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Belle II detector and datasets

Belle II is an almost complete re-build of Belle, with various improvements:
pixel Si layers close to beam, small-cell drift chamber, Cherenkov PID,
calorimeter pulse-shape discrimination, (partial) scintillators in flux return

exploit tens of ab−1

of data expected
from SuperKEKB,

mitigate higher
backgrounds at
L > 1035 cm−2s−1

reached 4.5× 1034

in recent running
(close to 4.7 record)

over 500 fb−1 now
recorded, mostly
Υ(4S)→ BB plus some special running

3 Belle II Detector

3. Belle II Detector

Section author(s): B. Fulsom, P. Krǐzan, P. Urquijo, C. H. Li

3.1. Introduction

The tool for discoveries at the new generation (super) B-factory will be the Belle II detector

(Fig. 3). While the new detector clearly fits the same shell as its predecessor, the super-
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Fig. 3: Belle II top view.

conducting soleniod magnet with the iron return yoke, all components are either new or

considerably upgraded [6].

Compared to Belle, the Belle II detector will be taking data at an accelerator with a 40

times higher luminosity, and thus has to be able to operate at 40 times higher event rates, as

well as with backgrounds rates higher by a factor of 10 to 20 [6]. To maintain the excellent

performance of the spectrometer, the critical issue will be to mitigate the e↵ects of higher

background levels, which lead to an increase in occupancy and radiation damage, as well as

to fake hits and pile-up noise in the electromagnetic calorimeter, and to neutron induced hits

in the muon detection system. Higher event rates also require modifications to the trigger

scheme, data acquisition system and computing with respect to the precursor experiment.

The trigger and DAQ have also been adapted to support a broader low-multiplicity (dark

sector) physics analysis program. In addition, improved hadron identification is needed, and

a hermeticity at least as good as in the original Belle detector is required.

The requirements for a B factory detector can be summarised as follows. The apparatus

should meet the following criteria:

37/688
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Reminder: the Υ(10753)
R. Mizuk et al. (Belle), JHEP 10 (2019), 220; DMWY, CPC 44 (2020) 083001

0

2

4

-0.1

0

0.1

0.2

0.3

0

5

-0.1

0

0.1

0.2

0.3

σ
(ϒ

(1
S

)π
+
π- ) 

(p
b)

σ
(ϒ

(2
S

)π
+
π- ) 

(p
b)

Ecm (GeV)

σ
(ϒ

(3
S

)π
+
π- ) 

(p
b)

0

2

10.5 10.6 10.7 10.8 10.9 11

a third peak in σ(e+e− → Υ(nS)ππ

cf. Υ(10860)-&-Υ(11020)-only fit

Dong, Mo, Wang, and Yuan
also see this in a fit to Belle & BaBar
σ(e+e− → bb̄) data:

continuum amplitude
BWs for 10753, 10860, & 11020
interference is apparent

e+e− → π+π−Υ

tions of the fit. The masses and widths of the resonances
agree with those from Ref. [29] but with improved preci-
sion  because  of  the  superior  measurements  used  in  this
work  compared  with  those  in  exclusive 

Γe+e−

π+π−Υ
analyses. The   values determined from this study al-
low  us  to  extract  the  branching  fractions  of    of
these  resonances  by  combining  the  information  reported
in Ref. [29], and to understand the nature of these vector
states [31-35].

RB
b

BB̄ BB̄∗+ c.c. B∗B̄∗ BsB̄s BsB̄∗s + c.c. B∗s B̄∗s
BB̄1+ c.c. B∗B̄0+ c.c. B∗B̄1+ c.c. BB̄2+ c.c.

πZb(10610) πZb(10650)
π+π−Υ(nS )

n = 1, 2, 3 π+π−hb(mP) m = 1, 2

In  this  analysis,  we  assumed  that  all  the  resonances
are Breit–Wigner functions with constant widths and the
continuum term is  a  smooth  curve  in  the  full  energy   re-
gion,  and  they  interfere  with  each  other  completely.  In
fact,  the   or total  cross section has contributions from
different  modes,  including  open-bottom  and  hidden-bot-
tom  final  states.  The  parametrization  of  the  line  shape
should  be  very  complicated  due  to  the  coupled-channel
effect  [36]  and  the  presence  of  many  open-bottom
thresholds:  ,  ,  ,  ,  ,  ,

,  ,  ,  ,  etc.,  and
even   and  .  The situation  becomes
somewhat  simpler  in  a  single  final  state  like 
( )  [6]  and    ( )  [37]  although
the  intermediate  structure  in  the  three-body final  state  is
also complicated. The results from these fits may change
dramatically by  including  more  information  on  each   ex-
clusive mode.

m = (10848±9) c2

(28±14) m = (10831±1)
c2 (14±5)

m = (11065±23) c2 (73±37)

4σ

We also attempt to add one more Breit–Wigner func-
tion  to  fit  the  cross  sections;  the  fit  quality  improves
slightly  with  a  state  at    MeV/   with  a
width  of    MeV,  a  state  at 
MeV/   with  a  width  of    MeV,  or  a  state  at

 MeV/  with a width of   MeV.
In all  these cases,  the significance of the additional state
is less than  .

The data obtained in this  analysis can be used to ex-
tract resonant  parameters  of  these  states  if  a  better  para-
metrization of the cross sections is developed.

6.3    Search for the production of invisible particles

e+e− → µ+µ−The experimentally observed   cross sec-
tion, with radiative correction, is expressed as

σ(s)(e+e− → µ+µ−) =
∫ xm

0

4πα2

3s(1− x)
F(x, s)

|1−Π(s(1− x))|2 dx,

(25)
F(x, s) xm = 1− sm/s√
sm µ

µ

Π(s)

where    is  expressed  in  Eq.  (3),  and  ,
with   the required minimum invariant mass of the 
pair  in  the  event  selection.  Here,  the  mass  of    is  neg-
lected  for  charm  and  beauty  factories.  In  Eq.  (24),  the
cross section is  calculated by QED without any ambigu-
ity  except  the  vacuum  polarization    which is   ex-
pressed by Eqs. (10)-(15), with the hadronic contribution
depending on the experimental measured data as input.

e+e− → µ+µ−
Π(s) Π(s)

If the   cross section is measured to a high
precision, then   can be obtained. Thus,   is meas-
ured  from  the  experiment  directly  [38].  It  can  then  be
compared  with  that  calculated  by  Eqs.  (10)-(15).  This

Table 1.    Resonant parameters from the fit to dressed cross sections.
There  are  eight  solutions  with  identical  fit  quality,  and  the  masses
and widths  of  the  resonances  are  identical  in  all  the  solutions.  The
uncertainties are combined statistical and systematic uncertainties in
experimental measurements.

Solution Parameter Y(10750) Υ(5S ) Υ(6S )

1–8
c2Mass/(MeV/ ) 10761±2 10882±1 11001±1

Width/MeV 48.5±3.0 49.5±1.5 35.1±1.2

1
Γe+e− /eV 10.7±0.9 21.3±1.0 9.8±0.5

φ/(°) 260±3 144±2 34±3

2
Γe+e− /eV 11.1±0.9 24.8±1.3 307±9

φ/(°) 270±3 164±2 280±1

3
Γe+e− /eV 12.6±1.1 479±14 11.5±0.6

φ/(°) 295±3 254±1 3±3

4
Γe+e− /eV 13.0±1.1 558±19 363±13

φ/(°) 296±3 274±1 249±1

5
Γe+e− /eV 324±24 23.7±1.2 10.0±0.5

φ/(°) 265±1 129±2 26±3

6
Γe+e− /eV 336±27 27.6±1.6 314±10

φ/(°) 275±1 149±2 272±1

7
Γe+e− /eV 380±32 534±18 11.8±0.6

φ/(°) 291±1 239±1 355±3

8
Γe+e− /eV 394±34 622±25 370±14

φ/(°) 301±1 259±2 241±1

 

Fig. 10.    (color online) Fit to the dressed cross sections with
coherent  sum  of  a  continuum  amplitude  and  three
Breit–Wigner functions. The solid curve is the total fit, and
the dashed ones correspond to each of the four components
from Sol.  1  in Table  1. The  magnitudes  of  these   compon-
ents are different in different solutions.

Chinese Physics C    Vol. 44, No. 8 (2020) 083001

083001-9
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Confirmation of the Υ(10753) signal . . .
I. Adachi et al. (Belle II), arXiv:2401.12021v3 accepted by JHEP

dedicated SuperKEKB runs at 4 points near 10753, between the Belle points:√
s = 10653 (3.5 fb−1), 10701 (1.6 fb−1), 10745 (9.9), 10805MeV (4.7 fb−1)

Υ(1S , 2S , 3S)→ µ+µ− reconstruction; µID for one muon

π+, π− reconstruction with pT , muon veto, and γ-conversion veto on π+π−

vertex fits to µµ, ππ, then ππµµ; p∗(ππµµ) < 100MeV to suppress bkgd

∆M = M(ππµµ)−M(µµ); fit ∆M ∈ (∆Mnom − 100, ∆Mnom + 70)MeV

iterative method:

weight simulated signal according to e+e− → ππΥ(nS) lineshape
determine signal shape, efficiency (ε)
unbinned ML fit to ∆M to determine signal yield NS

determine Born cross section σBorn =
NS |1− Π|2
L εB (1 + δ)

fit σBorn for Belle II and Belle points with interfering Breit-Wigners
for the Υ(10753), Υ(5S), and Υ(6S):
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Figure 2: Distributions of the difference between the ⇡+⇡�µ+µ� mass and the dimuon mass
with fit results overlaid. The points with error bars are the data, the solid blue curve is the fit
result, and the dashed magenta curve is the background component. The plots from left to right
refer to ⇡+⇡�⌥ (1S), ⇡+⇡�⌥ (2S), and ⇡+⇡�⌥ (3S) candidates and from top to bottom correspond
to data taken at energies

p
s = 10.653, 10.701, 10.746, and 10.805 GeV, respectively.
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M(ππ) and the larger ∆Mπ = M(πµµ)−M(µµ) are studied:
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Figure 3: Distributions of dipion mass (left) and maximal difference between the ⇡±µ+µ� mass
and the µ+µ� mass (right). Plots from top to bottom show ⇡+⇡�⌥ (1S) at

p
s = 10.746 GeV,

⇡+⇡�⌥ (1S) at
p

s = 10.805 GeV, ⇡+⇡�⌥ (2S) at
p

s = 10.746 GeV, and ⇡+⇡�⌥ (2S) atp
s = 10.805 GeV. Points with error bars show the events in the signal region from data, green

shaded histograms show the events in the sideband region, red histograms are the weighted
simulated signal, red dashed histograms are the phase space signal simulation, and blue dashed
histograms are the Zb(10610/10650)± from simulation. The simulated signal sample is normalized
to the number of events in data, while simulated Zb(10610/10650)± events are normalized
arbitrarily.
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Observation of e+e− → ωχbJ(1P) . . .
I. Adachi et al. (Belle II), Phys. Rev. Lett. 130 (2023) 091902
√
s = 10653 (3.5 fb−1), 10701 (1.6 fb−1), 10745 (9.9), 10805MeV (4.7 fb−1)

mass-constrained fits to
Υ(1S)→ ``, ω → πππ0

χbJ → γΥ photons > 50MeV

πππ0γΥ fit constrained to
known e+e− four-momentum

2D unbinned ML fit to
γΥ and πππ0 masses −→
significant χb1,b2 yields at
10745 and 10805MeV (at
10745, χb1 alone is 5.9σ)
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σBorn(ωχb1)
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= 1.3± 0.6, cf. 15 for D-wave, 0.2 for 4S–3D mixed
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Observation of e+e− → ωχbJ(1P) . . .
I. Adachi et al. (Belle II), Phys. Rev. Lett. 130 (2023) 091902

E -dept fit includes 118 fb−1 Belle data at 10867MeV [PRL 113 (2014) 142001];
note that ωχbJ is much more prominent for Υ(10753) than for Υ(10860)

2-body phase space Φ2 &
10753 BW (Belle params)

two solutions:

– constructive interference

– destructive interference

alternative: tail of 10860
BW, and 10753 BW
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ΓeeB(ωχb1,b2) solution I: (0.63± 0.39± 0.20) eV (0.53± 0.46± 0.15) eV
solution II: (2.01± 0.38± 0.76) eV (1.32± 0.44± 0.55) eV
alternative: (1.24± 0.56) eV (stat.) (0.92± 0.37) eV (stat.)

Bruce Yabsley (Sydney) Exotic hadrons at Belle II Confinement 2024–08–19 11 / 27



. . . and search for Xb → ωΥ(1S)
I. Adachi et al. (Belle II), Phys. Rev. Lett. 130 (2023) 091902

The πππ0γΥ final state can also be used to search for e+e− → γXb,
in the isospin-allowed Xb → ωΥ decay mode:

700 < M(πππ0) < 860MeV

clear ωχbJ reflections;
shape taken from simulation

linear smooth background

upper limit yields for
M(Xb) ∈ [10450, 10650]MeV
obtained by counting

(systematics in backup)
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Limits on σ(e+e− → γXb)B(Xb → ωΥ) 3 (0.14–0.55) pb (0.25–0.84)pb

(0.06–0.14) pb (0.08–0.37)pb
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Search for e+e− → ωηb(1S) and ωχb0(1P)
I. Adachi et al. (Belle II), Phys. Rev. D 109 (2024) 072013

Using the 9.8 fb−1 of
√
s = 10745MeV data, near the Υ(10753) peak:

Reconstruct only the ω → πππ0:

photon E > 50MeV
(< 75MeV in backward endcap)

ECL cluster − e+e− collision
|∆t| < 50ns versus beam bkgd

photon-like ECL clusters required:
E (3×3)/E (5×5−4 corners) > 0.8

p∗π0 > 260 (130)MeV for ηb (χb0)

|M(πππ0)−mω| < 13MeV

symmetrised Dalitz r < 0.84 (0.82)

use recoil mass
√

(
√
s − Eω)2 − p2

ω:

Mrecoil ∈ (9200, 9600)MeV for ηb,
∈ (9780, 9950)MeV for χb0
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Search for e+e− → ωηb(1S) and ωχb0(1P)
I. Adachi et al. (Belle II), Phys. Rev. D 109 (2024) 072013

χ2 fits to recoil mass, with signal shapes fixed to simulation:

bkgd: 3rd order Chebyshev bkgd: 4th order Chebyshev × \sqrt
in the χb0 fit, χb1/χb2 yields fixed to 1.4, total χb1,b2 yield fixed to expectation
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Search for e+e− → ωηb(1S) and ωχb0(1P)
I. Adachi et al. (Belle II), Phys. Rev. D 109 (2024) 072013

χb2ð1PÞ yields with partial reconstruction is N1=N2 ¼
1.4 $ 0.7. In an initial fit to the data we fix
N1=N2 ¼ 1.4, and find N1 þ N2 ¼ ð5.5 $ 3.2Þ × 103,
which agrees with the expectation based on Ref. [2] of
ð3.4 $ 1.0Þ × 103. In the following, we fix N1 þ N2 to the
expected value, which helps to improve the sensitivity to
the χb0ð1PÞ signal. Thus, only the ηbð1SÞ and χb0ð1PÞ
yields, and background parameters, are free in the fit. The
fit results are shown in Figs. 2 and 3. We use 1 MeV=c2

bins for fitting and 10 MeV=c2 or 5 MeV=c2 bins for
visualization. No significant signals are observed; the
obtained ηbð1SÞ and χb0ð1PÞ yields are given in Table I.

V. BORN CROSS SECTIONS
AND SYSTEMATIC UNCERTAINTIES

The Born-level cross sections are calculated as

σB ¼ Nj1 − Πj2

ϵLð1 þ δISRÞBint
; ð2Þ

where N is the signal yield, ϵ is the reconstruction
efficiency, L is the integrated luminosity; j1 − Πj2 ¼
0.93 is the vacuum polarization [30], Bint is a product of
the Bðω → πþ π−π0Þ and Bðπ0 → γγÞ branching fractions,
ð1 þ δISRÞ ¼ 0.63 is the radiative correction calculated
using the Kuraev-Fadin radiator [31] assuming production
via ϒð10753Þ.
The dominant contributions to the systematic uncertainty

in the yields are listed in Table II. We vary the ηbð1SÞ mass
and width and the χb0ð1SÞ mass by one standard deviation
around their values [26]. The effect of variation of the
ηbð1SÞ width is negligibly small. We vary the c.m. energy

in Eq. (1) by $ 1 MeV to account for the uncertainty in its
calibration [32]. We use the shifts and scale factors of the
Mðπþ π−π0Þ fits, determined in Sec. III, to calibrate
the momentum resolution in the signal simulation; the
resulting change of the yields is negligibly small. The peak
position and the ISR tail of the signal function depend on
the shape of the cross section as a function of collision
energy. We assume that the signal cross section is constant
in energy instead of considering the resonant production via
ϒð10753Þ. Since N and ð1 þ δISRÞ are correlated when the
shape of the cross section is varied, we calculate the
deviation of the ratio N=ð1 þ δISRÞ. For the χb0ð1PÞω
channel, we vary the expected χb1ð1PÞ and χb2ð1PÞ
yields N1 ¼ ð1.9 $ 0.4Þ×103 and N2 ¼ ð1.4 $ 0.6Þ× 103

according to their uncertainties considering their −0.57
correlation [2]. To estimate the contribution from the
assumptions on the background shape, we vary both
boundaries of the ηbð1SÞ fit interval simultaneously by
$ 50 MeV=c2, and the lower boundary of the χb0ð1PÞ fit
interval by $ 50 MeV=c2. We also increase the polynomial
order by one. For the background-shape source, we con-
sider the root-mean-square spread of the deviations to be
the corresponding systematic uncertainty. For other
sources, we use maximal deviations. The total systematic
uncertainty in the yields, shown in Table II, is estimated as a
sum of the various contributions in quadrature.
A summary of the multiplicative uncertainties is pre-

sented in Table III. The possible discrepancies between data
and simulation contribute to the uncertainty in the
reconstruction efficiency. The OMEGA_DALITZ model
assumes a uniform distribution over the P-wave phase
space [21] and describes data quite well [33]. We use
corrections to this model determined by the BESIII experi-
ment [33] to weight our simulated events and find that the
efficiency changes by less than 1%, which is negligibly
small. The process eþ e− → ηbð1SÞω proceeds in aP-wave;
its angular distribution, given in Appendix, is defined
uniquely. The processes eþ e− → χbJð1PÞω can proceed
in S- and D-waves (in case of J ¼ 2, even an F-wave is
allowed); however, higher orbital angular momenta are
strongly suppressed due to proximity of the collision

TABLE I. Signal yields and Born-level cross sections (central
values and upper limits at the 90% CL) for the processes eþ e− →
ηbð1SÞω and eþ e− → χb0ð1PÞω.

ηbð1SÞω χb0ð1PÞω

Yield (103) 0.23 $ 0.49 $ 0.25 1.2 $ 1.4 $ 0.9
Born cross section (pb) 0.5 $ 1.1 $ 0.6 2.6 $ 3.1 $ 2.0
Upper limit (pb) <2.5 <8.7

TABLE II. Systematic uncertainties in the yields for the
processes eþ e− → ηbð1SÞω and eþ e− → χb0ð1PÞω (in units of
103).

ηbð1SÞω χb0ð1PÞω

ηbð1SÞ=χb0ð1PÞ mass 0.05 0.08
Collision-energy calibration 0.02 0.19
Cross-section shape 0.01 0.13
χb1ð1PÞ and χb2ð1PÞ yields − 0.27
Background shape 0.24 0.85

Total 0.25 0.92

TABLE III. Multiplicative systematic uncertainties for the
measurement of the eþ e− → ηbð1SÞω and eþ e− → χb0ð1PÞω
cross sections (in %).

ηbð1SÞω χb0ð1PÞω

Track reconstruction efficiency 1.6 2.4
PID efficiency 0.8 1.0
π0 reconstruction efficiency 3.2 7.3
R2 efficiency 10.0 10.0
Luminosity 0.6 0.6
Bðω → πþ π−π0ÞBðπ0 → γγÞ 0.7 0.7

Total multiplicative uncertainty 10.7 12.7

SEARCH FOR THE eþ e− → ηbð1SÞω AND … PHYS. REV. D 109, 072013 (2024)
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χb2ð1PÞ yields with partial reconstruction is N1=N2 ¼
1.4 $ 0.7. In an initial fit to the data we fix
N1=N2 ¼ 1.4, and find N1 þ N2 ¼ ð5.5 $ 3.2Þ × 103,
which agrees with the expectation based on Ref. [2] of
ð3.4 $ 1.0Þ × 103. In the following, we fix N1 þ N2 to the
expected value, which helps to improve the sensitivity to
the χb0ð1PÞ signal. Thus, only the ηbð1SÞ and χb0ð1PÞ
yields, and background parameters, are free in the fit. The
fit results are shown in Figs. 2 and 3. We use 1 MeV=c2

bins for fitting and 10 MeV=c2 or 5 MeV=c2 bins for
visualization. No significant signals are observed; the
obtained ηbð1SÞ and χb0ð1PÞ yields are given in Table I.

V. BORN CROSS SECTIONS
AND SYSTEMATIC UNCERTAINTIES

The Born-level cross sections are calculated as

σB ¼ Nj1 − Πj2

ϵLð1 þ δISRÞBint
; ð2Þ

where N is the signal yield, ϵ is the reconstruction
efficiency, L is the integrated luminosity; j1 − Πj2 ¼
0.93 is the vacuum polarization [30], Bint is a product of
the Bðω → πþ π−π0Þ and Bðπ0 → γγÞ branching fractions,
ð1 þ δISRÞ ¼ 0.63 is the radiative correction calculated
using the Kuraev-Fadin radiator [31] assuming production
via ϒð10753Þ.
The dominant contributions to the systematic uncertainty

in the yields are listed in Table II. We vary the ηbð1SÞ mass
and width and the χb0ð1SÞ mass by one standard deviation
around their values [26]. The effect of variation of the
ηbð1SÞ width is negligibly small. We vary the c.m. energy

in Eq. (1) by $ 1 MeV to account for the uncertainty in its
calibration [32]. We use the shifts and scale factors of the
Mðπþ π−π0Þ fits, determined in Sec. III, to calibrate
the momentum resolution in the signal simulation; the
resulting change of the yields is negligibly small. The peak
position and the ISR tail of the signal function depend on
the shape of the cross section as a function of collision
energy. We assume that the signal cross section is constant
in energy instead of considering the resonant production via
ϒð10753Þ. Since N and ð1 þ δISRÞ are correlated when the
shape of the cross section is varied, we calculate the
deviation of the ratio N=ð1 þ δISRÞ. For the χb0ð1PÞω
channel, we vary the expected χb1ð1PÞ and χb2ð1PÞ
yields N1 ¼ ð1.9 $ 0.4Þ×103 and N2 ¼ ð1.4 $ 0.6Þ× 103

according to their uncertainties considering their −0.57
correlation [2]. To estimate the contribution from the
assumptions on the background shape, we vary both
boundaries of the ηbð1SÞ fit interval simultaneously by
$ 50 MeV=c2, and the lower boundary of the χb0ð1PÞ fit
interval by $ 50 MeV=c2. We also increase the polynomial
order by one. For the background-shape source, we con-
sider the root-mean-square spread of the deviations to be
the corresponding systematic uncertainty. For other
sources, we use maximal deviations. The total systematic
uncertainty in the yields, shown in Table II, is estimated as a
sum of the various contributions in quadrature.
A summary of the multiplicative uncertainties is pre-

sented in Table III. The possible discrepancies between data
and simulation contribute to the uncertainty in the
reconstruction efficiency. The OMEGA_DALITZ model
assumes a uniform distribution over the P-wave phase
space [21] and describes data quite well [33]. We use
corrections to this model determined by the BESIII experi-
ment [33] to weight our simulated events and find that the
efficiency changes by less than 1%, which is negligibly
small. The process eþ e− → ηbð1SÞω proceeds in aP-wave;
its angular distribution, given in Appendix, is defined
uniquely. The processes eþ e− → χbJð1PÞω can proceed
in S- and D-waves (in case of J ¼ 2, even an F-wave is
allowed); however, higher orbital angular momenta are
strongly suppressed due to proximity of the collision

TABLE I. Signal yields and Born-level cross sections (central
values and upper limits at the 90% CL) for the processes eþ e− →
ηbð1SÞω and eþ e− → χb0ð1PÞω.

ηbð1SÞω χb0ð1PÞω

Yield (103) 0.23 $ 0.49 $ 0.25 1.2 $ 1.4 $ 0.9
Born cross section (pb) 0.5 $ 1.1 $ 0.6 2.6 $ 3.1 $ 2.0
Upper limit (pb) <2.5 <8.7

TABLE II. Systematic uncertainties in the yields for the
processes eþ e− → ηbð1SÞω and eþ e− → χb0ð1PÞω (in units of
103).

ηbð1SÞω χb0ð1PÞω

ηbð1SÞ=χb0ð1PÞ mass 0.05 0.08
Collision-energy calibration 0.02 0.19
Cross-section shape 0.01 0.13
χb1ð1PÞ and χb2ð1PÞ yields − 0.27
Background shape 0.24 0.85

Total 0.25 0.92

TABLE III. Multiplicative systematic uncertainties for the
measurement of the eþ e− → ηbð1SÞω and eþ e− → χb0ð1PÞω
cross sections (in %).

ηbð1SÞω χb0ð1PÞω

Track reconstruction efficiency 1.6 2.4
PID efficiency 0.8 1.0
π0 reconstruction efficiency 3.2 7.3
R2 efficiency 10.0 10.0
Luminosity 0.6 0.6
Bðω → πþ π−π0ÞBðπ0 → γγÞ 0.7 0.7

Total multiplicative uncertainty 10.7 12.7

SEARCH FOR THE eþ e− → ηbð1SÞω AND … PHYS. REV. D 109, 072013 (2024)

072013-5
σBorn(e+e− → ωηb(1S)) < 2.5 pb, cf. 1–3pb for observed ππΥ(nS) signals,

inconsistent with enhancement predicted for tetraquark Υ(10753)
consistent with 0.2–0.4× ππΥ(nS) predicted for 4S–3D mixed

σBorn(e+e− → ωχb0) < 8.7 (7.8) pb, cf. 3–4pb for our ωχb1,b2 measurements

inconsistent with Y (4230)-like enhancement;
consistent with 4S–3D expectation of comparable rates
[the tighter limit is from combination with the (similar sensitivity) πππ0γΥ result]
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP

Multivariate algorithm to reconstruct π0, K 0
S , . . . then D, D∗, J/ψ, . . . then B:

the “Full Event Interpretation”; ε = (0.5802± 0.0031± 0.0116)× 10−3 at the 4S
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP

Υ(4S) data used to measure efficiency, and validate the fit function: includes

energy spread of the colliding e+e− beams

initial state radiation (ISR)

B-meson momentum resolution

energy dependence of the production cross-section
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP

at 10804, 10746, 10701, and
10653MeV, we use an iterative
procedure for self-consistency:

fit the Mbc spectrum
(∆E ′ signal & sideband):
note BB̄, BB̄∗, B∗B̄∗, &
γISRΥ(4S) peaks

determine the cross-sections

fit energy dependence of
BB̄, BB̄∗, B∗B̄∗, and
total bb cross-sections

— converges after 2 iterations

B(∗)B̄(∗): also include Belle results

total bb: combined BaBar & Belle energy scans
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP

total cross section fitted up
to BB̄∗π threshold with the
sum of BB̄, BB̄∗, and B∗B̄∗

individual cross-sections:
Belle II vs Belle points

by design: input to the next
round of coupled-channel
fits in and around Υ(10753)

the surprise: very rapid rise

of the B∗B̄∗ cross section
cf. PS ∝ (

√
s − Eth)3/2

suggests a B∗B̄∗ state
near the threshold
note also dip in BB̄∗
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP

total cross section fitted up
to BB̄∗π threshold with the
sum of BB̄, BB̄∗, and B∗B̄∗

individual cross-sections:
Belle II vs Belle points

by design: input to the next
round of coupled-channel
fits in and around Υ(10753)

the surprise: very rapid rise

of the B∗B̄∗ cross section
cf. PS ∝ (

√
s − Eth)3/2

suggests a B∗B̄∗ state
near the threshold
note also dip in BB̄∗
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP

total cross section fitted up
to BB̄∗π threshold with the
sum of BB̄, BB̄∗, and B∗B̄∗

individual cross-sections:
Belle II vs Belle points

by design: input to the next
round of coupled-channel
fits in and around Υ(10753)

the surprise: very rapid rise

of the B∗B̄∗ cross section
cf. PS ∝ (

√
s − Eth)3/2

suggests a B∗B̄∗ state
near the threshold
note also dip in BB̄∗
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP

note high-order poly`s used as
phenom` smooth x-sec shape

systematics:

change poly` order

many pseudoexperiment
variants (B∗B∗ shown)

vary treatment of both
broken signal & smooth bkgd

correlated systs:

efficiency (value & dependence)

luminosity

masses → uncertainty on Ecm, but not cross sections

0

0.1

0.2

10.6 10.7 10.8 10.9 11

E
cm

  [GeV]

σ
d
re

s
s
e
d
  

[n
b

]

B*B
–

*

Bruce Yabsley (Sydney) Exotic hadrons at Belle II Confinement 2024–08–19 20 / 27



Summary and prospects

Υ(10753) results:

Υ(10753)→ ππΥ(1S , 2S) amplitude confirmed using new E points

thorough σ(e+e− → BB̄, BB̄∗, B∗B̄∗) and σbb̄ energy dependence fits

signif. Υ(10753)→ ωχb1,b2 amplitude;
σBorn(ωχb1)

σBorn(ωχb2)

∣∣∣∣
10745

= 1.3± 0.6;

result disfavours a D-wave state

ωχb0 limit disfavours a Y (4230)-like state; ωηb limit disfavours tetraquark

general consistency with 4S–3D mixed state so far

Other exotics:

σBorn for e+e− → πZb(→ πΥ(1S , 2S)) is sub-pb for 10753

σ(e+e− → γXb)B(Xb → ωΥ) is sub-pb in the Υ(10753) region

possible B∗B̄∗ state near threshold based on rapid cross section rise

Large and growing Υ(4S)→ BB̄ dataset (> BaBar, 2
3 Belle) with a raft of

exotic hadron analyses underway (combined Belle + Belle II also straightforward)
— many more results in the near future

Bruce Yabsley (Sydney) Exotic hadrons at Belle II Confinement 2024–08–19 21 / 27



BACKUP SLIDES

Bruce Yabsley (Sydney) Exotic hadrons at Belle II Confinement 2024–08–19 22 / 27



e+e− → ωχbJ(1P), and search for Xb → ωΥ(1S)
I. Adachi et al. (Belle II), Phys. Rev. Lett. 130 (2023) 091902
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FIG. 1: Two-dimensional mass distributions of M(⇡+⇡�⇡0) versus M(�⌥(1S)) at
p

s = (a) 10.701, (b) 10.745, and (c) 10.805
GeV, respectively. The red dashed boxes show the ! and �bJ signal regions, where more than 90% signal events are retained
according to signal MC simulations.

Inputs and upper limits obtained for Xb masses from 10.45 to 10.65
GeV/c2

TABLE I: Inputs and upper limits obtained for Xb masses from 10.45 to 10.65 GeV/c2 (at 90% Bayesian credibility) on the
product of cross section times branching fraction �UL

B (e+e� ! �Xb)B(Xb ! !⌥(1S)) (�UL
Xb

) at
p

s = 10.653, 10.701, 10.745,
and 10.805 GeV. Since the upper limits depend on the test Xb mass, only the least stringent bounds are reported for each
collision energy.

p
s (GeV) MXb (GeV/c2) NUL " |1 �⇧|2 1 + �ISR Syst (%) �UL

Xb
(pb)

10.653 10.59 10.0 0.154 0.931 0.72 8.7 0.55
10.701 10.45 8.1 0.166 0.931 0.76 8.7 0.84
10.745 10.45 8.1 0.164 0.931 0.78 8.7 0.14
10.805 10.53 10.7 0.165 0.932 0.81 8.8 0.37
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s = (a) 10.701, (b) 10.745, and (c) 10.805
GeV, respectively. The red dashed boxes show the ! and �bJ signal regions, where more than 90% signal events are retained
according to signal MC simulations.

Inputs and upper limits obtained for Xb masses from 10.45 to 10.65
GeV/c2

TABLE I: Inputs and upper limits obtained for Xb masses from 10.45 to 10.65 GeV/c2 (at 90% Bayesian credibility) on the
product of cross section times branching fraction �UL

B (e+e� ! �Xb)B(Xb ! !⌥(1S)) (�UL
Xb

) at
p

s = 10.653, 10.701, 10.745,
and 10.805 GeV. Since the upper limits depend on the test Xb mass, only the least stringent bounds are reported for each
collision energy.

p
s (GeV) MXb (GeV/c2) NUL " |1 �⇧|2 1 + �ISR Syst (%) �UL

Xb
(pb)

10.653 10.59 10.0 0.154 0.931 0.72 8.7 0.55
10.701 10.45 8.1 0.166 0.931 0.76 8.7 0.84
10.745 10.45 8.1 0.164 0.931 0.78 8.7 0.14
10.805 10.53 10.7 0.165 0.932 0.81 8.8 0.37

2

Fractional systematic uncertainties (%) in the measurements of
�B(e+e� ! !�bJ) and �B(e+e� ! �Xb)B(Xb ! !⌥(1S))

TABLE II: Fractional systematic uncertainties (%) in the measurements of �B(e+e� ! !�bJ) and �B(e+e� ! �Xb)B(Xb !
!⌥(1S)). Systematic uncertainties from detection e�ciency, branching fractions, trigger, and luminosity are correlated between
various energy points while other systematic uncertainties are uncorrelated.

Final states !�b0/!�b1/!�b2 �Xbp
s (GeV) 10.701 10.745 10.805 10.653 10.701 10.745 10.805

Detection e�ciency 7.2 7.2 7.2 7.2 7.2 7.2 7.2
Branching fractions 14.7/7.4/7.3 14.7/7.4/7.3 14.7/7.4/7.3 4.7 4.7 4.7 4.7

Radiative correction factor 2.0 5.1 13.7 0.2 0.4 0.5 0.7
Angular distribution 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Fit model - 16.3/4.6/8.2 10.9/8.9/20.0 - - - -
Trigger 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Beam energy - 10.5/2.5/3.0 6.5/5.0/12.2 - - - -
Luminosity 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Total 16.6/10.6/10.6 25.9/12.7/14.5 24.9/20.2/29.1 8.7 8.7 8.7 8.8
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP
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I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP
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Energy dependence of σ(e+e− → BB̄, BB̄∗, B∗B̄∗)
I. Adachi et al. (Belle II), arXiv:2405.18928 → JHEP
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