Light QCD exotics at BESII
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Non-Perturbative QCD

--how did the complex building blocks of our world come into being

F. Wilczek

1980s now

Quark model seems to work really

O\Stp:mrb:'wgeoco e o | well. But, how does QCD give rise
0.7 )
“ 7| tohadrons?

S
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S * What is the origin of confinement?
 How is the mass generated in QCD? How
are confinement and chiral symmetry
_ breaking connected?
L A * What role do gluonic excitations play in the
Distance. (m) spectroscopy of light mesons, and can they

help explain quark confinement?
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QCD exotics

Phys.Rept. 873 (2020) 1 Compact tetraquark
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multi—quark states .
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gluonic
excitations
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What are the properties of the
predicted states beyond simple QM?
- Gluonic Excitations provide a
measurement of the excited QCD
potential

hadro—
quarkoniu

hadronic
molecule

Two general approaches:
 Manifested exotics, e.g.
* quantum numbers incompatible
with QM states
e flavor: Charged-charmonium
* With internal exotic structure, no
model free signature

* Qutnumbering of conventional QM
states

 Abnormal masses & decay
properties...

“Discovery experiment” with high
precision

-- Need a well understood conventional
hadron picture 3



Charmonium decays provide an ideal [ab
for light hadron physics

() (b)
jﬁ}é@d :mm * Clean high statistics data samples
99 qqg

 Well defined initial and final states

 Kinematic constraints
% hadrons hadrons ¢ I(JPC) f||ter

e “Gluon-rich” process
[( i — A _'r‘.' ':r1r|q ), |—f Jih — H )~ ‘):_J_.l'.‘l ll,_:}Jl

F(J/p = yM) ~ O(aa), T (J/¢ = YF) ~ O(aas)



BESIII data sets

¢ u, d, s

3 loop pQCD

-: Naive quark model
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A few highlights

e Search for glueballs and hybrids

e Structures near NN threshold
* X(pp) and X(1835)

e Scalars near KK threshold
* 27(980) — £;(980) mixing



Glueball

* Direct evidence of the most fascinating property of QCD --

gluon self interaction

e Critical information on the gluon field and the quantitative
understanding of confinement
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Phys. Rev. D 73, 014516
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Glueballs from Lattice simulations in
the pure gauge theory without quarks

1 5

n

—

=

@

S
©
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my (MeV)
Ny=2 938
650
Ny=2+1[22) 360

quenched [13] —
quenched [14] -

mqo++ (MeV) mg-+ (MeV)
2363(39) 2573(55)
2384(67) 2585(65)
2620(50) —

2390(3 )( ) 2560(35)(120)
2400(25 2590(40)(130)

E Low lying glueballs with ordinary QN

->mixing with ggbar mesons

Systematic studies are required to solve the

long standing puzzle

e OQOutnumbering of conventional QM states

e Abnormal properties



What we have learned so far
--from Marklll, CLEO, BES(I, ), Crystal barrel, OBELIX, WA102, GAMS, E852, ...

Gcalar: overpopulation A

« LQCD : ground state 0+ glueball
~1.7 GeV, first excitation ~2.1

\_ GeV .
a )

Tensor: large uncertainty

- LQCD: 2**(2.3~2.4 GeV)
N /

Pseudoscalar: very little known
above 2 GeV, puzzles in low mass
region

- LQCD: 0*(2.3~2.6 GeV)

\ /

Scalar mesons -
| £(1500) £,(1710)
[ f(1370) “

| se00) |

U f(1500) VS f,(1710)
‘ N = \\\

. Tqe N
4

5'_ 1 1st radial excitation ‘
L v

5 ‘ \V4 X(2370)
r ®

4 1099, X(2120)

n(1475)

M (GeV?)

®

Sareoy E-L puzzle
- "

| n(958) ® \

= n(1295) n(1405)
'_ ® n(548)

1 i 1 L 1 i 1
2 3 48 5



Amplitude analysis of ] /{r = ynn/K3KZ

BESIII PRD 87, 092009 (2013)

F LI T T
r 7 Resonance Mass (MeV/c?) Width (MeV/¢?) — yX — Significance
o 200 [ { = (fe(1500) 1468+ 14+23 136731428 (1.653026+020) x 1073 8.20
= C ] 0(1710) 1759 + 614 172 = 10432 (2.3530 135520 X 1074 25.00
S 1s0f q  f2100 2081 + 13728 273721470 (T T 3.9
a 1 nas2) 1513 + 574, 75+ 12+i6 (3.42708+137) % 1073 11.00
s 100 4 f(1810) 1822129466 229+ 2+88, (5.4013221%33) X 1073 6.40
= C 1 (f»(2340) 23627331140 33418 (5.607 082 237) X 1072 7.60 )
S - } .
/) 50 { i ' ]
P WU ] ~
o | Yawi, ] Broffy(1710) ~10x larger than f,(1500)
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Scalar glueball candidate

ﬂ

(J/¢ = YGor) = a2 |E,(0)]? = 0.35(8)keV

27 M2

/Tior = 0.33(7)/93.2 = 3 8(9) x 103

ﬂ

CLQCD, Phys. Rev. Lett. 110, 021601 (2013)

) 4 . -
Experimental results
>B(Ihy > yE,(1710) > yKK)=(8.572) x 10~*

»B(J/y > y6,(1710) 2 yrm)=(4.041.0)x 10~* —

——

»B(J/y 2 vf,(1710) 2 yow)=(3.1+1.0)x 10~* oy

B(J/Ay—y f (1500) —y K°K3)
BAy—y £ (1710) 5y KIKY)

B(J/y—y fu(1500) —ymm)
B(J/y—y fu(171 0) —»ymm)

B(U/y—y f (1500) —ynn)
B(Jy—sy £ (1710) —yrr)

B 0 2 4
>B(hy > 1i,(1710) > ymn)=(2.35+313+424)x 10~

= By =2 yf,(1710)) > 1.7x 1073

fo(1710) largely overlapped with scalar glueball

6
Branching fractions (10

8

10
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Tensor glueball candidate
BESII /¥ = v

NUZSOO # 0 model independent
L'(J/¢ — vGar) = 1.01(22)keV N e ——
(J/th = 7Gz+) (22)ke %2000 FoooL o
I'(J/p — ¥Ga+)/Tior = 1.1 X 102 1500 I oot
CLOQCD, Phys. Rev. Lett. 111, 091601 (2013) N ; k"
_ 21000} ¥ hos,,
Experimental results -
w 500 ] ‘1’ "'_...-'=I‘-*‘r_'1:"#. . "ea
Br(J/y — ¥f,(2340) — y) = (3.8°02 1) x10°° Srovmiaie s sty
Phys.Rev. D87, 092009 (2013) 02‘ 20 24 26
Br(J/y — f,(2340) = ydd) = (1.91+0.14°72)x10™* (f) M(00) (GeV/c?)
Phys.Rev. D93, 112011 (2016) ° f2(2010), f2(2300) and f2(2340)
Br(J/y — vf,(2340) » yK K¢ ) = (5.54f8j§j’f§)x 107 stated in m~p reactions are observed
Phys.Rev. D98, 072003 (2018) with a strong production of f,(2340)

e Consist with central exclusion
production in WA102

It is desirable to search for more decay modes 1



Pseudoscalar glueball

The small number of expected pseudoscalars in the quark model provide a clean and
promising environment for the search of glueballs

7
- 300 | r ' ' -
6| 1st radial excitation (b)
L v -
5+ ‘ AV X(2370) ::; (1405)
- ® 3
< of X(1835) X(2120) S 200 n
(] - > X 4
< 8 n(1475) ® =] \
s ‘.* n(1760) E
2 B - —
| n(958) ® = i
It w 11(1295)\‘ n(1405) £ 1007 MARKI /
. & /
oL ¥Yn(548) ,f! \\__...;-'.-5!
I ; ! . ! , ! i 1 e
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: 0w 12 1% 16 18 20
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Where is the 0-* glueball
Long standing E-t puzzle
- LQCD: 0-*(2.3~2.6 GeV)
« Does n(1295) exist?
« What' s the nature of the M=14907 143 r=54731+13 Mev /2
outnumbered 1(1405) ?

.. g 1 15 = 2
M = 1416 + 81, r =911 7" MeV/c?
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Isospin-violating decay of
n(1405) - f,(980) 1"

6o __1oop 5 v f0(980)n
L sf 2 | Y,
® s | T
8 wf 3 | 1(1405/1475)
g 30F g 50 T
E 20f a3 |
5 10F S/ L%

92 a4 16 18 T B - ug

M(f (980)n%) (GeV/c?) M(r°n0)(GeV/c?)

BESIII PRL 108 182001

fO(980) is extremely narrow: I' = 10 MeV.
PDG: T'(fO(980)) =~ 40~100 MeV.

Anomalously large isospin violation:

Br(n(1405) — fo(980)7° — 7tx— 70 -
r(n(1405) — fo(980)7" — 7 Fm—7") (17.9 = 4.2)%

I

Br(n(1405) — a3(980)7° — nx°zY)

_ Br(x,— f,(980)a° = a*n x°)

0_0

 Br(x, —>a,(980)1° —>na’x’)

Eur <1%(90% C.L.)| PRD, 83(2100)022003

13



Isospin-violating decay of n(1405) — f,(980) "

Inspired by BESIII’s observation, the triangle singularity mechanism plays an

important role in the study of threshold phenomena
[Phys.Rev.Lett. 108 (2012) 081803]

]

—1 KO(K) | =0

i . .
KO (K*) m K - -_ | £(980)
niaos) /" - n(1405/1475) A |
A ) T | KK KV K
a,(980) “=-- £ (980) g

T

£,(980)

096 098 1.00 1.02 1.04
M=z (Gev)

—>No need for two pseudoscalars around 1.4 GeV

- Look for pseudoscalar glueball in higher mass region

—>Manifestations of triangle singularity in various process
[€.8. Rev.Mod.Phys. 90 (2018) 015004, Prog.Part.Nucl.Phys. 112 (2020) 103757 ]
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Structures >2 GeV

J/P->yn'TrTe BESIII PRL 106, 072002, PRL 117, 042002
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Landscape of glueballs has been updated with
BESIII’s inputs

~

/Scalar: Overpopulation

v' Strong production of
« LQCD : ground state 0+ glueball E> f0(17190)/f0(2100) inJ/@ -

~1.7 GeV, first excitation ~2.1 y m/KK/nn
_ GeV )
é ™
Tensor: large uncertainty =N 7 ?t(rfgfogoirgduction of -
. LQCD: 2++(2.3~2.4 GeV) B DTS TS
N J
Pseudoscalar: very little known v Trajectory: A

above 2 GeV, puzzles in low mass |:> » n(1405) /n(1475) can be
region one resonance

. LQCD: 0-+(2.3~2.6 GeV) OAbove 2 GeV: X(2370)?

\ /




m / MeV

Hybrids

TTp—TUTITP

— negative parity | positive parity | exotics T -
§, 04k |a(1320)
R = = c L al(1260)i
= vy
: - . I 03F
. - 2
! - T [f = - - : = g (1670)
= — =1 o = 0.2+ o,
oy . = == ke
E. = . — .;++ _!++ 3+_ = O+— :
2000 i — + { == e
e — d—— 1-T
=- 3 Jl............
[ 9—- —+ G 1 15 2 2.5
>
= = = m,, [GeV/c?]
L & o K J %105
1500 = i — 9.5 40100 < ' < 0.113(GeV/e)? [ 157
. 2t
1+= ot+ & ot
1++ > 204 = 2++
E . 3+t
1000 [ 7' == : my = 391 MeV € s i:
ol 243 x 128 E
1-- s < 1.0
n— isoscalar [ ; ’
=
001 isovector § 0.5
o+t J.J. Dudek et al., PRD 88, 094505 (2013) 0.0 -
0.5 1.0 1.5 2.0 2.5

max (GeV/c?)
COMPASS results reviewed in:
B. Ketzer, B. Grube, and D. Ryabchikov,
PPNP 113, 103755 (2020).

Only ; canditates are observed



events / 10 MeV/c?

Hybrids

* X1 provides another suitable environment to look for 1

* 114(1600) studiedin y.4 » 't ™~ by CLEO-c [PRD 84 112009(2011)]
* only r{(1400) has been reported decays to nm
— QT IT
Aet =11 BESIII PR D95, 032002(2017) w10 .
N
"0F ) | opeln L 600 b) | 3o Ml 2,(580)
500 - a,(1700)n RS F -~ a,(1700)n =~ | ~a.(1320) 14
: o) o 00 g O i . :2((1270)) i
40E ~ Fzosom = 400 - fgggg)’ﬂn Gl z(1700) 10
300 %3002— b it = 4k ’
200 € 200 g |
L > r AL 0
100 _ b 100} SR VU S e .
(()) _5 'ﬂ"}”’!1“7“?'-'7.'$1':—;—r‘gr’1 *21'« iy 2&151- P -:;-7-1-.,~:-; o O: 6—4—51-'«-."'{“-“7;-’5' v zrf — 2 4.51 Py O: : L
M(nr) [GeV/c?] M(r*r) [GeV/c?] 0r2 4 68 8 1% e

e Clear evidence for a,(1700) in x_decays.

: Mz(nn ) [GeV/c?

e First measurement of g,,, # 0 using a(,(980) — nm line shape.
e Measured upper limits for (1~ ) in 1.4 - 2.0 GeV/c? region.



: GlueX@JLab o
Hybrids BESII| s =

7, 16(JP9)=1-(1)

o

K, I1S(JP%)= % (1°)

Ny 19079)=0%(1")

Ny 19(J7)=0%(1")

Not observed yet

® Establishing a spectrum of hybrids is necessary. Isoscalar 1-" is
critical
® [soscalar 1-* is expected to be produced |/ radiative decays

® /¥ —-vy+am/nfy /K K/mn'/nf; /...,
® Synergies between other experiments

19



10B J/w and 3B y’ provide great opportunities to
mapping the spectrum of light mesons and gluonic excitations

O* 2 0O
J/Y—>yPP ® 0 2% : coupled channel analysis
ISR ® J/y—yPP
J/Yy->yPPP ® h—w/e + X
)/W->YPPPP ® (- : trajectory >2 GeV, X(2370)
LKA ® J/—yPPP
Flavor Filters: ® J/U—yy V
J/P>yX->vyV NS w/d + X ® ]

c W ¢ o ® J/LIJ_>VT’§,)
] [ _ ] ey~

Anti filter:




A few highlights

» Search for glueballs and hybrids

e Structures near NN threshold
* X(pp) and X(1835)

e Scalars near KK threshold
* a7(980) — f,(980) mixing

21



X(1835)/X(pp)’s structure at pp threshold

X(1835)0bservedin]/¢_)y11’n+n_ X(pz_))ObserVEdln]/lp_)ypﬁ 300*r**'r"rT”'-’T""'rtwfvrm-<~*'T|T"’|Tr~~*-r1r
PRL 108, 112003 (2012) L , ]
PRL 106, 072002(2011) PRL 115, 091803(2015) | 4pp; f =0 P.R.L 108112003
——— T T T B #nn'x; f = 0 P.R.L.117, 042002
R 250 =1 ! 1000 z ]
=2 o C 4 Kgkem: F = 0p g | 118, 091803
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L2 3 _ - " P.R.D 88091502
- D 200 19 =0 pRD97 051101
8 S . !
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50
PRL 117, 042002 (2016) [ l
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o [ |- X(2120) ] KS) i -+ X(2120)
= ™ W = Setraand 3 ! = Backgraund
2 1500~_‘wn‘ 4 - pp threshold _| 2 1500_" [ ; pp threshold .
@ | e 2 | e  Anomaly line shape of X(1835)
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bound state ?



a,(980) — £,(980) mixing

oS00 850 900 950 1000 1050 1100 1150
K A 60(10)
4 |= =B
LT T~ ~. é 150+ ===+ Cliso Jhy 07(17)
. T 987Mev || 995Mev 107(0™)
P' ‘, ~— 1004 4100
_‘ —0 ‘-’-
b |3
fO . ‘ do _g 50- {50 fy a
T = N . 0+(0++)  17(0++) w 1707)
K © 800 850 900 950 41000 1050 1100 1150
m.,(MeV)

First direct measurement with > 50 , [Besii PRL 121 022001]

Aq “KK "q'7T *q4g

G 100F =y Nt
o |- -4 O ET
S i(b) L 60p
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&
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1, 20 W OG0 15 20
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0 5,
My, (GeVic)
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Explore light hadrons with charmed meson decays

S

N
(=)=

Event/(0.05GeV/c?)

Events/(0.04GeV)

-
o
——T T

M, (GeVic?)

I l*:
z v v
c d c d
000 <9

S W

d

) >

In the SU(3) symmetry limit,

PR D82, 034016 (2010)

B(D* — f5(980)I*v) + B(D+ — f5(600)I*v)

B(D+ — ad(980)ltv)

3 tetra-quark

20F

o

D’ — a,(980) e"{6.50]

D" —a,(980)"e"{3.00]

B { 1 two quark

BESIII measurements:

PRL 121, 081802 (2018)
PRL 122, 062001 (2019)

Rpgsi > 2.7 @ 90% C.L.



Summary

* Understanding how the strong interaction of quarks and
gluons generate the structures and properties of hadrons
remains an interesting (and important) question

* The light quark sector is more complicated, but indispensable
* Different experiments with complementary information are needed

e BESIII has a unique role to leading the efforts

* Unprecedented high-statistics data sets of charmonia provide a
gluon rich environment. Will continue to run for ~10 years

* To fully explore the data sets, more advanced tools and closer
experiment<->theory cooperation are needed

Thank you for your attention






Other information on scalars
Two photon couplings B, — J/Uf,

“Stickness” is selective for ss

PDG2018 PLB 797 (2019) 134789
Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) o T | T T T T T T T I T T T I -
% LHCb f{‘,{980) ]
fo(1710) [(i)F(~)/r (total) S —*~ Damandfit — — r(1500) o
10° 11790
r(KR) X r(’Y’Y)/rtotal r1r4/r 2 — f(1270) 3
VALUE (eV) % DOCUMENT ID TECN  COMMENT N ]
~ — f(1525) 7
12+3+22] UEHARA 13 BELL vy — K2k ) s NR T
e o ¢ We do not use the following data for averages, fits, limits, etc. o o @ E 102 =
<480 95 ALBRECHT 90G ARG v — Kt K- Ha! 3
<110 95 1BEHREND  89c CELL vy — Kg K% > ]
<280 95 1 ALTHOFF 858 TASS ~v — KK -

However, a scalar in yy — mtn® 10 et

Belle PRD 78 052004

11111l

1

2
TABLE VI: Fitted parameters of the fo(Y) m,. [GCV]

Parameter | Belle(7°7°) Crystal Ball fo(1370)(PDG) fo(1500)(PDG) Unit

Mass 1470 TS T2 1250 1200 - 1500 1507 +5  MeV/c? observation of fO (1500) ,

Tiot 90 +f *23 268 + 70 150 - 200 109 + 7 MeV .
FW,B(TI'O “) 11 f4 fgm 430 4+ &0 Unknown Not seen eV non_Observatlon Of fO (1710)

£,(1370)? f,(1500)?
27

Assignment requires further study with more sophisticated model



Central Exclusive Production

_F. Close, A. Kirk, Phys.Lett.B397:333-338,1997

~ We shall suggest that it is driven primarily
by the variable dPy = |p-’; — q-’;| and that gg configurations are enhanced in
kinematic configurations where the gluons can flow “directly” into the final

state with only small momentum transfer, in particular when dPy — 0.

Glueballs in pp / VV?

Simply reconstructed signals of 41 /4K

CERN-PH-LPCC-2015-001
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Simulated f,(1710)->pp
signal in CMS-Totem

Such signals are also candidates for
tetraquark, hybrid and molecular states
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Model with f2(2340) + continuum
that fits WA102 KKKK data
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From R. McNulty, Snowmass2021 Workshop




pp threshold enhancement X(pp)

PRL 108 112003

“% 700
* First observed in J/{ — ypp at BESII, % 600f

@,

confirmed by BESIIl and CLEO-c & 500p
S 400F

* PWAOf J/Y —» ypp : J*¢ =077 £ 300f
* The fit with a BW and S-wave FSI (I=0) factor & 200f
can well describe pp mass threshold structure  100p .-z o o)

oF
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* Non-observation in hadronic decays: not 00" 01 02 03
from pure FSI
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X(1835)

* Observed by BESIl in J/y—>yn'mt*rt,
confirmed at BESIII

* PWA of J/{>yK KN

* X(1835)>K K nis observed (the K K
system is dominantly produced through
the f,(980))
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