.L., et al., PRDS8(2013)114008, loosely bound

After the observation

HQSS partners
o H.WKe, etal, EPJC82(2022)144

SU(3) flavor partners © M Zhao, et.al, PRD105(2022)096016

® MKarliner, et.al,, PRD105(2022)034020
H.W.Ke, etal.,, PRD105(2022)114019

e C.R.Deng, etal, PRD105(2022)054015

L.R.Dai, et.al., PRD105(2022)074017

K. Chen, etal., PRD105(2022)096004

Dynamics
® S.Y.Chen, etal, arXiv: 2206.06185

G. Yang, et.al., PRD104(2021)094035

e Z.Y.Lin, etal, arXiv: 2205.14628
* M.Albaladejo etal., PLB829(2022)137052

Other partners ® ].B. Cheng, etal., arXiv: 2205.13354

e Z.Y.Yang, etal, arXiv: 2206.06051

S.Q. Luo, et.al,, arXiv: 2206.04586
S.Q.Luo, etal., PRD105(2022)074033
X.Z.Ling, etal., EPJC81(2021)1090

® N.N.Achasov, et.al., PRD105(2022)096038
e |. He etal, EPJC82(2022)387

® ].H.Liu etal.,, PRD105(2022)076013

e L.Y.Daiet.al, PRD105(2022)L051507

X.ZWeng, etal, PRDI05(2022)034026 ~ ® L-Mengetal, PRD104(2021)051502

F.L.Wang et.al., PRD104(2021)094030
Y.W.Pan et.al., PRD105(2022)114048
C.W.Shen et.al., PLB831(2022)137

e X.ZLinget.al., PLB826(2022)136897
* M.Y. Yan etal., PRD105(2022)014007
® A. Feijoo et.al., PRD104(2021)114015

TGuo etal, PRD105(2022)014021 ~ ® ==
QAQin et.al,, PRD105(2022)L031902 Isospin property and other properties

R.Chen et.al., PRD104(2021)114042

® ]Shi, et.al., arXiv: 2205.05234

Guang-Juan Wang, Zhi Yang, Jia-Jun Wu, Makoto Oka,
Shi-Lin Zhu Sci.Bull. 69 (2024) 3036-3041
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Previous Lattice Calculations

P. Junnarkar, N. Mathur, and M. Padmanath, Phys. Rev. D 99, 034507 (2019), 1=0 for
qqQQ system with J=0,1, an energy level —23 + 11 MeV relative to the DD
threshold, m,>260 MeV

M. Padmanath and S. Prelovsek, Phys. Rev. Lett. 129, 032002 (2022), virtual bound

state pole, with ERE and Lischer, m, ~280 MeV
S. Collins, A. Nefediev, M. Padmanath, and S. Prelovsek, Phys. Rev. D 109, 094509 (2024),

virtual bound state pole, with ERE/LSE and Lischer, m, ~280 MeV, study
the quark mass dependence

L. Meng, E. Ortiz-Pacheco, V. Baru, E. Epelbaum, M. Padmanath, and S. Prelovsek
Phys.Rev.D 111 (2025) 3, 3, 2411.06266, the standard LUscher method and the
recently proposed effective-field-theory-based approach in the plane-wave
basis for 1=1 case

L. Meng, V. Baru, E. Epelbaum, A. A. Filin, and A. M. Gasparyan, Phys. Rev. D 109,
L.071506 (2024) effective-field-theory-based approach in the plane-wave basis for 1=0 case

Hadron Spectrum Collaboration, Phys. Rev. D 111, 034511 (2025),
2405.15741, 1=0 for DD*, D*D* coupled-channel, virtual
bound state pole, with ERE and LUscher, m,; ~ 391 MeV
Hadron Spectrum Collaboration arXiv:2505.01363, 1=1 for DD,
DD*, D*D* coupled-channel
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Y. Ikeda, B. Charron, S. Aoki, T. Doi, T. Hatsuda, T. In oue,
N. Ishii, K. Murano, H. Nemura, and K. Sasaki, Phys. Lett. B

729, 85 (2014), The phase shifts in the isospin triplet (I =
1) channels indicate repulsive interactions, while those
in the 1 = 0 channels suggest attraction, growing as m_

decreases. HAL QCD method
Y. Lyu, S. Aoki, T. Doi, T. Hatsuda, Y. lIkeda, and J. Meng

(2023), Phys.Rev.Lett. 131 (2023) 16, 161901, virtual state,
and the virtual state is shown to evolve into a loosely
bound state as m,, decreases,, ERE expansion.

S. Chen, C. Shi, Y. Chen, M. Gong, Z. Liu, W. Sun, and
R. Zhang, Phys. Lett. B 833, 137391 (2022), | =0
attractive and I1=1 replusive, m, ~350 MeV, with

ERE and LUscher
P.-P. Shi, F.-K. Guo, C. Liu, L. Liu, P. Sun, J.-J. Wu, and

H. Xing (2025), DD scattering in lattice QCD.
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Coordinate space: Dumbbell Method

: : . Momentum space
Symmetry Hovv_ t_o prOJect _the correlation functlon Into a P
specific irreducible representation ?

Coordinate space
Momentum space: substantial storage and
computational resources, for example nr:

SO(3)
LP=0% 1 2% 3", e (W)E“A’“j]* N C(P A, Fu; Fo) () i ()
k‘1€{k'1}
EQE{EQ}*
ki+ko=P
mH(E,8) = Y e |40, TI0,0] @, 1)
Oh

Advantage: It allows for precise control over the scattering
A ER T 5, Th® energy levels for each lattice momentum.

@ tanesexs o) . S

versity of Chinese Academy of Scie



Coordinate space: Dumbbell Method

Momentum space

How to project the correlation function into a
specific irreducible representation ?

Coordinate space

Coordinate space: reduces storage and computational requirements. On Af A ET,* T,
Disadvantage: only ground state for each irreducible representation

: AXxis Angle
1. Build operator by
rotations B XoXs)
2. Generate the regular R, (1,1,1) -120° (X0, X3,%4)
representation space
3. Project the operator .
for irrep Ry, (0,0,1) -180° (-X1,-X9,X3)
4. Calculate the Rys= iR, - - (-X1,7X2,X3)
correlation function B,.= 7R, ) ] (Xpy-Xg1-X,)
5. Obtain the energy
levels .
R,e= fiR,, - (X1, X00-X3) T. Luu and M. J. Savage:' PRD 83 7
O 114508(2011)




Key method:

1. Build operator by
rotations

2. Generate the regular
representation space
3. Project the operator
for irrep

4. Calculate the
correlation function

5. Obtain the energy
levels

Coordinate space:

Dumbbell Method

= xa(Z+6/2,t)xp(T —5/2,t)
é == {él, éz,

&(,0,1)
Rotation Elements: ,§48}
g: (533763;?52)
Op 7 Oy 7 0
T+6/2=1 €7’
1 11

7= (=,=,=) and § = (1,3,5

z (272,2)811 (1,3,5)
Simplifies continuum rotation symmetry
OR(T,0,1) = xa(R™H(F+0/2),t)xp(R™H(T — §/2),1)

48 two—hadron operator do¢y.

R RT8/2 ¢2(f,5,t>|n>:¢2<f5t> ~ (7, )
Rx|oh(2,0)) = ok, n(Z, Zl% 7,6)) [Trea(Rx)] o
R™1% S
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Coordinate space:

Dumbbell Method

Qb(f, 5; t) — XA(-f+ 5/27 t)XB(f o 5/27 t)
Key method: Rotation Elements: R = {R{,R,, ..., Rsg)}
1. Build operator by ‘ 0 = (0z,0y,02)
rotations §/2 0z # 0y # 0,
2. Generate the regular X S, o = 3
representation space T+ ?/ 21 —1n €7
3. Project the operator é Z=(=,=,=) and 0 = (1,3,5)
for irrep 222

4. Calculate the

correlation function
5. Obtain the energy

levels

Simplifies continuum rotation symmetry
Or(T,0,t) = xa(R™H(T +6/2), Oxp(R7H(T - 6/2),1)
48 two—hadron operator cl)R
Dp(T, 0, 1)|2) = asR(a: o K ¢R(:a %)
B[} (7,0)) = ) [T

Oy (7,0

P University of Chinese Academy of Sciences

S eg(Ry) S = @ AN ©2E @ 3T, @ 3T,
 (ORL @Al‘ @A, ®2E- @ 3T, D 3T,

N[V 3 171 C ) 17 ( Int




Coordinate space: Dumbbell Method

Rx|oh(%,0)) = 0k, p(#,0)) =D ¢4 (.6)) [Free(Bx)] 1 5 |‘I’z L (5)>
Key method: v

: e. g.
1. Build operator by STy S = At ® A, ®2EY @ 3T, @ 3T, i1 i1
rotations ®A;” DA,” ®2E- @31, D3, 2 2, 3
2. Generate the regular r- g T: T
representation space 48=1+1+2X2+3X3+3X3 _— - ’
3. Project the operator 1+1+2X2+3%x3+ 5 9 g
for irrep  3X3 . . .
4. Calculate the This block—diagonal matrices will lead to a new set of basis states:
correlation function = Lo 1=
5. Obtain the energy RX|(I)z I n( ,0)) = Z |(I)I’,F’,n’ (%,9)) [S 1Preg(RX)S] i/T'n’ il'n

() e 1900 ()
B! (7,0)) = Z P05 (7, 6)) [S] g

@ te ﬂf?ﬁiw (B so2 St 0
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Coordinate space: Dumbbell Method

ip.(y—x - T - 7

E o0 (7 )<Q|<I>,,;,F’n(y, 0, £) Py 1 i (T, 0, 0)[€2)
Key method: §y—Z€Z? ]
1. Build operator b 7 (G—72) 1 . =
PO O or.r O ) CTTTO RS xe(B)(QIer(F, 6 )67(E 0, 0)/2)
2. Generate the regular §—LELS I
representation space
3. Project the operator
for irrep
4. Calculate the o I ch X +
correlation function lagona gl

5. Obtain the energy I Number

levels
h and [ Z

CSSM-QCDSF Collaboration Jia-Jun Wu et al.PRD 105 (2022) 7, 074506

Two source
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Coordinate space:

d(a) =3 u(@)ysct(x), Do

(i

(I}“(:E} o Z d__”‘ (:E:J’TILEH {:E:J y = T, Y, 2, D*+

(i

B, p(x,8) = Ppd(x + 5/2)du(x — 5/2) Py,

— SN+ 8/2) i,.(ﬁf—l(a: 5/2)).

.., S S’
|‘1"“ﬁ($.,ﬂ)> e |‘I'IJL,,'E"'P"H"($:| 5)} f |"I'g1"n(ﬂ?,l§':]'}:

Reduce Regular Representation “irreps” x Tl => irrep
Orbit angular momentum L J=L+S

12

LA/\AI_I/’\I\T/I_

Dumbbell

Method

DD
r T @'(f)
A T @17 (4)
Al T 1) (2)
E 1'@1[]1*@1 2)

T e Al0), T @ EY(2), T @ T (4), T @ T, (2)
b 1o Al6), 7 oY), T, @1 4), ) @1T)(2)

A, T Ty (1)
A, Tli @1, (3}
E e (1), T @1, (3)

Ty TV @A (9), T @ E (5), T} @17 (1), T} ® T, (3)
1, T11 @'A:a (9), :{11} @ E (5), 111} Q@1 (1)-. I-ill{ ®1, {3}

versity of Chinese Academy of Scie

DD* CM system, P=0, belong to O,, group

DD* Moving system,
P=(001), belong to the

subgroup of O, and T,*
will reduceto A, @ E .

@teavars ()

' (A2 E)eI'(6)

A A ® }12{4},&1 ) E{:l]
A As @ A (0), E® E(1)
By As @ Ba2(2), E® E(1)
By As @ B1(2), E® E(1)
E E®A(0),A ® E{:l]
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Lattice spectrum
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323 X 48 volume, lattice spacing a = 0.074 fm, mn =~ 359.4MeV, my =~ 2121.2MeV, and mp, = 2225.4MeV,
from the QCDSF Collaboration G. S. Bali et al., Nucl. Phys. B 866, 1 (2013)
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Lattice spectrum analysis

L Uscher formular 1=0 =1
det (ﬂ{f’rrp (E) (S}-J.f”sﬂ"ﬁnn' cot J,H) = () o4 1041

Jln TV n!

i 1 |
peotdy = — + —rgp°
1) 2 1.03 4

Constrain to the short range interaction,
Long range interaction will bring two problems )
1. ERE vs Left hand cut ) S
Du, Filin, Baru, Dong, Epel-baum, Guo, Hanhart, Nefediev, =it
Nieves,and Wang, PRL 131, 131903 (2023) ™ } } } E ])
2.The correction of Lscher formulas become 1011
large by high partial wave contribution and left ¢

hand cut }

Raposo and Hansen, JHEP 08, 075 (2024) t 1 | | | | 007 | | | | |
Bubna, Hammer, MUler, Pang, Rusetsky, and Wu, JHEP T A E A; 8, 8, T A3 E Ay 8, 8;

05, 168 (2024) Pl2=0 1 1 2 2

Meng, Baru, Epelbaum, Filin, and Gasparyan, PRD 109, ]
|_07lg506 (2024§) — 2 In HEFT, we can include = exchange naturally.

Yu, Wang, Wu, and Yang, JHEP 04 108(2025) 4

1.03 1

fEp
g
fE,

University of Chinese Academy of Sciences



The quantization condition In the finite volume 1o

JSSEEEEEEEEEEEEEES Standard Liischer Formula \ ..................
: | G P U G
0 3:1 _.ﬁ :{m(:]\‘ T ‘ _ ) SO]Ve
solve Eigenvalues scattering equation- ., o ‘
. V has no pole or pole is far
r=V+ f VaT T = T +TMTFY away --- Usual Liischer’s
TFV — VFV + ZVFVGTFV
ZVFV G — f VG V has pole close to threshold
M ~ --- Left hand cut/ Long
| attice Spectra are the \ range interaction
FV
pOIES of T =T 1 — M~ 1 V has a pole above threshold
--- Three-body
” 4
— A /_\\ I_F/M , tft]y fi/?,\ ademy ol re/? @ S ¢ W ;:E




HEFT Introduction

. Resonance
(Mass, width, pole position, coupling)

H=H,+H, H=0+
N 6= 3 etk )i, (81+18)8,, ().

a i=1l,n
=Y ]alk )V, . (Bk)| >
a.f ag Ba
Continuous Jdk  and a(k,)) and  (B(K,)|a(k,))=35,,5(K, —K,)

l | l |
oiscrete (S5 s (7)), wo Gk ), <o

—

mg 0 0 0 0 ,((3 : g}{(ko) : gé(”(k‘) | g;%(ko) | Q}E(kl) : T

0 er(ka 0 0 0 gy (ko) oY (ko ko) o) 4(ko. ko) - . (Fo, ko u}"ll ko, ky) -

o 0 0 00 k) k) - Gk oy k) matrix _
e R - e S . (phase shift, L attice

0 0 0 nelko) 0 gy (ko) vy_1(ko, ko) v 5(ko, ko) - e (Ko, ko) vé;,,l(f»o- Al)

vl 0 alk) gy (k1) vy (ks, ko) wis(ke ko) oo vy (Ra ko) oy (R Ba) - IneIaSCIty) Spectrum

(Hop+H;) |W >= E|WY >  Eigen-Value <= Lattlce

5 (P i "
/ V v \ [ ames Py [T } aam [T aa

versity of Chinese Academy of Scie




HEFT Introduction

H = H0 + H Hi=g+V Simplest way, not project to the
.: . ;;Ua(ka» g, <Bi |+|Bi>gia <a(ka)|] irrep, no moving system, ......

ak, ) ,B(k ) More detail information:
) <

Kang Yu, Guang-Juan Wang,

Continuous Idk and ‘a(ka)> and <ﬂ(|zﬂ)‘a(lza)> =3,,0(k, —Kj) Jia-Jun Wu, Zhi Yang,
l l l l JHEPO04(2025)108
. 27[ 3 272_ 312, . - N - | - —
Discrete  [>(27{) and (27{)" |k, k)~ and kK ki k) =640, Yan Li, Jia-Jun Wu, T.-S.H.
Lee, R.D. Young,
m 00 0 o 0 gk g (k) k) k) JHEP08(2024)178
0 e(ko) O 0 0 9}' (ko) U}Ll("t‘o‘ko) 1’}'1_2(]“0:71‘0) (Ko, ko) (ko k) -~
0 0 ek 0 0 a3 (ko) vy (ko, ko) vl y(ko, ko) (Ko, Ko) (o, kr) -
Holwer = | 0 0 0 0 0 [Hylne = : : : : -
0 0 0 ne(ko) 0 (ko) vy_1 (Ko, ko) vy_5(ko, ko) (ko. ko) vy, (Ko, k1) -
Fl 9 F] (.) g}"(_h) vy ko :1-‘1»'0) (K1, ko) (K. ki)

m
=
—

Lattlce

(Hy+H) |W>=E |V > Eigen-VaIe

U versity of Chinese Academy of Scie
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Lattice spectrum analysis

=0 I=1

H=H,+H,
H =v=V, , +V

DD*

hort Long
, ‘ gz < ] it e
A2 \P/ooA? e : *
I j’ === === ===
V(P.k) = Voon (0. k) = c5 (m) (m) bbb -
(Ip| + |k|)* + m? ek -
0 T o
VLﬂng(lp|v|k|)_ gz . 211][ P o ;E] {um b
SIpllkl£2 (27)* [ (Ip| — [k])* + mZ A b

f =112.3 MeV when m_= 359.4 MeV P[2=0 1 1 2 2 2

Table VI. Fitting results of coupling constant ¢s and the pole position.
isopsin  potential c},-[lﬂ ‘F’Me"u“z] > Jdof Erele _ En[MeV]

. = 0.550 when a =0.074 fm and m_ =~359.4 MeV 0 without OPE -1.05(0.12) 2.75/5 12.2(4.1)

0  with OPE  -1.55(0.15) 2.35/5 -10.2(2.4)+5.1(3.2)i

1 without OPE  3.37(0.61)  6.15/5 41.9(2.7)+ 2.3(0.2):

1 with OPE  4.42(0.90) 5.55/5 42.5(4.1)+ 2.7(0.3)i 1 8

PYeavERsy o o A

D. Becirevic and F. Sanfilippo, Phys. Lett. B 721, 94(2013)

Meng, Baru, Epelbaum, Filin, and Gasparyan, PRD 109, L071506 (2024)

Only one free parameter

] F|_l //_\v/\v/q\\ L T
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Lattice spectrum analysis .

AQ' 2 AE 2 I=0, without OPE i=0, with OPE
I I
V{p,k) - Vﬂhurt(pi k) = Cg (kg | Ag) (p2 | Ag) 0251 021 i /
9 020 / 0,20 4 .

9e (Ip| + IK])” + mg ' i '

VLong(lp|-p|k|) = 8 k o 2 111[ k 3 ZJT 015 7& 0.1% 4 !
Ipllklf2 2m)” | (pl — kD) +m2y g /e

£ = 112.3 MeV g, = 0.550 f P

Table V1. Fitting results of coupling constant cs and the pole position.

’ L
0.00 //ad .
1) -
==\
|
1

isopsin  potential  c5[10 "MeV?] x*/dof E"' — E;n[MeV] ~oas T ~005 -~

0  without OPE -1.05(0.12) 2.75/5 -12.2(4.1) o oo

0 with OPE  -1.55(0.15)  2.35/5 -10.2(2.4)+5.1(3.2)i i Som oo Toar ryI ry=ry Py i oo T

1 without OPE  3.37(0.61) 6.15/5 41.9(2.7)+ 2302« ™ o

I'=1, withaut QOPE i=1, with QPE

1 with OPE  4.42(0.90)  5.55/5 42.5(4.1)+ 2.7(0.3)i T r

1. 1=0 complex pole below the threshold --- 00 ————
crazy pole YFwang, DL Yao, HQ Zheng, EPIC 78, 543 (2018), g ,
a4 —0.05 -7 u —005 4 -~

2. 1=1 similar to short range interaction case -

|
=1
=5

3. The attraction and repulsion of the short- __J__ 7{ ﬁ,i/ // I / / ’

range potential determine the behavior near o
the left-hand cut generated by the long-range |
potentials o —IZI.I;.'IZIII 0.000 E-.lJIIZIE l.:.':i:.'::fmr U.IZ:IJE- 'J.IZIIUH- D.Drll.' 0.1512 =t —U.:JUE 0.000 IZI.ET':I! IZI.I.E:.::.E*:I: D.Ultlh l.:.-:it-«':ﬂ 361 qll
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Summary

* Introduce an new method to organize operator in lattice
 Long range force problem
 The pole of T_. from lattice QCD calculation

Table VI. Fitting results of coupling constant cs and the pole position.

isopsin  potential  e5[10 "MeV?] x*/dof E"°° — E;[MeV]
0 without OPE -1.05(0.12) 2.75/5 “12.2(4.1)
0  with OPE  -1.55(0.15) 2.35/5 -10.2(2.4)+5.1(3.2)i
1 without OPE  3.37(0.61)  6.15/5 41.9(2.7)% 2.3(0.2)i
1 with OPE  4.42(0.90) 5.55/5 42.5(4.1)% 2.7(0.3)i
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Thanks for attention
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