Spectroscopy Theory:
progress and open questions from a lattice point of view

focus on exotic hadrons

Sasa Prelovsek Spectroscopy in decays & in femtoscopic correlations
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My limited knowledge on femtoscopy

Disclaimer: | have not done the homework to know what femtoscopy can and has measured already,

but | am keen to learn. All followup thoughts concerning femtoscopy are very naive

CQ/
N
)

beam Hq ﬁ,

beam Hz rz
C(k*) = dr* S(r*) | (r*, k*)|?

® attractive S: source function
/l r*: relative distance of particles at production
@ repulsive Y two-particle wave function
* | expect that femtoscopy is most valuable to explore
‘< interactions near threshold. That is where lattice QCD

is most efficient and provides most of the results.
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One of aims to study of hadron-hadron interactions:
intermediate exotic hadrons that form

Questions for a lattice theorist: H, H,

L 41424344

Does it exist ?

P
J
Mass ?
Width?
Binding mechanism ? explore dependence on m,

Sasa Prelovsek Exotic spectroscopy from lattice



Aim: study of interactions/scattering of two hadrons

D! . Df
>

Initial particles are most often decaying electro-weakly in Nature

Different production mechanisms :

theory: with only QCD experiment: femtoscopy experiment: production via weak int.

el -weak

D! . D}

Observables depend on the same scattering amplitude
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How difficult is it to study a given hadron in lattice QCD?
Depends whether it is strongly decaying or not

: @ @ O strongly stable

™ K= D= ‘ states
spectroscopic studies ;;O 23 no :
throught this lecture: £2(500) | Kg g (;ggg)i ™ — M V,u
I. *
* strongint (QCD) aka o; was Ky(700) D6§23003 .
. electro-weak int f0(600), aka x, was was D (2400) eigenstate of Hacp
f0(400 — 1200) K;(800) D. (- (2420)
p(770) K*(892) i L
w(782) K,(1270) D,(2430) |
n'(958) K, (1400) D2(2460)0 O strongly decaying
£2(980) K*(1410) D0(255O)0 resonances
ao(980) K5(1430) D} (2600)
$(1020) K3 (1430) was D4 (2600) [0 —2 T0TT
a1(1260) K(1630) - D(274O)0 =
£2(1270) K1(1650) D}(2750)
£1(1285) #(1680) V f\u
- d
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Exotic hadrons

Simplistic argument: for a given V
(that does not significantly depend on mQ)

heavier particles are easier to bind

https://www.nikhef.nl/~pkoppenb/particles.html

https://qwg.ph.nat.tum.de/exoticshub/

All experimentally discovered exotic hadrons strongly decay
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Strongly decaying hadrons (resonance)

q @ q

>L<
q o q

H, m H,(-P)

q

Task for lattice QCD:

determine scattering amplitude T

180

E(mm)
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How difficult it is to study a given hadron with lattice QCD?

strong, E/v(

Outline

resonances R

above several th. » hadrons from coupled-channel scat.

resonances above one th.
» hadrons from one-channel scattering

shallow bound st.

states well below > hadrons well below threshold
threshold

' +
% H; (p) m1 mz H H2
‘éxq_q H,-p) }
} e all from lattice eigen-energies E,
Hgop|n) = Eyn)
 examples presented

* thisis NOT a review of all existing results !
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Quantum ChromoDynamics on lattice

. ” y * numerical evaluation of path integral
- T%r 4 Z
in discretized finite Eucledian space-time
tyy=—1t
. I // e typical:a = 0.05fm, L=40-100a
a—>0 , L > oo
L

* input:g,, m,

Locp = iGZVGgV + qivy (0" +ig,GET)q — mqqq

Socp = [d*z Locp

4 )
(C) x /DGDqu C e 9e/h

- J
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Main quantity extracted: E,, Hoopn) = En|n)

s 5%
C,(0=(0la® g )0 Oltar) = 11 O(0)e 1
> [n)n]
=D (0] e O (0)e I (] OF(0)[0)  tar =it

= 37(0] €1 0;(0)e ' |n) (n]OF(0)[0)

-2 (0l

n rpn* -E t
=Y Z' Z] e
n
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O> Z7 = (0|O;|n) overlap

n> e bt <n
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All results in this talk will be based on E,

« for strongly stable state well below threshold : E.(P=0) = m
. , _ Ecm — T Ecm often “non-precision” studies:
resonances (Luscher’s relation) n ( n ) } singlea,  my/q > m% m.>140 MeV
* static potentials: b, — V(T)
E,
+ -~
t=0,J° I
¢
f‘ |
ﬁ@ e | 0=0(06) + 4
¢

0)

C,(0=(0[a) g'O) =3 (0|G|n) e (nley

All E, with given quantum numbers must be extracted:

su K*(890): E >mg + m; ~ 640 MeV OK
ccud  Z.(4430): E > My + My == 3240 MeV  §

Sasa Prelovsek Exotic spectroscopy from lattice



R H;H, Hi Hy resonances R

E above several th.
m, +m, H, H,
R->H;H, ]' resonances above one th.
m, +m, H, H,

shallow bound st.

E2 — m2c4 — P262 states well below
threshold

E(p—gy=mc

Hadrons well below threshold

(or studied as if located well below threshold)

Sasa Prelovsek Exotic spectroscopy from lattice 12



Proton and neutron mass

exp

@ lattice QCD

mu:md

BMW collaboration
Science 322, 2008

Sasa Prelovsek

exp

. lattice QCD+QED
m, # my

BMW collaboration
Science 347,2015

Exotic spectroscopy from lattice

Higgs mechanism

~ 1% proton mass o

2m,#my = 10 Mev/e

m, ~ 938 MeV /c*

Op = eijk[u;pr%dj]uk ~ uud

u
t t=0

C = (0]0,(t) O}(0)[0)

C(t) = ZAne_E”t — Aje Pt

_ 2
E1 =mye

strong interaction

~ 99% proton mass

15



12

10

o0

MESON MASS (GeV/c?)
AN (@)

Strongly stable hadrons (HPQCD coll)

expt
fix params X
b2 p
Y h,(2P) /gg})(zp ) postdcns —H—
o © eEe predcns +—O—
—O—%—Y o=
e Y bi(1P) Y(ID
B.—6— © Bg e BZO
B.—e— © B,
B, B.
g Ee s
1 w' XC2
N = -11—#§c1
nc _E_+ J/w C c0
D ——E D
K —¢
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HPQCD,
update of
1207.5149
(thanks to
Christine

Davies)
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(myPhy)

m —mp — mp:[MeV]

Doubly bottom tetraquarks  pbdii = bbsii

lattice: dependence on myand m 4

I=0, JF=1"

Colguhoun et al., 2407.08816

0 (g i
—100- §H E 4 udbb T
4+ usbb
150+ . |
0.0 0.2 0.4

| ——/
Other doubly heavy tetraquarks: QQ qq

Theoretically expected near or above threshold

States near or above threshold have to be identified from scattering T(E): next Section

Sasa Prelovsek Exotic spectroscopy from lattice

mi)hys /mb
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Di-ba ryons with heavy qua rks ... being aware those are not best suited forexp (%5

O = qqq qqq

binding energy AE =m — mp1 —MmMpB2
50
25 A
o -
Junnarkar Mathur
1906.06054, PRL —25 -
_—
>
Mathur, Padmanath, Chakraborty Q -50
2205.02862 =
=~ -75-
Junnarkar, Mathur, 2206.02942, PRL W
< —-100 -
—125 -
—150 -
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R - H;H, H,'H,

E

ml’ +m2’
R->H,H,
m, +m,

often “non-precision” studies:

single a, m,, /q > mﬁ’/‘z , Mg >140 MeV

Hadrons from one-channel scattering

q q
q u q
H, )—é\i H,(-P)

q

Sasa Prelovsek Exotic spectroscopy from lattice

resonances R
above several th.
’ ’
H, H,
resonances above one th.
H, H,

shallow bound st.

states well below
threshold

17



States from one-channel scattering

Scattering amp“tUde T(E) for given partial wave |

i
H, 32 ()
2 q q 2

B pcotd —ip

En(L)
277 | ¢
o
:Q::.:f;f ¢ \
NN
¢
for real E for complex E

E — T(E) — T(E)

analytic relation:
Luscher 1991

generalizations by many authors

analytic contin.
to complex E

Sasa Prelovsek

E=+/m? + p2 +{m2 + p2

r

S
E

Virtual bound st.

p=-i |p|,sheet|l

p2<0

1

NE) x gr—

H,(p)

H
: bound st. : 4
H,(-p) H,

Exotic spectroscopy from lattice

m  Re(E)

mi1-+mo

1
5T
®°

Resonance

sheet Il

I
)
1
I
]
:
1
1
m  E(HH,)

20



Relation between E and 6(E), T(E): 1D quantum mechanics

E=p?/2m

derivation of relation

periodic boundary condition

Y (x)= A cos (P\x\’ff)'

V=0
o wis foran O\X\’ux&a L U, 5
S s \AARAN

. the o?rke,r B(,
P (H) = 4 (=Y
'y thlw) . 08 |
AP S (PL%\FS\;_AF Cu (,P(_%/\W) p=n=wg—7 )
— (=0 | (pEY)=0
L | (? e L/2 V=0 )(:I_/2
FT—*B:MH \3 mfv_ x=R X=0 x=R
< —— >

y,dwf[ou bt wea M 5, L
relation between 6, Land p or E

Sasa Prelovsek Exotic spectroscopy from lattice 23



Relation between E and &(E), T(E) H,

T(E)

6 [

o O

(@]
- o o &

R
-
> pcotd — ip

L s
L S e =

V. 5 T [ (e

N N N N

at infinite volume 6(E)’ T(E) Luscher 1991

%

E(L)

energies from lattice

with spatial extent L

Sasa Prelovsek Exotic spectroscopy from lattice




Verifying formalism on conventional mesons

p-resonance in 1 1T scattering

P=(0,0,0)
1.2
1.14 \
; 1.0 -\
() X |
L) 0.9 A \ "
lu |
084 @ % @
0.7 - |
0.6 L—————
3.0 3.5 4.0
L [fm]
P=(01011)I A2
0.90 1 } N 0.90
0.85 - - 0.85
% 0.80 - . 0.80 Z
O 0.75 4 - 0.75 “E
w 5
0.70 - \@\ 0.70
0.65 - L 0.65
0.60 t——— ———— 0.60
3.0 3.5 40 3.0 3.5 4.0
L [fm] L [fm]

Sasa Prelovsek

Alexandrou et al, 1704.05439

m,=320 MeV, Nf=2+1, L~3.6 fm

Z
/|
/|

S
180 180
X W I W
150 1 %ﬂ L 150
X Ir
120~ - 120
o . :
- 90 - @ * - 90
60 - - 60
¥
30 - - 30
#é
0 @ T T T +| T T T 0
0.7 0.8 09 1.0 0.7 0.8 0.9 1.0
Eom [GeV] Eom [GeV]
sI'(s
ng T(s)=— vs ( )
@ m% — s — iy/sT(s)
my = 797(5) MeV p?
o) r(s) = g* 2
g=>5.17(2) 67s

Exotic spectroscopy from lattice
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Verifying formalism on conventional mesons

1w and K T scattering at almost physical quark masses
Boyle et al. 2406.19194

RBC/UKQCD ensemble
m, = 138.5(2) MeV
(L/a)3 x (T/a) = 483 x 96

a~0.11 fm
P=0
01/°
180+
775 825 875 M/MeV
mr (I =1) OF ! T | /
m K7 (I=1/2) o
135 4 Protopopescu 5 _sol . o
vV Estabrooks =
PAY
g0l EKE —1001
AY
= _150b 2 <1 p (this work)
ol 5 o K *(this work)
~ p (PDG value)
. = —200r1 K* (PDG value)
O ! A Ecm/MeV —I‘/MeV
480 660 840 1020
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Alexandrou et al, 2312.02925 PRL

Toe  beud 1=0

D=cu

thanks to S. Meinel for figures!

cu

W m, = 220MeV

* P—=1+ _ _
B™D J°=1 Ao Ner
1
TO X ;
pcot dg — ip
025 0.15
s J=1 -
S 0.00 - > 0.10 - J=1
£ =
/ - —
& ~0.25F ip " Lja=24 8 0.05 -
3 LH cut ¢ L/CL =32 o
2,
—0.50 : ' : ' 0.00 T T T
—0.04 —0.02 0.00 0.02 0.04 0.06 0.08 0 =0 00 150 200
(ap)* /s —mp- —mp [MeV]
po=1|ps|
mr,, = \/mi +p; +1/m3 + pj
2.0
mt,. —mp=—mp = _2'41-0.7 MeV bound state

mpr—mp~—Mp — 67 4+ 24 MeV FR = 132 £ 32 MeV

see also Padmanath, Padmanath, Mathur, 2307.14128, PRL

resonance



https://arxiv.org/abs/2307.14128

Toe  beud 1=0

BD JP=0*
0.25 —
—~ R §
g‘ ~
N——"
(g 0.00
)
8 0.25
—0.95k Y.
%4 LH cut
—0.50 ! | | ] ]
—0.05 0.00 0.05 0.10 0.15 0.20
2
(ap)
_ +0.4
mr,.—mp—mp = —0.577'5 MeV bound state

mpr—mp—MmMp — 138 £ 13 MeV FR = 229 + 35 MeV resonance

see also Radhakrishanan, Padmanath, Mathur, 2404.08109, PRD

Alexandrou et al, 2312.02925 PRL

thanks to S. Meinel for figures!

m, = 220MeV
0.20
il N
= 0.15 ,] — O
[oh)
=, 0.10
=
b 0.05
I8
0.00 T T T
0 50 100 150 200

\/5 —mp—mp [MeV]



https://arxiv.org/abs/2404.08109

P

H. Xiang et al., 2210.08555 m, = 294 MeV

DX. ins-wave JP=1/2"

0.2
- D3,
(V)
O,
0.0 4
o
S }
+~
8 -0.1
Q,
_0.2-
4+ 132
+ L8
-0.3 v -
0.05 0.00 0.05 0.10 0.15
l p’ [GeV?]

Pb=1|pp|

ip=i(il|pl)=Ipl

mp, = \/mi +pj +/m3 +p;

mp, — (mp +myg,) =—6+3 MeV

ccuud — (cu)(cud), ...

3 (@) (uud)

caution: coupling to charmonium+proton omitted

D=cu D
X =cud z,

bound state

The only previous study did not find significant p-J/1 interaction at Pc energies

assuming one-channel p-J/y scattering, Skerbis, SP [1811.02285, PRD]

Sasa Prelovsek
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Wu, Molina, Oset, Zou, PRL 2010

D=cu b D=cu D
of ;
: T : Py W
1 1
X, =udc X . =udc X
LHCb 2019
R0 \—+5*O

D
1200

1000

PANENN ] » S L
4250 4300 4350 4400 4450 4500 -

m(J/Y p) [MeV]

4%00

30



TCC CCd’L_L 1=0, JP=1+

experiment lattice
D* — Dx D* 4 Dm
~ _ ph
my o ~ 135 MeV My =My > mu,d

mp«+—mp+ ~ 140 MeV

0Mpore = —0.36 £0.04 MeV = .

D=cu cu

W
D*DO D*0D* }

D*=cd cd

60

50

40

30

20

10

"3;\

| =
_u‘+_
W
=

0

-

II‘IIIIlIIIIIIIIIIIIIIIIIIIIIIII!I

3.87 3.88
m(D°D'7 ™) GeV

LHCb 2021 Nature Physics Sasa Prelovsek Exotic spectroscopy from lattice



T.. : scattering amplitude and pole trajectory

1
- 2
LTI
....3..4
-
12345
- - -4
o o
_."'.:’
BT STl 2. *“ 3* 4
1*
1:mp = 1.7 GeV 5:

arrow: increasing mc

Collins, Nefediev, Padmanath , SP, 2402.14715, PRD

analysis incorporates analytic properties related to

m
C | oh
I m.~280 Mev My m?
Im(E") [MeV]
Im(EP) [MeV]
10f PY 20}
5.
’ 5 ° 10f
:2 - RG(EP) — Et.h [Me\/] . .
’ -5} - -10 5 m, ~ 146 MeV
° HAL QCD
-10fF m, = 280 MeV
e -20f
my = 2.4 GeV m, ~ 348 MeV

resonance pole
virtual state pole
left hand cut

Sasa Prelovsek

CLQCD

Exotic spectroscopy from lattice

DI

D

n(q)

D#

m Re(E') — Ey, [MeV]

34



. . : : m
. Collins, Nefediev, Padmanath, SP, 2402.14715, PRD C
I.. : Interpretation |

D* D mu/d
(@)
Potential for five different m, D D*
V(r V(r
0'01(E )reg' 0 00004( )
| ' ‘ - r[fm]  0.00002
-0.01 0 O 15 2 T i)
-0.02 -0.00002 2.5 3.0 3.5 4.0
-0.03 -0.00004 2
~0.04 -0.00006 Pr o= HxT
_0'05 -0.00008 T

pz =mz — (mp- —mp)? >

cd D* Hevi

2m,

V almost independent on m,

attraction increases with decreasing myq
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Tee!

[=0

vs. [=1

(2P

1+)

Meng, Pacheco, Baru, Epelbaum, Padmanath, SP, 2411.06266

CLQCD, 2206.06185

ap = pcot §|p=o

dominantly responsible for

difference between 1=0,1:

______________

cedu  ud—du ud—+du
ap>0 a,<0 and small
attractive repulsive (on average)
virtual state or no pole
resonance
x4 Co > *C -+ x4 Ce > *C 10 *+Ceo
D do=====mmm e mmmnnna odD D do----«.\ oaD D de
Do 13: . o pols . \*"‘:g D*+ po ‘Zf
(D) (C1)

Sasa Prelovsek

oC % #+ Co = oC %
=) + D +&.__-*~\\ oaD 0
%pe pH el
(C2)
D)«+ ; D*()
1
14
i
DO 1 Dt
(Cz)ph(‘n

Exotic spectroscopy from lattice



R H;H, Hi'H, resonances R
E above several th.

m,; +m, H1 H2
resonances above one th.

HiH,

R- H,H,
m, +m,

shallow bound st.

states well below
threshold

Hadrons from coupled-channel scattering

Sasa Prelovsek Exotic spectroscopy from lattice 30



Coupled-channel scattering

most of hadronic resonances decay strongly to several final states

1,\3%0) - Tle,Kl—L B [/fo (19303__\ k‘“’/ Krv] lK”’]|
0\0(‘5‘80)% T(Afl’ KK

o, (1260) > T, AT, .

Dy (13g0) o, T

almost all exotic hadrons decay stronly to several final states
Coud s 224k T, 0D 8
Boud s 2,>Y(s)T k(AT 3T
Ceuud: PosUfyp £.D .

Z(,EC/ L X ((,800)\3 ‘]N W\/" /\)L/l?c o

Sasa Prelovsek Exotic spectroscopy from lattice

R > H; H, Hy'H,

J

e

resonances R

above several th.

H, H,

HiH,

shallow bound st.

states well below
threshold

31



Coupled-channel scattering matrix

1x1

g —

one-channel scattering

1x1 1x1

It igtsT

two-channel scattering

2x2 2x2 2Xx2

S =1+ig2T

TealE) Tup(E) — % m
6= (1 i) - Lal 52

E — T(E)

En(L)
1 + strategy:
parametrize energy dependence of K matrix
¢ r? . perform global fit to all eigen-energies
o0
¢ T;;(E, R)
applied for many meson resonances by HadSpec,

mostly those composed of u,d,s 32



Two-pole structure of baryon A(1405) mo, o n & |
Bulava et al, 2307.10413, PRL

~ P - 1= S=-1 T A K K A K
M 2~ 200 MeV  1(J7) = 0(3") < 5
1.0
o
e 02 K
(&
N
0.0 ALICE (2205.15176)
also finds two poles
ﬁjﬁjg 0.0+
& 01

0.0 0.2 0.4 0.6 0.8
RB (Ecm — My — mE)/mw

Sasa Prelovsek Exotic spectroscopy from lattice
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Coupled-channel DD*-D*D* scattering

T.. virtual state below DD* threshold (effects from left-hand cut not incorporated)
Hadspec 2405.15741

T.. resonance below D*D* threshold : look for it in experiment !

252111_\/5 / MeV mﬂ- ~ 391 MeV

V5 ~ 3971(35) MeV

40 — I' = 11(13) MeV

30 -

20 —

10 o

*&C("«. N BN
0

V5 ~ 3834(31) MeV o
0 — O—— O : T | ,Rey/s / MeV
3850 3900 3950 4000 4050

~

ull
80~ LHCb, 2109.01056
o)
40:_H is there a particular reason to
- f stop at D*D* threshold?
20—
- %t t
:¢}++++++++**+++++++++m++++++*++#+++§#+’*++++*+*++++++§%j+*+¢ ﬁﬂmﬁtﬂ ++++E+++“+“ ;

388 39 392 394 396 398 4
\ Mmppx  [Gev]  2Mor J
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Scalar heavy-light mesons

Conventional —
CS

guark model

cq (

qg=u,d,s

cd

New paradigm

Lutz et al, 2003 PLB, 2209.10601 ; Du et al, 1712.07957, PRD

earlier lattice work: Mohler, SP, Lang, Leskovec, Woloshyn (several papers)
recent D-pi study: CLQCD 2404.13479

Lattice results below: HadSpec (several papers)
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Charmonium(like) states from

Ci Ci
Tij(Eem) ~ 72 — LHC, 2210.15153, PRL
— m ; 5(): T T T .:
cm 2 Lk X(3960) e
2 % b _Br(DD) E
[cppl +0.02 e (3 Br(D.Dy) ~ P
AP I A SR ST
D 10 B
Db o&}j tohs ++++H+++*+ +¢+++++++*.—§
4 4f2 4.‘4 4.‘6 4.‘8
D.D th m(D;Dy) [GeV]
=SS .
D D JP=0* state
+ expected conventional charmonia
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PC

m,~280 MeV ~ mp =~ 1927 MeV
Lat cts ensembles EXp
- o 40
-$_§ _______________________ é __________ e______; ZmDS
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— s =38
L lweTo L 2mD
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L —13.6
L > ) .
L =35
L > .
- © —3.4
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S.P., Collins, Padmanath, Mohler, Piemonte
2011.02541 JHEP, 1905.03506 PRD
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https://arxiv.org/abs/2210.15153

Exotic hadrons from static potentials

Sasa Prelovsek Exotic spectroscopy from lattice
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Static potentials from Born-Oppenheimer approximation

7 7 7 7 System with
Y o sy "y s— S—
[T~ _
y sy i s ey J * two heavy partices QQ or QQor ...
/]

Q * light degrees of freedom g=u,d, G
+q,G r

A _ _ Q

Q E=mgqg+mg+ W, +W(qG)

E=mg+mg+WZ, +V(r)

kin
seminal recent work aimed at exotica:

Brambilla et al (TUM): 2408.04719 s, R: _,
Zha‘l’(r, t) = —2—V ‘Il(r, t) + V(r)\I’(r, t)
m

5

£

r £ =
Dée———b D >

r=
H

Observed
bond distance
inH,
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Potential and confinement

EM interactions strong interactions (acp without dynamical quarks)

t=0

&
&

[~ >
eSS ————
0 gluons 0

0.5
0 0.0
—~
~
N—"
N

r
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Deeply bound doubly bottom tetraquark =0, JF=1%
bbud
E,(r) — V(r) — m

g = V() + V() U(r,t) = BV ()
r
r
" B @j

E""=m-mg-mg«=-38 (18) MeV

-0.1

02 F

V(r) a

-0.3 |

-0.4

-0.5

Bicudo, Wagner, Peters, Cichy
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More doubly-bottom tetraquark potentials
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cA
r
u
BoBo
B By
BB (also BB*, B*B)

my, = 00: B = B*, By= B;

Bicudo, Marinkovic, Muller, Wagner,
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S.P., Bahtiyar, Petkovic, PLB 2019

Zb tetraquark bbdu JP = 1+ Sadl, S.P., PRD 2021
/// 77 7 challenge
- < (nS) 1, Y(2S) 1, Y(3S) 1t
- n JT TT,
s bbdu — Wb+ @
- OIr _)@‘I' B B*, B* B*
B* @ /

Belle 2011 PRL 2011

&

=
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[ oo e LT |
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All presented results are extracted from E,

(C)= [DG DgDg Ce "

) & (nlg

C;(0=(0]G® g ©[0) = (0|@ 0)

En
t, )P 1 t=0, JP, I ¢ 1
D '@ +
R . | 0=0(40)
w
L 4
L ]

«  for strongly stable state well below threshold : E,(P=0) = m
cm cm
B — T(E")
E, = V(r)

* resonances (Luscher’s relation)

* static potentials:
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often “non-precision” studies:

single a, My, /q > mﬁ’}g , My >140 MeV
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Status on exotic hadrons from Lattice :

Conclusions

E*].

resonances R

above several th.

m, +m, 4+ H; H,

exotic hadrons that are not resolved (yet) m;+m, T HyH,

strongly decay via many decay channels: 7(4430), X(6900),...

available: valuable results on exotic (and conventional) hadrons

strongly stable ; strongly decayingto 1,2,3 channels H; H,

significant progress on three-hadron scattering and R-> H; H, H; (not discussed here)
HALQCD method to extract scattering amplitude (not discussed here)

looking forward to learn what femtoscopy can do or has accomplished

Reviews:
N. Brambilla et al. 1907.07583, Phys. Rept

M. Mai, U. Meissner, C. Urbach, 2206.01477
N. Brambilla, 2111.10788

P. Bicudo, 2212.07793

S. Prelovsek, Lattice QCD calculations of hadron spectroscopy, Encyclopedia of Particle Physics, Elsevier (on the way)

Sasa Prelovsek Exotic spectroscopy from lattice

shallow bound
states

states well
below threshold
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Backup
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Towards relation between E and T(E) in finite-volume QCD

considerations

a$ O e I i for L=finite; a—0

+—>

L L, periodic BC

E for non-interacting H; H, (P=0)

B =\ Jm3 4 2 4 \Jm3 + (—p)?

7 (li=7%

1.4

1.3 -
2 121 p=25(1,1,0)
eg“' —® - p=72(1,0,0
w

1.0 ® e p=0

0.9 -

3.0 315 410 4i5 5.0 example: m=0.5, L=3.6 fm

L [fm]
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T..: scattering amplitude
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0.1 : : : :
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