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KEKB and belle detector
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e Quarkonium: qq, the simplest hadronic system
o Good agreement below DD/BB threshold

e There are many states observed in recent decades that are hard to fit into the
two families
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* Conventional Quarkonium

* Unconventional neutral states
* Unconventional charged states
* Pentaquark candidates
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Exotic states

Standard Hadrons

e Conventional hadrons: consist of 2 or 3 quarks

e The states that do not fit into the ordinary m !

q4/qqq scheme in the quark model are referred as
exotic states

Meson Baryon

Quark model [Physics Letters 8, 214(1964)]

Non-standard hadrons

y A 4 . 4 N
y N j 4 .
g yV 9 y y e As of now there is no consensus on a
N 4 B 4 D universal model describing all the exotic
\ ) ) )
\ - V 9 y & // states
e T i e A systematic search for these states is

vital for developing a unified theory and
to further understand their properties.

Lo

fynd Glueball

Pentaquark

Nature Rev. Phys. 1(2019)8, 480-494 (2019) Physics Reports 873,1 (2020)
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Exotic states (conti.)

e Production mechanism in eTe™

JPC=0-+,

/ PC=1-- Jre=0** _
oo A Jre=1 & Jp & bb-exotic
Yms) & 5
@ ° a % sy
B decays Initial state radiation Double cC g::rge cM A

e Some examples:

uy-s) Y(44 60)
/ """‘m W“W"'M

Events0.01 GeV

Events/10 MeV

i ) (G=v1c=) M (Gov)
PRL 91 (2003) 262001 PRL 95 (2005) 142001 PRL 100 (2008) 142001
B —K-wtm J/y e — yrmt I/ B Kt
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This talk..

1. Search for X(3872) — w77~ m®  (arXiv:2206 08592, submitted to PRD)

2. Measurement of two-photon decay width of xc2(1P) in
vy = xc2(1P) = J/1py  (arXiv:2208.04477, submitted to JHEP)

3. Search for tetraquark states Xccss in D" D" (DXt D;%) final states
(Phys. Rev. D 105, 032002 (2022))

Abdul Basith HEPHY, Vienna

Recent quarkonium results from Belle



1. Search for X(3872) — 7w 7 n°

o X(3872) a.k.a. xc1(3872) was first observed

s P3
in 2003 by the Belle  Phys. Rev. Lett. 91, 262001 -
Y ys. Rev. Le X(3872), m DO(DY) o+
o Recently, quantum number of X(3872) is
determined as JF¢ = 1%+ by LHCb P2

Phys.Rev.Lett. 110, 222001

o All known X(3872) decays contain open charm or charmonium mesons in the
final state; searches for decays to final states without heavy flavour are of great
interest

e Models in which the X(3872) is a pure charmonium state predict a significant
branching fraction for X(3872) — gg — light hadrons

o Predicted B(X(3872) — 7 7w 7°)is 107° — 10™*  Phys. Rev. D 99, 116023

— Dominant contribution is from: X(3872) — D°D*® — DD°7® — 7tn~7°
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X(3872) — 7w~ x% Analysis overview

e T(4S) — B°B°/B*B~; B — KX(3872);  X(3872) —» n'n «°

o Dataset: (772 4 11) x 10° BB events B

e BDT to suppress the dominant background arises from
ete™ — qg continuum process

e Presence of resonant backgrounds with same final state,
B — Dp, B— K*p

o Studied two cases:

e'e” > qq

Case | (37 phase space): Pions are distributed uniformly in phase space

Case Il (777~ peaking): Constrain M, ., — to peak close to the D°D° threshold

o Extra requirement on M_,_— for case Il

%)

e Simultaneous 2D unbinned fit to M(7 7~ 7°) and Mye (= /E2,,, — By’ )

distributions to extract the signal
o B — J/YK; J/1p — mtm~n° as calibration mode
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X(3872) — 7tr 70 Results [arXiv:2206.08592]

Case | (37 phase space):

m Overall fit

=== (Combinatorial BKG

Events/ (6 MeV/c?) Events/ (6 MeV/c?)
Events/ (6 MeV/c?) Events/ (6 MeV/c?)

30F neutra| B
gg: * === Combinatorial
15 * { +resonant BKG
101 I
o T
0556557 528 559 97 38 39
M, (GeV/c?) M(r*m ) (GeV/c?)

— No significant signal observed

channel Nisig Upper Limit (90% CL)
BF — KTX(3872), X(3872) - m'm «° 20.3+22.0 <19x10°°
B® — K°X(3872), X(3872) » n'n n° 42446 <15x107°
X(3872) —» ntn7° <13x10°°
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X(3872) — 7w~ 7% Results

Case Il (777~ peaking):

[arXiv:2206.08592]
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— No significant signal observed

channel Niig Upper Limit (90% CL)
BT — K¥X(3872), X(3872) > n"n 7’ 15454 <15x107"7
B — K°X(3872), X(3872) = ntn~7® 0.3+1.0 <1.8x1077

X(3872) — wirn°

<12x107°
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2. Measurement of [ (xc2(1P)) from vy — xc2(1P) — J /v~y

e The two-photon decay widths (I'y,(R)) of mesonic states provide important
information for testing models based on QCD

e Theoretical prediction suggest a wide range from 280 eV to 930 eV
Phys. Rev. D 79, 094016; Rev. D 82, 034021

e A precise measurement will help to improve our understanding of quarkonium
states

e Previous measurements: two approaches

7 decay 7 collision
586+ 16 + 13+ 29 ¢V 506 + 58 + 48 + 16 eV
BES 111" Belle (32 fb~1)"!

— At present, the precision of the experimental value
of 4y (xc2(1P)) using two-photon collision is much lower
than the value measured in two-photon decay.

[1] Phys. Rev. D 96, 092007 [2] Phys. Lett. B 540, 33
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[+ (xc2(1P)): Analysis strategy

o Channel: ete™ — ete x(1P); xe2(1P) — J/tbry; J/ib — 'y ele”

o Dataset: 971 fb™" collected at or near the T(1S), T(25), T(3S), T(4S) and
T(55)

o Recoiling eTe™ are left undetected

e The signal xc2(1P) produced in quasi-real two-photon collisions are selected
with a pT balance requirement:

Pl = |p7" + Py +p7’| <0.15 GeV/e
e Binned extended maximum-likelihood fit on AM = M, — M-

e The two-photon decay width is determined by:

2
— Mxep(1P) Nsig
My (x2(1P)) = sy Ldt).aﬁw(mxcszp?).B(xcz(1P)—>J/ww).B(J/w—>e+e—)
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[ Note (xe2(1P)) = 4960.3 4 97.9|
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— Most precise measurement of I, (xc2(1P))
in two photon processes and cosistent with
previous result from Belle!

LULTR:ER]
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Experiment Iy (Xe2(1P)) (eV)
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Search for tetraquark states X,z in DS DS (DiTD})

e Double-heavy tetraquark states (with two heavy quarks and two light

quarks)

o A QCD inspired chiral quark model gives prediction for X..zs with
charge 42e and JP = 01,2 Phys Rev. D 102, 054023 (2020)

e Expected to be found in D} D} and DD+ final states

e The predicted masses and widths:

Mode 17 Mass Width
(MeV/c?) (MeV)

Xows 5 DIDF 007 1902 351
Xews — DIFDY 02F 4821 5.58
02+ 4846 10.68

02+ 4775 23.26
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Search for tetraquark states X..sz: Overview

[ ) chgg — D:—D: (D:+Ds*+)
DXt — Dy
Df — ¢(— KYK™)n™, K*(892)°(— K~ nH)K+
e Data set:

T(1S) 7T(25) +/5=1052GeV /s=1058 GeV /s=10.867 GeV
6fh | 25fb ! 711 fb ! 121 fb 89 fb

e Studied the invariant mass distribution of D;D, system for the signal search

e For T(1S) and T(25): NUP
BYP(T(nS) = Xcess+anything) x B(Xeess — DDg) — Nr@s,2s) X >, €ilBi
e For /s = 10.52, 10.58 and 10.867 GeV : NYF x |1 —nJ?

0P (ete™ = Xeess + anything) x B(Xeess — DsDg) — L x> eiBi x (1+6)isr
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Xeezzs — DI DJ: Signal extraction

o No significant signal observed in the invariant-mass spectra
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Xeezs — DT DIT: Signal extraction

e No significant signal observed in the invariant-mass spectra
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ch§§ — D5+ D_j— U.L. [Phys. Rev. D 105, 032002]

o BUP(T(1nS) — Xcess 4 anything) x B(Xcess — DIDT) for T(1S) & T(25):
0P (efe™ — Xeess + anything) x B(Xcess — DIDY) for /s = 10.52, 10.58 10.867 GeV

T=154MeV T=154MeV
r=3s4mev

- T=554MeV

°
%
;
o
2
£

BY(Y(15)> Xeany) x B(X-> D’ D)

BYR(Y(28)-> X+any) x B(X-> D; D)

0.15
od o
005
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| Vi =1052Gev N weosman | VIZI0ST GV
£ 600! X - T=154MeV g —T=054MeV -~ I'=154MeV & 2200F —T=054MeV =154 MoV
g I=354 MoV 510007 - rozsamev - r=3samev 520000~ T=254MeV - =354 MeV
71400 - r=ssaMev a ST=ASEMeV - I'=558MeV 01800/ - r=454MeV -~ =554 MeV
1 1200 1 8000 r_esamev - T26:58 MeV
& 1000 4 & 1400
& 1000/
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ch§§ — D;H_D;H_ U.L. [Phys. Rev. D 105, 032002]

o BUP(T(nS) — Xeess + anything) x B(Xeess — DITDIF) for T(1S) & T(25):

"% (ete™ — Xeess + anything) x B(Xcess — D TDT) for /s = 10.52, 10.58 10.867 GeV

_ 10° _ 10°
T gg.—T=2sMe 5 12 —rezsemev - r-3samev
o I'=458 MoV o r=4S8MeV - I=558MeV
7 09 ressMev - 1
x - =
B gy T TTOSMAY 3
x X
T os B
Y(1s) [N g
Fay I
2 o7 @
£ o5 £ oa
3 I |
479 48 481 482 483 484 485 479 48 481 482 483 484 485
X5 Mass (GeV/c?) X5 Mass (GeV/c)
10.52 GeV =
[Vo=1052GeV| e J Vs =1058 GeV| oo | VIZI0867 0V g ipae
&£ 80007 — - 258 mov. 58 eV T =258 MeV. . £ — =258 MeV. =358 MeV.
5 7000- - T =458 MoV 58 MoV S2500 - radsstev 5 5000 5oV =558 MeV
N R T D¢ [ T=6S8MeV - - T=758Mev e 658MeV - T'=7.58 MoV
R P S 2000 -1 osmmr aoon sy
X 5000 x x
% 4000 % 1500 3 3000
= s T 2000
§ 3000 § 1000 § 2000
X 2000 % %
1 3 500 $ 1000
2 1000 3 S
s T g . . b . . .
479 48 481 482 483 484 485 479 48 481 482 483 484 485 479 48 481 482 483 484 485
X5 Mass (GeV/c) X,oqs mass (GeV/c?) X 55 Mass (GeV/c?)

e Numerical values of the U.L. are listed in the backup.
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Summary

o Belle keeps producing exciting results even after ending the data taking more
than a decade ago

e Using the full Belle data, we report;

— a first search for the decay X(3872) — 7+~ n°
(arXiv:2206.08592, submitted to PRD)

— measurement of two-photon decay width of xc2(1P) in
Yy — Xcg(lp) — J/’l/}"y (arXiv:2208.04477, submitted to JHEP)

— and a search for tetraquark states Xss in Df DF (DT D:™)
(Phys. Rev. D 105, 032002 (2022))

o Belle Il is already in the game and several exciting results are expected to be
out soon! (see talk on Belle Il prospects by A. Boschetti)

Thank you!
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Backup: Xz — DD U.L.

TABLE Il Summary of 90% CL upper limits with the systematic uncertainties included on the product branching fractions of
Y(15)/Y(25) = X, (=D DY) + anything

B(Y(15)/T(25) = Xcess + anything) x B(Xeess — DI DY) (x107)

Ty, (MeV)
My, (MeV/c?) 054 1.54 254 354 454 554 6.54
4882 17/12 17/12 18/12 1.8/1.3 18/12 1.9/25 19/25
4887 17/12 17/12 18/12 1.8/1.2 18/1.2 1.9/13 18/13
4892 17/12 17/12 18/12 1.8/1.2 18/1.2 1.9/13 18/13
4897 17/12 17/12 18/12 1.8/1.2 18/1.2 1.9/13 1.8/2.5
4902 17/12 18/22 1.8/2.3 1.8/2.2 1.9/24 1.9/24
4907 17/22 18/23 1.8/2.3 1.8/2.3 1.9/1.9 1.8/1.9
4912 17/22 18/1.8 1.8/1.8 18/18 19/19 34/19
4917 17/19 33/19 3.4/18 34/18 3.5/18 34/18
4922 33/09 34/09 35/1.8 35/18 3.6/19 35/17

TABLE 1V. Summary of 90% CL upper limits with the systematic uncertainties included on the cross sections of e*e™ —
Xe5s(—=Di DY) + anything at /s = 10.52/10.58/10.867 GeV.

a(ee” = X5 + anything) x B(X, s — DI D) (x10°£b)

Ty, (MeV)

My, (MeV/e?) 054 154 2.54 3.54 454 5.54 654

4882 4.8/2.5/6.0 5.0/2.6/6.6 5.1/32/67 4.1/32/103 4.1/41/109 3.9/48/104 57/5.1/10.6
4887 1.9/3.4/40  2.0/3.5/54 42/3.6/55 4.1/38/56  62/43/59  80/4.6/68  8.0/45/1.6
4892 64/3.1/40  6.5/3.4/42  67/34/51 70/39/50  6.1/40/5.1  62/43/61  6.1/5.1/59
4897 59/1.9/27  6.1/2.6/38  6.0/33/39 6.1/3.7/63  62/42/60  7.2/48/13
4902 60/1.9/40 6.1/1.8/38 6.1/23/51  63/29/50  6.1/29/5.1  62/37/61  62/3.8/62
4907 26/1.8/5.1  49/1.8/53  S.1/18/51 52/19/50  7.1/23/5.1  62/28/47  6.1/2.9/15
4912 26/1.6/40  2.6/1.6/41 27/16/66  28/16/67  29/19/18  54/25/13  54/3.0/96
4917 26/12/52  2.6/1.6/66 27/1.6/90  28/22/9.1  54/22/90  54/32/86  54/3.2/89
4922 49/1.1/62  50/1.2/65 52/1.8/66  54/23/79  54/27/83  55/29/90  55/3.1/9.2
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Backup: Xz — DDt U.L.

TABLE V. Summary of 90% CL upper limits with the systematic uncertainties included on the product branching fractions of
T(1S) = X, i55(=D;  D;*) + anything/Y(2S) = X,.55(—D;*D;*) + anything.

B(T(1S)/Y(2S) = X 055 + anything) x B(X,.5; — D;*Di*) (x107%)

Ty, (MeV)
My (MeV/c) 2.58 3.58 458 558 6.58 7.58 8.58

4801 75/6.0 7.9/1.1 79/5.7 7.6/6.1 7.4/6.1 7.6/44 7.7/4.8
4806 7.6/6.1 8.1/73 8.1/58 78/6.2 7.5/62 7.8/6.1 7.9/4.9
4811 78/6.2 8.3/74 82/59 79/63 7.7/63 79/62 80/6.8
4816 7.6/63 8.1/15 8.1/6.0 78/64 7.6/6.4 78/63 7.9/6.9
4821 75/63 8.0/7.6 79/60 77/6.5 74/655 7.7/64 7.8/7.0
4826 74/63 78/15 7.8/6.0 76/64 7.3/64 7.6/47 7.6/5.1
4831 73/62 77/14 7.7/59 7.5/4.7 72/4.7 75/62 75/6.8
4836 7.5/62 79/1.5 79/59 7.6/64 74/64 7.6/46 7.7/5.1
4841 7.6/63 8.1/7.6 8.1/44 7.8/48 7.6/48 7.8/47 7.9/5.1

TABLE VL. Summary of 90% CL upper limits with the systematic uncertainties included on the cross sections of e*e™ — X, .55(—
D:¥D;*) + anything at /5 = 10.52/10.58/10.867 GeV.

o(ete” = X + anything) x B(X,.ss = Dy* Dy*) (x102b)

My Ty, (MeV)

(MeV/c?) 258 358 458 558 6.58 758 8.58
4801 145/8.5/162 14.1/85/20.7 13.4/10.8/20.4 14.1/10.7/23.7 10.3/10.9/23.8 11.5/11.7/232 11.1/12.7/24.1
4806 145/6.1/212 142/62/183  135/83/17.3  14.1/7.7/182 14.0/10.4/183 155/12.6/17.8 11.1/13.6/23.7
4811 14.5/3.8/210 142/63/202  135/7.8/19.9  14.1/7.8/20.9 26.2/10.4/232 23.7/12.7/22.6 23.0/13.9/234
4816 14.1/47/163 138/68/208 24.6/6.6/26.3 25.8/9.1/27.6 25.6/9.5/21.8 283/124/233 27.5/13.0/242
4821 258/67/169 252/15/162 24.1/7.5/212  25.1/9.0/223 24.9/92/193 27.6/9.5/302 26.8/11.0/31.4
4826 264/8.6/164 258/93/158 24.6/9.1/156 25.7/9.1/186 25.5/102/18.7 283/11.2/23.4 27.5/11.4/24.3
4831 27.1/7.0/21.1 265/86/203 252/11.0/20.1 264/11.2/21.0 34.7/115/23.4 38.5/12.0/22.8 37.4/12.5/23.6
4836 138/6.6/162 13.5/75/156 32.0/9.7/23.3 33.4/9.4/23.7 33.1/9.6/23.8 36.6/12.2/232 35.6/13.8/24.1
4841 247/69/21.9 242/67/18.1  23.1/7.2/17.9  24.1/8.9/I88  23.9/9.9/24.3 34.9/12.0/29.6 34.0/134/30.8

Abdul Basith HEPHY, Vienna

Recent quarkonium results from Belle



