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Hadrons

» Hadrons: complex building block of the
visible universe

« Emergence of hadron structure
« How are hadrons formed from quarks?

« What is the origin of confinement?
» How is the mass of hadron generated in

mass genera tion

« What is the dynamics of effective DoF in
hadrons?

- spectroscopy arXiv:2306.09360
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QCD exotics: configurations beyond QM

Hadron spectroscopy

« How does QCD give rise to hadrons?
« Quark model seems to work really well. Why?

 Key things to search for: additional degree of freedom

« Strong evidences for multi-quark in heavy quark sector
Garas =3 BESTT ‘%’% https.//qwg.ph.nat.tum.de/exoticshub/

 Evidence for gluonic excitations remains sparse
 Role of gluons:

« Gluons mediate the strong force

- Hadron constituent: Mass? Quantum numbers? ...

« Gluons' unique self-interacting property

- New form of matter: glueballs, hybrids
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Light QCD exotics

* Gluonic Excitations provide measurements of the QCD potential

[ Critical to confinement and mass dynamical generation




QCD exotics -

How to identify:

» Manifestly exotic
« Flavor exotic
- Spin exotic: J’¢* = 07", even*~,0odd™* L RS O
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Synergies in new era of precision spectroscopy

« From serendipitous discoveries of new states to the systematic study
of spectral properties and patterns

 High statistics > emergence of new properties/phenomena
« Test QCD with various probes

Heavy < > Light
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Beijing Electron Positron Collider (BEPCII)
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I(Jly = yG) ~ O(aa?) I'(Jhy = yH) ~ O(aa])
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2009-now (BEPCII): 4
Lyenc= 1.0 X10%/cm?(4/5/2016) I'Viy — rM) ~ O(aa;) [(Jly = yF) ~ O(ady)
2020: energy upgrade to 2.45 §
GeV & top-up mode

Charmonium decays provide an ideal lab for light QCD exotics
 Clean high statistics data samples
High cross sections of e*e™ - J/y, ¢’
Low background

« Well defined initial and final states
Kinematic constraints
1(JPC) filter

“Gluon-rich” process 6



 Glueballs
* Spin-exotic states
« Threshold structures & multi-quark states



Glueballs

- Low-lying glueballs with ordinary J*¢ 2 0" s | °
- mixing with qq mesons - e T=— |
>Observe-anewpeak ’ P a3
»Challenge: reveal the exotic admixture S e . °
- Model-dependent predictions T |
» mass, width, partial width :
* Non-qq nature difficult to be established ’ o e i

Glueballs from Lattice simulationsin the pure

) Supernumerary states gauge theory without quarks

« Unusual pattern of production and decay
Cryptoexotic’



What we have learned before
-- from Marklll, BES, Crystal barrel, OBELIX, WA102, GAMS, y oee

"Scalar: 1 nonet in quark model, f, & f,"
Exp: overpopulation
LQCD : ground state 0+ glueball ~1.7 GeV;
\_ I'(J/W = ¥Go+)/Teotar = 3-8(9) X 1073 J
Tensor: 2 nonets(3P,,3F,), complicated )

Exp: large uncertainty

LQCD: 2**(2.3~2.4 GeV);
\_ F(]/LlJ - YG2+)/Ftotal — 1'1(2) X 107* J

/Pseudoscalar: n&n', “simple” N
Exp: lacking of info. above 2 GeV; puzzles n(1295)?
n(1405/1475)?

LQCD: 0-*(2.3~2.6 GeV)

\_ F(J/U = YGo)/Trorar = 2.31(80) x 104/

M (GeV?)

uuuuuuuu

e*e  annihilation
pp annihilation
central exclusive production

v f,(1370), f,(1500),
L f,(1710)

sl \ 1st radial excitation ‘ S
v X(2370)
‘X(1835) @;((2120)
n(1475) @
i v n(1760)
) e “r2om) n(1405)
1 (548) . 1 1




Scalar glueball candidate: production properties

* Scalar glueball is expected to have a large

production in J /{ radiative decays:

* LQCD: TJ/V = YGo4)/Trotar = 3.8(9) X 1077
* Observed B(J/¥ — vfy(1710)) is x10 larger

than £;,(1500)

»>BESIII: f;,(1710) largely overlapped with

scalar glueball

]/ = vfo(1500) ]/ = vfe(1710)

YKK
—toH jo—|

B(J /v — v£5(1500)) ~ 0.29 x 10~°

vme B(J /i — vfo(1710)) ~ 2.2 x 1073,
' o+
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Natl. Sci. Rev. 8, no.11, nwab198 (2021)
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BESIII PRD 87 092009 (2013)
BESIII PRD 92 052003 (2015)
BESIII PRD 98 072003 (2018)




Phenomenology studies of coupled channel analysis

with BESIII results

Scalar isoscalar mesons and the scalar glueball from radiative J/y decays

A.V. Sarantsev®?, 1. Denisenko®, U. Thoma?, and E. Klempt*

4 Helmholtz—Institut fiir Strahlen— und Kernphysik, Universitir Bonn, Germany
PNRC “Kurchatov Institute”, PNPI, Gatchina 188300, Russia
¢ Joint Institute for Nuclear Research, Joliot-Curie 6, 141980 Dubna, Moscow region, Russia

Abstract

A coupled-channel analysis of BESIII data on radiative J/i decays into a7, KK, nn and w¢ has been performed. The partial-wave
amplitude is constrained by a large number of further data. The analysis finds ten isoscalar scalar mesons. Their masses, widths and
decay modes are determined. The scalar mesons are interpreted as mainly SU(3)-singlet and mainly octet states. Octet isoscalar
scalar states are observed with significant yields only in the 1500-2100 MeV mass region. Singlet scalar mesons are produced over

a wide mass range but their yield peaks in the same mass region. The peak is interpreted as scalar glueball. Its mass and width are
determined to M — 1865225710 MeV and T = 3702503 MeV. RS HRGTHNE T SEEE0ET0 (X 2T 010 "

Phys.Lett.B 816, 136227 (2021)

Scalar and tensor resonances in J/v radiative decays

A. Rodas,!2:* A. Pilloni,®*5: T M. Albaladejo,® C. Ferndndez-Ramirez,” V. Mathieu,®® and A. P. Szczepaniak? 1011
(Joint Physics Analysis Center)

! Department of Physics, College of William and Mary, Williamsburg, VA 23187, USA
2 Theory Center, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
3INFN Sezione di Roma, I-00185 Roma, Italy
* Dipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e
Scienze della Terra, Universita degli Studi di Messina. 1-98166 Messina. Italy
SINFN Sezione di Catania, 1-95123 Catania, Italy
8 Instituto de Fisica Corpuscular (IFIC), Centro Mizto CSIC-Universidad de Valencia,
Institutos de Investigacion de Paterna, Aptd. 22085, E-46071 Valencia, Spain
7 Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de Mézico, Ciudad de Mérico 04510, Mexico
8 Departament de Fisica Quantica i Astrofisica and Institut de Ciéncies del Cosmos, Universitat de Barcelona, E08028, Spain
9 Departamento de Fisica Tedrica, Universidad Complutense de Madrid and IPARCOS, E-28040 Madrid, Spain
1% Physics Department, Indiana University, Bloomington, IN 47405, USA
! Center for Erploration of Energy and Matter, Indiana University. Bloomington, IN 47403, USA

We perform a systematic analysis of the J/v — yx°%® and — yK2 K2 partial waves measured by
BESIII. We use a large set of amplitude parametrizations to reduce the model bias. We determine the
physical properties of seven scalar and tensor resonances in the 1-2.5 GeV mass range. These include
the well known f,(1500) and fo(1710), that are considered to be the primary glueball candidates.
The hierarchy of resonance couplings determined from this analysis favors the latter as the one with
the largest glueball component.

Eur.Phys.).C 82, 80 (2022)

fo(1710) largely overlapped with scalar glueball
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Tensor glueball candidate

BESII J/W — ydbd with 1.3B J/

NUZSUO # 0 model independent
- - R 0™ model dependant
L'(J/Y — vGy+) = 1.01(22)keV 22000 o E:E::pﬁfﬁm
[(J/vY — vYG3+) /T = 1.1 X 1072 p [ %4 2" mocelindependent
N1 500 ; -!;+_---- 2" el dependent
CLQCD, Phys. Rev. Lett. 111, 091601 (2013) Ry | _-*
n ¥ i,
. 21000¢ ; ”**u,,;
Experimental results -
w 500 *ua
E..::.'-'-"-‘i"-'--'”"-“ n .'l._-ll.]-l-“ﬁ-"'--...
Br(J/y — yf,(2340) —» ynn) = (3.87382+237) x 105 0,55 2‘“ VR
BESIII PRD 87,092009 (2013) ) ’ '
(£) M(90) (GeV/c?)

B — vf,(2340) — —(1.91 + 0. 147972 —4
r(/% — ¥£(2340) - yod) = (1.91 £ 0.14257;) x 10 f,(2010), f,(2300) and f,(2340) stated in = p

BESIIIPRD 93, 112011 (2016) reactions are observed with a strong
_ 0.34+3. -
Br(J/¥ - vf,(2340) - yKK,) = (5.5410351385) x 1073 oroduction of f,(2340)

BESIII PRD 98,072003 (2018) Consist with CEP from WA102@CERN
Br(J/¥ — yf;(2340) - yn'n’) = (8.67 £ 0.70191%) x 10°

BESIII PRD 105,072002 (2022)
It is desirable to search for more decay modes E



Pseudoscalars

sk 1st radial excitation
Q
5| ‘ \V/ X(2370)
- ®
$ af X(1835) X(2120)
(V] - ‘.\
Q 3f n(1475) ®
s . n(1760)
I n(958) ’:‘* \
il o n(1295) n(1405)
ol  @ns48)
l L | 1 | 1 1 1
1 2 3 4 5
n

Where is the 0-* glueball

« LQCD: 0*(2.3~2.6 GeV)
« Does 1(1295) exist?

« What' s the nature of the outnumbered n(1405) ?

300F I T I ] ]
(b)
2
< 200 1(1405)
N
E 100

7
PN e
/ p

0 --1"'/- i 1
1.0 12 14 1.6 18 2.0
myikn (GeV)

Long standing E-« puzzle

; .. 3 3 15 2
M =1416 £ 81, r =017 __ 7" MeV/c?

M=1490% "3, r=541314 2 MeV /(2
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Events/(0.02GeV/c?)

Isospin-violating decay of n(1405) - f,(980)m°
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fO(980) is extremely narrow: I' = 10 MeV.
PDG: T'(fO(980)) = 40~100 MeV.

Anomalously large isospin violation:

Br(n(1405) — fo(980)7Y — ntnr—x?) .
(17.9 + 4.2)%

N

Br(n(1405) — aB{QSU}ﬂD — nrw?)

El + -0
g, - D Xa 2> JoOSIE DX X)) g 000, 1) PRD, 83(2100)032003
Br(x,, —> a,(980)x" —=na’x") 15




n(1405)/n(1475) puzzle

BESIII PRL 108 182001(2012)
Inspired by BESIII" s observation, the triangle singularity mechanism has been proposed

« Manifested in many near-threshold structures
- PRL 108 081803 (2012) a,(14200 COMPASS@CERN
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n(1405) _/ St < n(1405/1475)
T .

T aq F fO

a,(980)  “~-- £(980) T e
_ KO(K) | = *
=1 =0 -
£,(980) N /o K
Further experimental information PRL 127 082501 (2021)
0
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X(2370)
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Landscape of glueballs has been updated

with BESIII’

Scalar: 1 nonet in quark model, f, & f,’
Exp: overpopulation
LQCD : ground state 0* glueball ~1.7 GeV;

\ FJ/W = ¥Goi)/Trotar = 3.8(9) x 1072

S inputs

4 )
v'Large production rate of

f,(1710) in J/¢ radiative decays

Tensor: 2 nonets(°P,,°F,), complicated

Exp: large uncertainty
LQCD: 2**(2.3~2.4 GeV);
\_ CJ/V - YG24) /Teorar = 1.1(2) x 1072

.

"vLarge production rate of
f,(2340) in J/¢ radiative decays

9%
<

/Pseudoscalar: n&n', “simple”

Exp: lacking of info. above 2 GeV; puzzles n(1295)?
n(1405/1475)?

LQCD: 0-*(2.3~2.6 GeV)
N /Y = ¥Go-)/Tyotar = 2.31(80) x 10~

N
/\/Non-observation of n(1295)

v1N(1405/1475) one state?=>
manifestations of TS

J
N

/ .
L X(2370) — various decay modes/




* Glueballs
* Spin-exotic states
« Threshold structures & multi-quark states



Light hadrons with exotic quantum numbers

- Unambiguous signature for exotics «e
» Light Flavor-exotic hard to establish S irars—e— =
- Efforts concentrate on Spin-exotic - o + _
 Forbidden for qq: Hybrids .:‘. 798
]PC = 0", even"'_, odd~" Glueballs & gg>
. Mult- @—@ 0—@ g%3°)
Experiments: quarks +

* Hadroproduction: E852, VES, COMPASS, GAMS

* pp annihilation: Crystal Barrel, OBELIX, PANDA(under
construction)

, J=L+S P= (-1 C= (1S
* Photoproduction: GlueX(2017-), CLAS Allowed JPC: 0=+ 0+ 1=, 1+—2++, ..



Detailed reviews: PRC 82, 025208
(2010), PPNP 82, 21 (2015)

Spin-exotic mesons R
- Only 3 candidates so far: All -

1~ 1 isovectors

. T pomT N GAMS
o . T p - nnn KEK
m,(1400) : seen |.n nm - BN i KEK
° . ) - - 0
m;(1600) : seen In pTL N'T, b.111, f, T 1, (1400) bl B
* m,(2015) (needs confirmation): 5 — 10 CBAR
seen in b;m, and f;m ow | g 2eae Obelix
o i S , n~Be » n'n n°Be VES
Some claims are controversial o T e
* 11, (1400) & 7, (1600) can be explained n”Be — wn n°Be VES
I b17T pp - wntn ™ CBAR
ai one poie 1,(1600) T p > wn 1 E582
01 %- . a,(1320) n Pb-ontnnX COMPASS
= 2,(1700) 20 T ponTnTnTp E582
g °‘3§_ oro T p->pyntnTnT E582
" E “: @ fm n"A-nntn oA VES
o PRL 122, 042002 (2019) fir wp o wr
B | | m,(2015) E582

1 L 1 L L L L ! 5 ! ' N —_ + - —
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 b]ﬂ- T pﬁpnn T T
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PRD 88 094505(2013)

Lightest spin-exotic state: 1~

T/ MeV

>l
600
400 by
200
30’» F1(1285)7
20 P
f,":’r
10 F(1420)7
KK
0w
1500 1550 1600 1650 mpg [ MeV

PRD 103, 054502(2021)

Decay width of 1= hybrid
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1~" Hybrids

m IJPY)=1"(177)

e Isoscalar 1~ T is critical to establish the \
hybrid nonet

™~

Ky 160P)= > (17)

* Can be produced in the gluon-rich B
: N 1079 =0"(17)
charmonium decays n, 15J°9H=0t(171)

 Can decay to 1’ in P-wave

PRD 83,014021 (2011), PRD 83,014006 (2011), EPJ.P 135, 945(2020) &w

JAp
- Search forn; (1~ ") inJ/¥ - ynn' c

[(Jly - yH) ~ O(aa))

23



Observation of An Exotic 1~ ¥ Isoscalar State n1(1855)

PRL 129 192002(2022), PRD 106 072012(2022)

* Anisoscalar 17", 141(1855), has been < 0
o
observed in J /Y — ynn’' (>190) > 0 (Y9
M = (1855 + 9%%) MeV/c?, T = (188 + 18%3) MeV/c? E without 1 (1855)
B(/¥ - yn;(1855) » ynn') = (2.70 £ 0.411532) x 107°  F 0
* Mass consistent with hybrid on LQCD E : w *
o \ g
* Inspired many interpretations: g ol +

Hybrid/KK;Molecule/Tetraquark? .

 Further more, suppression of f;,(1710) — nn’ supports M(m)(GeV/c?)

it has a large overlap with glueball

Opens a new direction to completing the picture of spin-exotics ..



Observation of An Exotic 1~ * Isoscalar State n,(1855)

« Opens a new direction to completing the picture of spin-exotics
- LQCD: B(J/W - yn, (hybrid))~0(107°)[Phys.Rev.D 107 (2023) 5, 054511]
* Inspired many interpretations: Hybrid/KK; Molecule/Tetraquark?

- Uniqueness, enrichment and complementary
- High statistics gluon-rich environment: 10 B J/y, 2.7 B ¢/, a lot of
 BESIIl is not only a good lab for glueball, but also for light spin-exotics

. 1y, 1., and other partners

c "W c M

[(Jhy - yG) ~ Oaa?) [(Jly = yH) ~ O(aa]) !
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m,(1600) upper limits and projections to mm, m'’

@ Upper limits for 74 (1600) branching fractions from LQCD o v p— 0P g 250 W*“ vp— nx’p
i g —— GlueX-l Data 8 b } &
@ Saturate measured wrm cross section (/ = 1) gggggg o, WG Pt g 20 #ﬂ" i GL%
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& E Freliminar
oy p — (wmm) _p) ofy p = ona’ A™) 200 Y
5020 = ‘6: —— Measured o(wnr)_, ob ' ; it . :
r r a,(1320) Projection 2.0 25 1.0 1.5 2.0 25
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I X +++ 8 X § 25: - A+ § 450?‘ e AR
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L r - + 2. § 20: GLUE: ’:‘ § 3505_ GLUEX .
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@ Projections combine LQCD with measured a»(1320) and (iso-vector) by cross sections
@ Expect small signal in n, but signal could saturate ' channels — enforced effort

A. Austregesilo, Hadron2023 *



* Glueballs
* Spin-exotic states
« Threshold structures & multi-quark states
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a,(980) — f,(980) mixing

« The nature of ground state scalar a,(980)

: * First direct measurement with > 5o
and f,(980) are controversial

KK molecules, ‘oldest’ tetraquarks, hybrids,...? 499 “KK "q7q _ *44s

* a,(980) — f;,(980) mixing is an important
probe to the internal structure of a;,(980)
and f,(980)

$07(17) r1q07)

Ty 0-(17) ., 1a F(17) T 10
n

i, 2 2 iy BESIII PRL 121 022001
040+ 10+ © 1O H0+) o) T

PR D75 114012, PR D76 074028 PR D78 074017 28



Explore light hadrons with charmed meson decays

» " In the SU(3) symmetry limit,
X /v PR D82, 034016 (2010)
c d c d

. B(D* — £5(980)l*v) + B(Dt — £,(600)I*v)
- B(D+ — a9(980)l+v)

d d d { 1 two quark

9

(a) (b) =

3 tetra-quark

D" - a,(980) e"{6.50]

20F

VA e BESIII| measurements:

o T o PRL 121, 081802 (2018)
(d) D' 2 4,08)e vsla] PRL 122, 062001 (2019)

Event/(0.05GeV/c?)

Events/(0.04GeV)
o

-
o
——T T

M, (GeVic?)



Structures around pp threshold

2500 T T T T T T _
SIEEE Ak
WIAWEE BESIII PRL 117, 042002 (2016)
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B 12 | o W\ Anomalous line shape near pp threshold:
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Narrow structure in pA

BES, PRL93, 112002 (2004) BELLE, PRL9O, 201802 (2003) BaBar, PRD79, 112009 (2009)
10 A Ngmo:_ BO—?'p/—\T[_ ‘H(‘m';—”'l”lI|I”.|.”III”']'_”'I-E
E .e+e_—>pK_A (a) 2380 _ j’ sz—'*_ B0—>pATc_ _;
g . | % N ;_* :;:’ -mn;— _
é g § _w};— _g
g b '5140:' %2(!15— _+_ _i
B [ %20 E é “Kl;— + _.;
. 4 % H | e, ”E +—+l—-._*_"_|§_- ;I ! II:
0",,_. N of i n---2‘5-.--3....3_5....14....4_5....5,

2 2.5 3 22533542455 my (GeV/c?)

M -, (GeV) Mps  (GeV/c)
p”

Different scenarios investigated: baryonium state [PRD74,014029],
paryon-antibaryon SU(3) nonets [PLB626,95], final state interaction

1JMPA22,5401], ...
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(GeV¥cd)

2

M

ete” — D K~ A arXiv:2303.01989
6 different center of mass energies between 4.008 GeV to 4.682 GeV
!ss - Significant near threshold enhancement in the pA

« X(2085):
25 * observed with statistical significance > 20c
SPA « JP = 17 with statistical significance > 5c over other quantum
: S numbers
“ ] Myore = (2086 + 4 + 6) MeV  T'pore = (56 + 5 =+ 16) MeV

10

« No matching with any state predicted by the potential model +
narrow width =»exotic properties of X(2085)
2 ! 6 8 « Same structure as in PRL93, 112002 ?

M2, (GeV¥cd)
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Summary

« Understanding how hadron spectroscopy are emerged from QCD
remains a key question in fundamental physics, which requires
« both heavy and light sectors

« Complementary experimental information
« Critical collaboration with theory

« Reaction models
« Theoretical constraints

Precision Resonance LQCD
measurement JIVYYN properties Models

Thank you for your attention



