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Motivation
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Outline and main lattice QCD results

Doubly charm tetraquark ( 7.)

T.. found as a virtual bound state =10 MeV

below DD* threshold

- likely related to T,. discovered by LHCb

Charmonium(like) states

DD* scattering

.

d_— /f/ . P
ccdu 1
D(p) D p
1=0, JP=1* =
ccdu /
D*(-p) p* |/
DD — D.D, scattering
g=u,d,s = ,::
Y
= _ = D D D, D, 4
&, @S > >
cc "\
I=0 JPC=0*+ 1~ 2+ 3- D €aqc D, €dqc p

- masses and decay widths of conventional charmonia roughly confirmed

- two additional exotic charmonium-like states with JP¢=0** found just below thresholds

D.D seen in dispersive re-analysis
[Danilkin et al 2111.15033]

of exp.

= likely related to X(3915) / x.0(3930) / X(3960)
D;D;
LHCb2020 LHCb2022



Lattice details

CLS ensembles with u/d, s dynamical quarks
a=0.086 fm, m,,=280(3) MeV
L=2.1fm, 2.7 fm

relativistic charm quarks

lat exp
rnu/d > mu/deXp
mS < msexp

mu+md+ms — muexp +mdexp +msexp

only qualitative comparison to exp !!
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Extract resonances and (virtual) bound states from H; H, scattering

Resonance
or

scattering matrix T(E)

Scattering matrix T(E) from lattice QCD

..........

,,,,,,,, 4 En

————————————

bt S -
. Q 3
b—t

bt ! : +
’ ) . + 4

periodic b.c. real E for real E for complex E

EF — T(E) — T(E)

A 4

analytic relation:
Luscher 1991

analytic contin.
to complex E

simple argument: next slide
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Virtual bound st. Bound st. Resonance
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one-channel scattering S s 1 —|— ’L%T = 6226
Relation between E and 6(E), T(E):
1D nonrelativistic guantum mechanics
_ 2z
V= 0: outside the region of potential p= L n
(re) R

W (x)= A cos (P\x\*‘ﬂ L)? ::(‘P:‘% xe=2
o xwis form alvedy utury

¥ () = (- Hh) p= Q%n_%
. ‘he oftner BC:

HUDE Y' (=) /

Huy v ive

A < (p)A) ~Ap s (‘P('%\*ﬂ E=p?/2m

P%an:mT[

YQ(QX‘IOQ bt weg M S,L

in both cases

periodic boundary condition

V=0 ¥ xcos(px)
Y ox cos(pxr+9)
V0
x=-L/2 0 x=R x=L/2
< -4 >

relation between 6, Tand E
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Doubly heavy tetraquarks

JE=1%
QQ qq Q=c,b g=u,d,s
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Two strongly stable tetraquarks bbdiu bbsu J =17

not found in exp, difficult to find

I=0
bbdu bbs u references from left to right
threshold:O: BB* BB.*
-50¢t [
— i
> - .
Q - ° o lattice: most updated results
2 -100 o ° Leskovec, Meinel, Pflaumer, Wagner (2019) 1904.04197
— I Junnarkar, Mathur, Padmanth (2018) 1810.12285
uf" [ ¢ Frances, Colquhoun, Hudspith, Maltman (2021) preliminary
| -150 Bicudo, Wagner et al. 1612.02758 static potentials
-250¢ lattice lattice

lattice: most updated results

Pflaumer, Leskovec,Meinel,Wagner (2021) 2108.10704
Junnarkar, Mathur, Padmanth (2018) 1810.12285

Frances, Colquhoun, Hudspith, Maltman (2021) preliminary
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Other QQ,QC], and JP : ‘

B. Silvestre-Brac and C. Semay
C. Semay and B, Silvestre-Brac
S. Pepin ef al.

B. A. Gelman amnd S, Nussinov
® J. Vijande et al.

. ' D. Janc and M. Rosina
Theoretically expected near or above threshold . i Sataes af ol

bedu  cedi

AR — J. Vijande et al

. D. Ebert et al

. S. H. Lee and S. Yasul
. Y. Yang et al

States near or above threshold have to be identified as poles in scattering T(E)

e G.-Q. Feng et al.
[ S—— Y. Ikeda ¢t al
. S.-Q. Luo ¢! al.
[ M. Karliner and J. Rosner
. E. 1. Eichten and C. Quigg
I Z. G. Wang
-— G. K. C. Cheung et al.
. W. Park ¢! al
¢ A. Francls et al
et P. Junnarkar ef al
C. Deng «f al
e M.-Z. Liu ¢t al
N G. Yang ¢! al.
. Y. Tan et al.
. Q.-F. Lii et al.
. E. Braaten et al.
D. Gao et al.
* J.-B. Cheng et al
u S. Noh et al
* R. N. Faustov et al.
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Theoretical PREdictions before 2021
for T, mass (I=0, JP=1*)

[compilation by Polyakov]
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LHCb discovery of T_.

dm = mr+ — (mp++ + mpo
T D D
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LHCb July 2021, 2109.01038, 2109.01056, Nature Physics

The doubly charmed tetraquark T, / =0 and favours J¥ = 17.

No states observed in D°D*xt: eliminates possibility of / = 1.

Near-threshold state: Demands pole identification to confirm existence.

C = C 0
v - — 0 D
C

A
°

Omitting D* — Dn, T.. — DDm

T.. would be a bound state

—360 £ 407 keV/c*.
48+ 219, keV,

6'rnpole

Fpole



Lattice study of T_,

Padmanath, S.P.: 2202.101101,

d ‘ Phys.Rev.Lett. 129 (2022) 3, 032002
CC . . . )

subsequent studies with S. Collins

This is the first lattice extraction of the scattering amplitude T(E):
Previous lattice studies: Had. Spec. JHEP11(2017)033, Junnarkar, Matur, Padmanath (2019) PRD.99.034507
Subsequent study: Shi et al, Physics Letters B 833 (2022) 137391 (previous talk)
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. - I=0 y my ~ 280 MeV :
Lattice study ' cedu oy Z ; D 4 Dr. T 4 DD
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Non-interacting energies and interpolators

<€ m |
Example: P =0 JP=1" > T, B = \/m""\/——i_ﬁ22 D(p,) . B
— 2
. P12 —
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D*(p,)

1 d

m2,.
- v
ni2 T

0'=" =V1:[0,0,0]V2,[0,0,0] — Vi, [0, 0,0]V2:[0, 0, 0]

0'=* =P({1,0,0})V.({-1,0,0}) + P({-1,0,0})V%({1,0,0})
+P({0v 1, 0})VZ({07 -1, 0}) + P({O’ -1, 0})VZ({O7 1, 0})
_2[P({0v 0, 1})VZ({07 0, _1}) + P({O’O’ _1})V2({07 0, 1})]

QO O~

D(-1) D*(1) 0'=° =P({1,0,0})V.({-1,0,0}) + P({-1,0,0})Vz({1,0,0})
+P({0,1,0})V ({0, -1,0}) + P({0, —1,0}) V% ({0, 1,0})

+P({0,0,1})V;({0,0, —1}) + P({0,0, —=1})V;({0,0, 1})]

Qe 0'=° =P({0,0,0})V.({0,0,0}
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Tcc and charmonium-like states from lattice

, 2.7 fm
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° . . // 2z
Eigen-energies on the lattice o) CPEEEER
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Eigen-energies and scattering amplitude
atm_ = 280 MeV

D*(p,) L

'_"97 j\" _,_IDipl)
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1.05 - Luscher’s relation . :
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i _ . E 1
1.04 b T— — S
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1.03 -
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¢ ' 0.2
L& 1.02 - J=0, =1 X
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o N
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Scattering amplitude for 1=0

atm_ = 280 MeV
virtual bound st. condition Virtual bound st. pole: p=-i|p|
ip=i(-i|p|)=|pl il
E 1
T = — . 0.2
2 pcoto —ip .
a
W 0.11
% volf
°
O 0.0 7 NL=32 u
Q
D(p) D —— NL=24
T 01 . . . .
—0.008 —0.004 0.000 0.004 0.008 0.012

D*(-p) D* \ (p/Epp*)*
4 O

dmr, = Re(Eem) —mpo—mps+ [MeV]
DD* H
- =
Lattice: virtual bound st. pole : ~
Binding energy: -20 -15 -10 -5 th
smr., = —9.9(*3%) MeVv lat l 3
m, =~ 280 MeV ~0.03! %

omitting  D* — Dm, T,.. — DD K .S./
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Possible binding mechanisms of T_.

molecular
likely dominant

[e.g. Janc, Rosina 2003]

“molecular”

Molecular component in simplest toy model: dependence on my 4

exchanged particles:

light mesons m, p, ..

increasing myq
increasing mg,
decreasing R or

decreasing attraction | V|

Sasa Prelovsek

Yukava-like potential

6_mexlr.

Vir) « ——

r

analogous conclusion for any

fully attractive

V(r)=-Vy f(r/R)

f=e /R e_TQ/RQ, O(R—r),...

Tcc and charmonium-like states from lattice

subsequent lattice study:
CLQCD, Chen et al. 2206.06185

comparison of I=0,1 :
attraction in I=0 channel arises

mainly from @ exchange

16



Simplest Example: scattering in square-well potential in QM

6. = arctan[tan(¢R)¢] — pR

partial wave 1=0

A p=i|p| =i DN
, , , P=lp| t o< (pcotd —ip)~?
u(r) = Asin(qr) wu(r) = Bsin(pr + 0) etPT — o—IplT ePr =elplr
u(r) I s | g
. R ; :
-0.02 bound st. r -0.006 bound st. -0.007 virtual bound st. -0.03 virtual bound st.
-1.2 V(r) -1.1 -0.9 -0.8
p cotd ip, p=-i|p]
...... 0.4 0.4 0.4} 0.4f
~~~~~~~~~~ - e e—
0.2 T.l02 Te0.2f ~..02f
",‘ p2 ", '/.:l'/ ‘s,
2015 010 —0.05 | 005 010 -020 —0.15 -0.10 —0.05 ,____Q_bs._o.-'m -020 —0.15 010 —0.05 | 005 0.0 -020 015 —0.10 —0.05 | 005 0.40
/___.,_:'.0-2-/- /-‘.0; _‘,‘50.2' _‘_*50.2 -
—0a4b T — ) S —04f T —04f
ip, p=i|p|

increasing m,4 , decreasing attraction V, (or decreasing R)
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Simplest Example: scattering in square-well potential in QM

6. = arctan[tan(¢R)¢] — pR

p=i|p]|

~ p=-i|p|
u(r) = Asin(qr) wu(r) = Bsin(pr + 0) etPT — o—IplT ePr =elplr
u(r) ufr) .
: R . .
-0.02 bound st. r -0.006 bound st. -0.007 virtual bound st. -0.03
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~~~~~~~~ 0.4 0.4 0.4f
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~ 2 2 2 2
~
— 1 1 1 1
Q W
—.
T 1005 0.10 0.15 0.20 “ “

0.05 0.10 0.15 0.20

partial wave 1=0

T o (pcot§ —ip)~!

virtual bound st

-,
~,
-
-
-

0.2

-0.20 -0.15 -0.10 -0.05 /|
02}

0.05 0.10

V-t
.-

-0.4}

0.05 0.10 0.15 0.20

0.05 0.10 0.15 0.20

increasing m,4 , decreasing attraction V, (or decreasing R)
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All fully attractive potentials lead to analogous conclusions

video: courtesy M. Padmanath
supplemental material of
Phys.Rev.Lett. 129 (2022) 3, 032002

. . . e 2
Pole trajectory in a potential V= — Vp "R
0.4
0.0 03{~==cuao__
0.2 TR
-0.5 § 0l
el
~ © 00
-1.0 (¥
o 0.1
_1-5_ _0.2'
_0_3.
_2-0 T T T T T T T _0-4 ] 3 T T T
0O 05 10 15 20 25 30 35 40 2005 -004 -003 -002 -001 0.00
r p2
0.20
14
12-
0.15
1.0
4 N
| o8 = 0.10-
0.6 o
0.4 0.05
0.2
0.0 0.00
00 05 10 15 20 25 30 35 40 -0.12 -0.10 —-0.08 —0.06 —-0.04 —0.02 0.00 0.02 0.04
r Ecm

Sasa Prelovsek Tcc and charmonium-like states from lattice
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Conclusions on T,

The longest lived exotic hadron discovered to date

D(p)

D*(-p)

T

cc

D

N

D*

Pole of T(E) at m )

cedu

/ dmr. = Re(E) —mpo—mps+ [MeV]

DD*
=
- ]
20 -15 -10 -5 -
lat —
LHCb ]| B
m, = 280 MeV 0.03| %
mp [MeV]|dmr,. [MeV] Tee
lat. (mx~280 MeV, m{™)| 1927(1) —9.912%  |virtual bound st.
lat. (mx>~280 MeV, mgl)) 1762(1) | —15.0(T55) |virtual bound st.
exp. 1864.85(5)| —0.36(4) bound st. =
T..— DDn
closer-to physical m, D* — Dr omitting

Simple arguments within molecular picture:

My /q INCreases :

phy lat
Moya = Muyd

(LHCb) would-be bound st. = virtual bound st.

m. decreases
|dmr. | increases for virtual bound st.

(see backup slides)

Both in agreement with the lattice result

sketch of expected binding energy

K(Sm:Ep -

cm “=th

" Increasing m 4 Or

decreasing m_

th. /Tv

\ bound st. virt. bound St'j

Hypothesis to be verified by future simulations
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1)/
=Y Py I=0 S.P., Collins, Padmanath, Mohler, Piemonte
CC 9 cqqc - 2011.02541 JHEP, 1905.03506 PRD, 2111.02934

This is the first coupled-channel extraction of T(E) in the charmonium system with I=0.

The only earlier scattering lattice study: Lang, Leskovec, Mohler, SP, JHEP(2015)
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Mass (MeV)
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our lattice study:

Charmonium system: experimental status (PDG) and summary of our lattice results

1 (4660) _X(4700) ) 2{2154_6-85)
T
Z, (4430) a2
¥(4415)
“@360) T
x_(4274)
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paton || [ meee X_(4140)
02040 X (4020) X (3960)/
x \ X,(3915)
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‘ W(QS) LA ©
- i ; | %, (1P)
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vy v
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1 1"~ o+ 1+
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Coupled-channel scattering DD — DSDS

C,(0=(0]a) g O)= 2z} e

Operators

@EC=(5FC)13 S

o™ =(Er1q)ﬁ1 (qr2c)f92 /?‘

=D(ﬁ1)D(l_52)

_ g’

P= 1_51 +ﬁ2 P: 0 pz
(0,0,1) 2rt/N,
(1,1,0) 2rt/N,

NL=24,32

Sasa Prelovsek

O%s ~(cTyq), (3Txe)
= 5,(1_51)1)5(1_52)

P>

Tcc and charmonium-like states from lattice
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Energies of eigen-states E, in irreps that contain JP¢=0**,2**

ES[GeV], A" P=0 ES[GeV], A; PP=1 ECC[GeV], A; P?=2 EC[GeV], By P*=1
4.1+
t
4.+
i
RRETIN
¢
bD 38+
3.7+ 3.7+ 3.7 3.7
3.6+ 3.6+ 3.6- 3.6
. ° a % . ®
3.5+ 3.5+ 3.5 351
o ® ° ° ° °
3.4 : : 3.4 : : 3.4 : ; 3.4 : :
24 32 24 32 24 32 24 32
L/a L/a Lia L/a

Extraction of matrix t(E) : NOT straightforward !

det[1 + i t(Eum) F(Eem)] =0
'

known 2x2 matrix
pPi = 2pz'/Ecm

] £ (€ce)  tan(Eon)
t(Een) to (Ew)  ta2(Ecd)

one equation, three unknowns (at each E,)

2

] .
(75 = E.m P'P

(K15 —1 p;i 65

non-interacting energies denoted

— DD
— DD
Y ) JPC =+
O JPC =2++’ 2+
B CCD/
1: DD, 2:DsDs
K;;'(s)
zz/g = az-j + bz‘jS
s =FE%
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Poles of the scattering amplitude DD — D,D, _ o
CC , Ccggc a=uds 1=0

0.01 : :

2mDi iszs

0.00 1 > ‘:

| |
— | |
% -0.01 1 : :
@) - sheet | i i
—-0.02 1 —@- sheet| : :
f'é sheet Il : :

) | @ sheetlll | >_+_
Ll:l) 0.03 —A— sheet Il : : ——
~—" 1 |

| |
£ 004 | |
_/PC=0++ : :

-0.05' jPC=1__ i i

jPC=2++ : :

-0.06 . L

3.76 3.80 3.84 3.88 392 3.96 4.00 4.04
Re(Ecm) [GeV]

sheet I: Im(pp) > 0,Im(pp,) >0, sheet II: Im(pp) < 0,Im(pp,) >0, (pi=2pi/Ecm)
sheet III : Im(pp) < 0,Im(pp,) <0, sheet IV: Im(pp) > 0,Im(pp,) <O0.
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JPC=++ .

conventional resonance

D-wave (L=2, JPC=2++)

A | tDb-»Db |

DD — DD

0 " " "
385 390 395 400 405 410 415 4.20

Ecm [GeV]

—»—

—»— sheet |

1 @ sheetl

sheet Il

| @ sheetlll

—A— sheet Il

4.7 jPC=0++

1 re=1--

* jPC=2++

N
3
PYS

6
3.76

3.80

1
1
1
1
1
1
1
i
3.84 3.88 392 396 4.00 4.04

Re(Ecm) [GeV]

Sasa Prelovsek

* 2++resonance = g2p%+1/m2
lat : m = 3973735 MeV g =457 GeV ™!

Xe2(3930) : m =3923+1 MeV g =2.65+0.12 GeV ™ *
PDG

Tcc and charmonium-like states from lattice
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JPC=0** : some expected and unexpected states found

S-wave (L=0, JPC=0++)

207, — - — — o~
. DD — DD ° . DD — DD : = = — 30
‘\‘_ i N (\‘_30 DstﬁDsDS |8
15/ — 4 » 25 &25
'S | 'S S 120
LT 13 i 8
Q Q 2 15F — 1.5}
.Q +02 > N
= = 8 10! = 10}
& U o 5-i & o5k
ol o= . . . . & H ; ; ; ; . . . § 0. : ;
3.86 3.88 3.90 3.90 395 400 405 4.10 96 3.98 4.00 4.02 4.04 4.06 4.08 4.10 :9.96 3.98 4.00 4.02 4.04
DD th. Ecm [GeV] E.m [GeV] Em [GeV] Ecm [GeV]
D.D, th D.D, th.
D.D, th. =
0.01 * broad resonance coupling mostly to DD
2mp! P
6.00 - ’"D.: : e lat : m = 3949725 MeV ¢ =1.35700 GeV
i i . _ +48 _ +1.2
S oo | | X (3860) : m = 3862733 MeV g=25732GeV T'= g2p25+1 /m?
(] | | Belle 2017
(0] - sheet | : :
=—-0.021 _@- sheet! : :
-~ sheet Il 1 1
IS -@- sheel i ;
LLT-O-03 A s:eet ::l : E_+:ll_
= i i 2
1 1 CH =
E-004 | : |2DD| — 0.02 +002
o yo=orr || i b, 5.
0.051 . jreog-- : :
A JFC=2+ : :
008 6 380 384 388 392 396 400 4.04 lat : m—2mp, = —0.2 *_’2:,},6 MeV, g¢=0.10 fgjﬁé GeV
Re(E GeV
(Eem) [ ] Xc0(3930) : m —2mp, = —12.94+1.6 MeV , ' =17+ 5MeV , g=0.67+0.10 GeV
LHCb
e state near DD threshold
Ci Cj
near pole tij ~

(l‘-}gm)2 - Egm
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Charmonium(like) resonances and bound states

i~ EE)E - B,

near

Ci Cj

the pole

|CQDD|

2 | 2 J—r8:8? CSSC
D b

= 0.0

large coupling to DD, and small to DD

likely related to
D D [BaBar, LHCb 2009.00026, LHCb 2022] explaining *
/ why it has narrow width to DD. Supported by some
cc pheno studies: Lebed, Polosa 1602.08421, 4
D €aqc p Oset et al . 2207.08490, Guo et al, 2101.01021, ....
r 39
. : g=u,d €qqc 4”38
/ L >
>?N predicted in models [Oset et al, )
D, €4qc 0612179 PRD, Hildago Duque et al — 3.7
1305.4487, Baru et al 1605.09649 PLB] E
f seen in dispersive re-analysis of exp. 3.6
. = [Danilkin et al 2111.15033]
35
_cc
D €dqc p . .
+ expected conventional charmonia 34
PC
0.01 : : J
2mDI I2mD5
0.00 > e :
S'-0.01 i i
¢ P sheet | E E
9'0 021 @ sheet! i i
E o] e eem | L+—
sheet 1
|_|_‘]’-0'03 —A— sheetll i i —
£ 0.04 i i I
o semor | i
0.05{ , jreop-- : :
A JFC=2+ : :
-0.06 . .
3.76 3.80 3.84 3.88 3.92 396 4.00 4.04

Re(Ecm) [GeV]

R
JPC’ 1

X0(3860) Xc0(3930) Y(3770) x»(3930)

0*,0 0%0 1-1 24,2

4.0
2m
39
3.8
2m
3.7
3.6
3.5

34

cc, cqqc auds I=0
my~280 MeV
Lat - Exp
PRI 2 T
N e - e
. I -
o w _
- e -
o N é' ___________ _
] x o |
o |
L S -
0++ 1 2++ 3 O++ 1 2++ 3
66 R — DD

<5

% 4 .
Lt S, .
=9 m2 w9 ® oxp

.
é
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JPC=(Q++ CSScC

s

2
D

[7%

wll

lat:

w]]

talk by
Chen Chen
today

£

120
100

Candidates / (17.3 MeV/c?)
g

likely related to X(3915) / x.0(3930) / X(3960)

= 0.02 F0:92

Signals / (20 MeV)

all three likely the same state

currently named y.o(3914) in PDG

indico.cern.ch/event/1176505/ july 2022

++ 2
ft E
t =

++.+++++ +++++H++*+++++t+++*++++. E

" 1
B 4.2 4.4

+

4.6 4.l8
m(D;D;) [GeV]

LHCb 1
(a) 3

Cb, PRD102 (2020) 112008:
X <0(3930)

llllllllllllll

=y ' 45
m(D* D7) [GeV/c?]

Weight / ( 0.01 GeV/c?)

" [Belle, PRD 86 (2012) 072002]

bt

385 39 395 4 405 41 415 42
m(Jlyo) (GeVic)

D,D; th. LHCb-PAPER-2022-018 019 (in preparation)
X(3960) "
preliminary -

X (3960) — DD,

Xe0(3930) = DD

X(3915) — J/4¢ w
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JP=0*

Possible interpretation of some near-threshold states:

“molecules” attracted by V exchange

a number of pheno studies

Oset et al, 0612179 PRD,

Wu, Molina, Oset, Zou, 1007.0573, PRL
Guo et al, 2101.01021,...

indico.cern.ch/event/1176505/, july 2022

D:D;s th.

9 50 | T T T ™
D=cu D D D D.=cs D, 4 H X(3960) T
I 3 : 3
s 10, w o i ﬁH + .
D D D D D, D, AT ++++H+++++ ttﬁ*% :
o o 4 22 24 26 28
. m(D;D;) [GeV]
now support also from lattice LHCb discoveries:
— talk by Mikhasenko
ccuud
DY, 5D th
& :
800
D=cu D D=cu D
*
:7'(' : P, W o : LHCb
| 1 P.(4312)" 2019
200 :
. =udc X, . =udc 2.

currently to challenging for lattice

80542563506 235
m(J/v p) [MeV]
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Summary

Doubly charm tetraquark ( T, ) CCCZ?,—I,
JP=1t

DD* scattering

- T.. found as a virtual bound state 10 MeV below DD* threshold

- likely related to T,. discovered by LHCb

Charmonium(like) states = - = I=0
CC cqqc JPC=Q++ 1 2+ 3
, I 7 7

_ _ g=u,d,s
DD — DD, scattering

- masses and decay widths of conventional charmonia confirmed : ground states (bound states)

first excitations (resonances)

- two additional exotic charmonium-like states with JP¢=0** found just below thresholds

DD seen in dispersive re-analysis of exp. D D likely related to X(3915) / x.0(3930) / X(3960)
sl/s
[Danilkin et al 2111.15033] LHCb2020 LHCb2022
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Backup

Sasa Prelovsek

Tcc and charmonium-like states from lattice
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P LG AP JP l interpolators: Ml(ﬁ'l ) Mo (P 2)
1 (0,0,0) O, Tj 1+ 0,2 |D(0)D*(0), D(1)D*(1) [2], D*(0)D*(0)
Details on Tcc S e o
(0,0,1)2% Dics Az| 07,1%,27 [0,1,2 D(0)D*(1), D(1)D*(0)
(1,1,0)2% Dic; A2|0 ,1",2 ,2"|0,1,2| D(0)D*(2), D(1)D*(1) [2], D(2)D*(1)
(0,0,2)2" Dicy Ap| 07,1727 0,1,2 D(1)D*(1)
(J=1) (J=1)
mp [MeV] mp« [MeV] May [MeV]|a,” " [fm] r,°, " [fm] |émr.. [MeV] Tee
lat. (mx.~280 MeV, m{™)| 1927(1)  2049(2)  3103(3) | 1.04(29) 0.96(*%18) | —9.913S |virtual bound st.
lat. (m.~280 MeV, m{?)| 1762(1)  1898(2)  2820(3) |0.86(0.22) 0.92(*%17) | —15.0(f%9) |virtual bound st.
exp. |2} 137 1864.85(5) 2010.26(5) 3068.6(1) | -7.15(51) [-11.9(16.9),0]| —0.36(4) bound st.
V(T) = —Vo f(r/R) 1.05 -
; increasing m, ;4 or 1.04 = i
decreasing m,
th. > 1.03 -
Q
virt. bound st. U\JQ 1,02 = ¢
=
- n AN
Sm-E Eth decreas!ng V, or 1.01 - ¢
decreasing m, or
A . ¢ =
decreasing R - ¢
» 1.00 n
th- \ o L)
T(0) A1 (0) Az(1)
virt. bound st. 0.99 -
2 3 2 5
i[fmi

Sasa Prelovsek
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X*{a)=>.>" Y dEcn(L,PAn;{a}) (1)

L PBAn P'A'n’

C~Y(L; PAn; P'A'n')dE (L, P'A'n’; {a}) .
Here

>m,

dEom (L, PAn; {a}) = Eom (L, PAn) — ES% (L, PAn; {a})

2K 2 o ;
Eclmp2l "B’ (7)™t = p* ! cot 5
(5)

We parametrize it with the effective range expansion

(67) " =

- (1) 2 -
1 Tg "D
r—1 r(0) 52
K= 0 a(lO) +555 0 |- (6)
1
0 0 L
i poll

Sasa Prelovsek Tcc and charmonium-like states from lattice
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s-wave scattering on spherical potential well

2\ W)
o /\\
E>0 , \
E<o ,9- \ P > ‘\\
\ -
vmj
VVO

A singr B sin(pr+0,)

u(R) = AsingR = B sin(pR + 6)
u'(R) =qAcosqR = p B cos(pR + )

q=2u(V, + E) =\[2uVy + p’

1 1
dividing both eqgs Etan qR = I;tan(pR + 5)

0,(p) = arctan(£ tan(qR)) - pR+nw
q
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Molecular component: dependence on m,

V(r) independent on m,,

m,. decreases : reduced mass m, of D,D* system decreases

th.

Sm=E. -E,,

-

decreasing m,

o

N\

lattice results
Sasa Prelovsek

bound st. virt. bound st.
Square well potential (analogous conclusion for other shapes)
1 1 1
V(r)
'''''''' 0.4-pC0t6 0.4 0.4 0.4
""""""""""" . ____—‘,____.,_.:-—-—"/
... ,Q_‘z‘ : pz ... 'Q',% //—;_‘27_________. o ,Q.'z\
-020 015 010 -0.05 - 005 010 _OWO -0.20 ~0.15 ~0.10 ~0.05 P 005 0.10 -0.20 ~0.15 ~0.10 ~0.05 . 005 0.10
/__.;ﬁz-——-—-—-—*' . <0.2 =02} .<0.2
_________ B -0.4 -04 -04} -04
decreasing m.and m,
0.2 0.2
J=1 T Y
[mp MeV] a{’g" [fm] émr,. [MeV]| Tec $ ox 8 ox
m® | 1927(1)  1.04(29)  —9.973% |virtual bound st. S = 5 )éﬁ
o el —
m® | 1762(1)  0.86(0.22) —15.0(t49) |virtual bound st. g o ' —— N=327| 8 00 —— N.=32
—o— N =24 —e— N =24

-0.1
—0.008 —0.004 0.000 0.004 0.008 0.012
(p/Epp+)?

Tcc and charmonium-like states from lattice

-0.1
—0.008 —0.004 0.000 0.004 0.008 0.012
(PIEpp*)?
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Subsequent lattice QCD study of T.. channel
CLQCD, Chen et al. 2206.06185
comparison of 1=0,1 :

attraction in I=0 channel arises
mainly from g exchange

c B c c B c
DEY LDF" D*t _ Do
1 J. 1 .d 1 1l d u D ]
10° =
m/p ]
'EL 4 ’l_l, 'EL J 10—1_;
0 0 0 *+ 3
| » 9. D D" ¢ > cDi /M%%\
D i 107% 3
C | C (& | C 1073 =
D*"‘ " N+ D*+ % 3
(2 (i. < .dD 1 d U ')
¥ D/(CpCp-)
P 107 —D'/(CoCp-)
1 ¥ a/(CoCp)
U < U U J 1 ¥ &/(CpCp-)
0 *0 0 .
D c. > .c D’i D c > C D+ 105 l'lIll'lll'lIllllllllIIII'IIlllIIIIIII'II'IIllllll'lllll'llllll
10 20 30 40 50 60 70 80 90 100 110 120
D’ Cs t

CD(p,t) = D Ci(n/p) + (=) (D’ — C2(p))
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