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outline:
doubly heavy tetraquarks

Padmanath, S.P.: 2202.10110, Phys.Rev.Lett. 129 (2022) 032002 (also work with S. Collins)
+ some related lattice QCD studies (not intended as a review talk)
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Doubly heavy tetraquarks QQ/ — ]

* Exotic hadrons
*  Which states exist? flavor, JP Q=C,b q=u, d,5
* Mass ? Strongly stable ?

* Binding mechanism ?

exchange of

light mesons
(?
™, p, TTC |
“molecular”
deuterium o]
W, LN ]
n
E, = — 2.2 MeV
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Doubly bottom tetraquarks

not found in exp, difficult to find
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bbsu
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likely dominant
(B and B* to close
in BB* molecule

with binding ~0.1 GeV)
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bbdu ~ bbsu 1=0. J"=1"

references from left to right

lattice: most updated results

Leskovec, Meinel, Pflaumer, Wagner (2019) 1904.04197
Junnarkar, Mathur, Padmanth (2018) 1810.12285

Frances, Colquhoun, Hudspith, Maltman (2021) preliminary
Bicudo, Wagner et al. 1612.02758 static potentials

lattice: most updated results

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

Frances, Colquhoun, Hudspith, Maltman (2021) preliminary

deep binding of bbud also from HALQCD approach: 2212.00202



Doubly bottom tetraquarks bbdu. bbsiu =0, JP=1"

lattice: dependence on myand m 4
Frances, Colquhoun, Lewis, Maltman (2021)
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Other @Q'Gq  and bcqq , ccqq —amuds

Theoretically expected near or above threshold

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

Experimental discovery of T.. ' cedi

: : : C Y C 0

The longest lived exotic hadron ever discovered I=0, JP=1* (most iikely) v L ! D
60 ' Sm = m — (mpes +mpo) -3
c b

50F- SMpore = —0.36 + 0.04 MeV

40 LHCb 2109.01038, 2109.01056, Nature Physics Omitiing  D* — Drr, The — DD
E T.. would-be a bound state
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T.. from lattice cedii 1-0,0-1+

* pre-2020 simulations extracted E,,, not T(E): Junnarkar et al 1810.12285, HadSpec 1709.01417

* near-threshold states require extraction of scattering amplitude T(E)

* states correspond to poles in T(E)

Our lattice study of T.. channel Padmanath, S.P.: 2202.10110, PRL 2022

CLS 2+1 ensembles, a=~0.086 fm, L=2.1fm, 2.7 fm

Luscher’s eq.

0 = FE, — T(F)

C;0=(0la® g ) =3, (0lg|n) e (ng’

D D*
0 = (@v5¢)p, (dvic)p, — (P1 < P2) pr2 =12
(@y571:9)5, (dVivic)p,
P=pl+p2
D*(p,) L] 0,0,0)
‘ Wl i) (0,0,1)
] (1,1,0)
(0,0,2)
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Eigen-energies on the lattice o) (PPEEE
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Eigen-energies and scattering amplitude
atm_ =~ 280 MeV
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Padmanath, S.P.: 2202.10110, PRL 2022
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Luscher’s relation
E->T(E), 6(E)
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T= ———MM
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A

effects of left-hand cut (pion exchange in t-channel) omitted,
effective range approx. employed

see discussion at the end of the talk and Du et al. 2303.09441



kcotbo/my

Intermezzo: p cot 6, in Tcc chanel from available lattice simulations (other two simulations will be detailed later in the talk)

eff. range approx.: P €Ot 0g = % + % o p2

HALQCD, 2302.04505, m,, =146 MeV
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CLQCD 2206.06185, m,, =~ 348 MeV, PLB
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Eigen-energies and scattering amplitude

Padmanath, S.P.: 2202.10110, PRL

7

atm_ =~ 280 MeV
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+0.18

2, =1.04(0.29) fm & r, = 0.96(*%18) fm

virtual bound st. pole

9.9(39) MeVv.

Binding energy:
5mch



Scattering amplitude and pole  m, = 280 MeV

E 1 D(p) D
=3 :

cc

D*(-p) D*

possible effect from left-hand cuts omitted

(see forthcoming paper of Nefediev et al)

4 N

Padmanath, S.P.: 2202.10110, PRL dmr, = Re(Eem) —mpo—mp«+ [MeV]
DD*
Lattice: virtual bound st. pole /B\
Binding energy: -20 -15 -10 - th

dmr,. = —9.9(3%) MeV Iat 3
lHeb | =
Nature (LHCb): (would-be) bound st. pole My, =~ 280 MeV -0.03!} C%
=

omitting  D* — Dm, T,. — DD7 k /
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Dependence on m,,4y and m,

cedu

in case of molecular binding mechanism

Simple arguments in QM :

~D
“ p
Hk:z'n —
2 Myed
mpmp+
m, >~
" mp + mp=
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Padmanath, S.P.: 2202.10110, PRL
Supplemental material

pcot oy = a—lo—i—% ro p?

sketch of expected scattering lenght a0

N

th.

\
1/a,
increasing myq Or
0 / decreasing m,
K bound st. virt. bound st. j
sketch of expected binding energy
e P I
om=E cm'E th

i Increasing m, 4 Or

decreasing m,

—~

bound st. virt. bound St'J

Doubly heavy tetraquarks from lattice

Hypothesis partly already verified and

to be furthertested by future simulations
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1/a,

Sm=E’ -E,,

Padmanath, S.P.: 2202.10110, PRL
Sasa Prelovsek
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Dependence on my 4 ? 0 /
increasing my 4 I increasing myy
P 0 —— th. "
bound st. virt. bound st. bound st.  virt. bound st.
Square well potential (analogous conclusion for other shapes)
u(r) u(r) ................................
: 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=-ilp|
~~~~~~ 0.4 0.4 0.4 0.4f
"""" - T e—x
o e
-0.15 -0.10 -0.05 .} 005 0.10 -0.20 -0.15 -0.10 -0.05_ | 005040 -0.20 -0.15 -0.10 -0.05 . 0.5 0.10 -0.20 -0.15 -0.10 -0.05 .f  0.05 0.10
___________.._5.0.2.————-""" —‘———__—__—__—j—%z- ".‘—'0.2 ‘_‘_'50.2'
e ' ] S | S ’ | S ’ 04
i p, p=i|p|

increasing m, 4 , decreasing attraction

Sasa Prelovsek

Doubly heavy tetraquarks from lattice

13



kcotdo/my

summary from 2302.04505 Tcc from lattice:

dependence of 1/a0 on m4
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T.. from lattice: dependence on m 4

summary from 2302.04505

_ 1 1 2
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Dominant exchanged particles at m, ~ 348 Mev

subsequent lattice study via Luscher’s method
CLQCD, Chen et al. 2206.06185, PLB

comparison of I=0,1 : T, P, TT ?
attraction in I=0 channel arises T
mainly from g exchange

CO(p,t) = D= Ci(n/p) + (=) (D' - Cx(p))

x+ C > C s+ x+ C > c
b d. < .J D Dy d a D° g
/ 10° =
7/p E
u - U u J + 10-‘—;
D', 0 D D® > e s M
D G 10‘2-E
Dz (i. - .J D+ Dz d u D’L *
y ¥ D/(CpCp-.)
P 10~ ‘ -D'/(CpCh-)
_ ¥ /(CoCp-)
U < U 0 U d ¥ Cy/(CoCp-)
D @ 9 D; DO 5 ST N N —
£ > & Jz g t ¢ lIO 2I0 3I0 4I0 5'0 GIO 7I0 8l0 9I0 1(;0 1 : 0 1 ;O
D’ Cs t
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Dominant exchanged particles at m, ~ 146 MeV, L ~ 8.1 fm !

subsequent lattice sim.

HALQCD coll, 2302.04505
HALQCD method
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1 uw pion exchange
Pion exchange and left-hand cut D X¢ px
|
*  possible effects from left-hand cut : requires further work |
I
*  pion exchange: suppressed near threshold due to derivative coupling ﬂ-(q) I *..
*  pheno studies: one-pion exchange not dominant l
%
*  CLQCD, HALQCD lattice studes: one-pion exchanges not dominant D D

*  generalization of Luscher’s relation on left-hand cut: 2301.03981, Raposo& Hansen @ lat22

) ) ) “.. The appearance of a pair of
*  reanalysis our Tcc data incorporating left-hand cut virtual states is indeed natural near

Du et al. 2303.09441 @ talk by Christof Hanhart the point where they are about to
turn to a narrow resonance ...

Padmanath, S.P.: 2202.10110, PRL

0.20f 0.20f ] 0.2
0.15f ] 0.15f L§ .
2 o.10f 2 o.0f =
X & w
= - = - g
< 0.05f > 0.05¢ o 0.0 7
¥ 3 ; : —— N =32
s 0.00 s 0.00 —— N;=24
-0.05f -0.05f . -0.1 . . . . -
~0.005 '0.000 0.005 0.010 ~0.005 '0.000 0.005 0.010 ~0,008 =0.90¢ 0'000( 71;_.004)20'008 oo
(p/EDD*)2 (p/EDD*)2 p o
® two virtual bound states % two narrow resonances one virtual bound state
s plane
s2r | skt * (2Mp + mz)?
—— . ° _

* (i\.[l) aF 1\11)0)2

both conclusions support the presence of significant attraction and poles, likely due to Tcc
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Dependence on m 4 and m

in case of diquark antidiquark binding mechanism

* [QQ] binding increases with increasing mQ
* [ud] binding decreases with decreasing m,q

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

dependence on mqg, my4: ??

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

looking forwatd to test those from lattice

Sasa Prelovsek Doubly heavy tetraquarks from lattice

cedu
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Conclusions

Tcc=ccud is the longest-lived exotic hadron ever discovered

doubly heavy tetraquarks are good probes for binding mechanisms
valuable theoretical probe: explore states as a function of quark masses
theory: states near or above threshold have to be extracted from T(E)
progress on lattice, many challenges left

excited to see whether more states get discovered in exp or theory

ccud, bbud, bcud, ccus, ...

Sasa Prelovsek Doubly heavy tetraquarks from lattice

likely dominant

SP =0*
good diquark

20



Backup
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Doubly heavy tetraquarks from lattice
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Interpolators for Tcc

Example: P=0

JP=1* -> cubicirrep T;*

P=D, V=D*
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({0,1,01)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})] £ “Q D*(pz)
0'=? =P({1,0,0})V»({-1,0,0}) + P({-1,0,0})V»({1,0,0}) D(p,) N SR
+P({0,1,0})Vz({0, -1,0}) + P({0,—1,0})Vz({0, 1,0}) [ L1
—2[P({0,0,1})V.({0,0, —1}) + P({0,0, —1})V>({0,0,1})]

o=° =Vig [Oa 0, O]%y [07 0, 0] - Vly[()’ 0, O] Ve [O’ 0, 0]
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X*({a})=> > > dEan(L, PAn;{a}) (1)

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

Here

dE (L, PAn;{a}) = Eepn (L, PAn) — E& (L, PAn; {a})

2 K(J) —1 2 _
)" = (Elpll —ig, (B) T =P cot 5
(5)

We parametrize it with the effective range expansion

- (1) 2 -

1
agl) + = 2p 0 0
~ (0), 2
K 1 - O (10) _|— rl 2p 0 N (6)
a;
0 0 a<12>
B i -

Sasa Prelovsek Doubly heavy tetraquarks from lattice
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=3

P LG AP JP l interpolators: M (p,2) Mz (522)
i (0,0,0) On T7 1" 0,2 |D(0)D*(0), D(1)D*(1) [2], D*(0)D*(0)
Details on Tcc A B B AL,
(0,0,1)2™ Dicy A2| 07,1%7,27 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 A

0-,1%,2~

0,1,2

[
D)D" (1)

mp [MeV] mp+ [MeV] Mao [MeV]|al’5" [fm] »5" [fm] |dmr,, [MeV] i
lat. (mx~280 MeV, m{™)| 1927(1)  2049(2)  3103(3) | 1.04(29)  0.96(*313 —9.9%3%  |virtual bound st.
lat. (mx~280 MeV, m{’) | 1762(1)  1898(2)  2820(3) |0.86(0.22) 0.92(*317) | —15.0(*4) |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.
1.05 -
1.04 -
b
1.03 -
. 2]
Q
3 ¢
302
3
n AN
1.01 - \ AN
¢ =
DD" )
100 1l " o qJ ¢
T$(0) A1 (0) Az(1) Az(2) Az(4)
0.99 ) 1 I I 1 L 1 1 L) I L
i j 2 3 2 3 2 3 2 3
[fm
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Previous lattice QCD study of T.. channel

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

€ Study performed on LQCD ensembles with different lattice spacings.

AE (MeV)

.

¢ 01207 fmm
$ 0.0888 f
L 0.0582fm

[IN}

1).000 (0.004

0.005

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, J’=1*, I=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.

Sasa Prelovsek
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Previous lattice QCD study of T.. channel Anop P ———— -D*D*

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

4300 psizssseasi SERR D D*
finite-volume
. . < 1 | ZD*D*
eigen-energies for > B |
g 4200 =
P=0, JP=1*, 1=0 =
=
¢ 4100 ———H 2D D*
L — -
* )%k
4000 [ & © =
]
3900 = —— =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

In[V (r)r?/a3
7 (mps+mp)t Ber(r) = = - r |
* — *
R(T7 t) = Z <0|D (:B + ,,., t)D(w7 t)j(0)|0> /e o b 1200
r
1+ 362
[ » 02 — 8, — Hy + 0(6263)] R(r,t) = 800
Q
=/d’r’U(’r,'r')R('r',t). Z
<
_ 1+ 362 5
V(r) = R™'(r,t) [ o 82 — 8, — HO] R(r,t). w400
e 2mmr %0 0.5 1.0 1.5 2.0
ViP) ~ S5 r>1fm - s et -
parameter set, (ai,as) = (—284(36),—201(60)) in
Vﬁ?(r;mw) = Z aie—(r/bi)2 + as(1 — e—(T/bs)2)nV7? MeV, a3 = —45(12) MeV - fm?, and (by,by,b3) =
L (0.15(2),0.32(12),0.49(24)) in fm. Also, we find that
T 0.4 T
0
—100 ' 0-2 B E T T " T _T - i I -%{
— = (A R R e
> _200 . E ; %%’%‘%‘*‘ -i ‘. ek
(&} = | 1
—~_300} ! s 7
ot 2 X
>
—400} § —0.2 ¢ t/a=21 |
» t/a=22
—500 14 . I t/a=23
_600 L - : : . : 0%05 000 005 010 015 020
0.0 0.5 1.0 1.5 20 25 3.0 (k/my)?

r [fm]
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Extract resonances and (virtual) bound states from H; H, scattering

Resonance
q or q
H Bound state H 1
bos q 1(P) Lﬂ m Re(E)
q ~
q 7~ q O-0— i
q q
scattering matrix T(E) Virtual bound st.  Bound st. Resonance
p=-ilpl p=ilp|
Scattering matrix T(E) from lattice QCD
E, T(E ! L
,,,,,,,, 4 X —m8M8M —
PP (B) o g2 TE) < gz ET
HiH,
! Q Q | — o o |TP?
i i — 1 :
EEEEEEEN/ — Hilp) (| H, e :
- . ound st. 0.6 1}
periodic b.c. real E for real E for complex E Ho(-p) >—< 04 | r
P H
E — T(E) — T(E° 2 L i
m E(HH,)

A 4

analytic relation: analytic contin.
Luscher 1991 to complex E

simple argument: next slide
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Simplest Example: scattering in square-well potential in QM

6. = arctan[tan(¢R)%] — pR

partial wave 1=0

_ p=ilp| =i N
| | | p=ilpl T o (peot § — ip)
u(r) = Asin(qr) w(r) = Bsin(pr + 0) eiPr — o—Iplr P =¢lPlr
u(r) u(r) .................................
; 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=-ilp|
~~~~~~ 0.4 0.4 0.4 04}
...... - ~'~'~4_’ ~,.’~'.‘ /-—._,:'_:‘—___‘_/
T-.0.2 T-02 T-.0.2 ~..0.2f
- . pz ",‘ r/.:/ l‘,‘
-0.15 -0.10 -0.05 0.05 0.10 -0.20 -0.15 -0.10 -0.05_ . 005 -0 -020 -0.15 -0.10 -0.05 . 0.05 0.10 -0.20 -0.15 -0.10 -0.05 .f 005 0.10
b ——————’“‘""‘-.o'z' 202 =02}
e ] S ) i | S i ~04f
ip, p=i|p|
© 5 5 5 5
5 4 4 4 4
& 3 3 3 3
~ 2 2 2 2
~
—
o 1 W 1 1 1(\
—.
—F 0.05 0.10 0.15 0.20 7005 0.10 0.15 0.20 * 005 010 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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2301.03981, Raposo& Hansen @ lat22 (ongoing...)

X X
<

+>CIZI:(+)3:D:D<+-~

~ o 2
+c1p” + VorE

¢
+ .

XX

(A

O
J)
u

D
X
(¢) —o—

(d) —O— — L

+

:

+
+
_|_

Du et al. 2303.09441 @ talk by Christof Hanhart

V — Cp —+ CQ(]CQ —+ ]C/Q) -+ VOPE
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