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Below the BB̅ threshold states are well described by potential 
models. 
Above BB̅ threshold states exhibit unexpected properties: 

Hadronic transitions to lower bottomonia are strongly 
enhanced.  
The  transitions are not suppressed compared to  
transitions. Strong violation of Heavy Quark Spin Symmetry.  

 or  : observed near the  
thresholds, properties are consistent with  molecules.

η π+π−

Z+
b (10610) Z+

b (10650) B(*)B̄*
B(*)B̄*

Bottomonium Spectrum

Exotic: molecule, compact tetra-quark. 
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Conventional bottomonium (pure  state) 

Bottomonium like states (mix of  and ) 

Purely exotic states ( )
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bb̄ BB̄

Zb

Open bottom threshold

2



Belle (II) relevant datasets 

Scan data

Scan data
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Bottomonium below  thresholdBB̄
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The properties of spin-singlet   are expected 
to be similar to spin-triplet  partners  state.
Theoretical prediction: the ratio of the annihilation 
rates for the  and  is the same as the 
corresponding ratio for   and , 

.

Based on current results, the  with 
1.5𝜎 discrepancy from unity. This discrepancy will 
increase if the rate of  is as large as 
10%

hb(1P,2P)
χb1(1P,2P)

hb(1P) hb(2P)
χb1(1P) χb1(2P)

Rhb
= Rχb1

Rhb
/Rχb1

= 0.24+0.47
−0.24

hb(2P) → Υ(1S)η

Search for  and  at Bellehb(2P) → Υ(1S)η hb(1P,2P) → Υ(1S)π0
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.094013


Search for  and  at Bellehb(2P) → Υ(1S)η hb(1P,2P) → Υ(1S)π0

Evidence for  with 3.5  significance. 

 

No significant  signal is observed. 
Upper limits at the 90% C.L. are set. 

 at 90% C.L

hb(2P) → Υ(1S)η σ
ℬ(hb → Υ(1S)η) = (7.1+3.5

−3.2 ± 0.8) × 10−3

hb(1P, 2P) → Υ(1S)π0

ℬ(hb(1P,2P) → Υ(1S)π0) < 1.8 × 10−3

10.242 < M rec
ππ < 10.278 GeV/c2

450 < Mγγ < 600 MeV/c2
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 Υ(1S) → μ+μ−

Υ(1S) → e+e−

hb(2P)

Preliminary results!
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Search for  at Bellehb(2P) → γχbJ(1P)

 is highly suppressed due to 
heavy quark spin flip.  
Relativized quark model predicts, 

 
According to coupled channel effect, 

 
Experimental results needed !!

hb(2P) → γχbJ(1P)

ℬ(hb(2P) → γχbJ(1P)) = 10−6 − 10−5

ℬ(hb(2P) → γχbJ(1P)) = 10−2 − 10−1

e- e+

π+

hb(2P)

π+

γ
χbJ(1P) γ

Υ(1S)

 PLB 760, 417 (2016)

PRD 32, 189 (1985)
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π+π−
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Search for  at Bellehb(2P) → γχbJ(1P)

No significant  signal is observed. 
Upper limits at the 90% C.L. are set.

hb(2P) → γχbJ(1P)
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Results are consistent with the Relativized 
Quark Model (RQM)

Coupled channelCoupled channel

RQM

Coupled channel

RQM RQM

Preliminary results!
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Hidden flavor cross section
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Discovery of Υ(10753)
 was observed in energy dependence of  

cross sections by Belle. 
The global significance is 5.2𝜎

Υ(10753) e+e− → Υ(nS)π+π− (n = 1,2,3)

 cross section in bottomonium 
energy region based on the Belle and 
BABAR measurement. 

A dip near 10.75 GeV likely caused by 
interference between BW and smooth 
component.

e+e− → bb̄

JHEP 10 (2019) 220

CPC 44, 8, 083001 (2020)

Belle+BABAR data

10.75 GeV

π+π−Υ(1S)

π+π−Υ(2S)

π+π−Υ(3S)

Υ(6S)

Υ(5S)

Υ(5S)

Υ(6S)

Υ(6S)
Υ(5S)

Υ(10753)

Υ(10753)

Υ(10753)

Fit function: 3 BW+smooth component
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Υ(5S) Υ(6S)
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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


: theoretical interpretationΥ(10753)

Possible interpretations: 

Conventional bottomonium? 

Hybrid state? 

Tetraquark state? 

Hadronic molecule with a small 
admixture of a bottomonium?

Mass does not match  theoretical predictions, and -wave 
states are not seen in  collisions. 

 mixing can be enhanced due to hadronic loops.

Υ(3D) D
e+e−

Υ(4S) − Υ(3D)

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

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

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

Experiment

Theory

Experimental 
observation of  Υ(10753)
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Belle II / SuperKEKB performed an energy scan in November 2021 with a total luminosity of 19 . 
Physics Goals:

Confirm and study the .
Improve the precision of exclusive cross-section below the .

fb−1

Υ(10753)
Υ(5S)

Unique data with energy scan near  GeVs = 10.75

Belle II collected data in the gaps between the Belle points. 
The point with the highest statistics (9.8 ) is near the  peak.fb−1 Υ(10753)
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Discovery mode of the  (Next few slides will cover): 
Confirm its existence 
Measure the di-pion spectrum  
Look for  or  intermediate contributions

Υ(10753)

Z+
b (10610) Z+

b (10650)

Search for  at Belle IIΥ(10753) → π+π−Υ(nS)

Υ(3S)Υ(1S) Υ(2S)

Clear signal for  and  decay mode. 
No evidence of 

Υ(1S)π+π− Υ(2S)π+π−

Υ(3S)π+π−

e- e+

π+

Υ(nS)

π+
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Confirm  existenceΥ(10753)
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New measurement confirms previous Belle result: cross 
section is peaking near 10.75 GeV.

Search for  at Belle IIΥ(10753) → π+π−Υ(nS)

4.1σ

7.5σ

0.2σ

π+π−Υ(1S)

π+π−Υ(2S)

π+π−Υ(3S)

MΥ(10753)

ΓΥ(10753)

Belle + Belle II (MeV) Belle (MeV)

10756.6 ± 2.7 ± 0.9

35.5+17.6+3.9
−11.3−3.329.0 ± 8.8 ± 1.2

10752.7 ± 5.9+0.7
−1.1

Results are consistent with the Belle results. 
Uncertainties are improved by a factor of two from previous 
Belle results.
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Confirm  existenceΥ(10753)
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arXiv:2401.12021

https://arxiv.org/pdf/2401.12021


No signal of intermediate  or  
resonances are observed.

Z+
b (10610) Z+

b (10650)

Resonant structure in Υ(10753) → π+π−Υ(nS)

Phase space

ΔMπ = M(π±μ+μ−) − M(μ+μ−)
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:  distribution is consistent 
with phase space. 

: larger values of   enhanced 
(similar to  process)

π+π−Υ(1S) M(π+π−)

π+π−Υ(2S) M(π+π−)
Υ(2S) → π+π−Υ(1S)

Di-pion spectrum 

 or  intermediate resonances Z+
b (10610) Z+

b (10650)
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Study of  at Belle IIΥ(10753) → (π+π−π0) γ Υ(1S)
Theory: 

Mixed  model suggests  could be enhanced. 
Charmonium sector: 

Similar to  in ,  was observed in 
  cross section by BESIII. 

Expect similar nature of  and . 
 was also observed in  and  by BESIII. 

Inspired by decay modes of  charmonium state, we expect 
 

                  : bottomonium analogue of X(3872)

4S − 3D Υ(10753) → ωχbJ(1P)

Υ(10753) e+e− → π+π−Υ(nS) Y(4260)
e+e− → π+π−J/ψ

Υ(10753) Y(4260)
Y(4260) ωχc0(1P) γ X(3872)

Y(4260)
Υ(10753) → ωχbJ(1P)
Υ(10753) → γ Xb Xb

PRD 104, 034036 (2021)

Search in  processe+e− → (π+π−π0) γ Υ(1S)

e- e+

γ

Xb
Υ(1S)

ω

e- e+

γχbJ
Υ(1S)

ω
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Observation of  at Belle IIΥ(10753) → ω χbJ(1P)

ωχb1 ωχb2

The  cross sections peak at .e+e− → ω χbJ(1P) (J = 1,2) Υ(10753)

Solution 1: constructive interference 
Solution II: destructive interference

1.5 at  GeVΥ(10753)
0.15 at  GeVΥ(5S) ~   

     and  have different internal structure?

σ(e+e− → ωχbJ)
σ(e+e− → Υ(nS)π+π−)

⟹ Υ(10753) Υ(5S)

{
PRL 130, 091902 (2023)

Disagreement with both pure  wave state 
Tension with the  mixed model (1.8 )

D
4S − 3D σ

Measured ratio: 

 

Prediction for a pure -wave state: 15 
Prediction for a  mixed state: 0.18 - 0.22

σ(Υ(10753) → ωχb1)
σ(Υ(10753) → ωχb2)

= 1.3 ± 0.6

D
4S − 3D

Bottomonium and exotic spectroscopy / Renu Garg / FPCP 2024

PLB 738, 172 (2014)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.091902
https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269314X00110/1-s2.0-S0370269314007011/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240521T193227Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYTFKEIMGL/20240521/us-east-1/s3/aws4_request&X-Amz-Signature=8638ea07527740e4c6043521cc99260b5173a913af93e2a50c1962e93595aae8&hash=ba3eb145dd9949b2a9ba9ac3165889a034865dc1223cad87c89cf91a38535145&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269314007011&tid=spdf-a64a87ca-abf8-477f-99c4-c3e244638e55&sid=746d46863231964b4489cc5-ac5552b37142gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=1317575e545707025457&rr=8876fe14aee93943&cc=us
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.034036


Search for  at Belle IIΥ(10753) → γXb

The  is posited bottomonium counterpart of X(3872).Xb

No significant signal of  signal is observed. 
Upper limits on cross sections are set for 

(10.45 - 10.65) GeV

Xb

M(Xb) ∈

Reflection of 
e+e− → ωχbJ(1P)

10.653 (0.14-0.55) pb

10.701 (0.25–0.84) pb

10.745 (0.06–0.14) pb

10.805 (0.08–0.37) pb

σB(e+e− → γXb) × ℬ(Xb → ωΥ(1S))s GeV

PRL 130, 091902 (2023)
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Motivation: 
Theoretically, tetra-quark interpretation predicts, a 
strong enhancement of the decay  compared to 

 
 mixed model predicts that decay rate of 
 is smaller than  by a factor of 

0.2-0.4 

Strategy 
Partial reconstruction: 

Reconstructed  meson in  and use the 
recoil mass of  as signal variable 

ω ηb(1S)
π+π−Υ(nS)
4S − 3D
ω ηb(1S) π+π−Υ(nS)

ω π+π−π0

ω

Mrecoil(π+π−π0) = ( s − E*
c2 )

2

− ( p*
c )

2

Search for  at Belle IIΥ(10753) → ωηb(1S)

e- e+

γ
ηb Υ(1S)

ω

CPC 43 (2019) 12, 123102

19Bottomonium and exotic spectroscopy / Renu Garg / FPCP 2024

PRD 109, 014039 (2024)
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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.109.014039


No significant  signal is observed. 
Upper limits at the 90% C.L. on the Born cross section are set. 

ω ηb(1S)

σ(e+e− → ωηb(1S)) < 2.5 pb

Ratio: 

 

Prediction for a tetra quark model: ~30 
Prediction for a  mixed state: 0.2 - 0.4

σ(ωηb)
σ(π+π−Υ(nS))

< 1.25

4S − 3D

ωηb(1S)

 ULηb

 recoil mass distributionsω → π+π−π0

Bottomonium and exotic spectroscopy / Renu Garg / FPCP 2024

Search for  at Belle IIΥ(10753) → ωηb(1S)
PRD 109, 072013 (2024)

Evidence against the tetraquark model predictions. 
Compatible with  mixed modelS − D

PRD 109, 014039 (2024)

CPC 43 (2019) 12, 123102
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Open flavor cross-section
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Motivation: 

The open flavor final states ( ) make dominant 
contribution to  cross-section.  

Their measurements are critical for understanding 
the structure of  states. 

The measured cross sections can be used in the coupled 
channel analysis of all available scan data to extract the 
parameters of the  states. 
Belle measured the energy dependencies of 

 and observed an oscillatory 
behavior. 

Channels  saturate the cross-section below 
the  threshold. 

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

B(*)B̄(*)

bb̄

bb̄

Υ

σ(e+e− → B(*)B̄(*))

B(*)B̄(*)

B*s B̄*s

Υ(10753)

Energy dependence of  cross section at Belle IIe+e− → B(*)B̄(*)

Υ(10753) Υ(10753)
Υ(10753)BB̄ B*B̄*BB̄*

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

 increases rapidly above  threshold 
Similar phenomenon was observed near  threshold. 
Possible interpretation: resonance or bound state (  
or ) near  threshold  
Inelastic channels [  and ] could also be 
enhanced. Need more data to study these transitions.

σ(e+e− → B*B̄*) B*B̄*
D*D̄*

B*B̄*
bb̄ B*B̄*

π+π−Υ(nS) ηhb(1P)

Energy dependence of  cross section at Belle IIe+e− → B(*)B̄(*)

Solid curve – combined Belle + Belle II data fit 
Dashed curve – Belle data fit only
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Energy dependence of  cross section at Belle IIe+e− → B(*)B̄(*)

Comparison of  and σbb̄ σBB̄ + σBB̄* + σB*B̄*

Saturate the  cross-section below the  threshold. 

Previously observed deviation at high energy is presumably due to , multi-body , etc.

σbb̄ B(*)
s B̄(*)

s

B(*)
s B̄(*)

s B(*)B̄(*)π(π)

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 II  
[this work]

Υ(5S) Υ(6S)
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B(*)
s B̄(*)

s
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Production of prompt  and  mesonsJ/ψ Υ
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Production of prompt  and  mesonsJ/ψ Υ

Bottomonium and exotic spectroscopy / Renu Garg / FPCP 2024 26

Effective cross-sections are compatible with measurements using other particle productions.

Studied the production of prompt  mesons in  collisions at J/ψ − Υ pp s = 13 TeV

7.9σ
4.9σ

J/ψ − Υ(1S) J/ψ − Υ(2S)
133 ± 22 (stat) ± 7 (syst) ± 3 (ℬ) 76 ± 21 (stat) ± 4 (syst) ± 7 (ℬ)

26 ± 5 (stat) ± 2 (syst)+22
−3 (theo) 14 ± 5 (stat) ± 1 (syst)+7

−1 (theo)

σ
σeff

1.9σ

Υ(1S) Υ(2S) Υ(3S)

arxiv:2305.15580

https://arxiv.org/pdf/2305.15580


The understanding of the physics of highly excited heavy bottomonium 
is very incomplete. 
First energy scan results from Belle II are quite interesting. 

No clear indication on the nature of . 

Improved results for mass and width of  using 
 . 

 model compatible with  but not with 
. 

No signal of intermediate  or  resonances are 
observed. 

Effective cross-sections of  production are consistent with other 
particle productions measurements.

Υ(10753)

Υ(10753)
Υ(10753) → Υ(nS)π+π−

S − D Υ(10753) → ωηb(1S)
Υ(10753) → ωχb1,2(1P)

Z+
b (10610) Z+

b (10650)

J/ψ − Υ

Summary

?

Present st
atus
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Introduction

Quark model: 
Classification scheme for hadrons in terms of valance quarks. 
Hadrons are composed of mesons ( , , ...) and baryons ( , , ....).qq̄ qqq̄q̄ qqq qqqqq̄

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

  spectroscopy with heavy quark (mostly 
 or ) are best place to study quark model. 

Simple two body system, non-relativistic 
and narrow (with OZI suppression). 

Further, one can search for exotics with 
them.

qq̄
c b
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Belle II detector

‣ Asymmetric  collider 
‣ Collected data 

- ~ 362 fb-1 at Y(4S) 

- 42 fb-1 off-resonance, 60 MeV below Y(4S). 

- 19 fb-1 energy scan between 10.6 to 10.8 
GeV for exotic hadron studies.

e+e−

‣ Near-hermetic detector 
‣ Excellent vertexing and tracking 
‣ High-efficiency detection of neutrals (γ, π0, 
η, η’, …) 

‣ Good charged particle reconstruction.

Record-breaking instantaneous luminosity:  

4.7 × 1034 cm−2s−1

Super-Conducting 
Solenoid  

1.5T B-field

Particle 
Identification 

K ID efficiency ≈ 90% 
𝜋 mis-ID rate ≈ 5%EM Calorimeter 

σ(E)/E ≈ (2 − 4) %

Vertex Detector 
𝜎 vertex ≈ 15μm

Central Drift Chamber 
Spatial resolution ≈ 100µm 

 ≈ 0.4%σ(pT)/pT

electron (7GeV)

positron (4GeV)

 & µ Detector 
𝜇 ID efficiency ≈ 90% 
𝜋 mis-ID rate ≈ 5%

KL

Features:

30Bottomonium and exotic spectroscopy / Renu Garg / FPCP 202430



Coupled channel analysis
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Energy dependence of  cross sectione+e− → B(*)B̄(*)

Decay modes used:
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Method: 
Reconstruct one B in full hadronic channels. 
Key variables for analysis are 

  

, where  

 has improved resolution and allows all desired two-
body decays to be selected with a common cut 
Populations of each can be studied by fitting the 
projections onto the  axis for all energies at which 
data were accumulated 

 decays are not reconstructed.

Mbc = (Ecm/2)2 − p2
B

ΔE′ = ΔE − Mbc + MB ΔE = EB − Ecm/2
ΔE′ 

Mbc

B* → Bγ

Energy dependence of  cross sectione+e− → B(*)B̄(*)

B*B̄*BB̄*BB̄

 vs  at  = 10.746 GeVΔE′ Mbc Ecm
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Energy dependence of  cross sectione+e− → B(*)B̄(*)

 signals at  ~ 10.75 
GeV can be clearly observed 
Contribution of  production via ISR is 
visible well (black dotted histograms) 

At  =10.653 GeV, the sharp cut of the data at 
right edge is due to threshold effect

e+e− → BB̄, BB̄*, B*B̄* s

Υ(4S) → BB̄

s

 fit at scan energiesMbc

 fit distribution: 
ΔE′ signal region (upper)  
ΔE′ side-bands (lower)

Mbc
BB̄

BB̄

BB̄BB̄

BB̄*
BB̄*

BB̄*
BB̄*

B*B̄* B*B̄*

B*B̄*
B*B̄*

B(*)B̄(*)π
B(*)B̄(*)π

B(*)B̄(*)π
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Bottomonium (-like) at Belle II

Four ways to access bottomonia: 

Direct production from :  = :  

ISR production:  = :  

Hadronic transitions from  through η, ππ, … 

 = , , … : , , , … 

Radiative transitions from  

 = , , , : , 

e+e− JPC 1−− Υ(nS)

JPC 1−− Υ(nS)

Υ(nS)

JPC 0−+ 1−− 1+− Υ(nS) ηb(nS) hb(nS)

Υ(nS)

JPC 0−+ 0++ 1++ 2++ ηb(nS) χb(nP)

Direct production

Hadronic transitions

ISR production
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