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QCD allows the existence of exotic hadrons

multi — quark states gluonic excitatipns

(e) two- and three-gluon glueballs
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| (f) hybrid state
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(g) weakly-bound hadronic molecules
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quark model QCD exotics

What's the role of gluonic excitation and how does it connect to the confinement?



Charmonium decays provides an ideal lab for light hadron physics
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Well defined initial and final states -va M w

Kinematic constraints [Uhy — 7G) ~ Oad?) [(Jhy — yH) ~ O(ac)

1(JP) filter Y .
c M c
“Gluon-rich” processes M ( o o

T(Jly - yM) ~ O(aah [(Jly — yF) ~ O(aat)



World's Largest t-charm Data Sets in e* e~ Annihilation

(2019) (2021) 29fb*
Beijing Electron Positron Collider (BEPCII) 1 x 1010 3.10°  20fb 05fb! 327! 105f 10
Events
s e Events (2022)
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1989-2004 (BEPC):

Qo Lpeak=1.0x10%1 /cm?s ’ ; ' :Js
@M\ ° 2004: started BEPCIl upgrade, _ '
2NN BESIII construction 130 points 5.6fb! at 10 points
BN« 2008: test run 2.0GeV < /s < 4.6 GeV 4.6GeV < /5 < 5.0 GeV
A z b . 2009-now (BEPCII): >> 1 x 10° had. Events each a -

Lyeai= 1.0 X1033/cm?2(4/5/2016)

2020: energy upgrade to 2.45
GeV & top-up mode



Glueballs

e Low-lying glueballs with ordinary J*¢ = mixing with qg mesons

* LQCD predictions
» 0** glueball
e lightest mass: 1.5~1.7 GeV/c?
* T(J/Y — yGy++) =3.8(9)x 1073
» 27+ glueball

* lightest mass: 2.3~2.4 GeV/c?

e T(J/P = yG,++) = 1.1(2)(1)% 1072

LQCD prediction of glueball spectrum
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Glueballs

* Production properties:

* TJ/Y - vfo(1710)) is compatible with LQCD predictions for a

scalar glueball

* Observedl'(J/Y = yf,(1710)) is x10 larger than f,(1500)

» fo(1710) largely overlapped with scalar glueball

 Decay properties : G — 11’ decay is expected to be suppressed
« SU(3)r symmetry for a pure glueball
I['G - nm:KK:nm:nn'":n'n’) = 3:4:1:0:1
* B(G —» nn')/B(G —» nr) < 0.04, predicted by Ref. [1]

J/¥ — ynn' provides important information

J/ = vfo(1500) ]/ = vfo(1710)
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Natl. Sci. Rev. 8, no.11, nwab198 (2021)
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Branching fractions (107°)

PL.B 826, 136906 (2022)
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[1] PRD 92, 121902 (2015)
[2] Phys.Lett.B 816 (2021) 136227
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Hybrids

Lattice QCD Predictions:

* Formed by quarks, anti-quarks, and excitation gluon fields

exotics
2.5Gev | o N T
* Low-lying hybrids can have exotic quantum numbers | -l; ........... 3
i cNe: O
0*~,17%,2%", which is forbidden by qq configuration , -1 .
} = uu
2.0GeV | : :
» { T |
 LQCD predicts the mass of lightest exotic J°¢ = 1~ nonet ‘
of hybrids is 1.7~2.1 GeV//c? O™ 1"
- PRD 83 111502 (2011)




Hybrids(1~ )

Only isovector 1~ " observed : 77, (1400), 7,(1600),7,(2015)
— e s e R T o Y

_ ~no[17] GAMS n~Be - n'm~n°Be[23] VES
T p T Np n'm T p - N'p[24] E852
~p - m7n[16] KEK L
T~ p - m np[18] E852 Xc1 2 Nt [25] CLEO-c
1,(1400) " np - 7T"nn[19] E852 n~Be - wn~m°Be[23] VES
! pn —» n~m%[20] CBAR b, pp - wntm °[26] CBAR
pp - mn%n[21] CBAR m,(1600) T p - wn w'p[27] E582
_ _ . ~Pb - ntn " X[28] COMPASS
2t 2m[22 Obel T
o pp = 2ran (2] - e mp > wrmmp[29] E582
- -0
1,(2015) i P wmmp(27] E582 i np— Pnf+ﬂ_n_[30] E582
b,m n~p - pnutnm~[30] n~A >y n nA[31] VES

* 1,(1400) and 7, (1600) can be explained as one resonance with recent coupled channel analyses!”]

¥ €gh=3 @)

Isoscalar 1~ * is critical to establish the hybrid nonet

Can be produced in J /1 radiative decays

. lG PCy_ et ¢ e
Can decay to nn’ in P-wave [#I51[6] 0™=17a"

> Search for Isoscalar 1~ % inJ /Y - ynn'

Q=-1 Q=0 Q=+1

[4] PRD 83,014021 (2011)

[5] PRD 83,014006 (2011)

[6] Eur.Phys.].Plus 135, 945(2020)
[7]PhysRevLett.122.042002 8



Observation of An Exotic Isoscalar State n,(1855) (1~ ") inJ/y - ynn'’

* The n’ is reconstructed from yn*n~ & nmw*n~, n from

|44

Partial wave analysis of ] /1 — ynn’

Quasi two-body decay amplitudes in the sequential

decay processes J /Y - yX,X - nn’ and J /Y —
nX,X - yn' and J /Y - n'X,X — yn are constructed "~ "

using the covariant tensor formalism!®!

« All kinematically allowed known resonances with 0%,
27*, 4% (") and 1%~

, 17~ (yn")) are considered

1% innn' is also considered (n/n’ not identical

particle)

10 billion J /¢
arXiv:2202.00621
arXiv:2202.00623

Decay mode

Resonance

M (MeV/c*) T'(MeV) Mppc (MeV/c?) T'ppg (MeV) B.E. (x107%)

Sig.

fo(1500) 1506 112 1506 112 1.81£0.117013 300
fo(1810) 1795 95 1795 95 0.11£0.01)0% 11.16
fo(2020)  2010+£61G  203+9*13 1992 442 2.2840.1270-2% 24,60
fo(2330) 231247F] 6541013, 2314 144 0.104+0.029-03 13.20
1(1855) 18554070 1881872 0.27£0.047002 2140
Fa(1565) 1542 122 1542 122 0.32£0.057082 870
£2(2010) 206246110 165417710 2011 202 0.714£0.0670-18 13.40
£4(2050) 2018 237 2018 237 0.06£0.017503  4.60
0%+ PHSP 1.4420.1510-50 1570
J/b = ' X = vy’ | hi(1415) 1416 90 1416 90 0.08£0.01700% 10.20
h1(1595) 1584 384 1584 384 0.1620.02093 9,94

« An isoscalar resonance with exotic J*¢ = 17 * which is consistent with LQCD calculation (1.7~2.1 GeV/c?)

[8] Eur. Phys. J. A 16, 537 (2003)
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Further Checks on the 1~ * State n,(1855)

400fFT ' J T T T T a Jaoel L B T T
o F+ @y¥dof= 157 ; & 4o (b) x*dof = 1.52 1 < 400F
L 300k o Data 4 o 1 g s "
> [ 0 ] > 4 s 0
()] 3 2" . (V] g Q 300 4 .
= - S 300 4 2 S
S 200k — 1" (n1855) S & ] S0 2
E " PWA fit projection (exclude n,) ] z 200 = *BE E q>)
5 L - PWA fit projection (baseline m) 8 ’ g F w
> 100 7] > 1 100
¥ g 4 —_ 0 g " P e ey . ]
0Ms 2 25 3 0 1 15 2 1 15 2 2.5
M(m')(GeV/c?) M(yn)(GeV/c?) M(yn)(GeV/c?)
M(mn)<1.7 GeV/c? 1.7 GeV/c? <M(nn’)<2.0 GeV/c? M(n)>2.0 GeV/c2
H [ T T [ o2 il ! 3 2 —
E 159:X2fd0f= 1.63 + @ 1 :x /dof = 0.96 150_ y¥dof = 1.36 (c) jé
: [ o A ] 200 i
H o 100 o < 100
. i @ L
. g * . Eata H T IS i
: 2 . 2+ i o o [
: W 50r =t N (n,(1855)) i w 50F .
H 1 — ll-'wn fit projection (excludeq} L i
. : — PWA fit projection (baseling fll} ; :
H 0 L — S T [y SR OE = e Bt m——t—
H -1 -0.5 0 0.5 1 -1 0.5 0 0.5 1
. 0059 0056“
A

v' A clear asymmetry largely due to n,(1855) 51gnal

(d) x*dof = 1.77
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. r:.éMM‘ \ :
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Further Checks on the 1~ * State n{(1855)

Angular distribution as a function of M(nn’) can be expressed model-
independently in terms of Legendre polynomial moments

Ng
(YQ) = Z W;Y,° (cos6y)
i=1

» Neglecting resonance contributions in the yn and yn’ subsystems, the
moments are related to the spin-0(S), spin-1(P), spin-2(D) amplitudes
inmm’ by:

Van(YyQ) = S% + P? + D?
Van(Y?) = 2SPcos¢pp + 4PDcos(¢pp — ¢p)

(r?’) = 0 without P-wave contribution

Var(r) = 2 p? + 25p2 4 25Dcose,

NG 7
Van(rP) = S\/%PDCOS(QbP — ¢p)
Van(Yp) = SDZ

« Narrow structure in (Y;?)
» Cannot be described by resonances in yn(n’)
* 1,(1855) — nn’ needed

- PWA fit projection (baseline fit)
===+ Alternative fit without n4

Weight sum/(10 MeV/c?)

4+ Data -Sideband

40

20

o

1.5 2 25 3

Weight sum/(10 MeV/c?)

Weight sum/(10 MeV/c?)

Weight sum/(10 MeV/c?)

Weight sum/(10 MeV/c?)

100

%]
o

o

15 2 25 3
M(m’)(GeV/c?)
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Further Checks on the 1~ * State n{(1855)

Change J¥¢ of n,(1855): log-likelihood 1235
> JPC prefer1~

significance of 17, (1855) with various masses and widths

* Remove BW phase motion of ;(1855): log-likelihood 143 0

> Resonance structure needed F=Sn i a S S N S
] .l!

_1@0:.“m_L“m;Q._émm_m_mén.mmm¢£“m" o il

« Assuming 17 (1855) as additional resonance, evaluate its AR | | ; ;
significance with various masses and widths asob o NN

> Significant 1~ * contribution around 1.8 GeV/c? needed T

[ = 156 Mev——-

: : # =200 MeV |
i ; ; i =250 MeV
. . . . . . _250 _.I......I......i......I.......I......l......i......I......;......I......i......l......I......;.....i......l......I......;.....i.....:......I......I......i....
* Systematic uncertainties are studied, and significance of 6 18 > 55 54 26

171 (1855) remains larger than 190 in all cases M@ )(GeV/c?)

AS
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Discussions about f((1500) & f,(1710)

 Significant f,(1500)

B(f,(1500) — nn")
B(f,(1500) — mm)

= (8.967335) x 1072

consistent with PDG
» Absence of f;(1710)

B(fo(1710) - nn’)
B(f,(1710) - mm)

If f,(1810) and f;(1710) are considered as a same
state:

< 1.61 x 1073 @90% C. L.

B(fo(1810)-nn1) _
B(fp(1710)-mm)

= (1.39%0%%) x 1072

» Supports to the hypothesis that f;(1710) overlaps with
the ground state scalar (0™ ") glueball

* Scalar glueball expected to be suppressed in nn':
B(G -» nn")/B(G - nm) < 0.04

| ) VI | | -1 L

(a) x¥dof = 1.57

t\IA
(&)
S 300 -
)
=
2 200 — 1" (n,1855))
S ‘r
E «+« PWA fit projection (exclude n )
8 ~ PWA fit projection (baseline fit)
> 100 L
w
0 e ke e
1.5 2 25 3
M(m')(GeV/c?)
Decay mode Resonance M (MeV/c?) T (MeV) Mppc (MeV/c?) T'ppe (MeV) B.E (x107°)  Sig.
fo(1500) 1506 112 1506 112 1.81£0.117515 300
fo(1810) 1795 95 1795 95 0.11£0.017503 1110
fo(2020)  2010£6*%  203+9*17 1992 442 2.2840.12%02% 24.60
J/— X — o' | fo(2330) 23124777 65+£107F, 2314 144 0.10£0.0219-03 13.20
m(1855) 18554919  188+18%2 0.2740.041503 21.40
f2(1565) 1542 122 1542 122 0.3240.057022 870
£2(2010) 206246710 165417110 2011 202 0.71+0.0675:29 1340
£4(2050) 2018 237 2018 237 0.06£0.011003  4.60
0" PHSP 1.44£0.1510:20 1570
J/b = 0’ X = vy’ | hi(1415) 1416 90 1416 90 0.08+0.017002 1020
h1(1595) 1584 384 1584 384 0.162£0.027003 9.9+

fo(1810) is observedin J /Y = ywe
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Partial Wave Analysis of J/y — yn'n’

* Observation of the f,(2480), f,(2020),
f0(2330) and £,(2340) decays ton'n’

> Anew 0% state f,(2480)

10 billion J /Y
PRD 105,072002 (2022)

Resonance M{MeV /) ([ MeV) B.F. Significance (a)
|.I pl( 2020) 1982 + 373 436 £ 4150 (2.63 4+ 0067031 » 104 =25 |
Ir.-.: 2330) 2312 +2%° 134 + 5150 (6,09 + 0,642 x 10 16.3 |
i 1 . fol2480) 2470 +£ 47} 75 £ 971! (8.18 + 1.777373) % 1077 5.2
 After considering the phase-space factor: T e Y YTy ST =
[ £2(2340) 2346 £ 877 3324+ 14779 (8.67 +0.707/21) x 10— 161 |
, 0" PHSP (TLI7 0230 x 10 15.7
I'(f(2020) » nn’) 0.0148
I'(fo(2020) »n'n’)
Combined Fit Result of Jiy—ym' Combined Fit Result of Jiy—yn'n’
mn;_ -1]L ' I’JNbIll'ls-1.52_‘l_m ' _; . ':'ITJ:":IFH iINblll'ls-Lsz '
» Indicates that f;,(2020) is a flavor singlet!®! o St CYE NN ﬁ
3 s — - r_z2330 = %™ — fo_z4m0 9
g E —. ra_z".l:i‘nﬁ g | —e ;5:“5 "J I L
fé un:_ —— - 12_2340 —; E . rlr_l____,._,-}_.__._._.L
g e = g . 0 I| E:::h_
~ _4' zun:— ] —"Jr._ JJ'r l-ﬂ. o
° F(]/l/} - yfz (234‘0)) 3.0)( 10 :.E [ S 3 ) 11 rl' " v h“—r#'_i-th‘_____ e
(LQCD: I'(J /3 = yGy++) = 1.1(2)(1)X 1072) O R A IR SN s

» Need more measurment M [ GeVIE' ] My [ GV
[9] Phys. Lett. B 826, 136906 (2022)
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X(1835)/X(pp)’s structure at pp threshold

X(1835) observedinJ /¢y - yn'n ™

PRL 106, 072002(2011)

X(pp) observedin /Y — ypp

PRL 108, 112003 (2012)
PRL 115, 091803(2015)

01.3 14 1.5 16 1.7 18 19 2
MWt (GeVic?)

21 22

o -
1.3 14 15 16 17 18 19 2

N IR O F
L % O00R - 07" PS — geq E
% 2 S00f iz f0(2100) -y py R
Q : S 400F fo(1910) E
< o =) -
(=) - = 5 .
S : S 200¢
= ; _ M 100}
O sy | n n | " . 8:.;. P - L]
14 16 1.8 20 22 24 2.6 28 .0 01 0.2 0.3
Mttt )(GeV/c?) Mpﬁ—2mp(GeV/cz)
PRL 117, 042002 (2016)
2500_”"”"\”"\""""”':‘I‘”'I“”[“”[“ 2500 prerr T LARRNERRLN RRREY
- I+ ] el Fit :gf'f, -
~amol- = ool e
2 :'“W i O -....25‘222;33*"“1:‘”
L 1200 4 i —Ngg-ﬂfgﬁnam > — :2 trag‘t‘):a ]
g 1500;‘ f W 4 HSﬁt:geshoﬁ:l % 1500‘ ) -:ﬁt:?eshos:l b
= A o C
@ 100 & 1000
c c
© )
= >
W 500 W 500

21 22

Mn'm*n] (GeVic?)

300+

405, F=0 PRL 108112003
#nn'n; =0 P.RL1TY, 04200
+ KgKen: S =0p | 178
3(r*n’); unknown
+ 3(n*n) w

, 09180:

_ .D 88{ 091502
;S =0 pRD 97051101

Width (MeV)

[lll:.lllll,_lll

J_|IIIJ_|IIIIIJ

1800 1810 1820 18301 1840 1850 1860 1870 1880 1890

Mass (MeV/c?)

_II|IJ_'_

|II]J_IIII

Anomaly line shape of X(1835) is observed in pp

threshold

pp molecule-like state ? bound state ?

15



Pseudoscalar glueball 0~ *

M (GeV?)

LQCD:
» ground state 2.3~ 2.6 GeV

L 1st radial excitation

i ‘X(1835)

A x(30)

. n(1475) -~ @
i " y(1760)
i n(958) @
L - (12m n(1405)
[ @ (548)
1 2 3 4 5
n

» very little known above 2GeV

4000

<3500

3000
2500
2000
%)

<1500
(]

211000
500

J/W - yn'ntr”

LESAS RASI Y L3 ALad RESH EARd RART EAET L
—+ Data
— PHSP MC
I Background
pp threshold

14 16 18 2 22 24 26 28 3
M[n'n'r] (GeV/c?)
PRL 106, 072002, PRL 117, 042002
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A New State X(2600) ObservedinJ /Y - yrtn™n’

PRL 129, 042001 (2022)

10° 10
« X(1835), X(2120), and X(2370) also observed in e | (@) T ¢ [ T L
’ 8 T U x@zo) | [x@600) | & 10 ]
J/Y - yrntnp'10111] 5 15 x(1835) |\|X(2370) |/ g .
E" 10F \:': ‘ - E 5 _
“o NN =
5_ -
] . . ﬂ ] " | " L M L ﬂ i 1 " A [l
 With the 10 billon / /3 events, a new state X(2600) in B cewey | M. (Gevie?)
M(n'm*m™) is observed, which is correlated to a
g 2 e 2
_ _ 2 120 2}
structure @1.5 GeV/c? in M(m*m™) 3 18 o 81t
! 60
1.4F 40 14F
12F 20 12 <&
2?2 2;1 2:6 2:8 0 2:2 214 E.IE E.IB
M., (GeVic?) M. .. (GeVic?)

reconstruct n’ from yn = (left) & n(— yy)ntn~ (right)
[10] PRL 95, 262001 (2005)

[11] PRL 106, 072002 (2011) 17



A New State X(2600) ObservedinJ /Y - yrtn™n’

* To study X(2600) parameters, a simultaneous fit to
n'm*n~ and 7~ is performed

 The structure in M(7t* ™) well described with the
interference between f;(1500) and X(1540)

@>200  Mass (MeV/e?) Width (MeV)
fo(1500) 14925+ 3.672). 107 £ 912

X(1540)  1540.2 4+ 7.07303 157+ 19711 X(2600)
X(2600) 2618.3 +2.07163 195+ 5126 JP¢C=0"%or2-%
Case Sa( 1500 A 1540)

Events 24585 + 1689 21203 + 1456

BF (x107%) 3.00 4+ 021722 260 4+ 0.197137

L Srary

029394 95 16 17 18 19 2 13 14 15 18 17 18 19
M._._(GeVic?) M._.._(GeVic?)

reconstruct n’ from yn = (left) & n(— yy)ntn~ (right)

18



Observation of X(1835), X(2120) and X(2370) in J /4 EM Dalitz Decays
J/b—etentnTy’
e Confirmation of X(1835),X(2120),X(2370) previously observed in J /Y - yntn™n'

T —— Data I E T —+— Data 1

N T]'—}“ﬁf:t' mode ==== X(I1835+X(1870) ] | = mode  ==== N(IE3SpX(1870)
o - r,{1510) 7 o 1,(1510)
= 200 - — = 100 ---- Xong -
% - == E":Zﬁﬂﬂ'; ] hﬁ - ——— igzmm

r =oenes Non-n' background cienes Non-1" background
E 150 r [ﬂ} 15 10- ==== [yt rn" background _ E i [h'] 15 10_ ==== Ijy—n"z'n'n’ background ]
r\i r ---;—- ;lhtr unknown background | = AT s Other unknown background J 10 bllllon ]/])b
~ .30 ) : 1
Z 100F 7.30 > : PRL 129 (2022) 2,022002
= - =]
o ¥
= _F &

S0
R *a ‘r' " ..‘. _'_','j_.‘...'-'-'\-.JL':"""E
i -)‘I'"\" g ‘.-" e

“1.4 1.6 18 20 22 24 26 2.-8
M. (GeVic) M. (GeVicY)

reconstruct n’ from yn ™ (left) & n(— yy)n*tn~ (right)
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Observation of X(1835), X(2120) and X(2370) in J /4 EM Dalitz Decays

I/ = eten Ty

« Measurement of the Transition Form Factor of J /¢ —» e*e~X(1835)
» Gives additional information of the internal structure of X(1835)

A =1.7540.29 + 0.05 GeV /c?

S —

s _

djqi’ﬁ(”,;fjﬂf;‘”’g;;;‘; - |f(q2)|2 % [QED(¢?)] . 3
F@) =17 = b X193 .

ﬁ'...l...|...|.. ]
0.2 04 06 08 1.0 1.2

M. (GeV/cY)



Search for X(2370) in J /Y — ynnn'’

Events/(0.01 GeVic)

Events/(0.01 GeV/c?)

1.3 billion J /3

Phys. Rev. D 103, 012009(2021)

————T——T T [T ]
10 F Sy’ n'—= ya . Jhp—wr]m] 1] '— a'nn .
-~ Data (c) 1 & 4f—Data (d) _'
- — Fit result R = [ — Fit result ]
8 EX{ES?’U} f tﬂjl' [ B8 X(2370)
-1' sideband = 3| -- - v sideband ]
5 - Chebychev o - - - Chebychev
- o L
T 2 | - -4
:Eﬁ_ L -
= r L
= i
D T
0 — R S = N ﬂ L _...:::"'55:::':'.':'::::::':::':' ...... I N N
2.2 2 3 2.4 2.5 2.7 22 2.3 2.4 2.5 2.6 2.7
M, (GeVic%) M, (GeVich)
N T T T T T . 16 F T T T T T T T =
F Jhy =y n'—s yatn h . E Jhy =y’ n'= 27 .
25F - Data (e) 1 % “F-opaa (£) E
r — Fit result ] = {2 —Fitresult -
20 - g, signal - &" F g n, signal 1
E -1 sideband - 1op ——1]'sin:lebam:| E
-]
2 :
3 of
g ¢
w a2k
]

(GeVic?)

‘l"] v

2.7 2?5 28 235 29 295 3 3.05 3.1

2? 2?5 2.8 285 29 295 3 3{15 3.1

"H"]

(GeV/c?)

reconstruct ' from yntn~(left) & n(- yy)n*n~ (right)

X(2370) is previously observed in J /i —» yn*n™n’ [12]
and J /Y — yKKn' [13], and possibly a pseudoscalar
glueball candidate

* No evidentsignal of X(2370) in J /Y — ynnn'’
B(J/Y — yX(2370) - ynmn') < 9.2 x 107° (@ 90% C.L.)

» No contradiction with prediction of the branching
ratio for pseudoscalar glueball [*4]

* Observation of . — nnn’
B(J/Y — yn. = ynmn') = 4.86 + 0.62(stat.) + 0.45(sys.)

[12] PRL 106, 072002 (2011)
[13] Eur. Phys.J.C 80,746 (2020)
[14] PRD 87, 054036 (2013)
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Summary

« J/Y - V7777, ¢~ + Other partners in hybrid nonet:

 Observation of exotic isoscalar 1~ * 17, (1855) my(bym, fi, ...) and K; (K, (1270), ..

Y

» Hybrid? Molecule? Tetraquark? ... needs further study <  Production & decay of n, (1855)

* Support f;(1710) overlap with scalar glueball - JYp@) - VX, ...
* J/b -y _ X an KK fin, .

* [5,(2020), f,(2330), /,(2340) and a new state f,(2480) observed
* f0(2020) observed to be a flavor singlet

New X(2600) observed in /] /Y —» yn*m~n' in addition to X(1835), X(2120),X(2370)

Confirmation of X(1835),X(2120),X(2370) in J/} — e*e"n*n~n’ and measurement of Transition
form factor of J/y — ete~X(1835)

Upper limit for X(2370) in J /Y — ynpnn’ and observation of . — nnn’

» With the world’s largest charmonium data sets, BESIII provides great opportunities to map out
light meson spectroscopy and study QCD exotics.
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Amplitude analysis of /] /Y — Y KK

1.3 billion J /Y

Phys. Rev. D 98, 072003(2018)
MD analysis is well consist with MI analysis

o~
g + Ml solution 1
3 + MI solution 2
2 - MD Resonance| M (MeV/c*)| Mppc (MeV/c*)|T' (MeV/c®)|Tppe (MeV/c?)| Branching fraction |Significance
2 K*(892) 896 895.8140.19 48 47440.6  |(6.2875157020)x107°%| 350
3 K1(1270) 1272 127247 90 90420 (8.5471955333)x10° 7| 160
fo(1370) | 13504973 | 1200 to 1500 | 231421735 | 200 to 500  |(1.0755557035)x107°| 250
fo(1500) 1505 150446 109 10947 (159701010 8 x107° | 230
Mass(K.K,) [GeVicT fo(1710) | 1765427] 172373 1464377 139+8 (20025575 16)x 1071 350
fo(1790) | 18704773 - 14641477, - (L1155 0e 0 i) x107%| 240
4000 | fo(2200) | 21844573 2189413 364977 238450 (2720 0e 0 il x107Y| 350
L wmE 2% (b) Mass-dependent (MD) fo(2330) [ 241141027 - 34941877 - (4.952051 5075)x107°| 350
3 3w £2(1270) 1275 1275.540.8 185 186.7732  |(2.587 008 0 b0 ) x 10~ ° 330
© ﬁ ‘ Mass-independent(MI) fi(1525) | 151641 152545 ToklEl 731“550 (?qg+§§5+32) x107°| 350
- 4 f2(2340) |2233+34%5, | 2345750  |so7a37hit|  320tl  [(5.5470%7080)x107°| 260
§ 1000 j ﬂ++ PHSF - - - _ (1 Rr)-_l—g gg+2 gﬁ} 10°° Mo
T 4 2+ PHSP - - - - (573200057 x107° | 130
)
2 15

Mass(K.K,) [GeV/c’)

26




A InL

A InL

Scan of additional states with different /°¢, masses and widths

» No significant contributions from additional resonances

Or [
S o 3% 3
E nl(l ) : [ . |\ \
-10 -— ‘r-somv ; ..... RS Rmret S RNRRMTRIUN SRASRRRRIN.. S IR o !I. ++ -10 ; o - . RS . O ST R "*. " -
B i : \ : A T =50 MeV
e g, g A =R A
A e e e el e — = . -12F g e s g e ’ ¥ J - r=1 : * B I' =150 MeV :
15: :g:gggm:x 'r'f qaE ¥ ' ‘ , or-1oomey 19| er=200mev: 4o -15 ar-200Mev rdo
b, ; ; ; : : I = 150 MgV [ ~er-osmmy————————— ; ;
20 50 -16 | 5 8 = 200MeV i é : 5 : 5 '
| o
16 18 2 22 24 25 2

Or
E 5_
E " ] F
-8 . KT)| =

I 0 072 iy 3155
pof Lor-ovey 4.0 . [ ior-15oMev_ . 40 | ~ . w40 . - 3 K ¥ :
“leE Fera2iMVN - T T i = 15 Tar-200Mev ™ o e ‘ i W : : : = - [ = R ~ T AT = SOMRY T
A4 or - 250Mev A : [ o1 =250 MeV ; = ; F 2 T = 100 MeV:

- : : I' =150 MeV:
AG =] i ¢ ] o -1 90 SO0 _er-awuev .
-18::___——_.—-————-———————--—— g or =250 MeV
-20- i i 1 1 | bk " | -

12 14 16 18 2 22 24 12 14 15 18 T2 14 16 18 2
M(yn)(GeVic?) M(yn)(GeV/c?) M(yn)(GeVi/c?) M(yn)(GeV/c?)
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Scan of additional states with different J°¢, masses and widths
» No significant contributions from additional resonances

RE:-u*.nr:aJ:_::-e AlnL | Ndef | significance . :{I';ﬂ[:}(ﬁ] s 3 e
f(1525) 6.26 6 1.9 w(1420)(yy) | 538 | 2 28
i 1810) 2.69 f 0.7er w(l630)yn) | 261 | 2 1.7er
[l 1710) 3.44 2 21 e S1680)(yn) | 434 | 2 25
f(1910) 392 | 6 1Ller I‘f‘ﬂ;g}g‘? : | il el

- h A FA L
Sa(1950) 2.36 b 0.6 I*‘PHSP{::} 341 4 140
Jo(2100) L.1Z - L1er m(1415)yyy | 127 | 4 0.5
2021500 2,28 2 0.5 er h(1595)) | 808 | 4 29
[l 2200) (.39 2 0.4cr p(1450)0yy) | 134 | 2 Llor
f>(2220) 12.9 3 3.6 P LT00M "y 311 2 2.0kr
f2(2300) 716 | 6 2.2 pUSONGaT) | 607 2 e
230 | 234 | 6 0.5¢ i) | 20 2 i
A4 - : wd 16500y | 0.78 2 0.7
Jo(2330) 1.54 2 1.2 ¢r H 1680y ) | 2.12 2 1.5
fa(2340) 626 | 6 1.9 ¢ 21700y | 011 | 2 0.1

2**PHS P 503 | 6 1.5er I""PHS P(yr) | 0.23 {2 02

4**PHS P 436 | 6 1.3 =r ’;fg*_"?’ ) ;':'j j :]‘;‘:

1~+PHSP | 071 | 4 Ocr (2102)

) ) (22407 285 6 0.7 e
ol 14500 ym) 3.39 2 2ler (2293 4.13 6 1.2
p(1700)(y17) 0.8 2 0.7er fu22837 | 094 | 6 0.l

Significance of additional resonances



