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| apologize for missing many important results
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Introduction

* The standard model of particle physics Is a well-tested theoretical — °**
framework. os b A

T T
T decay (N°LO) +=+ ]
low Q7 cont. (N’LO) e |
HERA jets (NNLO) —+i ]

Heavy Quarkonia (NNLO)

e’ e jets/shapes (NNLO+res) F*— ]
PP/pp (jets NLO) =
EW precision fit (N°LO) +e— ]
pp (top, NNLO) — 4

 However, the SM has a number of issues need further investigationo.s

: S5 o2l

O The nature of quark confinement =
0.15 [

O Matter-antimatter asymmetry of the Universe '
0.1 F

O Gravity, dark matter, numbers of flavors, etc. [ — 0,0z = 0.1179 = 0.0009
0-051 l II”I“lO l 100 | 1000
August 2021 Q [GeV]

« The rich hadronic spectra provide valuable information to disentangle the
hadron inner structure and non-perturbative region of QCD.

* Precision measurements of hadron production help make QCD-related models more
prophetically and test SM parameters.



Hadrons Spectrum

« EXxperiments at particle accelerators in last fifties and sixties created many hadrons except e,

p, N=>» “hadronic zoo”.

* Quark model established order in the hadronic zoo.

M. Gell-Mann, A schematic model of baryons and mesons:

Phys.Lett. 8 (1964) 214-215

G. Zweig, An SU(3) model for strong interaction symmetry and its
breaking. CERN-TH-401
“In general, we would expect that baryons are built not only from the

“Bary.ons. can now be Cons_tructed from quarks by using the product of these aces, AAA, but also from AAAAA, AAAAAAA, etc.,
combinations (qqq), (99qqq), etc., while mesons are made out where 4 denotes an anti-ace. Similarly, mesons could be formed from
of (qq), (gqqq), etc”. AA, AAAA, etc”.
. WEBFA BT

» Suggested by self-coupling of gluons of QCD, glueballs Bt

and hybrids exist. C

J 20 g o %

« Experimental searches for exotic hadrons have a long (q ) o o “

history. 7 mER BERA  BFATA

« Recent high-quality data allows study properties of
established mesons, and search for new states.




Experimental Approaches

Symmetric e*e” energy « Asymmetric energy e*e » Hadron Collider

E.,= 2.0-4.95 GeV (tau-charm region) « Belle:e*(8.0GeV)e (3.5GeV),[L~1ab? « Covering 2 <n <5, forward rapidity

Peak luminosity 1033 cm™2s™1 . Bellell: e* (7.0 GeV) e (4.0 GeV) « 25% of bb pairs inside acceptance
JL~38fbt > New luminosity world record, 4.7x1034 cm2st  * Luminosity: 3 fbtat+/s = 7,8 TeV, 6 fb* at
To be upgraded in 2024 to increase > [L=4241b? Vs =13 Tev

luminosity at high c.m.s

There are many experiments, sorry | can not cover them all



Production Processes

Take cc production as a example

Direct production in e*e™ collisions Production in b decays Two-photon fusion processes

e+ BESII TN ) ] " e
W_‘\\ <PC=0-+ 1++ 1 y _ BELLE
% il > ; Y o G

- s

BELLE = " g

q q
Double-charmonium production e*e™ — cccc Prompt production

=
Jhy, p(2S) Dbaaa {Q

'Y*

o C
Y* JPC=Ot+'21+

e -4 e

| ATLAS

EXPERIMENT

CMS

o
—

o
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Highlights in Hadron Production
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k= _ d(ete” — hadrons) _ o},
R value s Sl hadrons)_ el

e u
o( >M\< )
e” 3

* Running of fine structure constant Adep, * Muon anomalous magnetic moment a,

Aa(s) =1— «(0)/x(5) = AQtigpion (5) + Aoy (5) + Acyep (5)

PRL126.141801 (2021)

3 -
Fractional contribution to Am}"za (M7):

Eur. Phys. J. C 80, 241 (2020) Phys. Rev. D 97, 114025 (2018)

2

BNLg-2 —— @

value (error) FNAL g-2 +— —@——+
Source Contribution(x 10~%) ) \
A Xiepton (M) 314.979 =+ 0.002 < 420 )
A (M2) 276.0 + 1.0
A(xfop [M% ] —07180 :l: 0.0054 Standard Model E:pg:;rggnt
175 180 185 190 195 200 205 210 215
a,%10° - 1165900
R ‘tinn: o SM _ QED Weak Had
SM prediction: a;” =a; " + a; + ay
. Aa}(la)d (s) should be calculated with R value: » Hadronic Vacuum Polarization (HVP) and Light-by-Light

(HLbL) in a/{** dominate uncertainty

(5) ., «s * s R(s) « HVP contribution is calculated with R value using
Aoy i(s) =—-—Re ds : . : :
a 3t Jp, §'(s —s—ie) dispersion relation:
JLO-HVP _ (&M ZJOO dSR(s)K(s)
H 37t a2, $?



B'GS]]I Precision measurement of R value

PRL 128, 062004 (2022)

- - bs __
3 R — lei}ad kag
] , N : G?Luﬁint.ﬁtrigﬁhad“ + )
. ‘+ i + I a i | | 3 « Very challenging to determine &,
5 T ¥ $ : : :
q.+++ +++f++++§7 *'--T-*----"—----*v-#*- Tﬁ - Two simulation models developed, consistent
2 I l ISR-return Vs’ spectrum.
] @ BESIII (this Letter) ® BES A CrystallBall _
= KEDR * MARK-I ¢ PLUTO ——-pQCDHfulJ and ' - \s = 3.4000 GeV
_ — 10" e —LUARLW
25 3 3.5 - ~
'E (GEV) o %_ HYBRID
* R value measured at 14 c.m. energies from 2.2324 to 3.671 GeV. 10°
* Accuracy better than 2.6% below 3.1 GeV and 3.0% above. 104 &
 Larger than the pQCD prediction by 2.70 in 3.4 ~ 3. . 05F
g PQCD p y2.70In 3.4 ~ 3.6 GeV 0 f—------ﬁ:';**w‘ﬂ"*ar...wW'f'_*g“"‘"”‘“’“”"‘"’“«’, -
0.5 ' .
0 1 2

3
\s' (GeV)

For details, see talk #4 in parallel session VIl (2) 9



Nucleon Electromagnetic Form Factors

* Nucleons are composite objects with inner structure. At low Q, perturbative QCD not possible.

= Nucleon structure must be measured in experiments!

« Electromagnetic Form Factors are fundamental properties of the nucleon.

» Connected to charge, magnetization distribution.

» Crucial testing ground for models of the nucleon internal structure.

Scattering

il

FFs ar--e real FFs are complex

Space-Like region

A

0

Unphysical
region

Annihilation:Time-Like

4M=

q2

 Threshold effects observed in
various BB thresholds.

—_ C T T T T T T " e ppBESII
o) - z;E)Babar
Qo i BESIII
[ T S S oo 3
E £ fic,+ A 3
© O HTT °§ e o 2% Beai
#5_?_.1 S o $ LT BESIII
, * [.l,_]_l ](Lli [[Jj §.+ B ==, BESII
&S - o o == p—
e . ﬂl“l e T L
- ":b 'Cv X A, Belle

ok P T T
M W

00 05 1.0

G.S.Huang, R.B. Ferroli, B={1-4M/s

Natl.Sci.Rev. 8 (2021) 11, nwab187
10



New Results of Nucleon EMFFs

BESII

« e*e” - nn from 2.0-3.08 GeV, 647.9 pb.

N
with theoretical predictions: VMD, Skyrme etc.

* Oscillation of reduced-|G| observed in neutron with a
phase orthogonal to that of proton.

a . BESIII b 008
10 .

*  BESI:nn

FENICE: Nucl. Phys. B, 517, 3 (1998) [9] v BaBar: ppy __ (2013) [13] :
. 1SR ]

===+ Prediction: Phys. Rept. 112, 173 (1984) [11]
Prediction: Phys Rept. 550-551 (2015) [12]

0.06

-------- Simultaneous Fit: Proton

pp
B

© 004; / ' —— = Simultaneous Fit: Neutron—:
I‘é‘ a | >;,~'-'T' i
b:n 1 @8 0.02 C { \ 'z."]f‘%‘ ﬁ ) . .
1l : ¥ < T
o it H of| YA At il -
o [ t * ¢ YT T
tﬁ} i Ul
-0.04 1| -
O R e e T | 1 [P | E——|
18 2 22 24 26 28 3 2 22 24 26 28 3
/s (GeV) Is (GeV)

Nat. Phys. 17, 1200-1204 (2021)

For details, see talk #4 in parallel session V (2)

— p coupling larger than y — n coupling => consistent

Cross section (nb)

-
W

—

0.5

ete” —» nn from 1.884 to 2.007 GeV, ~30 pb.
o ~ 0.4 nb below 2 GeV. Possible threshold effect.

Reduced-|G| contracts the common proton /neutron
oscillation frequency

| L e B T P e T L
[0 FENICE | w’
8 A SND 2014 7 0.2 @ SND (neutron)
*  BESII 8 ® BESIII (neutron)
® This work - r |
4 3 O BABAR (proton)
B | ] 01 b
: +T + + |
a ¢ ¢ ‘hv N -
L + ¢ * ® 0F
. . !
1900 1950 2000
E (MeV) E(GEV)

arXiv: 2206.13047
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Direct C-even production in ete™ annihlation

_ _ e'fe— 1
* The C-even states, i.e. n, f;(1285), x., X(3872), can be produced directly
from e*e™ annihlation through two virtual photons or neutral current reaction. ¢ \\\——-¢
« The production rate is predicted with the electronic width T, of the states. K
H. Czyz, J. H. Kiihn, S. Tracz, PRD 94, 034033 (2016)
0.0215 _ : 1 " round—-— .. . . .
e ISR%%@E%? - Reuvisit calculation with Large interference effects
0(:)232 I Tf Ceo = n 43 p\/ " distortion of the total cross section
e R 2R I - Interference effects implemented in PHOKHARA
S s /\
0.018 |- ‘.20 <9 <160D SRS SRR N S S SORSSURVSUNS SSRTAN S0 A0 A S SR . . . + -
oo L 2 < gﬁo 4 « BESIIl is an ideal place for hunting e™e™ — y.;
o0r7 - M =3S0GY g masg et > Uncertainty of E,,.: +0.05 MeV
0.0165 | E P{ﬁ,ﬂ ERRE—
0016 NS S S S U WS w— > Beam energy spread: (736 + 27) keV
3.502 3504  3.506  3.508 3.51 3512 3514 3516 B5I8 3.52
V3 (GeV)

% ISR background: e*e- — yu*u; ISR + QED signal (+Z9): e*e- —» yutu +e*e” — g1 — vy — yp'u

* 0,,,: polar angle of y/u; My.4: nominal mass of ., state

12



BESII

% 600[:3.5080 GeV

—+-data

— total fit result

% = w’u'IB;G

3 o Ky + Inte.
3 400 yooPred.Ba
- P
=200
>
[}
= =

150-3.5097 GeV

100F

295 3 305 31 315 32 325

M,, (GeV/c?)

First observation of y.4 production

Nevt / 0.01

[A*]
o
o

.
o
o

™ T

400|

200p

100}

50

|cos6,

ul

0.02

0.018

0.016

MC

— Sisrec
‘ 2B T 0{“1&, Default I'ee, ¢
, ] . ---------- ol Best e, ¢
________________ - * BRTRY Ol 56 1.+ BESt Tog, 0

MC data
$  Oisrse * (0, *0,)

352
Vs (GeV)

L1 . ) N
3.505 3.51 3.515

arxiv: 2203.13782

i = Best value
2401o ’ - Scan points
220—0 o o o o °
2001 . & .
180 : d

P I 1 PR ) P )
0.05 0.10 0.15 0.20 0.25
Fee (€V)

» Direct production of e*te— y.1(1**) is observed with statistical

significance > 5c; I'ee=0.12%0-13 4 g eV and ¢=205*154_,, , degree

Interference pattern around the x.1 mass is observed, as predicted

New production method of C-even states (conventional or exotic) in

e*e- experiments
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n e " . %%
> . ] Production of X(3872 |
BELLE s i ( ) ﬁéé

Comover Interaction Model, Esposito et al.

* single-tag two-photon yy* interaction, 825 fb-1  « Prompt production from p — p collision
_ PRL 126, 122001 (2021) PRL 126, 092001 (2021)
D 7 ‘ﬂ":j;,}g?;’.r trom +hias 1 © Prompt X(3872) is suppressed
O P E b >5GeV) =
G

el relative to ¥ (2S) as multiplicity

e Molecul Compact
X(3872) 3 . 20- ﬁ(coa?e‘:::nece} tetraquark

geometric) -

i
L

lepk;g} B(;(‘ ;(3872)—> Jlyr'n)
Fypsy Bly@S)= S ymx)
g
|

20:— ] — .
: % | "I e 1  increases
°E % . X(3915) +¢:%- ” 3 « Behavior consist with compact
e § %/ . 1 | | 1 tetraquark.
sE § ° .o Nt JHEP 01, 131 (2022)
C 0.3 —— T __'31(}2§|“‘|“"\""|€
0= '315' 'ks.?' - ‘3!3' T '4" - '4|.1' - '4f2' = ‘4!3' Y = i ¥ 2.0<9<3.0 LHCb E _ L:HCb N
M(Jhyn) (GeVicd) [} 3.09<35 (5= 13 TeV 3 10¢ s =13 Tev
Ll b35S }Sj;intgtl ] g 17 - pronﬁ]ﬁ 21(3872) f
« Three X(3872) signal observed. Assuming Q? } 1S ok + el
— : . } i 5 . LHCb data
dependence of a cc meson model: E 11 5 Eomen 1
- - rz:§ 103 §_ _§
[,,B(X(3872) -» J /Yyn*n~)= 5.5 3§ (stat.) + 0.7(syst.) eV ol L - e S S—
P, [GeVic] . p[GeVic]
— [, range :20-500 eV (consistent with prediction NLO NRQCD: X(3872) could be a mixture of x ¢, (2P)
from ¢& model) and D°D*° molecular
G. A. Schuler et al., NPB 523, 423 (1998) C. Meng, H. Han, K. T. Chao, PRD 96, 074014 (2017)

14



Highlights in Hadron Spectroscopy



Glueballs and Hybrids

qq Mesons Each box corresponds
> to 4 nonets (2 for L=0)

N a_ o
| o+ 0000/ | 0000/~
s . I N B a '&LGL hadrons 000 II};thmm
= |
. I 0-+ \ - \ -
: 2++ 2=
n 2-+

1..-

Aqm
3
=

2.0 m : 0 -‘
_ c 1-+ €— exoftic (d)
m Lo % 1+ nonets Q9 /\C
. D 5 \1 hadtons ﬁQ;}dF) hadrons
1.5 ﬁ — o+ Lattice ot o
| ot | 1+ 1.9 GeV X
1.0 l - _ 0 ; ' : "
L 0*+ 1.6 GeV ‘ 2 5 R ”

L=01 23 4

« Charmonium decays are ideal hunting grounds for light
glueballs and exotics

> “Glue-rich” environment

> Clean high statistics data samples from e*e™ production

« Experimental evidence for three isovector
states with JP¢ = 17 :

> 1, (1400), 7, (1600), 7, (2015)

E852, PRL 79, 1630 (1997) E852, PRL 81, 5760 (1998)

> 600 TponmTp 1500} n_p—>T[+TL'_TL'_p
@ ] F_’|_ o (a)
3400_ m(s00) | H 71(1600)
S 1 He 1/ = I
B [ o
§ 200- } } = 500}
. ]Hf
B ] | | |
0 T 15 1.6 1.7 1.8
E852 PRL 94 032002 (2005)
4000 + " np—mmnpa)
3000 + - . . .
m(2015) { Crucial task: finding
2000 + .
an isoscalar 1~ * state
1000

16



Observation of Exotic Isoscalar n4(1855) (1™)

BESII

arXiv:2202.00621, 2202.00623

400FT T ]
, _ Gt @dof= 157 ; & 400 (b) y¥/dof= 1.52
* 10B J/4, J/$ = ynn': quasi two-body decay 3 g 1 3.
. . = [ 4 = 300}
amplitudes in yX(— nn’) and n'X(— yn) S 200f — T s 1 8
E N :P‘.'\l'AﬂtprDjectiDn(excluden‘): :@ 200.
: = § 100 o W — PWA fit projection (baseline fit)_- 5 E
Resonance M (MeV/c?) T'(MeV) B.E(x107%)  Sig. oo m 100f
0(1500 1506 112 1.81+0.117919 300 5T 2 s 3
fo( 0.13 M@n')(GeV/c?)
- m )€
fo(1810) 1795 95 0.114+0.01700% 1110 : | :
fo(2020) 20104615 203+971% 22840.12102° 24.60 G 400F (0 pfdof= 124 4y
> o o 200
a9 T 3 0.01 O 3001 - -
fo(2330) 2312+£77; 654£107), 0.10+£0.027,05 13.20 = i o
1 0.27+0.047903 2 2% 1 Bl
c ] [
F2(1565) 1542 122 0.3240.0570-12 870 @ 1% ey E :
+10 +10 +0.10 ot~ e ot
£2(2010) 206246727 16541772 0.714£0.0670 50 13.40 Ve GeVid)
E) wJ . . 0o oa
f4(2050) 2018 237 0.06+£0.01705% 4.6
-4 /
0"+ PHSP - - 1.44+0.157050 15.70 * 177 innn’ observed
hi(1415) 1416 90  0.084+0.017291 10.20 > Consistent with 1~ hybrid of LQCD calculation
+0.03 . _ .
hi(1595) 1584 384 0164002790, 9.9 > The isoscalar 1~* hybrid helps complete the

hybrid multiplet, with isovector states. 17



fo(1500)&f,(1710) from J /¢y Radiative Decay

BESII

« LQCD predicts the lightest glueball lying in 1.5 and 1.7 GeV/c? and JF¢ = 0**, with a large BF

« Supernumerary isoscalars of f,(1370), f,(1500), f,(1710) => one scalar glueball candidate

~0(1073).
exists.
PRD 98, 072003 (2018) PRD 87, 092009 (2013)
(b) 1 .
6000 E— ‘. 7 ¥*/nbin=1.45
& - e B —+— Data
S 5000 E- 14 | Global fit
= 4000 {/1/1 - VKK
;' 3000 ( _
2 2000 r"ﬁ . _gf"."!-.
1000 : -'k.,-" oz i
V¥ WL N
12 14 1.6 1.8 2.0 22 24 26 2.8 3.0 10012 14 16 18 20 22 24 26 28 30
M,,(GeV/c?) Mass(K.K,)[GeV/c]

Exp: BJ /Y — ¥£,(1500))~0.29 x 10-3  BU/¥ = vf5(1710))~2.2 X 1073

Theory: B(J/Y - yG)~3.8(8) x 1073
L.C. Gui et al., [CLQCD],Phys. Rev. Lett. 110, 021601 (2013)

25

2.0

x Glueball decay to nn’ is suppressed

B(G - nn')/B(G > nw) < 0.04

Ax()T(KK)

|

3% KK
05
\Jnﬂh’l’tm
. . . . | .

0.5 1.0 1.5 20 25 3.0

F. Brinner and A. Rebhan, PRD 92, 121902 (2015)

B(fo(1500)-1n")
B(fp(1500)—>mm)

B(fo(1710)-nn")
B(fo(1710)—>mm)

= (8.961%33) x 1072

< 1.61x 1073 at 90% C.L.

« These results support the hypothesis that f,(1710) has a large glueball component.

For details, see talk #1 in parallel session VIl (2)
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Observation of X(2600) in J/Y - yn'n ™

Besm PRL 129, 042001 (2022)

n' ->n'ny n - yntn~
« X(2600) observedin J/y - yn'ntn~, >200 TiwE (b)
>‘|2005— '!-'
« Simultaneous fit of n'n "7~ and 7*7~ mass spectra = 1000f 3
><103! T T T T T T 2 T T T T T T T % 400? HH:‘
g 35- Data n:_——-V’ _' — ?za 221”.---..2'5 56 27 28 N EEE: 2'3
% 30F Background = c\é 18k ' . M;l,n‘n.{G-erCé) : ’ :
25} s
g E X(1835) %J __4000F I(c) ' 3 1soof l(d) ' 3
— 20F - O 1.6F b 3500 E N R ] 3 E
o 1 X(2120) X(2370) yingog) ¢ 3 ~ = 3000k 3 3 1400f :
o 15} l‘ ! I .4 B = 2s00f { 2 ;
—~ F » .o + 1.4F 2 2000 s ; 2 1000 3
E S "',_;1500:-‘/ _ i 3 800 E
] S Srooof I 5 b 3
0 1 L 1 L 1 L 1 0 92 173 1?4 1,'5' 116 1'3 1,IE-!-r 1.9 Q2 1::-1 1,'4 1.'5' 1.'5 1? ' 11_3r ' 1-.9
1.5 2 2.5 3 2.2 2.4 2.6 2.8 M. (GeV/c?) M. (GeV/c?)
Mn'r*r] (GeV/c?) Mn'n'n] (GeV/c?)
BFs of sequential decay in /iy —» yX(2600):
Resonance Mass (MeV/ c?) Width (MeV)
Case fo(1500) X(1540)
fo(1500) 1492.5 4 3.612 107 £ 972!
X(1540) 1540.2 4+ 7.0363 157 £ 19.]] E‘lf“tﬁ'l 0-5 24585 = 1689, 21203 = 1456
X(2600) 26183 + 2.07 163 195 & 52 <197 309+ 02157 269+ 0.197,5,

19



States in 't m~ lineshape

BESII

1996: 8 M J/y’s 2002: 58 M J/y’s 2011: 225 M J/y'’s 2016: 1.3B J/y's 2019: 10 B J/y's
1\U->vpD B e AT Jp>ymtn
1sf A TPE‘) - F h 3 (8) > vop PRL 108,112003 S 2
3 PP o _ < S
’ t V=>7pp =
l saf ‘ e N -xfx*&ﬁ% | plele
5| - S A . & 0
%:. ‘ UL L e el -
“2 228 25 2715 3 M(pp)
M(pp) Gev) 120 1/ Y=2ypie i) °L. r_:w_“% -
PRL 76, 3502 0.0 0.1 0.2 0.3 AEREEE ] O
M j-2mp(Ge Vi) PRL 117,042002
[y ES—" e PRL129,042001 (2022)
L sof & g o A
1.4 2.0 2.6 ! e Ba roun ]
M(x"n’) (GeV, ‘rcg} 400 | % 30_— s Background
PRL 95,262001 300 S F e E
20F S 29 l X(2120) X@370) yirs00) *
wp P S 1sf S R R
0 1.4 Jl.lﬁ II.E 2:!] E.II 2:4 26 2.8 E
You never have enough vents! Mo XGeVic) g
ou never have enough J/y events L 106072002 5 %
— Stephen Lars Olsen 035 3

Mt (GeV/c?)



Heavy “Nonstandard” Hadrons Candidates

« Large amount of experimental activity on the “nonstandard” heavy sector
» B, A, decays: Belle, Babar, LHCb

A
> e*e” direct production: BESIII, Belle, BaBar p p—
I2019- X(4685) X(4685)
2017- P(4457)

» pp/pp prompt production: LHCb, CMS, ALTAS... X(4630) |X(4630)
P (4440)  Z(3985) [Tys1(3985)

- : _ X(4274
> Quarkonia decay: BESIII, Belle, BaBar 2015 X§4500; p(4312)  Zu(4220) Tgﬂ(zrzmr
2013- P.(4380) y Z..(4000) [Tys1(4000)*
P_(4450) X(4700) X(3842) es( ) [wst !
2011- Z,(3900) : Y(a220)  X(6900)  Te(3875) [ (3875
2009- Z,(10610) Z,(4020) Y(4390) X,(2900) X(2900)° [c50(2900)

_ 2007- X(4140) Z,(10650) Z(4200) X,(2900) X(2900)*+ Ics0(2900)*"
- 2005- X(3940) X(4350) X(6600) [Ty (6600)
X(3915) X(7300) T¢,¢(7330j
Y (4260)

Izoog_ ;‘Eggg; * Pentaquark candidates labeled as P P(4338) Py, (4459)
X(3872)  v,(10860)  y(4660) « Charged meson states as Z Pes(4459) megaa)ﬂ
X(4050) . JPC =1 asY
X(4250)
Z(4430) « All the rest as X

New naming scheme arXiv: 2206.15233
e.g. Z;5(4000)* (ctus, J¥ = 1%) => Tj,; (4000)* 21



X States: News on X(3872)

* X(3872), the most well established X meson, observed in: —

]PC — 1++

B(X/(3872)-7° x¢o)

 The ratio =
B(X/(3872)->ntn=J /Y )

B(X/(3872)-1°x 0

B(X/(3872)->m%y 1

sensitive to physics interpretation[1]

« EFT predict BX/(3872)>mTco)
B(X/(3872)-1% )

based on molecular structure [2]

~ 0(1073) — 0(107>)

s B(X (3872)—= 7" xc0) B(X(3872)—= 7" xc0)
Interpretation B(x(:4872)4n+z5?/¢) B(X(:m?z)_mﬂ);cz)
Four-quark/molecule 2.97
D°D"”" NA 2.84 to 2.98
D°D” + DD 1.3 to 2.07 1.65 to 1.77
D°D” + D*D~* NA 3.72
D°D” + DTD *+y.(2P) 0.094 1.15

[1] PRD77,014013(2008), PRD78,094019(2008).

EPJC81,193(2021), PRD79,094013(2009),PRD100,094025(2019)

[2] PRD79,094013(2009), PRD78, 094019(2008)
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3.95 400
Mass(ﬂ:”ﬂ”xw] [GeVic?]

B(X(3872)—=ntn—J/¢)

Ratio 90% C.L Upper Limit

B(X (3872)=7"x.0)
B(X(3872)—atn—J/) 3.6

B(X (3872)—=7"x<0)

B(X (3872) =m0 xe1) 4.5
B(X(3872)=7" 7 Xe0)
B(X(3872)—atn—J/¢) 0.56

B(X(3872)—=m"7"x0) -
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X States: yy — yyY(25)

« P-wave triplets near 3.9 GeV/c? remains puzzle, where X(3930), as a good candidate of y.,(2P), has a
hyperfine splitting of 12 MeV/c? between y.,(2P) and X(3915)

g

i
)

40
MPrec(yy(2S))  GeVZ/c?

PRD 105, 112011 (2022)

20f

Events/5 MeV/&
= T

th
LI e

47 38 39 4 a1 42

M(yy(2S)) GeV/c?

Resonant parameters J = J =2

Mp, 3922.4+6.5+£2.0

T, 22 +17+4
T, B(Ry — v1(25)) 9.8 £ 3.6 £1.2|2.0 £ 0.7 £ 0.2

Mg, 4014.3 £4.0+ 1.5

Tr, 4+11+6
I, B(Ry — y1(25)) (6.2 £ 2.2+ 0.8[1.24£0.4£0.2

Evidence of X(3872) production in two-photon collisions
=> see pl3.

07" and 27" can be produced in two-photon collisions
and decay to yy(2S) via E1 transition.

Evidence of structure R, near 3.92 GeV/c?=> X(3915)
and y.,(3930)

R, matches none of the known states, (mass agrees with

HQSS-predicted!! 2** partner of X(3872), but width
conflicts)

[1] F. K. Guo et al., PRD 88, 054007 (2013)
M. Albaladejo, et al., EPJC 75, 547 (2015).



X States: New States in DDy

9 fb~1 at LHCb, near threshold structure X(3960)in Bt - DI D;K*, 120, JF = 0t
» X(4140) accounts for the dip around 4.14 GeV
If X(3960) and X(3915) the same particle? More measurement needed.

LHCb-PAPER-2022-018
LHCb-PAPER-2022-019

 HN DN B TN MO R S e SN R B VR B RSB O R

n
o

T T T T

o
T T T

o LTS =] N L SO T oo R R 4
il iy ¥ Data preliminary 1 230 4+ Daa preliminary al 3 30F 4 Data preliminary .
Ow0F B on' — Toulfi 1 © Total fit O [ —— Total fit ]
8 r | Non-resonant D} D7 1 < Non-resonant D} D7 K Non-resonant D} D7

= b X(3960) i 2 X(3960) = X(3960)

Z30F Xo(4140) 1 S200 — X140 1 S20F — X4140)

% | (4260) 1 =2 (4260) 2 Y(4260)

3 (4660) b3 I3 (4660)

[ < [

~ = 4

k= EE =2

< < [+

Q O &

._.
(e

T T T T T

[ S

e

4.0 4.2 4.4 4.6 4.8 %.4 2.6 2.8 3.0 3.2 34 02.4 2.6 2.8 3.0 3.2 34
m(D D) [GeV] m(DFK*) [GeV] m(D;-K*) [GeV]

Component ~ JFC M, [MeV] Iy [MeV] F (%] S [o]

X (3960) ott  3955+6+12 48+ 17+10 242+76+7.9 12 6 (14.3)

X (4140) Ot 41337411 69+£17+7 17.7+£49+77 7 (3.9)

1) (4260) 1= 4230 55 3.7£04+£3.0 .1 (3.3)

1 (4660) B 4633 64 22+0.2+0.5 9 (3.2)

NR S-wave - - 46.6 + 13.3 £ 11.3 1 (3.4)

For details, see talk #4 in parallel session [(2) 24



B'GS]I[ Y States: New Precise Measurements

N
o
w

NSUA |] o T T . . [ T T T T T T T T T T T T T T ]
: arxiv:2206.08554 | PRD 104, 052012 (2021)
]Lrl-‘_ ., 1 ~ ' B —
z of g 100¢ - XYZ data 3 i ] 100 Fit result
'E TR I RV T . QO;— + R-scan L(E_)«IO L 80 i Solution I f_!_j [S)Iantgale BW
2 80f (@) S = Non-resonance
= 7oF Vs=3.8713 8 60— Inteference
> _F — Fit £°5r -
= 60F 0 =
£ 50p 0 —

4.5 5
M(x Ty (2S)) (GeV/c?)

Ee—=T
N
Qo

x& o
o h
¥
|
L]
.
F
*
¢
.
g
2.
i
)
Cross Section (pb) e
‘ o(e"e—>n*Ty(3686)) (pb)
&
s~ O

—_ 1005 10 120p T BESI ] _40?
. o e SO SSTSY
R A
*% 20l s (GeV) 202— Vs (GeV)
T G, S TR TR ER &
c ete” s> mtnJ/Y from 3.773 10 4.700 GeV,~23 bl « e*te™ » ™Y (3686) from 4.01 to 4.700 GeV
» Structure close to 4.0 GeV is better described with a » A continuous component is needed
BW than Exp. > First observation of Y (4660) at BESIII
» Enhancement around 4.5 GeV ~30, ¥(4415) or
Y (4500)7?
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B'GS]I[ Y States: New States & Decay Modes

arxiv:2204.07800 arXiv:2203.05815
8 :_ i Ei%t:urve: Total | | _: :§-
6 E_ --.- Fit curve: Y(4230) (}_>-3 ﬂ_ —+— E.::ta “;_U 6 B .+_ Data
_E > Of
g 4t §100:_ ------- Background ; - —Fit
= 2 o I Sideband 245 |
< of LR g |
3 a E c S0r ) I
I (b) g *°f . 8 o
@ 6f W " L z |
EE; 4: 0 cheoatihedo b dg pde g ucho b i "I'E. - . el .
. 3.65 3.7 375 38 3.85 e 0
2F Mrecoil o GeWcz 4.2 4.4 46
N, (') (GeVie) Ecm (GeV)
4.2 \’_((';L%) 4.6
S e .
| « Two resonances observed inete™ - n*n~1,(3823) —
« Two resonances observed ine*e™ - K*YK~]J /Y YT Y X er
> Y(4230) firstly observed in K*K~] /i mode » Consistent with Y(4360) and Y(4660)
0.02 < B(Y(4230) > K*K™]J/¥) < 0.26 > First observation of Y decaying to D-wave charmonium
B(Y(4230) » n*n~ /) state
> Y(4500) not seen before (evidence in eTe™ » ™ ] /) M [1)(3823)] = 3823.12 + 0.43 + 0.13 MeV /2
Cannot be assigned into any experimentally observed
sonance ['[12(3823)] < 2.9 MeV at 90% C.L.
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BESII

I' (MeV)

Parameters of the peaks in e*e™ cross sections
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250

200

150

100

50

- iy (3686) —~+ nnd/y

_$_ Tl:+’.'t_hc + U)XCO

+ DD ~+nJdhy

~4 nOrnCJy K'KJhy
n*n’w2(3823)

-+
+

0
4200 4300 4400 4500 4600 4700

Mass (MeV/c2)

Y States: Y(4230)-Y(43xx)-Y(45xx)-Y(4660)

* Relations between X(3872) — Y (4230) — Zc(3900) states
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PRL 122, 232002 (2019)
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B'GS]I[ Z States: Strange Partners

40 PRL 126.102001 (2021) PRL 127, 082001 (2021)
. S\ ':' | ! i ! | ! ! ! [ ! ! ! I ! 5
C\é —— Total fit —+— Data § 7()()5— LHCb 3
S>30 ——— Z(3985) oo non-Res. 600 F a4
% 5 ——— D, BKG S F 9fb” 3
S20 | E 500
| 2 400F
ol Lot 4 S Z¢s(4000)
_.(2 i T 1 "g 300E
& 0 TV TTH O 200f Z.(4220)
> B | -
L - 100:—
-1o4—t— ob B S
4 405 41 415 3.6 3.8 4 42
K* Recoil Mass (GeV/c?) M,k [GeV]

« Full amplitude analysis of B* - J/Y¢pK™

Z..(3985)" (aka Tys1(3985) ) inefe™ -
cs(3983)7 (aka Tys, (3985)7) > Z.5(4000)* (aka T, (4000)*): 1=3, JP =1*

K*(D;D* + D~ DY)
 Modeled by an S-wave Breit-Wigner function: > Z.5(4220)" (aka Tysq(4220)7) @ 1 =% , JP =17
> Mass: (3985.2%5:1 + 1.7) MeV/c?

> Width: (13.8781 + 4.9) MeV
(138252 £4.9) Mass (MeV/c?) 4003 + 617, 4216 + 24133

Width (MeV) 131+ 154+ 26 233+ 52157 g



BESI Z states: Strange Partners ccsd

arxiv:2204.13703

—4— Data Total PDF Signal
''''' Sideband Non-resonant process === D F*D,
- F o 0 0y ; + - 0 + nx—
WF @ G=4628Gev | 0F o (5=4.641 Gev Z:5(3985)" (aka Tys1(3985)7) ineTe™ —» K¢ (D D™ +

30¢ D:*D™) + c.c decay, 4.60

20; * Isospin partner of Z,.,(3985)"
10F

Mass (MeV/c*) Width (MeV)
Z.(3985)7 39922 +1.7+1.6 7.7 35 +4.3
Z.+(3985)" 3985.272 1 £ 1.7 13.8%5) +4.9

00T & s=4.682Gev

TR S L E

200¢ All data N » The slightly larger mass of Z.,(3985)° consistent with

Events / (10 MeV/¢?)

: P . . :
30k 150F theoretical predictions under molecular hypothesis or
20F 100f %% tetraquark hypothesis!,
sop *

oy i [1] B. D. Wan and C. F. Qiao, NPB 968, 115450 (2021).
$05 4 405 41 415 42 $95 4 405 4.1 4.15 42

M{Kg)(aewcz)
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Eﬁﬁ@ Open Heavy-Flavor Tetraguark: csud & csud

« B - DDK decays is unique to study structures in DD and charm-strange systems. PRD 102,112003 (2020)
« B - D*D™K™" show structures in D"K* : X,(2900) aka T,¢,(2900)°, X,(2900) aka T.s;(2900)°: cdsu
B® - DD~ B* - D™DJm” —— Total fit
% ol - A A ]~ Dy(2460) Dy | HCh-PAPER-2022-026
e Lhey ll T i ] — Di@600) Dy  LHCb-PAPER-2022-027
=z sof - T o ; - D;(750) D}
% preliminary ] ] %60_ preliminary I : l_)f (2760) D+
=T | | 1 3 ]* [ : D(3000) D
T Lok a 1 BT 1 D*(2010)~ D
3" . }733)(2900 |J 1 & , TQ&{29023 T 7 j — T9%,(2900) D
ok L ) T, _ 20F l\\ | — DxS-wave D
0 I. el Hﬁk Srrafi _,,ff‘ e T oLE hﬂ}y_ jrl e <4 Data
22 24 26 28 30 32 34 22 24 26 28 30 32 34 Background
MDD} 77) (GeV) M(D; 7+) (GeV)

- First amplitude analysis of Bt - D™ Dfrnt & B® - D°D} =t , at LHCb with 9 fb! data

* Dy well described by adding J = 0% T/5,(2900) M = 2.908 + 0.011 % 0.020 GeV

 Quark content: csud and csud ' =0.136 +0.023 + 0.011 GeV

* Isospin partner T%,(2900)* will be searched with DI m°
For details, see talk #1 in parallel session Il (2) 30
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Open Heavy-Flavor Tetraquark: ccud

Nature Physics (2022) |

g{:\ 7(]: ,‘_497
< sof- gi(f? = * Anarrow state in D°D°r* mass spectrum promptly in pp
?% soF- ][ ; JrJ”r E collision with 9 bl data, 7'..(3875)", 220
£ 40 o H a #% |« The state just below D**D® mass threshold
— E— T(_!L"—y DYDY e MDD B-E}f:\f/(’]_
305 == 1+ The structure is described by a relativistic P-wave two-body
205— ++ _____ D*'D threshold + + + + _E BW funCtiOn => ]P = 1+
10—
ofnth Kﬂimﬁ* **ﬁw +++ ﬂ * “ *Hﬂ > Smpw = maw — (mpe+ +mpo) = =273 + 61 + 571 keV/c?
3.87 388 389 ey _;,]9 > [y = 410 + 165 + 43738 keV

— 100~

Nature Comm 13 3351 (2022)
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More properties of T,..(3875)" is discussed.

Unlike in X(3872), no suppression of prompt 7',..(3875)" at high
track multiplicities.
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Science Bulletin 65,1983 (2020)
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y Heavy System: cccc

ATLAS

EXPERIMENT

> L B B B L L
8300541143 Preliminary } Data E
3 250F Vs =13 TeV, 139 o™ — sSig+Bkg.
©9200 E_di-Jf\]! — Background _E
:_; C Sig.wioInt.
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i 100F E
50F =
‘. E
0: * E
-50F 3
@
_1505..I....I....I....I....I....I._:
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N AL B e S Sl
K] S0 avas Preliminary } Data p
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For details, see talk #2, #3 in parallel session 1(2).

ATLAS-CONF-2022-040
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Hidden Charmonium Pentaquark:ccuud

+ P}(4450) and P} (4380) in A3 - J/ypK~ decays, with 3 fb2  + Evidence for P)(4337) in flavor-untagged

LHCDb data, >9¢ BY — ] /Ypp decays, with 9 fb-l LHCb data,
_ N . . >3.10
* Otimes decay events, Py, (4450) =>P,, (4440) and P, (4457),
N .
new state P, (4312) discovered. PRL 128, 062001 (2022)
PRL 115, 072001 (2015) PRL 122, 222001(2019)
;500 Z:D_D 3t D*0 9 L B 9 B I —————r :
2 3 = = © 60F 1 2 60F .
?_)700 E LHCb 51200 s LHCh 260: 1 '(é [
2o ‘*ﬁ Lo o S 40] #ﬁ#f’ 1 Sa0f !
i 500 +Wm++ 5 800 ; F: I M ] E: ]
400 ‘.|. N M% é s 20 B :g 20— +_r-
*g. P, (4450) 5600 % : é 1 =27
V 400 : i W‘M‘h g 0_ : " — m%:ﬁ g 0_ e
piabrgy P9 (. © 41 42 43 44 © 41 42 43
200 : m(J/y p) [GeV] m(J/y p) [GeV]
4300 4250 4300 4350 4400 4500 4550 4600 ﬂvfer = 4337 +7 +2 hlev

m e [MeV]

_ 29 +26 +].4 hleV
State M l:\IEV] I []\IPV ] (95% CL) R [%]

P.(4312)* | 431194+ 0.7788 | 98+277 37 (< 27) |0.30£0.077)3
P.(4440)* | 4440.3 £ 1.3741 1 206 £4.9737  (<49) | 1.11£0.337922 _ _ _ 33
P(4457) [ 44573 20674 | 6.4+£207 37 (<20) |053+016%015  For details, see talk #5, #6 in parallel session 1(2)
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» Evidence P;;(4459)) in
LHCDb data, 3.10

~—~ —

':'b_)

J/WAK ™ decays, with 9 fb-!

» Strange counterparts of P, at 22D*? threshold

Science Bulletin 66 (2021) 1278-1287

- e
- -A=I1ZRs T .
b hm o mpe AT .ﬁ-.l..ﬂ..._ )

~ @ LHCb
COE 9 fb!
S a0l *H
= i
2

4

La T - .
: . OO ke o bl
........ .

5.0
M4 (GeV)

Mass: 4458.8 £ 29117 MeV
Width: 17.3 £ 6.5 30 MeV

Hidden Charmonium Pentaquark:ccuds

* P(4338)in B~ - J/Ap decays, with 9 fb?

Candidates/(2 MeV)
SE8338585838

LHCb data, >100

HO

JE = %_ preferred, close to £} D~ threshold
e — LHCb-PAPER-2022-031

z ;l:bClb +ggtrz:1inal : %140;_ LH(_:,b { H —
: . Baseline 2120 - 91fb + h ]
- prellmmar& NR,,., 1 S [ preliminary + *H ]
3 NR;, 1 Zioof * },J( ? !
: + P:}\‘s 1 = J H + ]
- g, + Backgrouqd—: S 80F w f 3
Sl VNE D U
] r ! { ; “ aof HM+ ]
| HEY .f
2 4.25 43 435 4.05 4.1

m(J/yYA) GeV m(J/ yp) GeV

Mp,, = 43382+ 0.7+ 0.4MeV
I'p, =70£12+1.3MeV
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Summary

« Very active and fruitful results in hadron physics
» Experiments are taking data: LHCb, BESIII, Belle I, ...
> Upgrade studies underway: BESIII: £ x 3 above 4.6 GeV, LHCh: [ £ x 7 after RUN4

« Various production accessible for hadron structure study
> Direct production in e*e™ collision, photon-photon scattering, prompt production...

» New precision record, new production mechanism

« Solid experimental evidence of exotic states, in-depth property studies
needed.

» Last “hadronic zoo” was sixty years ago => established quark model

> New “model” to order the “exotic hadronic zoo”?
35
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Heavy “Nonstandard” Hadrons Candidates

* New naming scheme arXiv: 2206.15233
« T for tetra, P for penta

« Superscript: based on existing symbols, to indicate
iIsospin, parity and G-parity

« Subscript: heavy quark content
X (4500
2013. P%(4380) XE4700§
2011- T§,1(3900) Py(a450) § 4220)
AR I,(10610)° Ty, (4020) Y(4390)
A X(4140) ni(0650T Ty, (4200)
y 2005, X(3940) X(4350)
3915y | X(4160)
2003- ;5&%60)) Y(4360) |
x1(3872)  y ' (10860) ;’(((1323% « Hidden heavy-flavor tetraquark
X(4250) * Open heavy-flavor tetraquark
Ty (4430)*

4

I 2017-
2015- X(4274)

* Fully heavy system

y
r 2021-

pl(aa57)  X(4630)

p%<4440) Tys1(3985)"
v T9 .(4000)*

Tyy(6900)  ¥st

T..(3875)"
Te1(2000)0 eGSO
T 0(2900)0 c§0( )
- T¢s0(2900)*"
T (6600)
Ty (7300)
P} (4459)
P} (4338)°

« Hidden charmonium pentaquark
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Mass (MeV)

4500

3500

3000

Charmonium (Like) spectroscopy

4000 F

20 2 s Xe1G872) xe23930) X(3915) _

1 (4660)
iD
45
45 W(4415)
P(4390) —
— (4360)
(4260) 3P
W(4230)
2D
(4160)
3S
=3B y@odn)
ppH P
DV D
1D
- wB770)
D5
W(2S)
}!..[2."5)
ho(1P)
Sl
gc!lS!
0*(0™) 07(17) 0(1M)

Charmonium spectrum
Xl@100) x (4685)

Y4500
2F

';,E _:J’.L 1G

3p .
Xc1(3274) 2D 2D R.(4240)
Xe(4140) X(4160) Z.(4200)*

IE .

X(4050)*

Z.(3900)*

2(3823) 3(3842)

JP(
0t + or 27°F
X(3940,4160) 7?7 i
X (4350) o 774
Xeol1P) zF 1+
R 1+
XN(4020,4055)F 1T 7=
X (4050, 42500 1~

Ke2(1P) IC
X(3915) [

Godfrey-Isgur quark model
discovered before 2003
discovered after 2003

0t(0*) 0%(1™) 0%(2*) 07(27) 07(37) ?7? 1=1

Z4(4220)

=1/2

F.K. Guo, arXiv: 2203.07141

Excellent platform to explore the
QCD

Fruitful results in past decade, a new
territory to study exotic hadrons

 Tasks:

O Precisely measurement the transition
O Search for the missing states

O Search for the new exotic states

O Determine JPC for all known states
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X States: New States in J/Y¢

Rich structures in J /)¢ mass spectrum

In B* - K*J/y ¢, X(4140) observed in J /i ¢ in CDFI, CMSI2l and DOBI, but not in Belle

and BaBarl4

BESIII found no evidence of X(4140) - J/y ¢ viaete™ - yX(4140) B

Belle observe X(4350) in two-photon collisionl®!, JP¢ = 0t* or 2%+

‘Z'_ggé(a) B* S K'J |y o
%8; ] _
E"g’ CDF
o6F X(4140)
i3
S3F
5 L,
gzé ] Ht_ru
1E '
0- -!ﬂfl {||I||J| IJiulu"nuu' N
1 11 12 13 14 1.5
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X States: New States in J/Y¢
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Open Heavy-Flavor Tetraquark: cdsu

- B - DDK decays is unique to study structures in DD and charm-strange systems.
PRD 102,112003 (2020)
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