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QCD allows the existence of exotic hadrons

multi — quark states glueballs

molecules
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Naive Quark Model:
conventional hadrons contain
two or three quarks

hybrid

(g) weakly-bound hadronic molecules
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A lot of exotic states observed experimentally, but their nature is still far from being
understood
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World’s Largest T — charm Data Sets in e* e~ Annihilation

BESIII:
> /s=2.0-49GeV Ideal place for light hadron physics
> Peak luminosity : 1.05 x 1033cm™2s 1 at y(3770) ® Clean high statistics data sample
» 2009 - today: BESIII physics runs ® \Well defined initial and final states
* Kinematic constraints
10 x 10° J /¢ « | (JPY) filter
® “Gluon-rich” processes
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Exotic Gluonic Hadrons

> difficult to experimentally identify glueballs and hybrid mesons LQCD Glueball Spectrum
unambiguously el e s
e difficulty in differentiating them from conventional gq o r—— |
mesons = e=TT
* mixing with qq complicates clear identification o 2: — ° 3
> LQCD spectrum of glueballs and hybrids <t %
> glueballs o
° lOW-lYil’lg glueballs with ordinary]PC (0++, 2++, 0—+ ) 2 PRD 73, 014516 (2066)
* mass of ground state G,+ ~ 1.5 - 1.7 GeV/c? 0 0
*  f,(1500), f,(1710): mixed glueball-qq candidates T
» hybrids j Lacb
« low-lying hybrids can have exotic quantum numbers _{ spinexotics g
« lightest spin-exotic: 1~* around 2 GeV/c? ol -
* only isovector candidates observed yet: 71 (1400), | = ™
m1(1600), m,(2015) ] -
* 1¢(1400), 1, (1600) can be explained as one pole o ==
* search forisoscalar 1~ to establish the hybrid nonet [

 candecay to nn’ in P-wave PRD 88, 094505 (2013)
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Observation of An Exotic Isoscalar State n,(1855) (1~ *) inJ /Y — ynn’

_ _ , 10 billion of J /1 data
 Partial wave analysis of /] /i — ynn PRL 129, 192002 (2022)
Quasi two-body decay amplitudes in the sequential decay PRL 130, 159901 (2023)
processes J /Y - yX,X - nn'and J /Y - nX,X - yn' and PRD 106,072012 (2022)
J/¥ - ;}’X, Xl — yn are constructed using the covariant PRD 107,079901 (2023)
tensor formalism
400F T T
_ 4= o~ (a) x*/dof = 1.57 o
. JPC :.d0++é12++, 4t ('), JP€ = 117, 17~ (yn®) are € ook } X + o E
considere 2 | : s
g 200:_ o : (n,(1855)) _ 5
JP¢ = 17" innn' is also considered g | daRbmpuemt] B
2 100} " - 9
w [ w
* Anisoscalar resonance with exotic JF¢ = 1~ *,1,(1855), of Lmaend/ : oot
. . . 1 1.5 2 25 3 1 1.5 2
has been observed with significance larger than 190 M(m)(GeV/c) Mim)(GeV/c?)
M = 1855 4+ 9% MeV/c?; T = (188 + 1813 MeV) ' ' ] R F
N 1016 _6 ({:400.— (c) x¥dof = 1.24 Vjﬂ ] I (d) x¥dof = 1.77 4 4 il
By = yn,(1855) - ynn') = (2.70 £ 0.417532) X 10 2 ok i vl s soof +ﬁ.ﬂ§,~cw~tf£z§ff
g E MO 1 % i ‘ £ )
g 200 ar s = AR k.
g | s k 2 200f; s i
» consistent with LQCD calculation for the 1~ * hybrid 2 joof 1 %
2 [ ] J
(1.7~2.1 GeV/c?) Eur. Phys. J. A 16, 537 (2003) IS, S ———————
M(yn')(GeV/c?) cos8,

»Hybrid? Molecule? Tetraquark? ... needs further study
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Further checks on the 1~ state n4(1855)

> cos0, distributions in different M(nn’) regions
MM’ )<1.7 GeV/c? 1.7 GeV/c> <M(1m’)<2.0 GeV/c? MM’ )>2.0 GeV/c?

[ x¥/dof = 1.63 I [ x2/dof = 1.36 PN
150:7” + (a) ] 150-)C () *
o =“+,.;+:.r': o | ) o + ++ N
D. B i P My O_ O' B eeldeaigs [
© 100Ezeheaits uﬂﬁrﬁﬁg% il e S 100 -
& : 1 )ﬁ %) ) - + 1
= _ﬁ‘ - D*zita 'E’ -E B ]
. —¢ 1] B e | -
W S0 — F(n1(1355)) B w w50 T .
- ILWA fit projection (exclude 7,) 7 T ” -
— PWA fit projection (baseline fit)j ; :
i — | S —— = s Al s .‘_—._E
03 05 0 0.5 1 07 0.5 0 0.5 1
cosB, cosen
0.1F i
; +Efficiency (Mm'<1.7GeV) 01 .. +Efficiency (1.7GeV<Mm'<2.0GeV) 0.1l +Efficiency (2.0GeV<Mny)
H | ¢ + [ B ‘e et ®a0. DLy Legessegres,
=] T by o 3 et el 3 LSURPTTL AL ARRRRRRRRAR AL LT sesense, teus
_9: ' +“' “*’+’+***“ Q ' *tetes to00ar o0’ Q ” |
§‘0 05 ? §
["hasdl @ 0.05} @ i
2 3 'S 0.05
i i 0
0 P S S S S S SR I S S S S B S S S 0 i e ——e
-1 -0.5 0 0.5 1 -1 -0.5 0 05 1 0-1 -0.5 0 0.5 1
cos6(n) cos6(n) cosf(n)

v" Clear asymmetry in the region [1.7,2.0]GeV/c?, largely due to n, (1855) signal




Further checks on the 1~ state 4 (1855)

3
® Angular distribution expressed as an expansion in =
terms of Legendre polynomials (model- +Data - Sideband €
- —PWA fit projection (baseline fit) =
independently) ) Ny . «PWA fit grojectlon Eexc lude 1 )) o
_ i =

<Y[ ) = Z VV1Y[ (COS@n) 095 =2 25 3

i=1 M(m’)(GeV/c?)

® Related to the spin-0(S), spin-1(P), spin-2(D)

© -
> o
. . , . (o) >
amplitudes in 1’ by : 2 2
~— o
VAar(Yd) = S3 + P3 + P? + D3 + D? + D3, g ‘;Ef
w 3
2 £ 2
Van (YY) = 25,P, cos $p, + 75(2P0D0 cos(¢pp, — ¢p,) + V3P, D, cos(¢p, — dp,)). =/ % _
= =
1
Var(Y9) = - \[(14102 7P} + 10D} + 5D} — 10D3) + 28,Dy cos ¢p,,
6
Vv 47’<Yg) = —(\@PODO COS(¢P0 - ¢DD) — P\D, COS(¢P1 - ¢D1)),

V35

Van(Y)) = % (6D} — 4D? + D3).

Weight sum/(10 MeV/c?)

e <Y{> Indicates significant P-wave needed
* Innn'system, onlyn; (17) contribute P-wave

® Other checks...

Weight sum/(10 MeV/c?)

5 2 25 3 h115”é‘, 25 3
M(m’)(GeV/c?) M(m)(GeV/c?)
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Discussions about f((1500) & f((1710)

» The decay of scalar glueball to the nn’ final state are

» Components in the PWA fit _
suppressed due to gauge duality

Decay mode Resonance M (MeV/c?) T (MeV) B.F. (x107°) Sig. ,
-
£o(1500) 1506 112 1.81x0.11%01; 300 ]]3;((} ') < 0.04
£o(1810) 1795 95 0.112001%%%  111c r(G-nm)
fo(2020) 20104675 2034977 2.28+0.12702  24.60
Jhy > yX >y’ | f2330) 2312477 65107, 0.10£0.02700 1320 ® Significant f((1500)
n (1855)  1855+9%¢  188+18%) 0.27+0.041002 2140
£,(1565) 1542 122 0.32+005'02 870 Br(fp(1500)-nn’) (1 66+0'42) % 10-1
£,(2010) 206261 165+171° 0.71£0.06%000 1340 Br(f,(1500)—mm) 040
£4(2050) 2018 237 0.06x0.01700 460
0.10
0** PHSP : - 120157 1570 ® Absence of f,(1710)
Jhy > n'X > yqn’ | hy(1415) 1416 90 0.08+0.01700) 10.26
h,(1595) 1584 384 0.16£0.02700° 996 Br(fo(1710)-1n’
0. 0 nn ) -3
<287 X107° @90% C.L
Br(fy(1710)—-1m)

» Supports to the hypothesis that f;(1710) overlaps
with the ground state scalar (0**) glueball
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Partial Wave Analysis of J /y — yn'n’

PC ++ o++ g++ PC _ 1+— 1——; /
« JPY =027 4 iny'y, ] =177,17 " inyn PRD 105, 072002(2022)
Resonance M(MeV/c?) I'(MeV) B.E Significance (o)
/0(2020) 1982 £ 377* 436 £ 415 (2.63 +0.06703!) x 10~ >25
f0(2330) 2312 £ 240 134 £55° (6.09 + 0.64+-%9) x 1076 16.3 1400 - _ - 2000 —_———
£0(2480) 2470 + 4 75 + 97! (8.18 + 1.77373) x 1077 5.2 o 1200 X*/Nbins = 1. 3_1 bt D)2 < I ¥2/Nbins = 1.29 )
hy (1415) 1384 + 67 66 -+ 1072 (4.69 +0.80)5;) x 107 5.3 > 1000 — Fit Projections| = 1500 |- =
/2(2340) 2346 + 812 332 + 1472 (8.67 + 0.707981) % 106 16.1 S sooE Thsee 4 09 f ]
0" PHSP = E (1.17 £ 0.23439) x 1079 15.7 S soof s 4 SToF E
% 400k - h1_1415 1 = - .
g - f2_2340 g 500 B
& 200 4 4 s 1
> [5(2020), f,(2330), f,(2340) observed in n'n’ decay ] g"'" = ""‘{_“:_;;H;i‘ 1 Eannay *++ e
. T -G 1 o H 4 ++ 4.4 H f Fatay bt aut by g
mode for the first time 3 SEE it i i é = 2E —*—Jﬂ KEAK i ;++++} t *i***?
2 3 0.8 1 12 14 15 1. S 2 2.2
M, (Gevid) M, (GeV/c?)
> [,(2020): 10°f 10°F
* large production rate in rac-zllatlve J /Y decay S ool S ol
suggests a large overlap with scalar glueball S o
< = - _ S
* butits mass is lower than the mass of the first S E o S 10}
excitation of scalar glueball from the LQCD 5 1 ; : 1 5 B
i it E E
prediction N i Ay
— 2y s I R R R R R
M, (GeV/c?) M, (GeV/c?)

> f,(2048): new 0** state observed
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Partial Wave Analysis of J /Y - yK K m°

> Prominent structure around 1.45 GeV/c? -> study the n(1405)/(1475)

» Mass independent PWA
* The pseudoscalar component is the dominant contribution
0770 0 0.0 0 -
(KS K )S—waveﬂ and (KS T )P—w Lo Ks partial waves are of
comparable magnitude, but with different lineshape and peaks
* Non-trivial 0~ line shape

» Mass Dependent PWA
* two resonances parameterization needed

Resonance M (MeV/c?) ['(MeV) Decay Mode B.F. Sig.(o)
! =4 ) =4 2.03 -5 aE
n(1405) | 1391740755 608+ 1.2, 1 2 UA0E) 2 RS HS v 2 YHSHST (68120.12-355) X107 > 55
) J/b = m(1405) = Y(K2KY)swave™ = YK2KIn0  (2.88+£0.047553) x 107° 184
w1z | 1507616455 1158 240108 JJb = n(1475) = YK (K70)p.yave = YEOK 0 (6.58 £0.127335) x 1075 > 35
: M-32.2 . 1—-10.9 ) -
T/ = m(1475) = Y(KOK) g wave™ — YKOK70  (3.9940.097041) x 1075 > 35
f1(1285)  1280.2+0.6112 2824+ 11130 J/v = 4£1(1285) = vay(980)°70 — YKOK 7O (855041303 x 1070 > 35
[(1420) 14335+ 11779 0594 0,3Hs [ = £f1(1420) = yK*(892)°KY —» yKOK3®  (725£0.127370) x107° 35
1 0.7 : *—10.9 ) .
T/ = v £1(1420) = yag(980)°7° — YK K 7° (4.62+0.367750) x 1076 17.8
f2(1525) 15154425732 640443720 J/b = 4 £5(1525) — vK*(892)°KY — vKOK%x0 (9470437525 x 1070 23.8
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X States Observed in the Process J /W — ymtm~n’ at BESIII

PRL 95, 262001 (2005) PRL 106, 072002 (2011) PRL 117, 042002 (2016)
cq....\ 120 : s —— —— —— —— —— I I T ! T I I T "l _;
“>9~ | X(1835) o~ 200F (®) r N :222 il ElitgP MC E
[} L C L I Background 3
= go > 400  3000F pp threshold 3
o (D 5 = ]
o S 300 F g #%° - X(2120) ?
D S i < 2000 - X(2370) y 3
% 40 z 200 T A 5 0F  x(183 S ¢
W 5 100F M w100k, (1516) ;
w T S00F =
1.4 2.0 5 2.6 0 1.4 16 1.8 20 2.2 24 26 2.8 4 16 18 2 22 24 26 28 3
M(t'rm") (GeV/cY) M )(GeV/c?) Min'w'] (GeV/c)
58 X 10° J /1 events 225.2 X 108 J /1 events 1090 x 10° J /i events
Observation of X(1835) Observation of X(2120), X(2370) Observation of anomalous line

shape at pp threshold

Additional structures: X(2120), X(2370), ?
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Observation of a State X(2600) in the Process J /Y = yntn™n'

PRL 129, 042001 (2022)

< - . <
10 Billion of J /1 data ‘%zo- (@) == Rgrouns : ‘3;3 ) B )
(77’ - V7T+7T_/7T+7T_77) %15‘ X(2600) "_ % X(2600) ° |
o ) o *
S o 1 St Lo
£ 5 g FromN
> L >
. — w (NH]
> Anew stateinmt ™ n’ 0 o
Invariant mass spectrum is
observed around 2.6 GeV/c? . 0

n

—
(o 4]

100

—
(04]

> The state is correlated to a
structure in M(m*m~) around
1.5 GeV/c?

—
'S
-
n

M[rr] (GeV/c?)
*2]

Mr'r] (GeV/c?)
(o)]

—y
N

1.2

2 24 _ 286 28
Mn'r'r] (GeV/c?)

2 24 _ 26 28
Mn'r'r] (GeV/c?)

2 2

n' - yntn~ channel n' - ntn™n channel
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Observation of a State X(2600) in the Process J /Y = yntn™n'

> Simultaneous fittortn™n' and mtn~

mass spectra is performed agssooi- E
> 3000F
Resonance Mass (MeV/c?) Width (MeV) g 2500 =
£o(1500) 1492.5 + 3.6124, 107 + 92! S 2000 3
X(1540) 1540.2 + 7.0763 157 + 1971 ~ 1500 e
X(2600) 2618.3 + 2.01/93 195 + 5% € 1000# . I e
@ 00f .~ . E
» X(2600) resonance observed for the first 03 54 o5 o6 27 28 23 " h4 25 oo 27 28
time with a statistical significance greater M, .- (GeV/c?) M, .- (GeV/c?)
than 200
__4000F 4 __1800F d)
: — RS E (©) 3 - (
» The structure in M(m "7 ~) around 1.5 S 3°00F E 1’5 :igg
. . @ 3000F 3 3
GeV/c? can be well described with the = sook E = 1200
interference between f,(1500) and the 2 200054 3 2 1000F
~ ok ] < 800pk AT
X(1540) resonances @1S00E L 1 2 eof el Y
@ 1000 o % ERE R T
. — 5 & 500 . et 1 @ 200f . mmen
» Pseudoscalar glueballs or excited gq state - b TN S OUTTTTITTIII P e,
° f0(1500) iS a Scalar glueba” or not 1.2 1. 14 15 16 17 18 1.9 i2 13 14 15 16 1.7 18 19
M. (GeV/c?) M._..(GeV/c?)
n' - yn*tn~ channel n' - ntn™n channel
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Observation of J/ EM Dalitz Decays to X(1835), X(2120), and X(2370)

- C T % Data T ] B T —lo— Data I
10 Billion of ] / l/) data _ F—yrtn mode  ---- ?E£§?1’50§+X(1870) ] - | n’'—>7T | mode  ---- ?gig:{g;mﬂsvo)
< 2mf — 1 2 o -
, % I —-== X(2600) ] Z e X(2600)
- - - mmn Non-n’ background mm Non-11* background
]/lp - €+e T[+T[ n 2 150'_ (@) — J/w—?n"n"rc‘f[’ background ] 2 (b) —— J/\u—?n“n*n‘ﬁ’ background |
wn I T T Non-resonance background | =] I BTty Non-resonance background |
N K !
> The observation of the EM Dalitz E Z 50
— — . . <) %] -
decay J /Y —» ete ntn™n'. Thisis 2 2
also the first observation of the states A -
X(1835), X(2120), and X(2370) in the 0 ‘ 3 0
EM Dalitz decavs 14 16 18 20 22 24 26 28
ys. M,...(GeV/c?)
5 T I ]

» Access to the EM transition form factor between J /1 and
X(1835) states: 41

PRL 129, 022002

w
[

) (]
[llll[l L IIII_
|III L1 1 {5 1 1 | 11 -

dr(J/y — X(1835)ete™)
dg’T(J /y — X(1835)y)

IF (g

= |F(q*)|* x [QED(g*)]

F(qz)=—1_qzm2

A =175+ 0.29 £ 0.05 GeV /c? 0:..1....|..,|.lli.l.l.l..|$
02 04 06 08 10 12

M... (GeV/c?)
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» Exciting results from new J/1 data are presented
> |soscalar 1~ exotic : 17,(1855)
» New state X(2600) in J/1 radiative decays
> ...

» BESIII will continue to run ~2030
» Excellent opportunities for light hadron spectroscopy

More interesting results are expected!
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Further checks on the 1~ state n4(1855)

Baseline set of amplitudes PDG-optimized set of amplitudes
Can not be described only with

Need for the n; (1855) P-wave L s _ y }

17" and 177 sigkagin yn(n')
‘ch +Data - Sideband “E &c-)\ +Data - Sideband “Tc\.;
% 100} —EW& ;:% BFg}ggHgg gggﬁlcijn: 1rl1|1t)) % % 100} —PWA fit projection (PDG optimized) %
= = s s
= = o o
E _| 0 E = | =
2 50 (Yo) 3 € 50 £
—— I a— ] 1]
- | - — i “—
o o = | L5
$ | : 2 | 8
055 2 2.5 3 = ol =

M(m')(GeV/c?)
S s | A
IR 30 o | o
3 s | S | 5
g > o R =
= 2 S0 g
s = [ & = i £
E % 10¢ @ -10f ®
- £ | £t (Y9 £
= ) - k=) i 2 K=
o ‘o Of o -20 o
g- ; 1 ; E| | | | ; <SOSR
: . ' i 2 M(m")(GeV/c
M) (GeV/c) M(m)(GeV/c?) M(m')(GeV/c?) (mm')( )

® Narrow structure in < Y, > cannot be described by resonances in yn(n")
» 1n,(1855) - nn’' needed
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Further checks on the 1~ state n4(1855)

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

significance of 7, (1855) with various masses and widths

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

> Resonance structure needed SR e —— ===
50 oS Mo VO e

» Assuming 177 (1855) as additional resonance, evaluate its A\ T A e T

significance with various masses and widths 150 d NN N KL

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

[ = 156 ey——

; ; # =200 MeV |
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 16 18 > 55 24 26

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

AS
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X(18xx) between 1.8-1.9GeV

JAp—vK K
g LA R <
Lo E’:"%.;::m N 230 : ® PRL106,072002
- B 4 s
!gﬁ%?’““" 1 § B v : 0—+| ¥ PRL108,112003
Pt oo < 4+ PRL115,091803
13B Jrp. ., 200— - . (" | 4 PRD87,032008
) — o .| m PRD88,091502
]Jh% - ¥ JPC?| o PRL107,182001
k " i — -= : T T T
; | 150 < el —
16 1.8 2.0 22 24 26 28 o " Jp—onn'n
M,.... (GeV/c) = -, — 800 F
5Kgn 3 - = kT 700 / _
-y’ nhn - ‘;_: T
o 00 100 { e: Z4of
= 400 . 400 E
g 300 g i § 300 (1
= B = 200 F
200 _—
% U_ 100 |
ﬁ 100 | : 0 = - = R B
o | : 1.2 1.4 1.6 1.8 2.0 2.
0 14 16 1.8 2.0 22 2é4 26 2.8 - I | | \ Mnm_" (C)EVICJ)
M(u*::’n')(GeV!c ) D 1 1 1 1 1 | 1 L L L L L L L L L L L L L L L L A J
1800 1820 1840 1860 1900 1920 1940 1960
oso Ip—yod M (MeV/c?)
| —+— Data
| _;mﬁifn (2) LT P R R TR
[ —- u 1 - T 1 _I
<« 200 I 7 ) E
2 R el = e I3
$ isof | % e o5 S (oo DS YT
~ ! — . - Phasa- — A — 2
g i l e Ea::’:r:ﬁg& ?g 500 ':"_ - 1‘:[ 1910) E -
= 7 400 F
5 § 300 | ;
w :'a" .l - ; £
£ GGE ) e o
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