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336 participants,

Thailand, 4 Brazil, 3 5., o 16

around 150 institutions, Korea, 4
France, 5
from more than 20 countries. i g

Spain, 10

Japan, 14

us, 20

G 31 :
n— China, 216

excellent opportunity to interact
with Chinese hadron community




is the US giving up on
leadership in hadron 6% of the participation
physics ? 17% of the non-Chinese participation

very low US national lab participation
— does this reflect how hard it is to get travel approval ?









not very many new experimental or theoretical results reported at this conference

in my opinion plenary talks overly biased to theory — blame the IAC

International Advisory Committee

S. Bianco (INFN-Frascati) N. Brambilla (Muenchen)

V. Burkert (JLab) W.-C. Chang (Academia Sinica)
S.-U. Chung (Brookhaven) V. Crede (Florida State)

D. R. Entem (Salamanca) P. Eugenio (Florida State)

A. Feliciello (INFN-Torino) Y.-N. Gao (PKU)

T. Gershon (Warwick) A. Hosaka (Osaka)

U.-G. Meilner (Bonn/Julich) C. A. Meyer (Carnegie Mellon)
S. Nagamiya (RIKEN) M. Nakao (KEK)

E. Oset (Valencia) S. Paul (Muenchen)

K. Peters (GSI) A. Reis (CBPF-Rio de Janeiro)
C. D. Roberts (Argonne) X.-Y. Shen (CAS-IHEP)

A. Szczepaniak (Indiana/JLab ) U. Thoma (Bonn)

A. Thomas (Adelaide) U. Wiedner (Bochum)

H. Wittig (Mainz) B.-S. Zou (CAS-ITP)

were parallel talks on hadron structure, but | didn’t go to any of them ...



plenary talks on heavy hadron spectroscopy

Spectroscopy of Singly-Heavy* Hadrons

See John Yelton

University of Florida

for a nice summary of (mostly)
heavy baryon experimental results

his conclusion: observations are very ‘quark-model-like’

« EXperimental Status of
the XYZ Structures

Yuping Guo
(KPH, Mainz University)

Theoretical aspects about XYZ and Pc

and exotic candidates

Qiang Zhao
Institute of High Energy Physics, CAS

In short this is not getting any simpler ...



the shape of the conference — triangles S

B

peaks in m(AB) if very particular kinematics hold

many of the XYZ states are seen as AB bumps in three-body decays
one school of thought — some/all of these are just triangles

data not precise enough to resolve line-shape
particular to this production process — observe in others ...

situation largely unclear to me, will be improved by
— expt data in other production processes
— lattice QCD two-body scattering calcs



Experimental review of
baryons with two heavy
quarks (including P,)

Liming Zhang (Tsinghua University)

PRL 115 (2015) 072001
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State

M [MeV ]

I [MeV ]

(95% CL)

R [%]

9.8 +2.7 7,
20.6 +4.97,
6.4+ 2.0"
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? “First measurement of near-threshold J/y exclusive photoproduction off the proton” e

GlueX Collaboration, May 26, 2019, arXiv:1905.10811 [nucl-ex]
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Guo et al, PRD 92 (2015) 071502 and others
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Cornell |
JPAC P}(4312) 3/2| BR=2.9% [{ Model-dependent upper limits
JPAC P;(4440) 3/2|BR=1.6% ||at 90% C.L. from JPAC model
10" JPAC P;(4457) 3/2|BR=2.7% [ [PRD 94 (2016) 034002]
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BES Illl has an active program to study light mesons ...

Light meson spectroscopy
at e*e™ machines

Beijiang Liu
Institute of High Energy Physics, CAS

... an example of what they’re interested in

Tensor glueball candidate?

D(J/¢ — vGa+) = 1.01(22)keV

BESII /¥ = yod

T(J/¥ — ¥Ga+)/Tior = 1.1 X 1072 "u2900F i

CLQOCD, Phys. Rev. Lett. 111, 091601 (2013) 22000 - 2;;"32?::'&

= B W e

Experimental results K1500 2 Wik
N )

Br(J/ v — £,(2340) - yqm) = (3.8702 " ) x10°* £1000F  »

Phys.Rev. D87, 092009 (2013) 5 500! e ed

Br(J/ v — f,(2340) - yo¢) = (1.91£0.14°°72)x10™* | .v'*,.‘,.

Phys.Rev. D93, 112011 (2016) 02‘ 22 24 56 -

Br(J/y — ¥f,(2340) - YK K) = (5.54°0 31 ) x 10 () M(00) (GeV/c?)

Phys.Rev. D98, 072003 (2018)

f,(2010), f,(2300) and f,(2340)
stated in = p reactions are observed
with a strong production of f,(2340)

It is desirable to search for more decay modes



exotic hadrons — glueballs 12

long been proposed to study glueballs in J/p radiative decay (“glue-rich”)

C
pure YM glueballs compute three-point correlation functions G
0t—
I - [l
o (0]01/4(T) b (t) Oc(0)0) <
4000 - 1
| __2__
e JIy = y* G[0++]
3000 - T — :
ottt ! 0.1 %
o+ U % |
2000 - =
| c:._j
0+ 5
1000 - I L T
0 1.0 20— @/ GeV
J/Iy = y* G[2++]
B 1 3LL l l
ColpFT ! e ! g
S .
= o>o<:_kix
T i
I
0 1.0 20 @/ GeV
WILLIAM & MARY hadron spectroscopy from latQCD | 21 Aug 2019 | hadron 2019, #£8™H /? n La

n National Accelerator Facility



exotic hadrons — glueballs 13

helpful to build intuition, but ...
this is in pure Yang-Mills — no light quarks !

fferSon La

OFfom al Accelerator Facility

WILLIAM & MARY hadron spectroscopy from atQCD | 21 Aug 2019 | hadron 2019, #£#MmH



glueballs are excited isoscalar meson resonances 14

glueballs in QCD are much more complicated beasts ...

A
1700| scalar glueball here ?

— TTITTIIT
1250 |

lightest glueball will be the nth resonance
in numerous coupled channels ...

680 k

scalar

glueball ?

300 1000 1200 1400

and then we need to couple it
to an external current ...

N ]

this is too tough to start with ...
... back up and try something simpler ...

WILLIAM & MARY hadron spectroscopy from atQCD | 21 Aug 2019 | hadron 2019, #£#MmH



importance of developing QCD results for resonance decays
— decays being used to infer exotic structure

$(2170)

« Observed by Babar in ete™ - ysgdf,(980) ,
confirmed by BESII and Belle

* Many interpretations
Ossg hybrid

033S, or 23D, strangeonium

OTetraquark
OMolecular of AA

Od¢f,(980) resonance with FSI
OThree body system of $KK

ete™ - K*K nn® at BESII|

. / +++ + 4.50
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® M=(2127 £ 17 £12) MeV/c? and I' = (107 £ 32 +28) MeV
® Non-observation in K*(892)K*(892): deviates from the

prediction of 33S; s5

® Observation in KK(1460): inconsistent with the prediction of

hybrid interpretation

ete™ » KTK ' at BESIII

* $(2170) - KKnmt has good discriminate power

to several models

« K*(892)K*(892): ssg (forbidden), 335, (favored)
» KK;(1400): ssg (favored)
* KK (1460): ssg (forbidden), 23D, (favored)

o(e'e -
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more on the $(2170) a.k.a Y(2175) in a parallel talk

Is the Y(2175) a strangeonium hybrid meson? JPe 1~
qq operator avuq
Wei Chen n?>*tiL, n>S

[qqg] spin-triplet

Sun Yat-Sen University
state P, W

HADRON 2019 - Guilin, China

Ggq operator | G5 7"75G2,q
August 16-21, 2019

[qg| spin-singlet

Based on: PRD98(2018),096020; PRD100(2019),034012.

Collaborators: J. Ho, R. Berg, T. G. Steele, D. Harnett QCD Sum Rules

@ Study two-point correlation function of current J,(x) with the same
quantum numbers with hadron state:

Mo (¢?) = i / d*xe (9 T[4, (x)J5(0)]1)

. @ Classify states |X) by coupling to current (2|J,(x)|X) # 0
GaUSSIan =l rUIeS analyses @ Hadron level: described by the dispersion relation

The resulting predictions: (A ImM(s) «— n
gp N¢*) = - / sN(s — ¢? ,-G)ds + nz:; ba(q*)",
t 2
sp. = 9.7+ 1.0GeV p(s) = —ImN(s) =37 6(s — m2)(01J]n) n1]0)
my = mge = 2.90 £ 0.16 GeV "

Im[I1(s)l continuum

No evidence for a significant strangeonium hybrid component of the
¢»(2170), which is consistent with the LQCD calculation(PRD84(2011),074023).

i Gap—>
fit to continuum

MA2 So s



No evidence for a significant strangeonium hybrid component of the
¢»(2170), which is consistent with the LQCD calculation(PRD84(2011),074023).

m / GeV

somehow lattice QCD and sum rules communities are
speaking in different languages ...
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Prospects of Spectroscopy at Future Facilities

Simon Eidelman

Budker Institute of Nuclear Physics SB RAS

and Novosibirsk State University, Novosibirsk, Russia

and Lebedev Physical Institute RAS, Moscow, Russia

a nice encyclopaedic summary of current and future facilities, but ...



lProspects of Spectroscopy at Future Facilities .
lh: properties at KLF .
Simon Eidelman

Tace < . ‘ . ‘ % )
Budker Institute of Nuclear Physics SB RAS Mass and width of the K 0 (700) (’L‘)
and Novosibirsk State University, Novosibirsk, Russia S pu—

100 Zhou et al
and Lebedev Physical Institute RAS, Moscow, Russia

Pelawe:

Bugy
Boovscows et ol

150

Descotes CGonon ot al
Padé cosalt
Conformal CFD
Pelae: Rodas HDR
KLF rxpectnd ermoy

Posmsrava

-1 72 (MeV)

S0 80 9m

750
M (MeV)

100 days of running

Measurement with KLF will reduce:
Uncertainty in the mass by a factor of two!

Uncertainty in the width by a factor of five!

“a lie can get halfway around the world before the truth has got its boots on”



JLab theory group results having an impact in the broader community

Light-Meson Spectroscopy
at Lepto- and Hadroproduction Experiments

Review of light

baryon spectroscopy

Boris Grube

Institute for Hadronic Structure and Fundamental Symmetries
Technische Universitat Miinchen
Garching, Germany

Light-Meson Spectrum from Lattice QCD

Dudek et al. [HadSpec], PRD 88 (2013) 094505

State-of-the-art calculation with 1, = 391 MeV/c?

3000 P=-1 P=+1 Exotics
- = -
- = - -
- - -—
2500 +
25 - | 1 - - -
- - _ = | om
a - -~ - A - - 27
2000 — : - =
2 _-— g - !
= | | = 2 92—+
= - -
T B —
" o
-

1000f o

my = 391 MeV
24% x 128
13

isoscalar [l

500 .
isovector

@ High towers of excited states
@ Essentially recovers quark-model pattern
@ Additional hybrid-meson super-multiplet

Boris Grube, TU Miinchen Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments

JPAC Coupled-Channel Analysis of #7t and 1’7t

Resonance Pole Parameters

Rodas et al. [JPAC], PRL 122 (2019) 042002

Width (GeV)

a,(1320)

O

012277367 7304 1.306 1.308 1310

a,(1700)

"'II|IIII|IIII|II |III|IIII|IIII|IIII

L 1 1 1
13 14 15 16 17 18 19 2.0

Mass (GeV)

@ Only single 1~ *-wave pole required to describe peaks at
14and 1.6GeV/c?
o my = (1564 + 24 o, +865ys.) MeV/c?
o Iy = (492 +54 ¢ +1024ys) MeV/c?
o Consistent with 711 (1600)
o First measurement of pole parameters of 771 (1600)

@ Raises doubts about existence of 77 (1400)

Boris Grube, TU Miinchen

Light-Meson Spectroscopy at Lepto- and Hadroproduction Experiments

JUSTUS-LIEBIG-
T UNIVERSITAT
GIESSEN

Stefan Diehl

Justus Liebig University Giessen

University of Connecticut

August 21, 2019

Do the new states agree with the LQCD predictions?

R. Edwards et al., Phys. Rev. D84 (2011) 074508

mg = 1672 MeV
2.0

[ e
1.8 | @@
) el
Fit needec : p—
N(1900)3/2* | = 1.4!@@— A
N2100)1/2* = - -
Nassoy/2+ [~ 2 F
10}
os |
06 | 1+ a3+ 5+
Z Z 7

Lowest J* states 500 -700 MeV high

Ignoring the absolute mass scale, new states correlate with the J° values predicted from LQCD.

m,=396MeV r
B Fit needed

N

)

' N(2060)5/2-
[ ] S -

e N(2120)3/2-

| cil = ] N(1875)3/2-

i

! N(1895)1/2-

: 3

:

(= = 3 N(1675)5/2

: =) N((1700)3/2-

: N(1520)3/2-

i N(1650)1/2-

Y a— 38— 2 N(1535)1/2

V3 3 %2 3

Lowest ]~ states 200-300 MeV high

We need LQCD projections at or near the physical pion mass

Relativistic effects
in radiative charmonium transitions:

A covariant quark model approach

3

Presenter:

Tomohito MAEDA (Nihon Univ.)

Collaborators:

Toshihiko KOMADA, Masuho ODA, Kenii YAMADA (Nihon Univ.)

* Note that similar results are reported in several lattice calculations
J. J. Dudek, et al., (2006, 2009)
Y.Chen etal., (2011)
D. Becirevic and F. Sanfilippo, (2012)

Dispersive techniques for processes
Y¥YE—TIT, TI

Igor Danilkin

August 20,2019, Gulin, China

" Right-hand cuts (hadronic input)
| 0(980) pole

THE LOW- . H
¥ : ™
¥ E n

OF THE S
Coupled-channel Omnés formalism

. 1s' p(s') |t(s")[?
,(ﬁ):,"(h)‘Y/[?'i/( ) t(s")

™ s —s

®
Jr @ 0 — b
_w
=Q(s) N(s) Chew, Mandelstam (1960) £
< 0
2
w0

Model independent form of the left-hand cuts:
conformal mapping expansion 07 08 09 10 11 12 13

Us) =Y Cré(s)* 10
o8
* 1.D,, Lutz, Gasparyan (2011) <08 —L
Coefficients Ck matched to SU(3) o |

Chiral Partiirhatinn Thanry ar thrachald

STRONG INTERACTION STABLE HEAVY TETRAQUARKS
FROM THE LATTICE

| sheet

N(s)

1) =5

HadSpec Coll. (2016)

Kim Maltman, York University
(MEKXK, ARKZH
with
B. Colquhoun, A. Francis, J. Hudspith, R. Lewis

For completeness: the I(JP) = 0(1*) udcc channel

¢ HadSpec [1709.01417]
* ng=2+1, anisotropic clover + improved Symanzik gauge, m_ = 391 MeV
* large “meson-meson” + tetraquark basis
* No evidence for udc¢ or €scc¢ bound tetraquarks



people are using hadron spectrum collaboration lattice QCD results
in their theory calculations

Theoretical review of heavy-light spectroscopy

PRD 86, 034031 (2012)
Jozef J. Dudek et al.

: Juan M Nieves (IFIC, CSIC & U. Valencia)
Partial Wave Mixing in Hamiltonian Effective Field i : -

o = free Efree Efreei L D
TheOl’y (HEFT) 5 Vi o0 E IEDW Dy DK QC FI’*

o 2700 | R e :
Yan Li'  Jia-jun Wu'  Curtis D. Abell>  Derek B. Leinweber? pa— > 2600 ¢
Anthony W. Thomas?3 N ’ o = 2500
P ® . & 2400 F
9300 LQCD: G. Moir et al., JHEP 1610
2900 _ (2016) 011 (Hadron Spectrum
on - ' : e Collaboration).
o 16 18 20 2 4 D, Dn, DK coupled-channels
g Juan Nieves, IFIC (CSIC & UV) Las
Determination of resonance properties from

lattice energy levels using chiral EFT

7 Quark-mass dependence

of light meson masses
and decay constants

Zhi-Hui Guo (3¢ % %)

Hebei Normal University (T 3k % &% X %) Xiao-Yu Guo*, Matthias F.M. Lutz

[PRD98,056005; NPA988,36; NPA988,48]

E.qg. Pi-eta, KKbar, Pi-eta' scattering

GSI Helmholtzzentrum, Darmstadt

[Dudek, Edwards,Wilson, PRD'16]

1100] A, [110] A, 111 4, 1200) A,
A W ~ Mehoe AN
029+ { \\ 029} \ \\ \ \\} 0.29r \ . :: oo 029¢ \\\ AN @ masses from PACS-CS (physRev.079,034503]
N\ W o \ AV S % R ) \ A — energy levels from quark-antiquark interpolators
027k ? R 027} % 027 ’ 027 A — levels are well reproduced
s NS — predictions for w-meson masses on the ensembles
3 @ masses from HSC [phys Rev.079,034503] 3
0.5 L 0255 X~ 0.5 05 o — levels from quark-antiquark ol ! ; 3 -
g interpolators well reproduced - e | ®
(10X S 023 RGN 0.23F 0.23 ~ level from 7 K interpolators 3 . °
3 = - well reproduced [Nucl.Phys.8932.29] 7 =
021k \“‘f---.., 021 021k 021k - 'tensmn in level from 7w 0ss * % o
— interpolators, not well
o ? separated from the two-body K ‘ B B 0
09= e 0.19L - 0.19F - ol T = - 7 state (dashed line) = - —
} R - 3 ) E [Nucl.Phys.B910,842] mo[GeV]
007 Q.17 g 0.17F§""f27‘"'




Theoretical review of heavy-light spectroscopy

Juan M Nieves (IFIC, CSIC & U. Valencia)

B B Ep% - LQCD

2800 F . ' '

2700 F
2600 F v’ Second level, lying between
%) 9500 E the D and D1 thresholds, is
~ : very shifted with respect to
= 2400 - ) both of them, hinting at the

2300 ) : presence of a Resonance?

2200 ‘?i | 41 ! ! -‘F\/

16 18 20 22 24

very frustrating to see
L/ag

Juan Nieves, IFIC (CSIC & UV) wrong statements like this!

LQCD: G. Moir et al., JHEP 1610
(2016) 011 (Hadron Spectrum
Collaboration).

D, Dn, D K coupled-channels



at Ecm = D 7"7"|thr.

0.48

D¢[00-1| K[001]
D|011]x[0-1-1]
> D[001]7[00-1]

0.46

D000} K {000

0.44 oo o o o o . = D[001]7[00-1]
------------- e e e e G e e ey D001 000)]
o4l T ¥ 70 ' © o o o , o | coupled-channel amplitude description
| with a bound-state and no resonance
04E D[000]x[000]
? 1 1 L/as

16 20 24



bound state versus virtual bound state 24
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hadron spectroscopy from

lattice QCD

Jozef Dudek

% WILLIAM & MARY
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state of the art in lattice QCD 26

now routinely done, calculations with

very light quarks (physical pion mass) .
systematic control,

QED effects included but only for the simplest observables

breaking of isospin symmetry (my # mq)

WILLIAM & MARY hadron spectroscopy from atQCD | 21 Aug 2019 | hadron 2019, #£#MmH J ff/?son Lab

Jefferson National Accelerator Facility




state of the art in lattice QCD 27

more relevant to excited spectroscopy

large diverse basis of hadron operators (including multi-hadrons)

inclusion of gq annihilation effects (access to isoscalar mesons, hadron decays)

-0

‘variational’ analysis of matrices of correlation functions

(reliable determination of many excited states)

much of this progress follows from
PHYSICAL REVIEW D 80, 054506 (2009) Peardon et al

Novel quark-field creation operator construction for hadronic physics in lattice QCD

‘distilled’ and matured for ten years

WILLIAM & MARY hadron spectroscopy from latQCD | 21 Aug 2019 | hadron 2019, #E#mH Jeff/?on Lab

OTfiomas Jefferson National Accelerator Facility




“stable” meson spectrum PRD 88 094505 (2013)] 28
diagonalizing a large basis of operators ~ @Zﬁﬁ L ﬁw
- = L
_ —_———l .
2500 | - 3 - . 4+ . I :
. - If R— . m —
¥ =5 T ] m
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= 1500 | — :
+— ++ g 24
_ ! 1++ : C) :E O C
1000 | e — 14 0
— M - 390 MeV () { () p*
1=~ L~3fm 5
I o .S
500 L C J (D C?°
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. J DSS
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(quasi) flavor-exotic hadrons 29

tempting to make use of these tools to study contemporary exotic hadrons

e.g. Z(3900), a resonance in J/w m ? — probably JP=1"

compute correlation functions using a basis of

tetraquark-like W (x)h (%) (%) (x)

and

meson-meson-like ( ZX e'P1 ¥ @I‘lﬂ(x)) ( Zy e'P2y @Erw(w)
operators

for non-interacting mesons,
expect a spectrum

\/m2+p%+\/m§+p§
2T

| S f(nwanyanz>
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‘Z(3900)° channel — JP=1+

30

Prelovsek et al (2015)

4400

4200

4000

3800

3600

3400

— Q
— = =
— - °

r °
e ® o

- : Di)oo D™ 000]
— Te| 10/0] PI-100]
______ -« 2p[oo()] To00]
[~ - D[ooo D™ 000

A J/w 100] 7T[-100]

& Tcio00] Plooo]
A g J/¢ 000] TT[000]

mr ~ 270 MeV, L ~ 2 fm
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‘Z(3900)° channel — JP=1+

31

Prelovsek et al (2015)

4400

— Q
- = -
4200 — -
r
A i_____J!L ______
= o
4000 = o
______ I____________
= =
= =
3800 X ¥
3600 |—
3400 |—
e =
mr ~ 270 MeV, L ~ 2 fm
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) * *
D[ooo] D [000]
Tlciio0) P-100]
/
2p[oo()] Tooo]

D[OOO] D>|< [000]
J/w[loo] T-100]
Tcio00] Plooo]

J/w[OOO] T1000]

Chen et al (2019)

4200

4000

3800

3600

3400

3200

no tetraquark ops

—
°
o
®
o
L
°
°
my ~ 320 MeV,
L~2.8fm

hadspec (2017)

4000

3600

3400

- - el 2 |evels!
—]

| 354, 3D
| _ _ .
mq ~ 390 MeV,
L~2fm

4$ﬁ£E&H1La
omas Jefferson Nation

see also HALQCD approach ...
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‘Zc(3900)° as a coupled channel problem 32

D*

000] D™ 000]

Te| 10/0] PI-100]
w[oo()] T [000]

D[ooo D™ 000

J/w 100] '[-100]

Tcio00] Plooo]

Zc (if it exists) is a resonance in coupled

J/y 1 (351,3D1),
D D* (351,3D4),
Ne p = Ne it (351,3D1)

J /Y1000 Tiooo) this is a tough place to start ...
.. take a step back ...
.. establish a technique in simpler cases ...
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‘scattering’ in a finite volume 33

the important feature of the lattice calculation is the periodic cubic boundary

discrete spectrum in a finite-volume < scattering amplitudes in infinite volume “Lischer method”

e.g.inelasticcase F, (L) — 0(E,)

recent pedagogic review

REVIEWS OF MODERN PHYSICS, VOLUME 90, APRIL-JUNE 2018
Scattering processes and resonances from lattice QCD

Radl A. Bricefio’

Thomas Jefferson National Accelerator Facility,
12000 Jefferson Avenue, Newport News, Virginia 23606, USA
and Department of Physics, Old Dominion University, Norfolk, Virginia 23529, USA

Jozef J. Dudek’

Thomas Jefferson National Accelerator Facility,
12000 Jefferson Avenue, Newport News, Virginia 23606, USA
and Department of Physics, College of William and Mary, Williamsburg, Virginia 23187, USA

Ross D. Young*

Special Research Center for the Subatomic Structure of Matter (CSSM),
Department of Physics, University of Adelaide, Adelaide 5005, Australia

® (published 18 April 2018)

job of the lattice is to compute the discrete spectrum

e.g. it scattering in P-wave — expect the p resonance ...
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an elastic resonance — the p in it 34

PRD87 034505 (2013) mr ~ 391 MeV

E / MeV

1100 [~

1000

900 +

800 r
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an elastic resonance — the p in it 35

PRD87 034505 (2013) mr ~ 391 MeV

scattering phase-shift

[000] [100] [110] [111] [200] .
E / MeV < [ e
150 - B
1100 [+ ] +
O o
1000 T B e
60 .
900 - o
o . 30+ Ot
goo b oL e | | | |
' 800 850 900 950 1000 1050
),9 v-; vio & other irreps E / MeV
33 3
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an elastic resonance — the p in it 36
PRD87 034505 (2013)| mg ~ 391 MeV
scattering phase-shift
[000] [100] [110] [111] [200]
E / MeV iz [
1100 1o} a
. HEo—
1000 [ B .
900 | ’ N
800 | L™ | | | |
' 800 850 900 950 1000 1050
E / MeV

PRD92 094502 (2015)

£/mev [000]
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[100]

840
720+
600 -
\:\
480 f------ [------ r f------ [------ r
y
6/"‘
2
WILLIAM & MARY

my ~ 236 MeV

[110]
BN N

[111] [200]

...............

scattering phase-shift

180 = = = = == = o m
(000] m% i
150+ [100] %& o
[110] o
120+ [111] g“
[200] o
90+
60+ g
e
30+
oL o E o . . .
480 600 720 840 960
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an elastic resonance — the P in I just a sample of results... 37

150 | Feng etal | u,d | mn-330 MeV 180 - Lang et al | u,d | m~266 MeV

PRD83 094505 (2011) o
120 L 150 L |PRD84 054503 (2011) ]

cez]
90 120

60 | '_§_' 90 |
0| 60 b
O 1 m] 1 K 1 1 1 1 1 30 "
700 800 900 1000 1100 1200 1300 0 o B , , .
600 700 800 900 1000
Guoetal | u,d | mi~226 MeV 180 -
5 ’ ! Bulava et al | u,d,s | m:~236 MeV
PRD94 034501 (2016) o .
150 | s 150 | NPB 910 842 (2016)
. 4t
1001 ° 120 | ;‘l“—{“
o ~+
9
50} ® -
© 60 - +
2.0 25 3.0 3.5 40 Bim, oL
4~
ol M * * | | |
2.0 25 3.0 35 40
E/mg

Alexandrou et al | u,d,s | mz~320 MeV )
180 ¢ 180 - Balietal | u,d | m~150 MeV T

PRD96 034525 (2017) o TH
o0l |—§—| 150 L PRD93 054509 (2016)
[
120 L 120 +

% | ) %0 22
60 | - 6 L ﬁg
650 700 750 800 850 900 950 1000 1050 300 400 500 600 700 800 900 1000
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coupled-channel scattering 38

0 = det {1 +ip(E) - t(E)- (1 +iM(E, L))] solved by some discrete E, (L)
phase-space scattering matrix of known
matrix finite-volume functions

one approach: parameterize the energy dependence of t(FE)

fit parameters by describing lattice spectrum
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I, KR S-Wave PRD93 094506 (2016) | 39

- 391 MeV F [000] [100] [110] [111] [200]
1420 |
T 1300
coupled 190r
1, KK 4080t
l 960 [
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Tl_'r), KR S-Wave PRD93 094506 (2016)| 40

Mr - 391 MeV £ [000] [100] [110] [111] [200]
1420 |
T 1300
coupled 190r
1, KK 4080t
l 960 f

0.7 +
06
c
O o5l _ _
-b' KK - KK
Q
Vv 04
)
(78]
O o3l
@) T — TN
l
-~ -~ 02 b
t =K '+I ImlI=- -
T p m— KK
K jl ‘(/,‘37;/ .(/m/;(//\'/\' | ;'/;:;/.;r;/ ;'/:H/./\'/\' ohr
m- =S | Ym9YKK Ixk VanKK VKK KK O O
T T U T | T |
1000 1050 1100 1150 1200 1250 1300 E / MeV
& Chew-Mandelstam phase-space . S
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Tl_'r), KR S-Wave PRD93 094506 (2016) | 41

[111] [200]

,Fﬁnnnﬁnncﬂﬁ

W [ [ [

: : : . 2 58.0
parameterized t-matrix describes the finite volume spectrum well ~ X*/Ndof = 17_6 1.41
t 1=K !'4+I ImI=-p
K = ,l [ .(/,37// f/,ﬁ/{/l\'f\' ] A [ Y . }/m/.I\'i\' ]
m- =8 | YmYKK Ixk Van. KK VKKKK
& Chew-Mandelstam phase-space
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rnn, KK S-wave and the ap pole PRD93 094506 (2016) | 42

something significant
at KK threshold

C; C;
tij(s) ~ —2
O O i(s) P
/SO = R + %FR
Im[E] =] &
<5 N
N NN
S S e S
O O O Re[E]
a pole close to the real axis
Me, = 1177(27) MeV KK | _ 1 304)
Iy, = 49(33) MeV Crr
My ~ 391 MeV uncertainties include spread over different parameterizations
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i, KK, nn S-wave 43

experimental amplitudes

N DA S N S SR I B I R IR I A RN R R
Tt Tt T

combination of broad o resonance
and narrow fo(980) at KK threshold

two low lying resonances ...

.. start at a heavier quark mass ...
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T, KR, nn S-wave in lattice QCD

PRD97 054513 (2018) | 44

AN

S}\ i nn | thr
i E LKKlthr

~ 391 Me\i [000] [100] [110] [111] [200]
1250
1130
coupled
i, KK, nn 1020
900 -
790 ] _{
v 680

570
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nirt, KK, nn S-wave in lattice QCD PRD97 054513 (2018) | 45

MmMp ~ 391 MeV
0.8
E 0.6 Tw — T
$ KK - KK
S04}
0.2 o
o arm - KK
' ' ' ' E / MeV
800 910 1020 1130 1240 1350
0.2 nmm — KK
a+bs c+ds e 7’]77 — 7T
K'(s)=|c+ds f g | | guEg ———————
: g h 800 910 1020 1130 124 1350 nn — nm
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nirt, KK, nn S-wave in lattice QCD PRD97 054513 (2018) | 46

strong activity at
KK threshold

@ ' E / MeV
800 910 1240 1350

mr ~ 391 MeV
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nirt, KK, nn S-wave in lattice QCD PRD97 054513 (2018) | 47

strong activity at
KK threshold

O ' E / MeV
800 910 1240 1350

300 1000 1200 1400 E/ MeV

_D_Ol I O—O0O [ I
o mp
-100  bound-state foT resomance
LR 200 } me(fo) = 1166(45) MeV
-300 | I'r(fo) = 181(68) MeV
KK | _19(2)
mr ~ 391 MeV Crm
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nw scattering & the by resonance

48

arXiv:1904:04136

2

myz ~ 391 MeV p“p”}%’“ JP — 17L
I (mwl 381} [rw {3941 m, ~ 391 MeV
coupled 08 L
nw (351,3D1), nep
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49

so the technology is coming together, will soon be ready to handle complex cases like the Z-(3900)

what about ‘exotic hadrons’ in the light sector ?
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exotic hadrons — glueballs

50

long been proposed to study glueballs in J/p radiative decay (“glue-rich”)

pure YM glueballs

4000 - 2+
[ | .
3++ 0+
3000 - o—+
0++
—+
2++ 0
2000 -
]
O++
1000 -

0t—
.

21—
|

3t

1t

3—-

I

wllF
==

Morningstar
& Peardon

accessed using
Wilson loop operators
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exotic hadrons — glueballs 51

long been proposed to study glueballs in J/p radiative decay (“glue-rich”)

C
pure YM glueballs compute three-point correlation functions G
0t—
I - [l
o (0]01/4(T) b (t) Oc(0)0) <
4000 - 1
| __2__
e JIy = y* G[0++]
3000 - T — :
ottt ! 0.1 %
o+ U % |
2000 - =
| c:._j
0+ 5
1000 - I L T
0 1.0 20— @/ GeV
J/Iy = y* G[2++]
B 1 3LL l l
ColpFT ! e ! g
S .
= o>o<:_kix
T i
I
0 1.0 20 @/ GeV
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exotic hadrons — glueballs 52

helpful to build intuition, but ...
this is in pure Yang-Mills — no light quarks !

fferSon La

OFfom al Accelerator Facility
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glueballs are excited isoscalar meson resonances 53

glueballs in QCD are much more complicated beasts ...

A
1700| scalar glueball here ?

— TTITTIIT
1250 |

lightest glueball will be the nth resonance
in numerous coupled channels ...

680 k

scalar

glueball ?

300 1000 1200 1400

and then we need to couple it
to an external current ...

N ]

this is too tough to start with ...
... back up and try something simpler ...
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transition form-factors of resonances 54

compute matrix elements for each finite-volume eigenstate
(no single one of which is the resonance)

scattering phase-shift

[000] [100] [110] [111] [200] o
E / MeV n e T TR
1100 0] 53
. Hg—
1000 | B .
900 | _ N
800 | ol e | | | |
' 800 850 900 950 1000 1050
E / MeV
S g‘ <O’]gm‘En(L)> or <7T‘]gm‘En(L)>
and there is a formalism which converts this
to an infinite volume amplitude as a function of Enx ...
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transition form-factors of unstable p—nmn

55

y* = nn

. T
y Fr(Err)
T

#

Feng et al | u,d,s | mz~290 MeV

PRD97 054513 (2018)

——
O HIH—————
HOH
| | | | |
07 08 09 1.0 1.1
Emn / GeV
Bulava et al | u,d,s | m:~280 MeV
+ conf. proc. LAT ‘15
—c:—+
=3
u] ' Jrhoqh%o—
—ALO_' A
I I I =
2.5 3.0
WILLIAM & MARY

My - |A7T7T,7T")/*

y*m — mn

A(Err, Q%)

Briceno et al | u,d,s | m~391 MeV

PRL115 242001 (2015)

60r

Q%2 =0
Q? = 0.803 GeV?

2.1

22

Im Frp

23 24 25 E*_/m.,

p— Ty
my ~ 700 MeV |

My ~ 400 MeV
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transition form-factors of unstable p—nmn 56

method is practical, next extend to
coupled-channel systems ...
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truly flavor-exotic hadrons see Kim Maltman’s parallel talk for more details 57

one recent observation in lattice QCD that has a good chance of being robust:

a double-bottom bound-state bbid (I=0, JP=1+, lying well below B B* threshold)
and probably a strange partner

S 0.1 0.2 0.3 0.4 m2 / GeV?
% 5 5 5 Junnarkar et al (2018)
e bbsd
= —100 % —
$ L
Lr|q —200 | ;%

Francis et al (2017) ]AE bbud ’ ~ 100 — 200 MeV

Junnarkar et al (2018)
Leskovec et al (2018) |AE(bb3d)| ~ 90 — 120 MeV

see Eichten & Quigg (2017) for heavy quark symmetry argument
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binding energy with changing heavy quark mass 58

charm over here

heavier than bottom lighter than bottom .

Francis et al (2018) < >
0.5 10 15 20 M

o QQsd ma

just tetraquark operators,
NO meson-meson,
so not reliable when close to threshold

wl ]

i :
: :
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what happens for ccud ?

59

0 05 1.0 1.5 2.0
T T T T
charm over here
5 :
-100 % @
G
200 %
=300
400 %
o A

O—O0 >
A decreasing virtual
heavy quark mass ? bound
° state
—
® O >
bound thr. A
state 2
O >
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direct calculation of ccud JHEP 1711 033 (2017)] 60

tetraquark operators
& meson-meson operators

~ 390 MeV,
L~2fm
430(Q frecmmmmmennenee
 mm Do Do
4200 —
Do Do
4100 =
/1
Dﬂ(()oo D* 000]
4000 [— -
3900 —_-_D[OOO] D7 10001
no obvious sign of a narrow resonance ...
WILLIAM & MARY hadron spectroscopy from (atQCD | 21 Aug 2019 | hadron 2019, f&##Th Jefferéon Lab

Jefferson National Accelerator Facility



direct calculation of ccud JHEP 1711 033 (2017)] 61

tetraquark operators
& meson-meson operators

~ 390 MeV,
L~2fm
4300 [~
— D[*mo] D*[-loo]
4200 — —
— D100y D* 1100 just tetraquark ops
4100
I
DT)OO l)>I< 000]
4000 — —
] completely misleading spectrum
3900 [ D[OOO] D [000]
B BE CAREFUL WITH SMALL OPERATOR BASES !
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summary 62

technology exists now in lattice QCD to determine properties of excited states

but it needs to be applied carefully
— avoid jumping to conclusions obtained from incomplete calculations
— a systematic approach starts with the simplest resonances and works up to more exciting cases

: : : : R
elastic scattering now well studied, especially p—nn o0, K*, 0, K, fo, do, fa,

b1

also some D-mesons, y'...

)

a few coupled-channel cases have appeared
formalism to couple resonances to currents has been applied

initial suggestions that double-bottom, isospin=0 channel might house a QCD-stable bound state

looks unlikely that the double-charm analogue is bound or resonant, but more calculation needed

limitation:
formalism to handle three-body decays in development
— needed to go to physical pion mass
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