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World’s largest T — charm data sets in e*e™ annihilation
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Charmonium decays provide an ideal lab for light hadron physics
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What’s the role of gluonic excitation and
how does it connect to the confinement?

* Clean high statistics data samples

 Well defined initial and final states

 Kinematic constraints
 |(JPC) filter

* “Gluon-rich” process
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Scalar glueball candidate: production properties

T(J/ — vGo+) = %aﬂé}% |E1(0)]? = 0.35(8)keV
/T = 0.33(7)/93.2 = 3.8(9) x 10~3 B(J /Y — v/fo(1710)) is x10 large than that of f,(1500)

CLOCD, Phys. Rev. Lett. 110, 021601 (2013) ! | |

' e 'ﬁ . 710y )
Experimental results

B(J/y—>y 1,(1500) —ym)
B(J/y—y fo{‘l 710) —ymm)

»>B(J/y 2 yf,(1710) > yKK)=(8.5233) x 1074

>B(Jhy > y£,(1710) > ynr)=(4.0+1.0)x 10~*

B(J/y—y fu(1 500) —ymrm)

—— ————
B(J/fy—y f n{1 710) —ynm)

>B(J/y > v£,(1710) 2 yow)=(3.1+1.0)x 10~*
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0 2 4 6 8 10
Branching fractions (10

>B(J/y > yf(1710) = ynn)=(2.3515:1525:55)% 1074

= By > v£,(1710)) > 1.7x 1073
fo(1710) largely overlapped with scalar glueball

Recent coupled channel phenomenology analyses
Phys.Lett.B 816 (2021) 136227 Eur.Phys.J).C 82 (2022) 1, 80



Scalar glueball candidate: decay properties

I'G - nm: KK:nmm:nn':n'n’) = 3:4:1:0: 1 “K

B(G = nn’)/B(G = m)<0.04, predicted in Phys. Rev. D 92, 121902

Using 10B of | /Y events,
J/U — ynn’, arXiv:2202.00621, 2202.00623
J/U = yn'n’, arXiv:2201.09710



Hybrids: qqg

Lattice QCD Predictions:
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Only I1=1 candidates m; have been observed yet

® |soscalar 1" is critical to establish the hybrid nonet
® Can be produced in the gluon-rich charmonium decays

® Can decays to )1’ in P-wave, PRD 83, 014021 (2011), PRD 83,
6
014006 (2011)



Event selection

J/W->ym',n->vyy,n >yt n/yntn,

Tolo]
700
600 (a)
500 F
400
300F
200F
100

Events/(1 Mev/c?)

0

ol

N
o
o

Events/(10 MeV/c?)

100

L L L PPPRE LA A SEET BETETL. L T
09 092 094 096 098 1 1.02
M@y ) (GeV/c?)

(c)
Background level 13.1%

15 2 25 3
MM )(GeV/c?)

700F
600}
500
400}
300f
200
100

po nblin o e o I ) ',, T PRy - . =4
0.9 092 094 096 0.98 1 1.02

M) (GeV/c?)

—

o

o
[

50

Events/(10 MeVlcg)

(d)
Background level 8.3%

2 25 3
MM )(GeV/c?)

Potential backgrounds are studied
using an inclusive MC sample of
10B J/ decays

No significant peaking background
is observed in the invariant mass
distribution of the n’

Backgrounds are estimated by the
n’ sidebands in the data



Partial wave analysis

* Similar as the analyses of J/{y = ynn [Phys.Rev. D 87, 092009]and
J]/U — YKcKg [Phys.Rev. D 98, 072003], based on the covariant
tensor amplitudes [Eur. Phys. J. A 16, 537] and the GPUPWA
framework [J. Phys. Conf. Ser. 219, 042031]

* Isobarsin J/Y > yX, X > nn'andJ/Y - nX, X > yn'and J/Y > n'X, X -
yn. X: constant-width, relativistic BW

* A combined unbinned maximum likelihood fit is performed for the
two decay channels of '

* sharing the same set of masses, widths, relative magnitudes, and phases

 Backgrounds estimated by ' sidebands are subtracted

S = —(lllﬁd_g_m_ — E Wi * 11'1£bﬂ-t:kgrcmn-d )
i



All kinematically allowed known resonances with

++ o++
0™+, 277,

and 47T (nn') and 1*~ and 1™~ (yn(')) are considered

Decay mode 0t o+ 4T
7o(1500)  f2(1525)  fa(2050)
fo(1710) f2(1565) f4(2300)

fo(1810)[58]  f2(1640)  f4(2283)[57)
£0(2020)  f2(1810)
f0(2100) f2(1910)
J/p — X =g’ | fo(2200) f2(1950)
f0(2330) f2(2010)
fo(2102)[57]  f2(2150)
fo(2330)[57]  f2(2220)
F2(2300)
F2(2340)

f2(2240)[57]
T T

1420 h1(1415)
1650)  ha(1595)

T/ —nX — ymny/

PDG and
[57] pp reactions at Crystal Barrel and PS172, Phys. Rept. 397, 257
[58] ] /W = ydw at BESIII, Phys. Rev. D 87,032008



PDG-optimized set of amplitudes

Decay mode Resonance M (MeV/c?) T' (MeV) Mppc (MeV/c?) I'epc (MeV) B.F. (x107°) Sig.
fo(1500) 1506 112 1506 112 3.05+£0.07 >300
fo(1810) 1795 95 1795 95 0.07+£0.01  7.60
fo(2020) 193545 266+9 1992 442 1.67+0.07 11.00
fo(2100)  2109+11 253421 2086 284 0.33+0.03 520

J/b — X — ynn" | fo(2330) 232744 4445 2314 144 0.07+£0.01  8.50
f2(1565) 1542 122 1542 122 0.20+0.03 620
f2(1810) 1815 197 1815 197 0.37+£0.03  7.00
f2(2010) 202246 21248 2011 202 1.36+0.10 8.8
12(2340) 2345 322 2345 322 0.25+0.04  6.50
f4(2050) 2018 234 2018 234 0.11+£0.02  5.60
hi(1415) 1416 90 1416 90 0.14+0.01 1030

J/b = n' X — ynn'| hi(1595) 1584 384 1584 384 0.41+£0.04 970
®(2170) 2160 125 2160 125 0.24+0.03  5.60

T/ — nX — ynn’ | h1(1595) 1584 384 1584 384 0.504£0.03 11.00
p(1700) 1720 250 1720 250 0.22+0.03 8.8

Components with statistical significance larger than 5o

The masses and widths of the
resonances near nn’ threshold
(f,(1500), f,(1525), f,(1565) and
f,(1640)) as well as those with
small fit fractions (<3%) are
always fixed to the PDG values
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PWA projections for PDG-optimized set
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Search for new resonances

scans of additional resonance with different
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Baseline set of amplitudes by adding the n state

Decay mode Resonance M (MeV/c?) T (MeV) Mppe (MeV/c?) I'epg (MeV) B.E (x107°)  Sig.
fo(1500) 1506 112 1506 112 1.814£0.111013 300

fo(1810) 1795 95 1795 95 0.1120.011903 11.10

fo(2020) 2010£61% 20349113 1992 442 2.2840.12152% 24.60

J/h =X — ynn' | fo(2330) 23124775 65410713, 2314 144 0.10£0.027555 13.20
n1(1855)  18554£9F¢  188+1813 - - 0.2740.041003 21.40

f2(1565) 1542 122 1542 122 0.3240.057552 870

f2(2010) 20624+671° 165+£1711° 2011 202 0.71£0.0670 56 13.40

f1(2050) 2018 237 2018 237 0.064+0.017007 4.60

0+ PHSP - - - - 1.4440.157530 1570

/b — ' X — ynn’ | ha(1415) 1416 90 1416 90 0.0840.011005 10.20
h1(1595) 1584 384 1584 384 0.164£0.0275 57 9.9

Comparing to the PDG-
optimized set, In L of the
baseline set is improved by 32
and the number of free
parameters is reduced by 16

Contributions from the f;,(2100), h; (1595)(yn"), p(1700)(yn"), $(2170)(yn) , f,(1810), and f,(2340), in the PDG-

optimized set become insignificant (< 30), omitted

Significance of the f,(2050) is reduced from 5.60 to 4.60, but is still retained

13



Baseline set of amplitudes
PWA fit projections
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Baseline set of amplitudes
PWA fit projections
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Baseline set of amplitudes

Fit fractions in the PWA fit with the baseline set of amplitudes

Resonance | fo(1500) fo(1810) fo(2020) fo(2330) hy(1415)(yn) hi(1595) m1(1855) fo(1565) f2(2010) f4(2050) 07T PHSP
fo(1500) [21.9514 43204 162405 —1.0£0.1  1.6202 —1.6£09 02400 02£0.1 06201 00£0.0 34LL1
To(1810) 4501 —5.6206 04200 —0.1500 06£0.1 00500 —02200 01500 0.0F00 2.0%03
fo(2020) 205516 —37€05 00402 —36404 02400 LIE0.1 0.1£0.1 01200 —159+1.8
f{}(233(]) 14202 0.1£00  03£0.0 0.0£00 —0.1£0.0 —02£0.0 0.0£0.0 2.6%03
T (1415) 114202 —1L1£03 =0240.1 0.1£0.1 02401 00£00 23403
T (1505) 21403 05401 —03+03 00202 0.1£00 23%1.0
71(1855) 35405 0.0£0.0 —0.1200 00100 0.1£0.0
fo(1565) 46207 —0.6£08 00£00 —0940.1
F2(2010) 102508 —0.1£0.1 0.20.]
f4(2050) 0.8£0.2  0.0£0.0
07T PHSP 18.5£1.9

16



Significance for additional resonances

Decay mode Resonance J'¢ AS ANdof Sig. ° 1 1 1+
T T Assuming 11 (1855) is an additional
- . .
U resonance, scans of with different
++ .
erer SV S A v masses and widths
(2100 oft 1.1 2 lle
f2(21 2Tt 23 6 050
J/b =X =" | fo(2: 7[}0 0t 04 2 040 Or i
f2(2220) 2t 86 6 260 It i el — e e e —
f2(2300) 2¥* 72 6 220 7] A C.
f1(2300) 47T 23 6 050 - ;
fo(2330) 0tt 15 2 120 : '\
£2(2340) 2T 63 6 190 -100 _—.\’ )
fo(2102)[57] 0t* 0.1 2 020 wn - i
f2(2240)[57] 2tt 29 6 070 < 150
f2(2203)[57] 2% 41 6 120 ) - L o0 Mav
f4(2283) 57] 4++ 09 6 0.lo I r;;mhﬁev |
p(lTOO) == 08 2 070 B | : . W =200MeV |
p(1900) 17— 00 2 Oc N #1 =250 MeV |
T/ =0’ X = ypy’ | w(1420) 177 53 2 280 ~ 200 g
w(1650) 17~ 26 2 170 1.6 1.8 2 22 2.4 2.6
6(1680) 1~ 43 2 250 , 5
6(2170) 17~ 04 2 04o M(M')(GeV/c?)
ha(1415) 17— 13 4 050
’“éfjf’)) P i * The most significant additional contribution (4.40)
£ Laol e Z o . _
p(1700) 177 31 2 200 comes from another exotic 1~* component around
T/ X — vy’ 1900 I/ 61 2  3.0c . . .
/%= nX =y f.((mo)) sy 2.2 GeV with a very small fit fraction
w(1650) 177 08 2 070
$(1680) 17~ 2.1 2 150
#(2170) 177 01 2 Ole

all insignificant (< 30) 17
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Baseline set of amplitudes

No significant contributions from additional resonances
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Further checks on the 177 state n(1855)

* Changing the JF¢ to the n1(1855), and the log-likelihoods are worse
by at least 235 units

* BW Phase motion of 1 (1855)

g l I
rom 2o © \/ (M2—5)2+ M1

—In L worsen by 43 units



Events/0.05

Further checks on the 177 state n,(1855)
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Further checks on the 177 state n,(1855)

Angular distribution as a function of

M(nn/) can be expressed model- need for the 17,(1855) P-wave

independently in terms of Legendre O e 0| | 8

. ] o 100 ~PWA it brojection {Sreride ) >

polynomial moments Nie . = | =

V) = Z [-I.-'i}ao({‘oﬁf)m < ) <

1 % 50[- Yy %

» for data, W; is to implement background subtraction E’ : E’
* for MC, W; is intensity for each event calculated in the PWA obdme O -

M )(GeV/c?)

The moments are related to the spin-0 (S), spin-1

(P) and spin-2 (D) amplitudes by © ©
r y ) 2 % %
Var(Yy) = S* + P? + D? = 2
V 4’.?T<Y-lo> = 25Pcos¢p + 4PDcos(¢op — ¢p) % ] %
2, /5 . | 5 5
V 4’??(}720) — —_P3 + éDZ + 25D cosdp 2 <% 2 ‘
V5 { 15 2 25 3 5 2 25 3

M()(GeV/c) M()(GeV/c)

6.
Var(Y)) = ?DZ 21
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Systematic uncertainties (event selection)

Common systematic uncertainties

Sources n —=snrta |0 =yt
Pion tracking 2
Four photon detection -
Number of .J /) events 0.43
B(n — v7y) 0.2
Total 4.5
Independent systematic uncertainties
Sources n —=snrta | =yt
Another photon detection 1 -
Kinematic fit 1.5 2.6
n’ mass resolution 0.3 0.2
B = nra) 0.5 -
By — yrtn) - 0.4
B(n — ) for another one 0.2 -
Total 1.9 2.6
Combined result 4.8

Combined with the weighted least squares method



Systematic uncertainties (PWA)

* BW parametrization for f,(1500) o Fo(2020) | 7o (2330) s (1555) [ 722010
rces
* replace the BW with a Flatte-like form SN Al At AN ATAN AT
M2 p(s) - | Breit-Wiger formula | —1 +10| —1 +1| -1 +2| —4 +3
Is) = g1 5 )(p(ﬂ[?)) +{1=9)lo , 8 0.02 Resonance parameters| +1 —10| =3 +2| +2 —1] 0 -2
° Fixed resonance parameters Extraresonances | T3 T [ 77 fi| ™ fl|Fl0 +10
. " Backgroud uncertainty| —1 —4 | +3 *1| 43 *Ll -1 -5
e varying within 1 o of the PDG values Rk B R -
TR R B A
* Background uncertainty
« different sideband regions and Sources  fo(1500) Fo(1810) fo(2020) fo(2330) 7y (1855) fo(1565) £o(2010) £.(2050) 0FTPHSP hy(1415)(vm) b (1505) ()
normalization factors Frnt wlection =i
.. Breit-Wigner formula =17 +11.6 469 432 —L1 4178 402  +42  -06 -82 —4.1
i Addlthnal reSOnanCES Extra resonances f?é tg“j 100 fiﬁ ﬁoz f%lf' J_rélg ff} f]’zla J_réllo 3622
° addlng the most S|gn|flcant addltlonal Resonance parameters  —48 =256 65 436  -61 455 402 14 46 ~114 -43
resonances for each possible J¥¢ into  Bwwmening T % %1 G S 7Y Y e
the baseline fit individually T A i A

The statistical significance of the 1, (1855) is recalculated in every variation. >19 o 2



Summary and prospects

 Anisoscalar 1%, n;(1855), has been observed in ]/ = ynm' (>190)
M = (1855 4+ 9%%) MeV/c?, T = (188 + 18%3) MeV/c?
B(J/y —» yn;(1855) - ymm') = (2.70 + 0.41f8:§§) X 107
arXiv:2202.00621, 2202.00623
* Hybrid? Molecule? Tetraquark?
* Investigate production/decay mechanism and search for other partners in more reactions

* Further more, significant ]/ = yf,(1500) — ynn' has been observed, while
f,(1710) is insignificant
e B(f,(1710) - nn’')/ B(f,(1710) - mm)< 1.61 X 1073 @90% C.L., which further supports
the f(1710) has a large overlap with glueball
Glueball - nn'is expected to be suppressed



Thank you



Angular moments for PDG-optimized set
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Event selection

J/ = ym',n-vyy,n > nuin-
xec(J/W = ynmtn)<30

X5c (/W - Syntn)<xsc (/¥ - 4yntn),
Xsc (/W - Syntn)<xic (/¥ - 6yntnT)

Select '
Veto ]/ — o0’

Veto mis-reconstructed 1%, 1

J/U=ym' ' n=vyy,n syn'n-
xec(J/W = yynmtn)<20

Xac (/W = 4yntn )< (/¥ - 3yntn),
Xac /W - 4yt )<xic (/¥ - Syntn)

Select '
Veto ]/ — &0’

Veto mis-reconstructed 1%, 1

Veto fake-photon bkg J/{ —» nmutn~



