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Bottomonium Scheme

2 Below the BB threshold states are well described by potential
models.

2 Above BB threshold states exhibit unexpected properties:

4p Hadronic transitions to lower bottomonia are strongly
enhanced.

40 The n transitions are not suppressed compared to 717z~

transitions. Strong violation of Heavy Quark Spin Symmetry.

@ 7(10610) or Z;(10650) : observed near the B B*
thresholds, properties are consistent with B"”B* molecules.

Exotic admixtures: molecule, compact tetraquark, hybrid.
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2 Conventional bottomonium (pure bb state)
2 Bottomonium like states (mix of bb and BB)

B> Purely exotic states (Z))




Discovery of Y (107353)

2 Y (10753) was observed in energy dependence of ete™ - Y(S)z 'z~ (n = 1,2,3)
cross sections by Belle.

JHEP 10 (2019) 220

2 The global significance is 5.2¢

1 (10860) 1 (11020) New structure \

|

M (MeV/c2) 10885.3 +1.5%22 11000.0+40+10 10752.7 +5.9197 \
[ (MeV)  36.6%39 %07 23.8%6s s 30511757353 »

2 ete™ — bb cross section in bottomonium i.Belle+BABAR data -

energy region based on the Belle and =400 - 10.75 GeV - ,
BABAR measurement. = | \
# A dip near 10.75 GeV likely caused by ! H|| il o ‘
interference between BW and smooth o 200 1 ||| |
component. CPC 44, 8. 083001 (2020) O i

1 . .~ h "" ’g~. "'Q. T
10.6 10.7 10.8 10.9 11 11.1 11.2
Vs (GeV)

Fit function: 3 BW+smooth component
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https://link.springer.com/article/10.1007/JHEP10(2019)220
https://iopscience.iop.org/article/10.1088/1674-1137/44/8/083001/pdf

Y (10753): theoretical interpretation

Y(4S) B'B B‘B* B.B- B.B. Y(5S)

EXP Cry m eng

Theory

Y(4S) Y(3D) Y(5S5)

10.55 10.60 10.65 10.70 10.75 10.80 10.85 10.90 10.95
Vs [GeV]

2 Mass does not match Y (3D) theoretical predictions, and D-wave
states are not seen in ete ™ collisions.

2 Y(4S) — Y(3D) mixing can be enhanced due to hadronic loops.
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Possible interpretations:

|B> Conventional bottomonium?

Phys. Rev. D 105, 114041 (2022)
Phys. Rev. D 106, 094013 (2022)
Phys. Rev. D 105, 074007 (2022)

B Hybrid state?

Phys. Rept. 873, 1 (2020)
Phys. Rev. D 104, 034019
(2021)

P Tetraquark state?

Phys. Rev. D 103, 074507 (2021)
Phys. Rev. D 107, 094515 (2023)

'{ B Hadronic molecule with a small
admixture of a bottomonium?




Unique data with energy scan near \/E = 10.75 GeV

2 Belle IT / SuperKEKB performed an energy scan in November 2021 with a total luminosity of 19 fb~!.
2z Physics Goals:
2 The main goal was to confirm and study the Y (107353).

2 Improve the precision of exclusive cross-section below the Y (35).

12 u T T T | ] T T T ] T T T [ | I | T T 35/fb 16/fb 98/fb 47/fb
- I Belle . a
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= I - B
2 g . B
5 | : n
g I : 2
5 °F 1 31 B
% L 1 4.7 fb : o |
© 41— 3.5fb —
o I )
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2 Belle II collected data in the gaps between the Belle points.
2 The point with the highest statistics (9.8 fb™!) is near the Y(10753) peak.
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Study of Y(10753) — (ztz~7") y Y(15)




Study of Y(10753) — (zT7z~7z") y Y(15)

2 Theory: R — _
1, i
4 Mixed 4§ — 3D model suggests Y(10753) — wy,; ,(1P) could be enhanced. | w(;zxfo) — |
. PRD 104. 034036 (2021) BN —_ f;
2 Charmonium sector: Y 7X@ |
| “\ S |
4 Similar to Y(10753) inete™ - zta~Y(nS), Y(4260) was observed in B
ete™ —» n7n~J/y cross section by BESIII. | B -
& Expect similar nature of Y(10753) and Y(4260). ; e ‘
4 Y(4260) was also observed in wy,,(1P) and y X(3872) by BESIII. | ‘, ") o ]f
. . ‘! /v  — » T |
4 Inspired by decay modes of Y(4260) charmonium state, we expect : J T O ]
) Y(10753) —> a))(bJ(IP) Y(10753)
® Y(10753) - vy X, X,: bottomonium analogue of X(3872) B )
| i "\ R b\ * * |
L Yus) |
| ' K %61(3P) |
H 1] v Y(2S) .." \‘\
1] i', 4 %ei(1P) ‘
| ! |
: v ;,: ‘ ______________________________ ; J'Z*J‘C’
| Y(1S) e > @)

Search in ete™ — (T2~ 7") ¥ Y(15) process
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.034036

Observation of Y (10753) — w y, (1P)

PRL 130, 091902 (2023)

The ete™ - w y,,(1P) (J = 1,2) cross sections peak at Y(10753).

ol -@- Belle Il data Belle I, 1.6, 9.8, and 4.7 fb™ :
.t @%1 | ABelledata |PAp2 15
Q St —Total fit = 1 8
— 6r -- - Solution | 14 =
o [ - = Solution I o
5 Al 13 §<
1 4 K
+GJ : 12 +0)
L oL 1 &
o : 41 ©
0 T -."."".0'1"I".".".:.'.vl'".'-;::d-.-‘:'.-'-'..'"': TS 4 ‘n=:i.'.'|"."|"."."|':.:.1 .;';.'"-.-q- ..'..-=': 0
10.7 10.75 10.8 10.85 10.7 10.75 10.8 10.85
/s (GeV)
_|_ —_—
cleTe” = w 1.5at Y(10753) GeV . o
P ( Ab] ) - { ( ) Solution 1: constructive interference
te— — +r— 0.15at Y(55) GeV . o
0(6 € Y(n 5 )ﬂ 7 ) ( ) Solution II: destructive interference

—> Y (10753) and Y (5S5) have different internal structure?

_|_ —_
p 2 TP 340 6a4/5 = 10.745 GeV Channel 5 (Gev) N9 oforn (PD)
olete” = w
( 2v2) WXp1 68.9713:Z 3.6757 +0.4
4p Contradicts the expectations for a pure D-wave 10.745
: wX 27.6110:8 2.8112+0.5
bottomonium state: 15 b2 ——10.0 ©-1.0 =7
6.8
4 An observation of 1.8¢ difference with the prediction ®Xb1 10.805 15.0%¢7 1.6 @30% C.L,
for a S — D mixed state: 0.2 Wbz 3.3%33 1.5 @90% C.L.
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.091902

Search for Y (10753) — yX,

PRL 130, 091902 (2023)

The X, 1s posited bottomonium counterpart of X(3872).

| —®—Data Belle ll, 3.5 fb" | —*— :atal ] Belle I, 1.6 fb™ {10
10— Total it /s=10.653 GeV | — _ e?;?_)(;;w /s =10.701 GeV
—~ [ - Expected X == Expected X
No Y I e Smooth bkg -
S sf 1
@ .
= _
o | 1. - .
2 No significant signal of X, signal is observed. » 30 Belle Il, 9.8 fb™ Belle Il, 4.7 fb™'
. . c | (s = 10.745 GeV Vs = 10.805 GeV 10
2 Upper limits on cross sections are set for g : '
M(X,) € (10.45 - 10.65) GeV w 20 : .
I 15
s GeV | oplete” = yX,) X BX, — wY(1S)) 10f l '
10.653 (0.14-0.55) pb N R T T W
S 102 103y, 104 105 106 10.3q 104 105 106 107
10.701 0.25-0.84 N\ /
( -------------------------------- )pa ----------------------------------------- | M(0Y(1S)) [GeV: c?]
10.745 (0.06-0.14) pb -
10.805 (0.08-0.37) pb Reflection of

e*e™ — wy,(1P)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.091902

Search for Y (10753) — wy, (1P)/wn,(15)




Search for Y(10753) — wy, (1P)/wn,(15)

2 Motivation:
W Y(10733) = w n,(1S)
& Theoretically, tetraquark interpretation predicts,

O a strong enhancement of the decay w 7,(1S) compared to 777~ Y (nS)
['(wn,,) CPC 43 (2019) 12, 123102

~ 30
['(zt7z=Y (nS))
# Y(10753) = @ y(1S)

& In charmonium analogy, Y(4260) — @ y.(1P) transition is enhanced compared to Y(4260) —  y.; »(1P)
© PRD 99, 091103(R) (2019)

& Not observed in full reconstruction analysis of Y(10753) = w y,,(15) due to small branching fraction
PRL 130 091902 (2023)

2 Strategy

4 Partial reconstruction:

& Reconstructed @ meson in 777~ 7" and use the recoil mass of @ as signal variable
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https://iopscience.iop.org/article/10.1088/1674-1137/43/12/123102/pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.99.091103
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.091902

Results

2 No significant @ y,,(1P) and @ #,(15) signals are observed.

° ° O b _ ° ° ° °
2 Upper limits at the 90% C.L. on the Born cross section are set. o — 1179 recoil mass distributions
onp(1S) .o Wpo(1P)
% 40000F- % 120
. = 35000 —— Data p= -
2w n(lS): S 30000F- — Totalfit 0 1005
W o(ete™ = wn,(18)) < 2.5 pb 8 25000 @ F
@ 20000 T 60 1
W cfoleTe™ > Y(nS)x*z™) ~ 2.0 pb S 15000 Belle 11, 9.8 fb 3 [ —Dat Befle 1, 9.8 tb
. : £ 10000F /s = 10.745 GeV g OF — Total fit /s = 10.745 GeV
4) Evidence against the tetraquark model S <000k - O oF
predictions. CPC 43 (2019) 12, 123102 e o
1 . NE 600:— —T](1S) mEmmmmsEEEEE. . \é § _X (1p) LLCECREEYLY -
P o )(bO(“P) E a00E- ﬂb( 1S) upper limit ’719 UL : é 15005_ ----- b0(1p) upper limit )(bO UL :
_ - 1000
W oleTe™ = wy,)(15)) < 8.7 pb 2 200f ] ! K i ool i N ! } +
. . o - ] s : o 5
4 Supports the S — D mixing model g O:i‘—ﬁml”l & o%"%' H'
PRD 104 (2021), 034036 T 200 S _500=_H B
O —400 g =
2 - S -1000F
© e00E ~1500 .
02 925 93 935 94 945 95 955 96 078 9.8 982 984 986 988 99 992 994
M. ..i(mn0) [GeV/c?, M. ..(t* 7 =% [GeV/c?
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https://iopscience.iop.org/article/10.1088/1674-1137/43/12/123102/pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.034036

Search for Y(10753) —» #7227 Y (nS)




Search for Y(10753) — #7727 Y (nS)

2 Search for Y(nS)( —» u*u")n*n~ decay mode. o
. ol Belle II, 9.8 fb" L Belle 11, 9.8 fb"
(it — ot — _ SR , % ,
? p*(uTu nx”) < 100 MeV/c to reject background. o | ko] Vs=10.745 GeV S Vs=10.745 GeV
% 10: . Ci ool t i i I '..:.
E > :;‘- ) E E . ?.. B
N ' pHututat) < 100 GeV
L Lk — | A N A | A L . | {
| AM [GeV/c
2 Clear signal for Y(1S)z 7z~ and Y (25)7z "7~ decay mode. [ ’
2 No evidence of ¥V (25)7 7
- ] T ) l
f - I L b -
i p | 60 p | 16F 1
', 357 Bellell,9.81b | Bellell, 981 .| Bellell, 98t
% 30F mrY(1S) at 10.745 GeV | % 50§ Y (2S) at 10.745 GeV '], % 14;‘ nrY (3S) at 10.745 GeV
=250 | 40 =%
Q=7 =i | S10F Y (39)
=20 1(15) S b Y(2S) Ehat
| E : | th 30:_ | E 8__
Q.15:_ \‘ o i w o i
2 | 2 20f 8 6F ¢
- C E | < B | C -
810 e WIS -
Y osk  t10f b B L'/.\f Y
#1 ;“ T e~ i — .: N ; -
| 12 125 13 135 | 065 0. 0.75
_ AMM[GeV/e] | AM[GeV/e] |
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Search for Y(10753) — #7727 Y (nS)

2 New measurement confirms previous Belle result: cross
section 1s peaking near 10.75 GeV.

—¢- Belle data, 7Y (1S)
+ Belle Il data, nnY (1S)

Bomn cross section [pb]

. $ ¢

Belle + Belle II (MeV) Belle (MeV)

-~ Belle data, nnY (2S)
—4- Belle Il data, nnY (2S)

My 10753y |107563 £2.7+06]10752.7 59197

FY(10753) 29.7+85+x 1.1 35.5117913

7.50

Bomn cross section [pb]

2 Results are consistent with the Belle results. ]

~4- Belle data, n7Y (35)

2 Uncertainties are improved by a factor of two from previous
Belle results.

—+— Belle Il data, ©nY (3S)

Born cross section [pb]
N

JLLLJ LLLLY LLLLY LLLLY LLLLY LLLLY LULLY LLLLY LU L UL | (I | Fr \ I I L Illll Illl|IIII|IIII|Illl|l|ll|llll|llllllll

1 1 1 1 I L 1 1 1 l L L 1 1 l 1 L 1 1 I L L 1 1 I L L L
10.5 10.6 10.7 10.8 10.9 1

Center-of-mass energy [GeV]
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Resonant structure in Y(10753) = zt2~ Y (nS)

AM, = M(z=pu*u~) — M(u*u~)

10 - 9 :_
N§ 8 - Belle I, 9.8 fb" S 8 Bellell,98fb’
L ArY(1S) at 10.745 GeV S 7F mnY(1S)at10.745 GeV
: : : ! o 6F
2 No signal of intermediate Z"(10610) or Z (10650) g ¢} =N
— i E 3
resonances are observed. 8 4l - it o |
— —_ ¢ ¢ * * * E : E é_ ¢ ' 1) ¢ [ o |le [ 3K )
2 7tz Y(1S): M(z*x™) distribution is consistent S f { (134 220 WL ]
. L i 'y 1_,7__’_.....‘_-‘-_----_-{__,:} 1F 1"5‘!’6’00 464 STToov ¢v9ol . | o0 ® l_,]- |
with phase space. M TH MU UL T )y, S
_ 1 0.6 0.8 1
2 ntr Y (25): larger values of M(n*7n~) enhanced M(n'm) [GeV/c?] AM, [GeV/cT]
(similar to Y(25) — #7227 Y (1S) process) o) . 6L
Q| Bellell, o8’ % 14 Bellell, 9.8
< - nY(2S) at 10.745 GeV = g 7nY(25)at10.745GeV
S 15f g 10 |
CE O SGLEECLELEERLEE : ! ¢ Y 11
3 [ :Phasespace: | o 6f it (1] 11
2 t 5 4f t ERSAARIE
i . ’ — — 1t ] |
= : ' | 0.3 04 0.5 0.6

0.6
M(nt*r)) [GeV/c?]
Fit 1s performed

using CLEO
parametrization
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Conclusion on Y (10753)

2 Improved results for mass and width of Y(10753) using Y(10753) - Y(nS)z 'z~ .
7 New decay modes Y(10753) — wy,,; ,(1P) are observed for the first time.

2 A stringent upper limit is set for the Y(10753) — wn,(15)/wy,,, at \/E = 10.745 GeV.

2 No signal of intermediate Z;(10610) or Z"(10650) resonances are observed.

S
o>
\% Y(10753)
560 T 1
9%
? ?
a) .
Y(3S)
Y(2S
Sl Y(1°Dy)
- Xpo(1P)
- Xp1(1P)
Y(1S) | : Xpo(1P)
S-wave P-wave D-wave
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Energy dependence of ete™ - BYBY cross

section




Energy dependence of e "¢~ — BB cross section

2 Motivation:

# The open flavor final states (B”B""”) make dominant
contribution to bb cross-section.

& Their measurements are critical for understanding

the structure of bb states.

7 Belle measured the energy dependencies of

o(ete™ = BYBM) and observed an oscillatory
behavior.

& Channels BB saturate the cross-section below

the B*B* threshold.

4 The measured cross sections can be used in the coupled
channel analysis of all available scan data to extract the

parameters of the Y states.

4 To improve the accuracy below Y(5S) and understand
the nature of Y(10753), need more data: Belle II

N

Cross section (pb)

Belle results

Cross section (pb)

l BB*
?(10753)

.......................

E,. (GeV)

0.5
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Cross section (pb)




Energy dependence of e "¢~ — BB cross section

5 Belle ¢ Belle |l BB

2 The obtained cross sections at four energies are consistent
with the Belle results.

B o(ete™ — B*B¥*) increases rapidly above B*B* threshold

4 Similar phenomenon was observed near D*D* threshold.

1) Possible interpretation: resonance or bound state (B*B*
or bb) near B*B* threshold

4 Inelastic channels [#7z~Y (nS) and nh,(1P)] could also be
enhanced

E.., [GeV]
Solid curve — combined Belle + Belle II data fit

Dashed curve — Belle data fit only
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Energy dependence of e "¢~ — BB cross section

Comparison of 6,; and op5 + Oz« + Ops« =

o_dressed [nb]

0.5

1.5

N

¢ total o(bb)
5 o(BB) + 6(BB*) + 6(B*B*) — Belle
¢ o(BB) + 6(BB*) + o(B*B*) — Belle II

f i
R JM j:;w&?ﬁé%s
?i » 93
i§ ’
o E e e b e
10.6 10.7 10.8 10.9 11 111 112
E., [GeV]

2 Agreement with 0,7 below the B B{" threshold.

Gdressed [nb]

05|

Y(5S) Y(65)

|
l.
lllllllll

Black dots: Belle + BaBar
[PRL 102, 012001 (2009),
PRD 93, 011101 (2016),
CPC 44, 083001 (2020)]

Open blue circles: Belle
[JHEP 06, 137 (2021)]

Filled red circles: Belle 11
[this work]

111,,1
106 10.7 108 109 11 1

2 Deviation at high energy is presumably due to BS(*)BE*), multi-body BB x(x), etc.
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L |
1.1 11.2
E., [GeV]
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Summary

2 We are at the beginning of a long program of quarkonium physics.
? The unique data sample with energy scan near \/E = 10.75 GeV at Belle II provides an opportunity

2 To understand the nature of the Y (10753) energy region,

% The quarkonium spectroscopy.
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Introduction

Quark mOdEI: M. Gell-Mann, Phys.Lett. 8, 214 (1964)

Classification scheme for hadrons 1n terms of valance quarks.

Hadrons are composed of mesons (gg, gqgg, ...) and baryons (gqq, gqgqqq, ....).

Pentaquark: u’d
S=+1 Baryon u‘d'e
2 qq spectroscopy with heavy quark (mostly Glueball
c or b) are best place to study quark model. g

Color-singlet multi-
2z Simple two body system, non-relativistic gluon bound state @

and narrow (with OZI suppression). Tetraquark mesons Q

2 Further, one can search for exotics with .
them. tightly bound C
diquark-diantiquark

e 00

Baryons (qgqg) Mesons (qq)

H-diBaryon

(g
tightly bound \f} ,«»
6-quark state * ¢ S

\

loosely bound éx
meson-antimeson .
“‘molecule”

78

0

o . s, Not observed in conventional
qqg-gluon hybrid mesons LCM matter. However, they should

Recent quarkonium results from Belle II / Renu Garg / HQL 2023

be allowed.
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Belle 11 detector

Record-breaking instantaneous luminosity:

4.7 x 10%* cm™2s~!

» Asymmetric eTe™ collider

K; & p Detector
» Collected data

u 1D efficiency = 90%
7t mis-1D rate = 5%

Central Drift Chamber
Spatial resolution = 100um

- ~362 tb-! at Y(4S) O-(pT)/pTz 0.4%

- 42 tb'! off-resonance, 60 MeV below Y (45).

- 19 b1 energy scan between 10.6 to 10.8
GeV for exotic hadron studies.

Super-Conducting
Solenoid

1.5T B-field

Vertex Detector

Features:
o vertex = 15um

» Near-hermetic detector

»  Excellent vertexing and tracking ~ B

»  High-efficiency detection of neutrals (y, n9, . : Identification
N, ...) 4 K ID efficiency = 90%

»  Good charged particle reconstruction. | Nt 7 ms-1D rate = 5%

EM Calorimeter
o(E)JE~ (2—-4)%

Recent quarkonium results from Beile II / Renu Garg / HQL 2023 29




Coupled channel analysis

Hiisken, Mitchell, Swanson, PRD 106, 094013 (2022)

(c) B*B*

All available scan data
¢

K-matrix: scattering

_ _ via Y(4S), Y(10753),
gop (1) “BeBs * | Y(5S), Y(6S) or
100 non-resonantly.
a
Q Results:
o

pole positions,
branching fraction,
energy dependence of
scattering amplitudes.

Accuracy above Y(6S)
and near Y(10753) is
poor.
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Energy dependence of e "¢~ — BB cross section

Decay modes used:

B‘+ — BY — |
| DOﬂ.+ Dt
| g(:(:z o g*_i:_r o DO Dt — Df —
D¥rtgte=  D* gtato— | . Kot K rntnt KtK—rnt I
D+ DO D+D- w K—ntn0 K-rntrta)  KtKg
D**+ DO D*+D- | K ntntn~ Kgnt KTK—ntnl :
D} D* D} D*- | | Kgmtn™ Kgmtm0 KTKgntm™
D;*D* D;TD*~ \ Kgntnn’ Kgrntntn~ K Kgrntn™ ‘
T/ K+ T/ K | KTK~ KtK—nt  KtK ntata™ |
JWKsnt  JlpKtno KtK~Kg K+ato— |
ot ﬂ
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Energy dependence ot e e — BB cross section

AE' vs M,_at E,_ = 10.746 GeV

2 Method:
4 Reconstruct one B in full hadronic channels.

AE" [GeV]

4 Key variables for analysis are

WI’ Mbc — (Ecm/2)2 o pl%
W AE'= AE — M, .+ My, where AE = Ey — E_ /2

4 AE’ has improved resolution and allows all desired two-
body decays to be selected with a common cut

4 Populations of each can be studied by fitting the
projections onto the My, axis for all energies at which -0.05

data were accumulated

40 B* — By decays are not reconstructed.

. ) }\.,"n
SR LR R 4

5.25
2
o [GeV/cT]

28
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Energy dependence of e "¢~ — BB cross section

o °§ :_B lle Il 3228 10.805 GeV ) 200 F Belle Il 10.746 GeV
M, . fit at scan energies 3 ol Bele G| ososcev| g amp eele (10745 Go
g’ 80 g’ .
8 | 8 |
2 M, fit distribution: . 605_ ’ BORC)
40 [
2 AE' signal region (upper) | e
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Bottomonium (-like) at Belle 11

Direct production
b

2 Four ways to access bottomonia:

o

A Direct production fromete™: JFC=1"": Y(nS)

ISR production
4 ISR production: J7¢ =1"": Y(nS) '

4 Hadronic transitions from Y (nS) through n, nm, ... @
JEC=0"t 177,17 ...: Y(S), n,(nS), h,(nS), ...
7 Radiative transitions from Y (nS)

JPC =07+, 0%, 14+, 24+ (), y,(nP)
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