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Main quantity extracted for spectroscopy: eigen-energies E,
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E, allow to extract masses stable hadrons and decaying resonances (as I'll explain later)

Hadron structure

C— (H|J|H) , (0lJ|H)

studied mostly for strongly stable hadrons H

1

gs < ]_ at hadronic energy scale

y4
y_
zero
temperature
(in this talk)

often “non-precision” studies:

single a, /g > mZ}/LZ , My >140 MeV

/mcent reviews: \

N. Brambilla et al. 1907.07583, Phys. Rept
M. Mai, U. Meissner, C. Urbach, 2206.01477

N. Brambilla, 2111.10788

Q Bicudo, 2212.07793 /




strongly-stable cOnventional hadrons : masses, structure quarkonium spatial profiles:

Knechtli, Peardon et al 2205.11564

low-lying quarkonia are storngly stable when annihilation is omitted .
e« & Qa agree with well exp

CC CC CCC

charge distribution info on wave function at the origin mass decomposition
n \ / _ \ 4 I
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_ W W, L
0 = 6, Hocp = HY + Hy + H! + 4 Ha
dQ Q2=0
HY =Y f d*xp i3 - Py,
1 1 1 ’
2 X 2 5 2 \a + many other properties of cc and bb Hy =) | @#xpPmpy?,
<’r7]c> < <TXCO < <r7]{3> f f

HY = f Pl + B,
in agreement with expectation from quark model \ 2 /

| | Had ' HPQCD: 2204.02137, 2005.01845, 2101.08103
Delaney et al, HadSpec: 2301.08213 - Yin-Bo Li et al, 2211.04713
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Resonances R— H; H, bound states near threshold

H NI R 9_Z H,(p)
q q
qQ /- q

H, h H, (-p)

scattering amplitude T(E)

Scattering amplitude T(E) from lattice QCD

R a
e e En
HH, |
EEEEEEEE g% —
HEEEN ;
real E forreal E for complex E
many resonances and \ | C
bound states extracted E T (E) T (E )
in this way by now \ s \ /
analytic relation: analytic contin.
Luscher 1991 to complex E

generalizations by many authors
rediscovery via neutral networks:

Y. Lu et al 2210.02184
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Example: Charmed mesons in D*m scattering

N. Lang & D. Wilson, HadSpec, 2205.05026, PRL: m, = 391 MeV
pole positions
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physics interpretation:

later in the slides



Current challenges and endeavours

Resonances from coupled-channel scattering

channela: HH,

channelb: H,'H,'

R — H{H>, H{Hé, .

a->a

T..(E)
T, (E)

b->a

a->b

T,(E) | —
T,(E) | =

b->b \J

generalized. FFFFFF7A)

=
Luscher’s rel. a T/
+ - AN

T(E) =

H{H,Hs scattering, R—> H{H, H;

T, KKm,

all in light sector

al »

no other resonace for now

reviewed by Fernando Ramirez Lopez @ Hadron 2021

A resonances R
E above several th.

" ml’ +m2' T Hl H2
H, /é\ H,
m1 +m2 T Hl HZ
H’ \)_/ HY shallow bound
b > < b states
H,' /_\ H,'
states well

below threshold

Status:

many studies in light sector (mosly HadSpec): reviewed by D. Wilson @ Hadron 2021

heavy sector: charmed mesons: HadSpec 2016, 607.07093
charmonium-like mesons: SP et al, 2011.02541
Zc: HALQCD method, 1602.03465, PRL

mq+My+M3 ==

resonance R above
three-hadron th.

HiH, H;




JOU rney to va r|0us had ron sectors exciting experimental discoveries by:

LHCb, Belle, Beslll, Babar, ...

(with heavy quarks)

most of discovered exotic hadrons contain heavy quarks:

(these are more likely to be quasi-bound due to small kinetic energy of Q)

Q=c, b a=u, d,S possible
binding mechanisms

cc, cc qq @

bb , bb dq YN
q @q), /@ g:__
q @ " Byt
__ q a ' \q49q q
QQ qq q \\q f{/ \j q

“molecule”

Qq, Qqdq
dibaryons

How challenging is a given state for ab-initio study? General rule:

more strong decay channels -> more challenging



charmonium(like) sector

cc, cqgqc , ccqqq



Charmonium(like) resonances and bound states

Signals / (20 MeV)
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0612179 PRD, Guo et al 2101.01021]

seen in re-analysis of exp.

[Danilkin et al 2111.15033,
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https://arxiv.org/abs/2210.15153

“molecules” attracted by V exchange

now support also from lattice

a number of pheno studies

Oset et al, 0612179 PRD,

Wu, Molina, Oset, Zou, 1007.0573, PRL
Guo et al, 2101.01021,...
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— d H. Xiang et al., 2210.08555 m, =~ 294 MeV LHCb 2019
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Doubly heavy tetraquarks

QQ,qq/ Q=c,b g=u,d,s



Doubly bottom tetraquarks bbdi bbsu 1=0, JP=1"

not found in exp, difficult to find

bbd

bbsu

lattice QCD studies
from left to right (lattice QCD)

Hudspith, Mohler, 2303.17295

I ® HALQCD, 2306.03565 (cosidering coupling with B*B*)
Leskovec, Meinel, Pflaumer, Wagner, 1904.04197
Junnarkar, Mathur, Padmanth, 1810.12285
Frances, Colquhoun, Hudspith, Maltman (2021 PosLat)
Bicudo, Wagner et al. 1612.02758, static potentials
Brown, Orginost, 1210.1953, static potentials

Hudspith, Mohler, 2303.17295
Meinel, Pflaumer, Wagner, 2205.13982
Junnarkar, Mathur, Padmanth 1810.12285

threshold: _ BB* BBS*
0;
';‘ _50f
m L
2 -100"
R
] _
| _150]
&
~-200}

likely dominant
(B and B* to close
in BB* molecule

with binding ~0.1 GeV)

Frances, Colquhoun, Hudspith, Maltman (2021, PosLat)

supported also by almost all model studes
Karliner and Rosner (2017), Janc and Rosina (2004), ...

these are the only tetraquarks where lattice Francis et al, 2201.03332
finds support for significant [qq][aqg]



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

lattice: dependence on my and My g Colguhoun, Francis, Hudspith, Maltman, Lewis

1810.10550, PoS LATTICE2021 (2022) 144

AE[MeV] (mgPhv)

0
—201 . {I
—40 I { !
¥ {
—60
—80)1 I [
| .
—100 { | @ udbV
3 I Ls’),b, _2504“; (L
—190 I wdbb | ‘ ‘ ‘ ‘ ‘ ‘ ‘
- , - 0.00 025 050 075 1.00 1.25 150 1.75 2.00
0.0 0.1 0.2 0.3 0.4 0.5 my/my
ma [Gv\""’]
. , —
My,g INCrEasesS s my decreases

Other QQ’'qqd and JP: beqq’, ccqq

Theoretically expected near or above threshold

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

dependence on m 4

LHCb

0.4

HALQCD, 2302.04505, m,; ~146 MeV

e m e

t/a=21 |
t/a=22
t/a=23

21 I:O’ JP: 1+ D=cu cu
ccdi P
1 D* is stable D*=CE cd
T XX at these my
pcotd — ip 1
T(E) EZ _m2 for E¥m

Padmanath, SP: 2202.10110, PRL, m,, = 280 MeV

0.2 1
3
W o1
s |
< ~ g
: | K
5 00 —o— N=32 ]
—o— Ny =24

(p/mnr)?
-0.36(4) MeV - 0.045(77) MeV

bound st.

* consistent with molecular picture

Qo claim it is inconsistent with other interpretatioj

—-0.05 0.00 0.05 0.10 0.15 0.20

_01+— , . - .
—0.008 —0.004 0.000 0.004 0.008 0.012

(PIEpp-)?
—9.9(*3:%) MeV

virtual bound st. pole

summary from 2302.04505

1/(10 :pCOt5|p:0

~

9.
LHCb*

L=2.

my =146 MeV my =280 MeV mgp=348 MeV
1,2.

L=8.1fm ) ,2.8 fm L.=2'4 fm
0.00 0.06 0.12
m2 [GeV?] /

CLQCD 2206.06185, PLB, m; ~ 348 MeV

pcot o(p?)/GeV

1.0

binding energy dm

-

Disclaimer:

* the extaction of pole omits possible
effect from the left hand cut

* investigated by Du, F.K. Guo, Nefediev
et al. 2303.09441

& under ongoing investigation, keep tuny
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Doubly charm tetraquark T o e T Zr 77
y q ccdu I=0, JP=1+ >@_%
dependence on mq ST -

1
Exchange of which particles drives the attraction within molecular picture?

ﬁALQCD, 2302.04505, m, ~146 MeV \ @CD 2206.06185, PLB, m, ~ 348 MeV

7w, o, ? ~2mnr * ?
p’ V(r)z—er—z r>1fm 7p77T7T :
0 not
.‘r excluded
-100} ]
> -200 ," ]
= '
3—300 h
<
—400} 8 ]
¢ t/a=21
-500 ¢ t/a=22 ]
r 4 t/a=23

_Goooio 05 L0 15 20 25 30
r[fm]

dependence on m,

Sm=E" E, 4 )
Incréasing m,;4 Or Padmanath, SP: 2202.10110, PRL, m, = 280 MeV
decreasing m

th I 8 - * trend verified for two charm quark masses

N

bound st. virt. bound st.

NS J
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Heavy-light mesons

Qq, Qg qq



Scalar heavy-light mesons

Gnventional

JP =07

Cq q=u, d,s\

quark model > 4 CS new paradigm supported by:
0 o Dso* * lattice
* ChPT+HQET, UChPT
*
1 Do * reanalysis of exp data
cu cd _
B . « states circled by
feature in the speCtrum

K -1/2 1/2 " 5 /

New paradigm —

Lutz et al, 2003 PLB, 2209.10601

©cqqq

q=u,d,s

n=u,d

Scattering on the lattice

Sut3);

S=1 Mohler et al, 1308.3175, PRL
Lang et al, 1403.8103, PRD
RQCD, 1706.01247, PRD
HadSpec 2008.06432, JHEP

S=0 Mohler et al. 1208.4059, PRD
HadSpec, 1607.07093, JHEP
HadSpec 2102.04973, JHEP

S=-1 HadSpec, 2008.06432, JHEP

SU(3)¢ : Gregory et al, 2106.15391
attraction in 6, repulsion in 15

Du et al, 1712.07957, PRD 3®8=3 &6 @ 15 SU(3)F
Albaladejo et al, 1610.06727, Most  attractive repulsive
Hanhart, Guo et al, 2212.07856,,...... attractive
Beveren, Rupp; Dmitrasinovic
. _ csdu  csnn csud  mixes with 15
t cs ]

Dy(2317): 70-100% 23GeV 1 —~
DK molecule

lat: 2.1-2.2 GeV (pole) 0
PDG:2.3GeV (BW) o —

-
3,
x
PRy Ppa—

%\
_?/

2.4-2.5 GeV

reanalysis of lat 1607.07093
by Albaladejo 1610.06727;
Hanhart et al. 2212.07856

virtual bound state

predicted UChPT 1610.06727
lat HadSpec 2008.06432

partner of X(2900)
[LHCb 2009.00025] ?
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Charm-light: JP=1*

PDG:

D,(2430) D,(2420)

m = 2412 MeV [' = 30 MeV

[' = 315 MeV

/Lat D*7|he m = Rey/so/MeV my = 391 MeV\
2400 2450

JjP =1%
4
8 JP}-? 1+
12 =

I' = -2 Imy/so/MeV

D,y — D*w Dy — D*rw
S-wave D-wave

il /MeV 500 1000
39,
3D1

HQET expectations confirmed
HQET: Isgur & Wise, PRL 1991, .......
Lat: N. Lang & D. Wilson, HadSpec, 2205.05026, PRL

Bottom-strange: J’=0*, 1* b5 , bgqs

predictions for missing states

oW
o] O

W
~]
I,
g
IIIIIIIIIIIIIIIIIIII&

m [GeV]
n
(@)}
rI'IIIIIIIIIIIIIIIIIIIIIIIII]IIIT

5.5
— PDG
e x  Lat2015: energy level
5.4 <> Lat 2015: from phase shift
> A Lat 2023: energy level
O UChPT 2017
5.3 —— =)
Bs Bs BsO le le Bsz
P -
J: 0 1 0" 1

Lat 2015: Lang, Mohler, SP, Woloshyn, 1501.01646
Lat 2023: Hudspith, Mohler, 2303.17295

UChPT 2017: Du et al, 1712.07957

quark model (bs + BK): Yang et al, 2207.07320
qguark model (bs): BsO and Bs1 at or above threshod
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bottomonium(like) sector

bb  bGb bbgq



Bottomonia (I=0)
bGb

bb

non-static b quarks

m—my,

Mov | T
Y195 - -
(=)
1500 - A
1.90 ® (]
D-Wave
185 S-Wave
1000 -
]
m — mnb 1.80 - = - =
MeV D-Wave
5000175 F
S-Wave
1.70 —
ol
1.65 -
S-Wave
0-F1 727t 2 =3 "4t 4

my, = 391 MeV

. (]
[ ] l = @
Exotic
@
2mp
- = @
= ;
= F-Wave
-
P-Wave My, + 2my
My, +my,
P-Wave
dominant Z
O ~a
OO0 ~w9
1=+t 0t~ 2t-

ott 1+= 1+t ot+ g3+— gt+ g++

relativistic b quarks
Ryan & Wilson (HadSpec)
2008.02656, JHEP

omitting effects from

strong decays and thresholds

static potentials

b
- |7
b
! —
£
= @=b
B V| (.?L
B gb -
< s
lQl. |
| S N
q g=u,d,s
e @

string breaking

SESAM, Bali et al, 2005, 0505012 —»

Bulava et al, 1902.04006, PLB

r [fm]
0.3 0.6 0.9 1.2 1.5
-2 T T T T T 6
1
1 ! 3
| B. B W
S =S e
............... e
P S S S ,.__-e-*“’—‘ o r%
BB - 3
- |
N
-.1 4-.3 5
3
8
- q1-60
.2 2
_3 4-9
Y B L L I 14-1.2
5 10 15 20 25

r/a

Bicudo, Cardoso, Mueller, Wagner, 2205.11475,
J=0: here; J=1,2,3 in the paper;

T:total ang. mom. without heavy quark spins

poles

-

0.00 -
-0.01 — '
-0.02 |
003 -

-0.04 -

Im(E) [GeV]

-0.05 -

-0.06 -

-0.07 -

9.5 100

Re(E) [GeV]

105 1.0

see also: Castella, 2207.09365, 2207.09365
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—
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theory experiment
n - [ Y(11020)
_ E T(10890) exotic st
ne5 . [Belle
= -- -4} 2019.
S o 00 e
n=4 ! Zukhova]
- O YES)
— n=3
- u L Y(39)
n=2 é
i - T@S) s
n=1
[I—
B L Y(1S)
— n(19)
waawm i, 0717 00"
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Bottomonium-like states

i *
Peters, Wagner, Bicudo bound state just below BB* th.

SP, Bahtiyar, Petkovic, Sadl 2019, 2020 likely related to
Z, [Belle, 2011, 2016]

static potentials

g

I=1, JF=1% T R }--&--¢--*--+
~0.1 + \

bbdu L : .

B* @5/

-
o
T

3
e

Y
=]
T

Events/ (5 MeV/c?)

N
o
LR

|
bt
o
=
(=]
8

bbdu — BB*

Tﬂ' 01 2 3 45 6 7 8 Brambilla, 2111.10788;

r/a Soto & Castella, 2005.00552

. . Juge, Kuti, Morningstar, 1997, 1998 —» -
static potentials bGh = Sesovia, Tarrus; Brambilla @ MITP 2022

(with 1/mb spin effects)

Schlosser & Wagner, 2111.00741

I=0, varius J* 10.84 , : : ,

10.82

T
L

N

s W
W

10.80 |

bb b

-

T

~—
> 1078
(]

bGb

W R
W

T

—i10.76 |-

£ \
10.74 |- N

10.72

=
V(r) [%eV]

)

omit strong decays

s

5

guenched

T

r [fm]

L L
0.2 0.4 0.6 0.8 1 1.2

parameterizations
. N

H, multiplet

10.70 |- : SO i}
lat potential + EFT ooy
lat (relativistic b) B3 | Ryan & Willson
' - ‘ 2020

10.68 -

JPC j e d-+ 1-+ 2 -+
see also: Brambilla et al, 1805.07713, 1908.11699, 2212.09187
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Di-baryons with heavy quarks

Junnarkar Mathur
1906.06054, PRL

Mathur, Padmanath, Chakraborty
2205.02862

Junnarkar, Mathur, 2206.02942, PRL

AE (MeV)

binding energy AFE =m —mp1 — mp2

50

25

—25 1

_50 .

_75 p

=100 -

=125:4

=150 4
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Looking ahead

now: Evolution in Eucledian time
tE = - | t |V|

qguantum computers: evolution in real Minkowski time

C(tg) = Z A, e”bnte

not ready to render conclusions concerning QCD yet, hopefuly it will some day

Simulating one-dimensional quantum chromodynamics on a quantum computer:

Real-time evolutions of tetra- and pentaquarks

Example: mixing of states with one flavor g (with rather heavy mass)

99
%@
%@
%@

i) -2
q0q = = 2@)+|00 ) +|% )
7d) lgal = 1Ty =(|29)*[99) *128)) />
Antidiquark-diquark superposition
%@® 0]®) oJe)
| m) =( og>+ '//,o> + oo>)/\/§
(@) (o]0 %@

Antiquark-quark superposition

oJ@)
0O
o]®)

qqq qqq = |BB)=

qq =

|vac) =

Energy spectrum

I
@ | BB)
[

E | T)
| m)

| vac)

C(

W38 BIT) O |m) O ]vac)

drawbacks:
- contribution of excited En supressed

- all En below the energy of interest must be extracted

tar) =Y By e tEntu
n

Y. Atas et al, 2207.03473

1D: one discretized spatial dimension, only one spatial site

time not discretized
SU(3)c Hamiltonian

computed on quantum IBM computer, up to 4 qubits

real-time evolution of the particle number

m=12x=08
b 6.5

6:0;, % ]A(\’ f I3

N 55 } [ / 4

(N) \ \ j f {f

5.0 {\N ‘{9 4 \? ) %
a5 Y ¢ 'J «i/
4.0

"-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0
m tM

|¥o) = |BB)
N (1)) = (Wo| P AL = |0,

t=1tu

BB < T mixing "



above several th.

ConCIUSionS EA} resonances R

Compliments to experimental colleagues for great results m, +m, + H, H,

. m +m - Hl Hz
Status on hadrons from Lattice : 1 2

shallow bound
* hadrons that are not resolved (yet) states

strongly decay via many decay channels: Z.(4430), X(6900),...

states well
below threshold

* available: valuable results on conventional and exotic hadrons

strongly stable ; strongly decaying to 1,2,3 channels

support for specific binding mechanisms V H
I
]

certain charmonium-like states

one picture can not explain all exotic hadrons

for each exotic hadron there is at least one viable picture
A direction that might lead to a valuable insight into dynamics of hadrons:

identify and inspect states that can be rigorously studied by theory and well explored by experiments

guark-mass dependence of these states in theory ... could lead to further clues about their nature
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Conventional hadrons

P &

Belle, BaBar
12000
ce(q ( 1 J
— 10000} : ce(gq) j
L] U —
Exotic hadrons S bbaq
o 8000¢ !
2
c 6000¢ !
X(3872)
4000} @ o ® ° o
minimal quark content
2000
2004 2006 2008 2010 2012 2014
date
tetraquark pentaquark
LHCb, CMS, ATLAS
11.0 : : :
@ 1054 23 new exotic hadrons at the LHC
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Definitions: bound state, virtual bound state & resonance
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Virtual bound st. Resonance
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