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Disclaimer:
- | will not discuss lattice simulations of Tbc (see talk of Padmanath and others for Thc)
- | will review several recent lattice simulations of Tcc

and make some simplistic arguments on what these might imply for Tbc



Doubly heavy tetraquarks QQ/ -

e Exotic hadrons
*  Which states exist? flavor, JP Q=c,b g=u, d,s
* Mass ? Strongly stable ?

* Binding mechanism ?
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bbd_'ﬂ, bbga 1= O, JP = 1+ The only ones expected significantly below strong-decay thresholds BB

Other ‘QQ'q¢ and J° beqq’, ccqq’ q=u,d,s

Theoretically expected near or above threshold

States near or above threshold have to be identified as poles in scattering T(E): much more challenging
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The longest lived exotic hadron ever discovered I=0, JP=1* (mostiikely)
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aco: Loep = $GHYGEY + Giny, (0" +igsGET)q — myqq

gs < 1 at hadronic energy scale
Lattice QCD

(C)= [DG Dg Dg C e ™"

Main quantity extracted: finite-volume eigen-energies E, f]|’n> = FE,|n)
> )l

e—iEntM

Eucledian time

often “non-precision” studies:
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*  for strongly stable state well below threshold : - - talk by R. Lewis (Tbb,...)
gly E.(P=0) = m
*  resonances (Luscher’s relation) cm ( cm) this talk (Tcc)
ES™ — T(EC
e  static potentials:

talk by Padmanath (Thc)
En V(r) talk by P. Bicudo
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Why m(T,.) can not be extracted as m=E; ?

D D* E

- >
/f/«gé A

mD + mD*
E,(L)

A
v

* eigenstate with E; < mD + mD* could correspond to a essentially free pair of D(0) and D*(0)

whose energy is slightly shifted down due to feeble attraction on a finite lattice

* E,;<mD + mD* by itself does not imply there is a (virtual) bound state or resonance

* Scattering amplitude T(E) has to be extracted

* poleinT(E) indicates a presence of Tcc

Sasa Prelovsek Tcc and its quark mass dependence from lattice

applies for states

near or above

threshold



Resonances R— H; H, bound states near threshold

scattering amplitude T(E)

e 1 En
513 — /U(E)o<|T(E)|2
EEEmEma/ — \

real E forreal E

analytic relation: analytic contin.
Luscher 1991 to complex E

generalizations by many authors
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for complex E

E — T(FE) — T(E°)
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cc

D D*

I=0, JP=1%

0= (6750)1_7‘1 (J7i0)52 - (ﬁl < ﬁ2) p1,2 = 11,2 2%

(@ys7:€) 5, (dvivec)s,

Padmanath & SP, PRL2022, m, =~ 280 MeV

D* 4 D, T.. /» DD=
DD above analyzed region

these applies to all available lattice studies of Tcc

E < Enon.int. (Iines) .
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bi = N7

En'i‘ = \/m% +ﬁ12 + \/m%* +522

attractive interaction between D and D*
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ch Eigen-energies and scattering amplitude Padmanath, S.P.: 2202.10110, PRL 2022
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T

cc

dependence on myq

LHCb HALQCD method, 2302.04505, m, ~146 MeV ~ Padmanath, SP: 2202.10110, PRL, M, ~ 280 MeV CLQCD 2206.06185, PLB, M, ~ 348 MeV
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Padmanath, S.P.: 2202.10110, PRL

Dependence on mu/d and mc ccdﬂ Supplemental material

in case of molecular binding mechanism

Simple arguments in QM

. . . _ 1 1 2
for arbitrary fully attractive potential pcot dg = = + 570D
sketch of expected scattering lenght a0

4 )
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7'(" p, T70 ? / 0 increasing m,4 or
0 decreasing m,
simplest example of attractive potential v
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Dependence on m, 4

w0, T !

1/a,
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increasing myq
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P
dependence on m, 4 dm=Ecp-Eqy

cc
I increasing myy
th. \ >
‘ bour virt. bound st.
LHCb HALQCD method, 2302.04505, m,, ~146 MeV Padmanath, SP: 2202.10110, PRL, m,; = 280 MeV CLQCD 2206.06185, PLB, M, =~ 348 MeV
0.4 ' ' 0.2 . E f i i
K : | i i §
S o2f Lk R ] 2] i d |
S WWHW T X Olfm-lel =S | |
oS oop AL S : = 1] : i I 1
= pole 8 S i i ;o o '
o ) o 0.0 7 — N,=32 1 SEE 4 s F ! /
O -0.2} * Ya=21 . Q L= = m S o
Q, i t/a=22 —— N; =24 07 VS : /o
I ta=23 o1 b S
%05 000 005 010 015 020 ~0.008 ~0.004 0.000 0.004 0.008 0.012 —02 00 02 04 06 08 10
' 2 (p/Epp*)? 2/GeV?
(p/mx) p/Ge
-0.045(77) MeV —9.9(*3%) MeV  : binding energy m
virtual bound st. pole
summary from 2302.04505
o +
4 o0 T
— At
| NS &
1/a
Hg ng% -Q’LQ ({ﬂf ] / o
'—'02 N ’/ . i 0 I increasing myq
s ' |
S~
=i é virt. bound st.
0 [rres®
My=146 MeV  m,=280 MeV my=348 MeV my,=411 MeV
L=8.1fm L=2.1,2.8fm L=2.4fm L=2.9fm

0.00 0.06 0.12 0.18
m2 [GeV?]



ch Exchange of which particles drives the attraction (within molecular picture)?

mALQCD, 2302.04505, m, ~146 MeV HALQCD method \
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Dependence on mq
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Effect Of [CC] [u_d] |nterp0|at0rs grOWS from C tO b Emmanuel Ortiz Pacheco, Collins, Leskovec, Padmanath, SP

(talk by Pacheco at lattice 2023)
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Effects of pion exchange and left-hand cut D x¢* px T

I in u-channel
*  pion exchange: suppressed near threshold due to derivative coupling |
[
*  CLQCD, HALQCD lattice studes: one-pion exchanges not crucial for existence of Tcc W(Q) I *...
|
. . . D* D
*  Du, Hanhart, Nefediev et al. 2303.09441: incorporate pion exchange and left-hand cut

: . : . _ . ph
- pion exchange at large r: feeble attraction for mps —mp > m, : m; = m"¥

feeble repulsion for mp- —mp < My : Mg = ml > mP

. . . ) Padmanath, S.P.: 2202.10110, PRL
- reanalysis our Tcc data : lattice data supports significant attraction at small r
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® two virtual bound states * One narrow resonance one virtual bound state
4 )
E plane
*
= =
Elhc = Mp+Mp=
N J

both conclusions support the presence of significant attraction at small distances and poles, likely related to Tcc
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ccdi
Dependence on m,,y and m,

in case of diquark antidiquark binding mechanism

* [QQ] binding increases with increasing mQ
* [ud] binding decreases with decreasing m4

e [QQ][ud] binding with respect to DD* threshold,

dependence on mg, my/q: ??

generic/robust predictions for §m and 1/a0 needed:

looking forward to test those from lattice
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Conclusions: T, and its quark mass dependence from lattice

Tcc is the longest-lived exotic hadron discovered in experiment

lies near threshold -> has to be extracted from DD* scattering amplitude ccud

lattice studies find attraction

attraction increases with decreasing pion mass

attraction increases with increasing heavy quark mass

this would (naively) imply that Tbc is more strongly bound than Tcc

can quark-mass dependence be used to dissentangle which binding mechanism is dominant ?
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Backup
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Interpolators for Tcc

Example: P=0

JP=1* -> cubicirrep T;*

0'=° =P({0,0,0})V.({0,0,0})
0'=° =P({1,0,0})V:({-1,0,0}) + P({—1,0,0})V%({1,0,0})
+P({0,1,0}) V. ({0, —1,0}) + P({0,—1,0})V»({0,1,0})
+P({0,0,1})V2({0,0,-1}) + P({0,0,-1})V;({0,0,1})]
0'=? =P({1,0,0})Vx({-1,0,0}) + P({—1,0,0})V%({1,0,0})
+P({0,1,0}) V. ({0, —1,0}) + P({0,—1,0}) V> ({0, 1,0})
—2[P({0,0,1})V.({0,0, —1}) + P({0,0, —1})V>({0,0,1})]
0'=° =V1,[0,0,0]V2, [0,0,0] — V1,,[0,0, 0] V2.[0, 0, 0]

Sasa Prelovsek Tcc and its quark mass dependence from lattice

P=D, V=D*
Wz
<€ Y
-
D(p,) >

D*(p,)




Previous lattice QCD study of T.. channel

Junnarkar, Mathur, Padmanath, PRD 99, 034507 (2019), 1810.12285

¢

AFEL (MeV)

€ Study performed on LQCD ensembles with different lattice spacings.

udcé

usce

g

¢ 01207 fm
$ 0 0.0888 (o
L 0.058%2fm

1).00( (.004

0005
a’ (fm)?

0.012

Single volume and only rest frame finite-volume irreps considered.

€ Including a meson-meson and diquark-antidiquark interpolator.
Diquark-antidiquark interpolators do not influence the low energy spectrum.

lowest finite-volume
eigen-energy for
P=0, JP=1%,1=0

€ The ground state energy subjected to chiral and continuum extrapolations.

€ A finite-volume energy level 23(11) MeV below DD* threshold.
No rigorous scattering analysis and no pole structure determined.
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Previous lattice QCD study of T channel 4400 [T .

Hadron Spectrum, JHEP 11, 033 (2017), 1709.01417

430 pascineninessd Aiskagueiiiin - DD*
finite-volume
. . D* D*
eigen-energies for > B ]
%) 4200 o O
P=0, JP=1*, =0 =
>
S 2
Q 4100 ———- =DD*
LL - -
ao00 [ & = 7
[
3900 k& - =D D*
+
T

€ Single volume rest frame study on a relatively coarse lattice (as ~ 0.12 fm).
€ Large basis of meson-meson and diquark-antidiquark interpolators.
€ Diquark-antidiquark interpolators do not influence the low energy spectrum.

€ No statistically significant energy shifts observed near DD* threshold.
= No scattering amplitude extraction.
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HALQCD study of Tcc

Lyu, Aoki et al, 2302.04505
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Simplest Example: scattering in square-well potential in QM

— b
6. = arctan[tan(gR)®

u(r) = Asin(qr)

/

] —pR

u(r) = Bsin(pr + 9)
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: R .
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p cotd
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increasing m, 4 , decreasing attraction V, (or decreasing R)
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