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Overview
Quick intro. to Belle & Belle II

Charmed Pentaquark searches

✓  in  and 

✓  in  
and 

Updates on 

Closing

P+
c → pJ/ψ Υ(1S) Υ(2S)

Pcs(4459)0 → ΛJ/ψ Υ(1S)
Υ(2S)

Υ(10753)

Since the Zc(3900) mass is near that of the X(3872), a neutral ⇡+⇡�J/ resonance first ob-
served by Belle in 2003 [102], the two states have been interpreted as isovector and isoscalar DD̄⇤

molecules loosely bound by Yukawa-like nuclear forces [103, 104]. Another possibility is that
they are QCD tetraquark states comprising coloured diquarks and diantiquarks tightly bound by
the exchange of coloured gluons [105, 106] (The quark and gluon configurations of different kind
of hadrons are depicted in Fig. 4).

FIG. 4: Conventional and nonstandard hadrons. Conventional mesons are composed of one quark (red char-
acters) and one antiquark (blue characters), conventional baryons are composed of three quarks. The quarks
can have different flavours such as up (u), down (d), charm (c) or strange (s). Hadrons with other config-
urations are referred to as nonstandard. Nonstandard hadrons include hadron-hadron molecules, diquark-
diantiquark tetraquark mesons,hadro-quarkonia, quark-antiquark-gluon hybrids, multi-gluon glueballs and
pentaquark baryons.

Many of the models that were proposed for the Zc(3900) predict the existence of a similar state
near the D⇤D̄⇤ threshold. Although there are no strong indications of a state near the D⇤D̄⇤ mass
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from Yuan & Olsen, Nature Rev. Phys. 1 (2019) no.8, 480-494
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 collision near  resonancese+e− Υ

from BaBar, PRL 102, 012001 (2009)
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Belle (1999-2010) 
Luminosity

 

 

 

 

∫ ℒtotal dt = 1039 fb−1

∫ ℒΥ(4S) dt = 711 fb−1

∫ ℒΥ(1S) dt = 5.8 fb−1

∫ ℒΥ(2S) dt = 24.5 fb−1

∫ ℒΥ(5S) dt = 121 fb−1

Luminosities of Belle II and Belle
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Search for  states 
in 

P+
c

pJ/ψ
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PRL 122, 222001 
(2019)

Charmed pentaquark ( ) states have been 
discovered by LHCb.

•  and  in 
 

not possible to confirm with  B factory, 

• not enough energy to produce  pair  

• OTOH, deuterons are observed in  
by ARGUS, CLEO and BaBar.  

Why not then look for  in ?

Belle has world-largest sample of  and 
.

We search for  from  and 
 at Belle. 

Pc

Pc(4312)+, Pc(4440)+, Pc(4457)+

Λb → K + pJ/ψ

e+e−

Λb

Υ(nS)

Pc Υ(nS)

Υ(1S)
Υ(2S)

P+
c → pJ/ψ Υ(1S)

Υ(2S)
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Event selection

• 3 well-measured charged tracks 

• Identification of  and  

•  veto for  candidates 

• sideband for non-  bkg. 

Cut on 

• to suppress non-  bkg. with 
  

Study  distributions (next page)

• in , 

• in , 

• in continuum ( )

e±, μ± p

Λ p

J/ψ

M2
recoil(pJ/ψ)

J/ψ
M2

recoil(pJ/ψ) > 10 GeV2
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FIG. 2. The distributions of the recoil mass squared of pJ/ (upper), and J/ (lower) in ⌥(1S)
(left) and ⌥(2S) (right) decays. The dots with error bars are data, the shaded histograms are
backgrounds estimated from the J/ mass sideband regions, and the solid histograms are signal
MC simulations. The arrows show the requirement M2

recoil(pJ/ ) > 10 GeV2/c4.
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FIG. 3. The momentum distributions of p/p̄ in ⌥(1, 2S) inclusive decays. The first row is the
momenta of p and the second of p̄. The left and right panels are ⌥(1S) and ⌥(2S), respectively.
The dots with error bars are data, the shaded histograms are backgrounds estimated from the J/ 
mass sideband regions, and the solid histograms are signal MC simulations.
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FIG. 1. The invariant-mass distributions of the lepton pair from (a) the ⌥(1S) data sample and
(b) the ⌥(2S) data sample. The curves show the best fit results with a Gaussian function for the
J/ signal and a second-order Chebychev function for the backgrounds. The red arrows indicate
the J/ signal region and the green ones indicate the J/ mass sideband regions.

by M2
recoil(pJ/ ) ⌘ (Pe+e� � PJ/ )2, where Pe+e� is the 4-momentum of the e+e� collision

and PpJ/ is the 4-momentum of the pJ/ combination. In data, there are accumulations
between �5 GeV2/c4 and 5 GeV2/c4 for the events selected in the J/ signal region and
these can be described well with the backgrounds estimated from the J/ mass sideband
regions. These backgrounds appear in the e+e� mode but are scarce in the µ+µ� mode. On
the other hand, these events produce a large peak at zero and a wide distribution of the
recoil mass squared against the J/ candidate, calculated by M2

recoil(J/ ) ⌘ (Pe+e��PJ/ )2,
where PJ/ is the 4-momentum of the J/ candidate. They are identified as backgrounds
from Bhabha events with high energy bremsstrahlung radiation photon(s) and an additional
proton from beam backgrounds. As this proton is not from an e+e� collision, this back-
ground can produce negative accumulations in the M2

recoil(pJ/ ) distributions. We require
M2

recoil(pJ/ ) > 10 GeV2/c4 to suppress these backgrounds with a selection e�ciency of
about 99% in ⌥(1, 2S) decays. Figures 2(c) and 2(d) show the distributions of M2

recoil(J/ )
after this requirement. We notice that the data have higher distributions than signal MC sim-
ulations in the region M2

recoil(J/ ) < 30 GeV2/c4. In the range M2
recoil(J/ ) > 30 GeV2/c4,

the MC and the data are in good agreement in ⌥(1S), but the MC is slightly higher than
the data in ⌥(2S). It is also interesting to see an enhancement at around 22 GeV2/c4 in
the ⌥(1S) decays. However, the statistics are too limited to draw any conclusions with the
presently available dataset.

IV. INVARIANT MASS SPECTRA OF pJ/ 

All the candidates satisfying the selection criteria described above are accepted, including
p or p̄ with the same J/ candidate or multiple candidates sharing one lepton. We show
the momentum distributions of the p/p̄ after selection criteria in Fig. 3.

According to the e�ciency MC simulations, we obtain an e�ciency varying from 29%
(26%) to 36% (33%) in the ⌥(1S) [⌥(2S)] decays, and the mass resolution increasing from
1.5 MeV/c2 to 4.9 MeV/c2 for MpJ/ 2 [4.1, 5.0] GeV/c2. We notice that the width of
Pc(4457)+ reported by LHCb is �Pc(4457)+ = 6.4± 2.0+5.7

�1.9 MeV [15] and the mass resolution
near the mass of Pc(4457)+ is about 3.0 MeV/c2. Therefore, we need to consider the mass
resolution in fitting theMpJ/ distributions for the possible P+

c signals. Here and hereinafter,
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FIG. 1. The invariant-mass distributions of the lepton pair from (a) the ⌥(1S) data sample and
(b) the ⌥(2S) data sample. The curves show the best fit results with a Gaussian function for the
J/ signal and a second-order Chebychev function for the backgrounds. The red arrows indicate
the J/ signal region and the green ones indicate the J/ mass sideband regions.

by M2
recoil(pJ/ ) ⌘ (Pe+e� � PJ/ )2, where Pe+e� is the 4-momentum of the e+e� collision

and PpJ/ is the 4-momentum of the pJ/ combination. In data, there are accumulations
between �5 GeV2/c4 and 5 GeV2/c4 for the events selected in the J/ signal region and
these can be described well with the backgrounds estimated from the J/ mass sideband
regions. These backgrounds appear in the e+e� mode but are scarce in the µ+µ� mode. On
the other hand, these events produce a large peak at zero and a wide distribution of the
recoil mass squared against the J/ candidate, calculated by M2

recoil(J/ ) ⌘ (Pe+e��PJ/ )2,
where PJ/ is the 4-momentum of the J/ candidate. They are identified as backgrounds
from Bhabha events with high energy bremsstrahlung radiation photon(s) and an additional
proton from beam backgrounds. As this proton is not from an e+e� collision, this back-
ground can produce negative accumulations in the M2

recoil(pJ/ ) distributions. We require
M2

recoil(pJ/ ) > 10 GeV2/c4 to suppress these backgrounds with a selection e�ciency of
about 99% in ⌥(1, 2S) decays. Figures 2(c) and 2(d) show the distributions of M2

recoil(J/ )
after this requirement. We notice that the data have higher distributions than signal MC sim-
ulations in the region M2

recoil(J/ ) < 30 GeV2/c4. In the range M2
recoil(J/ ) > 30 GeV2/c4,

the MC and the data are in good agreement in ⌥(1S), but the MC is slightly higher than
the data in ⌥(2S). It is also interesting to see an enhancement at around 22 GeV2/c4 in
the ⌥(1S) decays. However, the statistics are too limited to draw any conclusions with the
presently available dataset.

IV. INVARIANT MASS SPECTRA OF pJ/ 

All the candidates satisfying the selection criteria described above are accepted, including
p or p̄ with the same J/ candidate or multiple candidates sharing one lepton. We show
the momentum distributions of the p/p̄ after selection criteria in Fig. 3.

According to the e�ciency MC simulations, we obtain an e�ciency varying from 29%
(26%) to 36% (33%) in the ⌥(1S) [⌥(2S)] decays, and the mass resolution increasing from
1.5 MeV/c2 to 4.9 MeV/c2 for MpJ/ 2 [4.1, 5.0] GeV/c2. We notice that the width of
Pc(4457)+ reported by LHCb is �Pc(4457)+ = 6.4± 2.0+5.7

�1.9 MeV [15] and the mass resolution
near the mass of Pc(4457)+ is about 3.0 MeV/c2. Therefore, we need to consider the mass
resolution in fitting theMpJ/ distributions for the possible P+

c signals. Here and hereinafter,
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FIG. 4. The invariant-mass distributions of pJ/ in the ⌥(1S), ⌥(2S), and continuum data
samples. From left to right, the four panels are p + J/ in e+e� mode, p̄ + J/ in e+e� mode,
p+ J/ in µ+µ� mode, and p̄+ J/ in µ+µ� mode. From top to bottom, the three rows are the
⌥(1S) decays, the ⌥(2S) decays, and the continuum productions at

p
s = 10.52 GeV. The solid

histograms are the pJ/ signals, and the shaded histograms are backgrounds estimated from the
J/ mass sideband regions.

We use the NpJ/ 
cont obtained from the continuum data sample to calculate the cross section

of the inclusive pJ/ production in e+e� annihilation via

�(e+e� ! pJ/ + anything) =
NpJ/ 

cont

Lcont ⇥ "noPc
cont ⇥ B(J/ ! `+`�)⇥ (1 + �ISR)

. (1)

Here, "noPc
cont = 66.1% is the e�ciency obtained from no-P+

c MC simulation of continuum
production, (1+�ISR) = 0.82 is the radiative correction factor [30, 31], and B(J/ ! `+`�) =
(11.93± 0.07)% is the branching fraction of J/ decaying to e+e� or µ+µ� [29]. We obtain
the cross section �(e+e� ! pJ/ + anything) = (57.5 ± 2.1 ± 2.5) fb at

p
s = 10.52 GeV,

where the systematic uncertainties are discussed in Sec. V.
Figure 5 shows the combined distributions of Figs. 4(a-d) and 4(e-h) for ⌥(1S) and ⌥(2S)

inclusive decays, respectively. Since we measure the pJ/ production in ⌥(1, 2S) inclusive
decays, the background of continuum production in Fig. 5 is removed. We estimate the
number of backgrounds from K±J/ or ⇡±J/ to be 17.9 ± 1.2 (43.9 ± 3.0) in ⌥(1S)
[⌥(2S)] decays. With the backgrounds estimated from the J/ mass sidebands and those
from mis-identification of proton being subtracted, we get the final numbers of pJ/ signal

events to be NpJ/ 
⌥(1S) = 363 ± 19 in the ⌥(1S) decays and NpJ/ 

⌥(2S) = 541 ± 23 in the ⌥(2S)
decays. These yields are much higher than those estimated to be due to the underlying e+e�

continuum production. To measure the production of pJ/ in ⌥(1, 2S) inclusive decays, we
use the no-P+

c MC samples to estimate the e�ciencies to be "noPc
⌥(1,2S) = 64.8% and 65.1% for

the ⌥(1S) and ⌥(2S) inclusive decays in the region of 4.0 GeV/c2 < MpJ/ < 5.5 GeV/c2.

8

for Pc(4312)+ for Pc(4440)+ for Pc(4457)+
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FIG. 5. The combined distributions of the invariant masses of pJ/ and p̄J/ from (a) the
⌥(1S) inclusive decays and (b) the ⌥(2S) inclusive decays, and the fit results including Pc(4312)+,
Pc(4440)+ and Pc(4457)+. The dots with error bars are data. The shaded histograms are the back-
grounds estimated from the J/ mass sidebands. The blue histograms are the best fit results; the
green histograms are the Pc(4312)+, Pc(4440)+, and Pc(4457)+ components; the pink histograms
are the no-P+

c components.

We calculate the branching fractions of ⌥(1, 2S) inclusive decays using

B[⌥(1, 2S) ! pJ/ + anything] =
NpJ/ 

⌥(1,2S) � fscale ⇥NpJ/ 
cont

N⌥(1,2S) ⇥ "noPc⌥(1,2S) ⇥ B(J/ ! `+`�)
, (2)

where N⌥(1,2S) are the numbers of ⌥(1, 2S) events in the ⌥(1, 2S) data samples. We ob-
tain that B[⌥(1S) ! pJ/ + anything] = (4.27 ± 0.16 ± 0.20) ⇥ 10�5 and B[⌥(2S) !
pJ/ +anything] = (3.59±0.14±0.16)⇥10�5 for the first time. Excluding the background
of ⌥(2S) ! ⌥(1S) + anything transitions and ⌥(1S) ! pJ/ + anything with this mea-
surement of B[⌥(1S) ! pJ/ + anything], we correct the B[⌥(2S) ! pJ/ + anything]
and find a value of (2.46 ± 0.15 ± 0.17) ⇥ 10�5. Systematic uncertainties are listed in Ta-
ble III, which is described in Sec. V. The world average values of the branching fractions of
J/ production in ⌥(1, 2S) decays are B[⌥(1S) ! J/ + anything] = (5.4 ± 0.4) ⇥ 10�4

and B[⌥(2S) ! J/ + anything] < 6 ⇥ 10�3 at 90% credibility [29]. Thus, the ratio
B(⌥ ! pJ/ + anything)/B(⌥ ! J/ + anything) is of order 10�1 � 10�2 in ⌥(1, 2S)
decays.

To estimate the production of a possible P+
c state in the ⌥(1S) or ⌥(2S) inclusive decays,

we perform binned maximum likelihood fits to the distribution of MpJ/ in Fig. 5(a) or 5(b)
with

fPDF = fPc(4312)+ + fPc(4440)+ + fPc(4457)+ + fnoPc + fbkg, (3)

where fPc(4312)+ , fPc(4440)+ , fPc(4457)+ , and fnoPc are the histogram PDFs obtained from the
signal MC simulations on Pc(4312)+, Pc(4440)+, Pc(4457)+, and the no-P+

c MC simulation.
We use a second-order polynomial function for the fbkg to describe the backgrounds due to
J/ selection. We fit to the events from the J/ signal region with fPDF and the events
from J/ mass sidebands with fbkg simultaneously. The fit yields the numbers of P+

c signals
[NA

fit(P
+
c )], as listed in Table II. Since none of the Pc(4312)+, Pc(4440)+, or Pc(4457)+ is

significant, we integrate the likelihood versus the NA
fit(P

+
c ) and determine the upper limits

NA,UL
fit (P+

c ) at 90% credibility. We also perform a fit to the MpJ/ distribution in Fig. 5(a)
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Pc(4440)+ and Pc(4457)+. The dots with error bars are data. The shaded histograms are the back-
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are the no-P+
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We calculate the branching fractions of ⌥(1, 2S) inclusive decays using

B[⌥(1, 2S) ! pJ/ + anything] =
NpJ/ 

⌥(1,2S) � fscale ⇥NpJ/ 
cont

N⌥(1,2S) ⇥ "noPc⌥(1,2S) ⇥ B(J/ ! `+`�)
, (2)

where N⌥(1,2S) are the numbers of ⌥(1, 2S) events in the ⌥(1, 2S) data samples. We ob-
tain that B[⌥(1S) ! pJ/ + anything] = (4.27 ± 0.16 ± 0.20) ⇥ 10�5 and B[⌥(2S) !
pJ/ +anything] = (3.59±0.14±0.16)⇥10�5 for the first time. Excluding the background
of ⌥(2S) ! ⌥(1S) + anything transitions and ⌥(1S) ! pJ/ + anything with this mea-
surement of B[⌥(1S) ! pJ/ + anything], we correct the B[⌥(2S) ! pJ/ + anything]
and find a value of (2.46 ± 0.15 ± 0.17) ⇥ 10�5. Systematic uncertainties are listed in Ta-
ble III, which is described in Sec. V. The world average values of the branching fractions of
J/ production in ⌥(1, 2S) decays are B[⌥(1S) ! J/ + anything] = (5.4 ± 0.4) ⇥ 10�4

and B[⌥(2S) ! J/ + anything] < 6 ⇥ 10�3 at 90% credibility [29]. Thus, the ratio
B(⌥ ! pJ/ + anything)/B(⌥ ! J/ + anything) is of order 10�1 � 10�2 in ⌥(1, 2S)
decays.

To estimate the production of a possible P+
c state in the ⌥(1S) or ⌥(2S) inclusive decays,

we perform binned maximum likelihood fits to the distribution of MpJ/ in Fig. 5(a) or 5(b)
with

fPDF = fPc(4312)+ + fPc(4440)+ + fPc(4457)+ + fnoPc + fbkg, (3)

where fPc(4312)+ , fPc(4440)+ , fPc(4457)+ , and fnoPc are the histogram PDFs obtained from the
signal MC simulations on Pc(4312)+, Pc(4440)+, Pc(4457)+, and the no-P+

c MC simulation.
We use a second-order polynomial function for the fbkg to describe the backgrounds due to
J/ selection. We fit to the events from the J/ signal region with fPDF and the events
from J/ mass sidebands with fbkg simultaneously. The fit yields the numbers of P+

c signals
[NA

fit(P
+
c )], as listed in Table II. Since none of the Pc(4312)+, Pc(4440)+, or Pc(4457)+ is

significant, we integrate the likelihood versus the NA
fit(P

+
c ) and determine the upper limits

NA,UL
fit (P+

c ) at 90% credibility. We also perform a fit to the MpJ/ distribution in Fig. 5(a)
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no significant  signals 
in any place

major sources of 
systematic uncertainties

• particle ID (2.1 %) 

• MC modeling (2.2 %, 
2.8 %) 

• ,  (~2.2 %) 

We set upper limits on 
 productions from 

P+
c

N1S N2S

P+
c

Υ(1,2S)

TABLE II. The fit results and the upper limits of Pc(4312)+, Pc(4440)+, and Pc(4457)+ productions
in ⌥(1, 2S) inclusive decays. NA

fit is the number of P+
c signals in the fit with the PDF function

fPDF contains Pc(4312)+, Pc(4440)+, and Pc(4457)+ states, and NA,UL
fit is the related upper limits

at 90% credibility. NB
fit is the number of P+

c signals in the fit with the PDF function that contains
only a single P+

c state, and NB,UL
fit is the related upper limits at 90% credibility. NUL

sig is the final
conservative estimation of the upper limit of the number of P+

c signals in ⌥(1, 2S) inclusive decays.
BUL is the upper limit of B(⌥ ! P+

c + anything) · B(P+
c ! pJ/ ) at 90% credibility.

⌥(1S) decays ⌥(2S) decays

— Pc(4312)+ Pc(4440)+ Pc(4457)+ Pc(4312)+ Pc(4440)+ Pc(4457)+

NA
fit 10± 8 14± 12 �3± 9 30± 16 33± 15 0± 3

NA,UL
fit 26 37 14 52 60 6
NB

fit 10± 8 12± 11 3± 9 29± 12 31± 15 0± 3

NB,UL
fit 26 33 17 50 57 7
NUL

sig 31 47 34 56 77 26

BUL (⇥10�6) 4.5 6.8 4.9 5.3 7.2 2.4

or 5(b) with individual P+
c state in the fPDF, which yields the new number of P+

c sig-
nal [NB

fit(P
+
c )]. Similarly, we determine the related upper limits NB,UL

fit (P+
c ) for Pc(4312)+,

Pc(4440)+, and Pc(4457)+ at 90% credibility. We also estimate the upper limits by varying
the masses and widths of P+

c states by 1� in these tests. We take the largest values of
the upper limits as the conservative estimations of the upper limits of the numbers of the
P+
c signals [NUL

sig (P
+
c )] in ⌥(1, 2S) inclusive decays. We then calculate the upper limit of

the branching fraction of a P+
c state produced in ⌥(1S) [⌥(2S)] inclusive decays at 90%

credibility with

B[⌥(1, 2S) ! P+
c +anything]·B(P+

c ! pJ/ ) <
NUL

sig (P
+
c )

N⌥(1,2S) · "MC
allcmb · B(J/ ! `+`�)(1� �sys)

,

(4)
where �sys = 5.0% (4.7%) is the systematic uncertainty of ⌥(1S) [⌥(2S)] decays, which are
described in Sec. V. We summarize the values of NA

fit(P
+
c ), NA,UL

fit (P+
c ), NB

fit(P
+
c ), NB,UL

fit (P+
c ),

NUL
sig (P

+
c ), and the upper limit of B[⌥(1, 2S) ! P+

c + anything] · B(P+
c ! pJ/ ) at 90%

credibility in Table II.

V. SYSTEMATIC UNCERTAINTIES

As listed in Table III, we consider the following systematic uncertainties in determin-
ing the branching fractions B[⌥(1, 2S) ! pJ/ + anything] and measuring �(e+e� !
pJ/ + anything) at

p
s = 10.52 GeV: particle identification, tracking e�ciency, J/ sig-

nal region, M2
recoil(pJ/ ) requirement, branching fraction of J/ decay, number of ⌥(1, 2S)

events, integrated luminosity, modeling in MC simulation, and statistics of MC samples, etc.
The uncertainties due to the lepton identification are 2.0% and 0.5% for e± and µ±, respec-
tively. For the proton identification, we have applied an e�ciency correction according to
the momentum and angle in the laboratory frame. Shifting the correction factor by 1�, we
get the related e�ciency di↵erence of 0.43% and take 0.5% to be the systematic uncertainty
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Evidence for  
in 

Pcs(4459)0

ΛJ/ψ
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Similar motivation as the previous paper (arXiv:2403.04340)
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Assess signal yield in 

• use  

to improve mass resolution  (11.6 ➔ 2.8 MeV) 

• excess seen near 4.46 GeV in both  and  data 

M(ΛJ/ψ)

σM

Υ(1S) Υ(2S)
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FIG. 2. The invariant mass distributions of ⇤J/ from (a) the ⌥(1S) data sample, (b) the ⌥(2S)
data sample, and (c) the continuum data sample. The charge conjugate channels are combined.
The blue blank histograms are from the ⇤J/ mass signal candidates, while the green histograms
are from the ⇤J/ mass sidebands.

of ⇤J/ production in ⌥(1, 2S) inclusive decays to be B[⌥(1S) ! ⇤J/ + anything] =133

(17.7 ± 2.2 ± 1.2) ⇥ 10�6 and B[⌥(2S) ! ⇤J/ + anything] = (16.0 ± 2.0 ± 1.4) ⇥ 10�6
134

for the first time. Taking into account the branching fractions of the transitions from135

⌥(2S) to ⌥(1S) [23], the B(⌥(1S) ! ⇤J/ + anything) measured here contributes a sub-136

branching fraction of (4.7 ± 0.6 ± 0.4) ⇥ 10�6 to ⌥(2S) inclusive decays. After subtracting137

this contribution, we obtain B(⌥(2S) ! ⇤J/ + anything) = (11.3± 1.4± 1.0)⇥ 10�6 for138

the direct ⌥(2S) inclusive decays.139

Figure 2 illustrates the M⇤J/ distributions from 4.2 GeV/c2 to 4.7 GeV/c2 in the ⌥(1S),140

⌥(2S) and continuum data samples. To cancel the mass resolutions of `+`� and p⇡, we141

use the calculation M⇤J/ = M`+`�p⇡ � M`+`� � Mp⇡ + mJ/ + m⇤, where M`+`�p⇡ is the142

invariant mass calculated from the sum of the 4-momenta of `+`� pair and p⇡ pair. Using this143

calculation, the mass resolution in M⇤J/ is improved to about approximately 2.8 MeV/c2,144

compared to 11.6 MeV/c2 without constraining the `+`� and p⇡ submasses. There are event145

accumulations near the mass of the Pcs(4459)0 state reported by LHCb [6] in both the ⌥(1S)146

and ⌥(2S) data samples, while the production of ⇤J/ in the continuum data sample is147

very low. The excess is enhanced when the mass spectra of ⇤J/ from the ⌥(1, 2S) data148

samples are combined.149

A binned maximum-likelihood fit is performed to the ⇤J/ mass spectrum from the150

combined ⌥(1, 2S) data sample to study the excess. The function used to describe the151

events selected from the signal region is characterized by152

fPDF = fR + fnoPcs + fSB, (3)

where fR is for the new structure, fSB is the background estimated from the ⇤ and J/ mass153

two-dimensional sidebands, and fnoPcs is the possible additional background from the no-Pcs154

production. The function fR contains the convolution of a BW function and a Gaussian155

function for the mass resolution, which is fixed to be 2.8 MeV/c2 according to the signal156

MC simulation. For fSB, we use
p
M �Mth ⇥ ec0M , where M is mass of ⇤J/ , Mth is157

the value of mass threshold of 4.21 GeV/c2, and c0 is a coe�cient determined by the fit.158

fnoPcs is the PDF of histogram of M⇤J/ in no-Pcs MC simulation. We fit the events from159

the signal region with fPDF and events from the two-dimensional sideband regions with fSB160

simultaneously.161

Since the excess is close to the mass of Pcs(4459)0, we include the Gaussian constraint in162
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this contribution, we obtain B(⌥(2S) ! ⇤J/ + anything) = (11.3± 1.4± 1.0)⇥ 10�6 for138

the direct ⌥(2S) inclusive decays.139

Figure 2 illustrates the M⇤J/ distributions from 4.2 GeV/c2 to 4.7 GeV/c2 in the ⌥(1S),140

⌥(2S) and continuum data samples. To cancel the mass resolutions of `+`� and p⇡, we141

use the calculation M⇤J/ = M`+`�p⇡ � M`+`� � Mp⇡ + mJ/ + m⇤, where M`+`�p⇡ is the142

invariant mass calculated from the sum of the 4-momenta of `+`� pair and p⇡ pair. Using this143

calculation, the mass resolution in M⇤J/ is improved to about approximately 2.8 MeV/c2,144

compared to 11.6 MeV/c2 without constraining the `+`� and p⇡ submasses. There are event145

accumulations near the mass of the Pcs(4459)0 state reported by LHCb [6] in both the ⌥(1S)146

and ⌥(2S) data samples, while the production of ⇤J/ in the continuum data sample is147

very low. The excess is enhanced when the mass spectra of ⇤J/ from the ⌥(1, 2S) data148

samples are combined.149

A binned maximum-likelihood fit is performed to the ⇤J/ mass spectrum from the150

combined ⌥(1, 2S) data sample to study the excess. The function used to describe the151

events selected from the signal region is characterized by152

fPDF = fR + fnoPcs + fSB, (3)

where fR is for the new structure, fSB is the background estimated from the ⇤ and J/ mass153

two-dimensional sidebands, and fnoPcs is the possible additional background from the no-Pcs154

production. The function fR contains the convolution of a BW function and a Gaussian155

function for the mass resolution, which is fixed to be 2.8 MeV/c2 according to the signal156

MC simulation. For fSB, we use
p
M �Mth ⇥ ec0M , where M is mass of ⇤J/ , Mth is157

the value of mass threshold of 4.21 GeV/c2, and c0 is a coe�cient determined by the fit.158

fnoPcs is the PDF of histogram of M⇤J/ in no-Pcs MC simulation. We fit the events from159

the signal region with fPDF and events from the two-dimensional sideband regions with fSB160

simultaneously.161

Since the excess is close to the mass of Pcs(4459)0, we include the Gaussian constraint in162
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of ⇤J/ production in ⌥(1, 2S) inclusive decays to be B[⌥(1S) ! ⇤J/ + anything] =133

(17.7 ± 2.2 ± 1.2) ⇥ 10�6 and B[⌥(2S) ! ⇤J/ + anything] = (16.0 ± 2.0 ± 1.4) ⇥ 10�6
134

for the first time. Taking into account the branching fractions of the transitions from135

⌥(2S) to ⌥(1S) [23], the B(⌥(1S) ! ⇤J/ + anything) measured here contributes a sub-136

branching fraction of (4.7 ± 0.6 ± 0.4) ⇥ 10�6 to ⌥(2S) inclusive decays. After subtracting137

this contribution, we obtain B(⌥(2S) ! ⇤J/ + anything) = (11.3± 1.4± 1.0)⇥ 10�6 for138

the direct ⌥(2S) inclusive decays.139

Figure 2 illustrates the M⇤J/ distributions from 4.2 GeV/c2 to 4.7 GeV/c2 in the ⌥(1S),140

⌥(2S) and continuum data samples. To cancel the mass resolutions of `+`� and p⇡, we141

use the calculation M⇤J/ = M`+`�p⇡ � M`+`� � Mp⇡ + mJ/ + m⇤, where M`+`�p⇡ is the142

invariant mass calculated from the sum of the 4-momenta of `+`� pair and p⇡ pair. Using this143

calculation, the mass resolution in M⇤J/ is improved to about approximately 2.8 MeV/c2,144

compared to 11.6 MeV/c2 without constraining the `+`� and p⇡ submasses. There are event145

accumulations near the mass of the Pcs(4459)0 state reported by LHCb [6] in both the ⌥(1S)146

and ⌥(2S) data samples, while the production of ⇤J/ in the continuum data sample is147

very low. The excess is enhanced when the mass spectra of ⇤J/ from the ⌥(1, 2S) data148

samples are combined.149

A binned maximum-likelihood fit is performed to the ⇤J/ mass spectrum from the150

combined ⌥(1, 2S) data sample to study the excess. The function used to describe the151

events selected from the signal region is characterized by152

fPDF = fR + fnoPcs + fSB, (3)

where fR is for the new structure, fSB is the background estimated from the ⇤ and J/ mass153

two-dimensional sidebands, and fnoPcs is the possible additional background from the no-Pcs154

production. The function fR contains the convolution of a BW function and a Gaussian155

function for the mass resolution, which is fixed to be 2.8 MeV/c2 according to the signal156

MC simulation. For fSB, we use
p
M �Mth ⇥ ec0M , where M is mass of ⇤J/ , Mth is157

the value of mass threshold of 4.21 GeV/c2, and c0 is a coe�cient determined by the fit.158

fnoPcs is the PDF of histogram of M⇤J/ in no-Pcs MC simulation. We fit the events from159

the signal region with fPDF and events from the two-dimensional sideband regions with fSB160

simultaneously.161

Since the excess is close to the mass of Pcs(4459)0, we include the Gaussian constraint in162
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FIG. 3. The combined distributions of the invariant mass of ⇤J/ and the fit results. The points
with error bars show the data, while the yellow histogram is the normalized background from the
two-dimensional sidebands of ⇤ and J/ masses. The solid curve shows the best fit results. The
red dashed curve from the convolution of BW and Gaussian function shows the signals. The brown
histogram shows the no-Pcs component. The green dashed curve shows the fit to the background
estimated from the sidebands, modeled by a square root function multiplied by an exponential
function.

our fit, minimizing the value of163

�2 lnL+
(m�m0)2

�2
m0

+
(�� �0)2

�2
�0

, (4)

where m and � are the mass and width of the structure, while m0 and �0 are the mean values164

from LHCb’s measurement [6], with �m0 and ��0 representing their asymmetric uncertainties.165

The fit yields the number of Pcs(4459)0 signal events Nfit
Pcs(4459)0

= 19 ± 5; by removing the166

signal from the fit, we find that the change in �2lnL is 13.01. The significance of the167

signal is estimated using a pseudo-experiments technique. The pseudo-experiments (toy168

MC) are generated based on the fit result of the background-only hypothesis assuming a169

Poisson distribution of the events in each bin. The fit in each pseudo-experiment follows170

the same procedures as the nominal fit to the combined ⌥(1, 2S) data sample. Among the171

4.3⇥105 pseudo-experiments, the number of pseudo-experiments with �(�2lnL) larger than172

the value in data is 160, corresponds to the p-value of 3.8⇥ 10�4 and thus a significance of173

3.4�. To study the e↵ect of background modeling, we use a more flexible parameterization174

by replacing the exponential function in fSB with a second-order Chebyshev polynomial.175

This results in a significance of 3.3�, including systematic uncertainty.176

We also perform a fit without the constraint on the resonant parameters. The fit yields177

the signal yield Nfit
sig = 20± 8, the mass MR = (4469.5± 4.1± 4.1) MeV/c2, and the width178

�R = (14.3 ± 9.2 ± 6.3) MeV, where the systematic uncertainties will be described later.179

The local significance is calculated to be 4.0� with the square root of �(�2lnL).180
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Updates regarding  
Υ(10753)
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Energy scan for  Υ(10753)
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 — a reminder
•first observed by Belle, [JHEP 10 (2019) 220] with  

•in the energy dependence of  

•  several competing interpretations  

•Belle also had exotic candidates , 
 [PRL 108, 122001 (2012)] 

Belle II added scan points 
•JHEP 07 (2024) 116

Υ(10753)
5.2σ

e+e− → Υ(nS)π+π−

∃
Zb(10610)±

Zb(10650)±

6

Energy Scan Data Samples

Belle II / SuperKEKB 
performed an energy scan 
in November 2021 with a 
total luminosity of 19 fb−1
with main goal to confirm 
and study the !(10753) :

q Belle II collected the 
data in the gap between 
the Belle points

q The point with the 
hightest statistic is near 
the peak

JHEP 10(2019)220
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Confirmation of  signalΥ(10753)
• Left-column figures 

for all events

• Right-column figures 
for  to 
suppress events from ISR

• Red dash (----) 

corresponding to 

p(ππμμ) < 0.1 GeV

Υ(nS)
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 — a reminder
•first observed by Belle, [JHEP 10 (2019) 220] with  

•in the energy dependence of  

•  several competing interpretations  

•Belle also had exotic candidates , 
 [PRL 108, 122001 (2012)] 

Belle II added scan points 
•JHEP 07 (2024) 116 

•  with  

•confirms Belle results of  

•no signals for , 

Υ(10753)
5.2σ

e+e− → Υ(nS)π+π−

∃
Zb(10610)±

Zb(10650)±

e+e− → Υ(nS)π+π− Υ(nS) → μ+μ−

Υ(10753)

Zb(10610)± Zb(10650)±
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Figure 4: Born cross sections for ⇡⇡⌥ (1S) (top), ⇡⇡⌥ (2S) (middle), and ⇡⇡⌥ (3S) (bottom),
with fit results overlaid. Points with error bars show measured cross sections, solid curves are the
results of the simultaneous fit results.

generator-level invariant mass of the parent particle ⌥ (10753) for the jth event generated
at the ith energy in the initial simulated sample before any selection.

After obtaining the weighted simulation samples, the weighted efficiency ✏ is calculated
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Figure 4: Born cross sections for ⇡⇡⌥ (1S) (top), ⇡⇡⌥ (2S) (middle), and ⇡⇡⌥ (3S) (bottom),
with fit results overlaid. Points with error bars show measured cross sections, solid curves are the
results of the simultaneous fit results.

generator-level invariant mass of the parent particle ⌥ (10753) for the jth event generated
at the ith energy in the initial simulated sample before any selection.
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Figure 4: Born cross sections for ⇡⇡⌥ (1S) (top), ⇡⇡⌥ (2S) (middle), and ⇡⇡⌥ (3S) (bottom),
with fit results overlaid. Points with error bars show measured cross sections, solid curves are the
results of the simultaneous fit results.

generator-level invariant mass of the parent particle ⌥ (10753) for the jth event generated
at the ith energy in the initial simulated sample before any selection.

After obtaining the weighted simulation samples, the weighted efficiency ✏ is calculated
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by the following formula:

✏wtd
i =

PNrec
k=0 wik

PNgen

j=0 wij

, (5.5)

where Nrec is the number of events remaining after the event selection at the ith energy
point, and Ngen is the generated number of the simulated signal events. The simulated
signal lineshapes used in the fit are also updated with the resulting weights. The Born
cross sections are then re-calculated and re-fitted, and this process is repeated. Stable
results for the correction factors and Born cross sections are obtained within five iterations.
The final results are summarized in Tab. 1. We determine the statistical significance of the
⌥ (nS) signals using their likelihood ratios relative to the background-only hypothesis.

The Born cross sections and the fit to their energy dependence are displayed in Fig. 4.
Clear signals of the ⌥ (10753) state are seen in the ⇡⇡⌥ (1S) and ⇡⇡⌥ (2S) channels. We first
fit the Born cross sections from the three channels individually. The ⌥ (10753) mass from the
individual ⇡⇡⌥ (1S) and ⇡⇡⌥ (2S) fits are found to be (10758.1±5.3) MeV/c2 and (10756.3±
3.6) MeV/c2, with widths of (25±20) MeV and (34±15) MeV, respectively. The consistency
of the mass and width values suggests that the structure found in ⇡⇡⌥ (1S) and ⇡⇡⌥ (2S) is
the same. The significances of the ⌥ (10753) from the ⇡+⇡�⌥ (1S) and ⇡+⇡�⌥ (2S) channels
individually are 4.1� and 7.5�, respectively. In contrast, no decays of the ⌥ (10753) to
⇡⇡⌥ (3S) final states are evident. We fit the Born cross sections from ⇡⇡⌥ (3S) data with
the ⌥ (10753) parameters fixed to the expected values, and the significance is only 0.2�.

We then fit the Born cross sections from ⇡⇡⌥ (1S), ⇡⇡⌥ (2S), and ⇡⇡⌥ (3S) channels
simultaneously with common resonance mass and width parameters. The simultaneous fit
is shown as the solid curve in Fig. 4. The goodness of fit is �2/n.d.f. = 89.3/70 = 1.28,
where n.d.f. is the number of degrees of freedom. The mass and width of the ⌥ (10753) state
are found to be (10756.3 ± 2.7) MeV/c2 and (29.7 ± 8.5) MeV, respectively. In addition,
the parameters of the ⌥ (5S) are measured to be (10884.7± 1.2) MeV/c2, and (38.7± 3.7)

MeV, and ⌥ (6S) are (10995.5± 4.2) MeV/c2, and (34.6± 8.6) MeV. The parameters of the
⌥ (5S) and ⌥ (6S) resonances are consistent with the world average values [2].

We determine the ratios between ⇡+⇡�⌥ (1S) and ⇡+⇡�⌥ (2S) cross sections, and
between ⇡+⇡�⌥ (3S) and ⇡+⇡�⌥ (2S) cross sections at three different energies corresponding
to the ⌥ (10753), ⌥ (5S), and ⌥ (6S) resonance peaks based on the simultaneous fit result
and the covariance matrix. The results are given in Tab. 2. The ratios between ⇡+⇡�⌥ (1S)

and ⇡+⇡�⌥ (2S) channels are consistent among the three resonance peaks, while the ratio
of the ⇡+⇡�⌥ (3S) and ⇡+⇡�⌥ (2S) channels from ⌥ (10753) peak is significantly smaller
than other two.

R⌥ (10753)
�(1S/2S) R⌥ (10753)

�(3S/2S) R⌥ (5S)
�(1S/2S) R⌥ (5S)

�(3S/2S) R⌥ (6S)
�(1S/2S) R⌥ (6S)

�(3S/2S)

Ratio 0.46+0.15
�0.12 0.10+0.05

�0.04 0.45+0.04
�0.04 0.32+0.04

�0.03 0.64+0.23
�0.13 0.41+0.16

�0.12

Table 2: Cross-section ratios at resonance peaks above the ⌥ (4S). Uncertainty in this table
combines statistical and systematic uncertainties.

– 11 –

small

JHEP 07(2024)116



Recent results from Belle and Belle II for exotic hadrons                                  Youngjoon Kwon                                        Dec. 10, 2024 for BCVSPIN 2024 @ Kathmandu, Nepal                   18

Cross-section ratios, etc.
En

er
gy

 s
ca

n 
fo

r Υ
(1

07
53

)
JHEP 07(2024)116

J
H
E
P
0
7
(
2
0
2
4
)
1
1
6

RΥ(10753)
σ(1S/2S) RΥ(10753)

σ(3S/2S) RΥ(5S)
σ(1S/2S) RΥ(5S)

σ(3S/2S) RΥ(6S)
σ(1S/2S) RΥ(6S)

σ(3S/2S)

Ratio 0.46+0.15
−0.12 0.10+0.05

−0.04 0.45+0.04
−0.04 0.32+0.04

−0.03 0.64+0.23
−0.13 0.41+0.16

−0.12

Table 2. Cross-section ratios at resonance peaks above the Υ(4S). Uncertainty in this table combines
statistical and systematic uncertainties.

Mode NZb1 NUL
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(pb) NUL
Zb2
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(pb)
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−4.6 <13.8 0.06+0.06

−0.05 <0.14 − − −
10.805GeV
πΥ(1S) 2.5+2.4

−1.6 <5.2 0.21+0.20
−0.13 <0.43 0.0+0.7

−0.0 <5.8 0.00+0.03
−0.00 <0.28

πΥ(2S) 5.2+3.8
−3.0 <12.3 0.15+0.11

−0.09 <0.35 0.0+0.8
−0.0 <6.0 0.00+0.04

−0.00 <0.30

Table 3. Signal yields and upper limits at 90% credibility for e+e− → πZb(10610, 10650),
Zb(10610, 10650) → πΥ(1S, 2S) processes and corresponding Born cross-section measurement limits.
Uncertainties for the numbers of signal events are statistical only. Here we use Zb1 and Zb2 as
shorthand for Zb(10610) and Zb(10650), respectively.

Zb(10610)± and Zb(10650)± signal components and a phase-space contribution. Here we
restrict the signal yield to be non-negative. No significant signal is found either for the
Zb(10610)± or Zb(10650)±. Upper limits are estimated with the following method. By fixing
the signal yields over a range of values and allowing the other parameters to vary in the fit, the
likelihood value is extracted as a function of the number of Zb(10610) or Zb(10650) signal events.
A Gaussian function is convolved with the profile likelihood distribution to approximate
the impact of systematic uncertainties, which are described below. The upper limit on the
number of signal events at the 90% credibility level is the position where the integral area
of the distribution equals 90% of the entire area which integrated starting from zero. Upper
limits on the Born cross sections of Zb(10610)± and Zb(10650)± are calculated using eq. (5.1)
and the corresponding radiative and polarization factors. The results are listed in table 3.

6 Systematic uncertainties

Sources of systematic uncertainties on the cross sections include tracking and muon-
identification efficiency, integrated luminosity, choice of simulated-event generators, trigger
efficiency, Υ(nS) branching fractions, the π+π− amplitude, ISR factor, and the fit procedure.
A momentum-dependent tracking uncertainty is obtained from B̄0 → D∗+(→ D0π+)π− and
e+e− → τ+τ− control samples in data, resulting in uncertainties ranging between 1.5% to
8.4% per track with lower momentum. For the tracking with relatively high momentum, i.e.,
greater than 200MeV/c, the efficiency uncertainty substantially improves to as low as 0.3%.
The muon identification uncertainty, obtained from J/ψ decays, dimuon, and two-photon
processes, ranges from 0.5% to 5.3%. The uncertainty in the integrated luminosity is 0.7%
while the uncertainty from the choice of generator is about 1.5% [43]. From studies using
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e+e− → τ+τ− control samples in data, resulting in uncertainties ranging between 1.5% to
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processes, ranges from 0.5% to 5.3%. The uncertainty in the integrated luminosity is 0.7%
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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 = 10.745

GeV, ⇡+⇡�⌥ (1S) at
p
s = 10.805 GeV, ⇡+⇡�⌥ (2S) at

p
s = 10.745 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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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 = 10.745

GeV, ⇡+⇡�⌥ (1S) at
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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)
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• but similar to  only for 

Υ(2S) → π+π−Υ(1S)
π+π−Υ(1S)

Υ(2S) → π+π−Υ(1S) π+π−Υ(2S)
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phase space 
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• Cross sections show a peak 
in the Y(10753) region

• Confirmation of Y(10753) and 
observation of its new decay 
channel

• 𝜒𝑏1𝜔 
Υ(𝑛𝑆)𝜋+𝜋− ratio one order 
higher at Υ 10753  than at 
Υ(5𝑆)

Belle-II, PRL 130, 9, 091902, (2023)

uncertainties in the Born cross-section measurements (dis-
cussed below) are approximately included by convolving
the likelihood with a Gaussian function whose width equals
the total systematic uncertainty.
For data collected at

ffiffiffi
s

p
¼ 10.701 GeV, the signal yield

is calculated as Nsig ¼ maxð0; Nobs − NbÞ. The observed
yield Nobs is obtained by counting events in the χb0, χb1,
and χb2 signal regions of 9.80<M½γϒð1SÞ%<9.89GeV=c2,
9.84<M½γϒð1SÞ%<9.93GeV=c2, and 9.86<M½γϒð1SÞ%<
9.95GeV=c2, respectively, in which about 95% of signal
candidates are retained; the background yieldsNb in the χbJ
signal regions are obtained by scaling background events
with the luminosity using

ffiffiffi
s

p
¼ 10.745 GeV data. The

statistical uncertainty for Nsig is estimated using a Bayesian
approach including background uncertainties [54]. The
upper limit at 90% Bayesian credibility on Nsig (NUL) is
also determined with the same approach. Signal yields and
upper limits are listed in Table I.
The eþe− → ωχbJ Born cross section is calculated using

σBðeþe− → ωχbJÞ ¼
Nsigj1 − Πj2

LεBintð1þ δISRÞ
; ð1Þ

where L is the integrated luminosity, ε is the reconstruction
efficiency, Bint is the product of the branching fractions of
the intermediate states, j1 − Πj2 is the vacuum polarization
factor [6,55], and ð1þ δISRÞ is the radiative-correction
factor [56–58]. In calculating the radiative-correction
factor, we use the energy dependence of the Born cross
sections measured in this Letter. Values of the inputs,
resulting Born cross sections, and their upper limits for
nonsignificant signals are listed in Table I.
Combining σBðeþe− → ωχb1 and ωχb2Þ ¼ ð0.76'

0.16Þ and ð0.29' 0.14Þ pb at
ffiffiffi
s

p
¼ 10.867 GeV from

Belle [41] and those from this Letter, we show the Born
cross sections for eþe− → ωχb1 and ωχb2 as functions of
collision energy in Fig. 2. We observe a strong enhance-
ment of the cross section near 10.75 GeV. We fit these

distributions with a coherent sum of a two-body phase
space and a BW function [59]
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where M is the mass of the ϒð10753Þ, Γ (Γee) is its
total (electron) width, Bf is the branching fraction for the
decay ϒð10753Þ → ωχb1 or ωχb2, Φ2 is the two-body
phase-space factor, and ϕ is the relative phase between
the amplitudes. In the fits, the mass and total width in
the BW function are fixed to 10752.7 MeV=c2 and
35.5 MeV [5], respectively. There are two solutions for
ΓeeB½ϒð10 753Þ → ωχb1 and ωχb2%. One corresponds to
constructive interference and yields ½0.63' 0.39ðstatÞ '
0.20ðsystÞ% and ½0.53' 0.46ðstatÞ ' 0.15ðsystÞ% eV (solu-
tion I). The other corresponds to destructive interference
and yields ½2.01' 0.38ðstatÞ ' 0.76ðsystÞ% and ½1.32'
0.44ðstatÞ ' 0.55ðsystÞ% eV (solution II). The systematic
uncertainties are discussed below. The fit qualities for ωχb1
and ωχb2 are χ2=ndf ¼ 0.5=1 and 0.1=1. An alternative
model with two interfering BW functions for theϒð10 753Þ
and ϒð10 860Þ states shows little interference and
ΓeeB½ϒð10 753Þ → ωχb1 and ωχb2% ¼ ½1.24' 0.56ðstatÞ%
and ½0.92' 0.37ðstatÞ% eV (solution I) and ½1.28'
0.57ðstatÞ% and ½1.09' 0.40ðstatÞ% eV (solution II). The
fit qualities for ωχb1 and ωχb2 are χ2=ndf ¼ 0.4=1 and
0.1=1. We also test a single BW of ϒð10 753Þ with a free
mass and width to fit the energy dependence, and find a less
satisfactory χ2=ndf of 12=6.
In addition, we search for the Xb in eþe− → γXb with

Xb → ωϒð1SÞ at
ffiffiffi
s

p
¼ 10.653, 10.701, 10.745, and

10.805 GeV. Distributions of M½ωϒð1SÞ% for events within
0.70 < Mðπþπ−π0Þ < 0.86 GeV=c2 are shown in Fig. 3.
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FIG. 2. Energy dependence of the Born cross sections for (left)
eþe− → ωχb1 and (right) eþe− → ωχb2. Circles show the mea-
surements reported here, triangles are the results of the Belle
experiment [41]. Error bars represent combined statistical and
systematic uncertainties. Curves show the fit results and various
components of the fit function.
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FIG. 3. Distributions of ωϒð1SÞ mass from data at
ffiffiffi
s

p
¼

10.653, 10.701, 10.745, and 10.805 GeV. The red dash-dotted
histograms are from simulated events eþe− → γXb½→ωϒð1SÞ%
with the Xb mass fixed at 10.6 GeV=c2 and yields fixed at the
upper limit values.
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contamination. At least one of the leptons is identified with
95% efficiency for electrons and 90% efficiency for muons.
To reduce the effects of bremsstrahlung and final-state
radiation, photons within a 50 mrad cone of the initial
electron or positron direction are included in the calcula-
tion of the particle four-momentum. The ϒð1SÞ signal
regions are selected as 9.25 < Mðeþe−Þ < 9.58 GeV=c2

and 9.34 < Mðμþμ−Þ < 9.58 GeV=c2.
Energy deposits in adjacent electromagnetic calorimeter

crystals are treated as photon candidates if they are not
associated with charged particles. We require the energy of
the photon from the χbJ decay to exceed 50 MeV. Photons
used to reconstructπ0 candidates are required to have energies
greater than 25, 25, and 40MeV, when detected in the barrel,
forward end cap, and backward end cap, respectively, and
to satisfy 0.105 < MðγγÞ < 0.150 GeV=c2. We perform

mass-constrained fits for the ϒð1SÞ and π0 candidates to
improve momentum resolutions.
We perform kinematic fits to the πþπ−π0γϒð1SÞ combi-

nations constraining their four-momenta to the initial eþe−

collision four-momentum. An average of 1.18 candidates
per event is found in data. In events with multiple
candidates, only the candidate with the smallest fit χ2 is
retained. To avoid systematic effects from the modeling of
the beam-energy spread, we do not use the momenta after
the kinematic fit.
Figure 1 shows distributions of M½γϒð1SÞ% and

Mðπþπ−π0Þ for events restricted to 9.75 < M½γϒð1SÞ% <
10 GeV=c2 and 0.61<Mðπþπ−π0Þ<0.95GeV=c2, where
signals are clearly visible at

ffiffiffi
s

p
¼ 10.745 and 10.805 GeV.

We perform a two-dimensional unbinned likelihood fit to
the M½γϒð1SÞ% versus Mðπþπ−π0Þ distributions for data
collected at

ffiffiffi
s

p
¼ 10.745 and 10.805 GeV [51]. The fit

function is a sum of four components: signals inM½γϒð1SÞ%
and Mðπþπ−π0Þ distributions, peaking background in the
M½γϒð1SÞ% distribution from eþe− → πþπ−π0χbJ, peaking
background in the Mðπþπ−π0Þ distribution from non-χbJ
backgrounds with a ω, and combinatorial background.
Each χbJ signal shape is described by a Crystal Ball
function [52] while the ω signal shape is described by a
Breit-Wigner function (BW) convolved with a Gaussian
function. The widths of the Crystal Ball and Gaussian
functions are approximately 15 and 13 MeV=c2, respec-
tively. Signal shape parameters are fixed from a fit to
simulated signal events. A product of linear functions is
used to describe the combinatorial background.
Fit results are presented in Table I. We find significant

signals of χb1 and χb2 at
ffiffiffi
s

p
¼ 10.745 GeV. The signifi-

cances of the χb0, χb1, and χb2 signals at 10.745 and
10.805 GeV are 11σ and 4.5σ, respectively. We report the
first observation of ωχbJ signals at

ffiffiffi
s

p
¼ 10.745 GeV.

These significances are estimated using Wilks’s theorem
[53]. We compute 90% Bayesian credibility upper limits on
the yields assuming uniform priors (Table I). Systematic
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FIG. 1. Distributions of (left) γϒð1SÞ and (right) πþπ−π0

masses in data at
ffiffiffi
s

p
¼ 10.701, 10.745, and 10.805 GeV with

fit results overlaid.

TABLE I. Measurements of eþe− → ωχbJ at
ffiffiffi
s

p
¼ 10.701, 10.745, and 10.805 GeV. Σ is the signal significance; Syst is the

systematic uncertainty. The first and second uncertainties (if available) indicate statistical and systematic contributions, respectively. The
common systematic uncertainties for all energy points are 15.8%, 9.4%, and 9.3% for ωχb0, ωχb1, and ωχb2, respectively.

Channel
ffiffiffi
s

p
(GeV) Nsig NUL ΣðσÞ ε j1 − Πj2 1þ δISR Syst (%) σB (pb) σULB (pb)

eþe− → ωχb0 10.701 0.0þ1.1
−0.0 3.0 ' ' ' 0.182 0.931 0.67 16.6 0.0þ6.1

−0.0 16.6
eþe− → ωχb1 0.0þ2.1

−0.0 3.9 ' ' ' 0.184 0.931 0.64 10.6 0.0þ0.7
−0.0 1.2

eþe− → ωχb2 0.1þ2.2
−0.1 4.0 ' ' ' 0.182 0.931 0.62 10.6 0.1þ1.4

−0.1 2.5
eþe− → ωχb0 10.745 3.0þ5.5

−4.7 12.0 0.5 0.183 0.931 0.65 25.9 2.8þ5.1
−4.4 ( 0.7 11.3

eþe− → ωχb1 68.9þ13.7
−13.5 ' ' ' 5.9 0.183 0.931 0.65 12.7 3.6þ0.7

−0.7 ( 0.5 ' ' '
eþe− → ωχb2 27.6þ11.6

−10.0 ' ' ' 3.1 0.184 0.931 0.65 14.5 2.8þ1.2
−1.0 ( 0.4 ' ' '

eþe− → ωχb0 10.805 3.6þ3.8
−3.1 9.9 1.2 0.182 0.932 1.12 24.9 4.1þ4.3

−3.5 ( 1.0 11.4
eþe− → ωχb1 15.0þ6.8

−6.2 26.2 2.7 0.182 0.932 1.12 20.2 0.9þ0.4
−0.4 ( 0.2 1.7

eþe− → ωχb2 3.3þ5.3
−3.8 12.8 0.8 0.183 0.932 1.11 29.1 0.4þ0.7

−0.5 ( 0.1 1.6
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To reduce the effects of bremsstrahlung and final-state
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function. The widths of the Crystal Ball and Gaussian
functions are approximately 15 and 13 MeV=c2, respec-
tively. Signal shape parameters are fixed from a fit to
simulated signal events. A product of linear functions is
used to describe the combinatorial background.
Fit results are presented in Table I. We find significant
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10.805 GeV are 11σ and 4.5σ, respectively. We report the
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• cross section shows a peak at , hence 
a confirmation and a new decay channel

• the ratio one order of 
magnitude higher at  than at 

Υ(10753)

χb1ω/ππΥ(nS) ∼
Υ(10753) Υ(5S)

PRL 130, 091902 (2023)
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ω

• Tetraquark interpretation of this state predicts enhancement of 

• we measure  indirectly by using recoil mass 

• no signals observed in either modes ➔ set upper limits

Υ(10753) → ηb(1S)ω

ηb Mrecoil(ω) = (Ecm − Eω)2 − p2
ω

11

𝚼 𝟏𝟎𝟕𝟓𝟑 → 𝝌𝒃𝟎𝝎 / 𝜼𝒃𝝎

𝑒+𝑒− → 𝜔𝜒𝑏0(1𝑃) transition was not observed using full reconstruction 
due to low decay probability 𝜒𝑏0 to Υ(1𝑆)𝛾. But in charmonium 𝑌(4220) →
𝜔𝜒𝑐0 decay was found to be enhanced compare to 𝑌(4220) → 𝜔𝜒𝑐1,2 by 
BES III 

𝑀𝑟𝑒𝑐𝑜𝑖𝑙(𝜔) = (𝐸𝐶𝑀 − 𝐸𝜔)2−𝑝𝜔
2

We first reconstructed 𝜔 → 𝜋+𝜋−𝜋0,since 𝜂𝑏(1𝑆) does not have convenient 
for reconstruction decay channels, and than use its recoil mass to identify 
the signal

Γ(𝜔𝜂𝑏)
Γ(Υ𝜋+𝜋−)

~30

Tetraquark (diquark-antidiquark) interpretation of this state predicts 
enhancement of Υ(10753) → 𝜔𝜂𝑏(1𝑆)  transition (Zhi-Gang Wang   
Chin.Phys.C 43 2019 123102)

Belle-II preliminary, arxiv:2312.13043
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FIG. 1. Distributions of M(⇡+⇡�⇡0) for the e+e� !
⌘b(1S)! (top) and e+e� ! �b0(1P )! (bottom) candidates.
Points indicate the data; solid curves show the results of the
fit; dashed and dotted curves show the signal and background
components of the fit, respectively. Vertical lines indicate the
! signal region.

and �bJ(1P ) signals are fixed to the simulation results.
To model the background, we use a 3rd-order Chebyshev
polynomial for the ⌘b(1S) channel, and the product of a
4th-order Chebyshev polynomial and a square-root func-
tion for the �b0(1P ) channel. Orders of the polynomial
functions are chosen to give the maximal p-value for the
fit.

Based on the results of the full-reconstruction analy-
sis [2], we find that the expected ratio of the �b1(1P ) and
�b2(1P ) yields with partial reconstruction is N1/N2 =
1.4±0.7. In an initial fit to the data we fix N1/N2 = 1.4,
and find N1 +N2 = (5.5± 3.2)⇥ 103, which agrees with
the expectation based on Ref. [2] of (3.4 ± 1.0) ⇥ 103.
In the following, we fix N1 + N2 to the expected value,
which helps to improve the sensitivity to the �b0(1P )
signal. Thus, only the ⌘b(1S) and �b0(1P ) yields, and
background parameters, are free in the fit. The fit re-
sults are shown in Figs. 2 and 3. We use 1MeV/c2 bins
for fitting and 10MeV/c2 or 5MeV/c2 bins for visualiza-
tion. No significant signals are observed; the obtained
⌘b(1S) and �b0(1P ) yields are given in Table I.

FIG. 2. Distribution of Mrecoil(⇡
+⇡�⇡0) for the e+e� !

⌘b(1S)! candidates. Top: data points with the fit function
overlaid. Bottom: the same distributions with the back-
ground component of the fit function subtracted. The solid
histogram shows the fit function for the best fit; the dashed
histogram shows the same function with the yield fixed to the
upper limit.

FIG. 3. Distribution of Mrecoil(⇡
+⇡�⇡0) for the e+e� !

�b0(1P )! candidates. Symbols are the same as those in Fig. 2.
The �b1(1P ) and �b2(1P ) contributions between 9.88 and
9.94GeV/c2 are discussed in the text.
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VI. CONCLUSIONS

We report a search for the e+e� ! ⌘b(1S)! and
e+e� ! �b(1S)! processes at

p
s = 10.745GeV. No

significant signals are observed, and we set the following
90% CL upper limits on Born-level cross sections:

�B(e
+e� ! ⌘b(1S)!) < 2.5 pb,

�B(e
+e� ! �b0(1P )!) < 8.7 pb.

(4)

The upper limit on the e+e� ! �b0(1P )! cross section
is comparable to the upper limit obtained using full re-
construction of 11.3 pb [2]. We combine the two results,
taking into account correlations, to obtain

�B(e
+e� ! �b0(1P )!) < 7.8 pb. (5)

The tetraquark model of Ref. [11] predicts that the
decay rate of ⌥(10753) ! ⌘b(1S)! is strongly enhanced
compared to the decay rates of ⌥(10753) ! ⌥(nS)⇡+⇡�.
The obtained upper limit on �B(⌘b(1S)!) is close to the
measured values of �B(⌥(nS)⇡+⇡�), which are in the
range (1 � 3) pb [1]. Thus, our results do not support
the tetraquark-model prediction that the ⌥(10753) !
⌘b(1S)! decay is enhanced [11]. In the 4S � 3D mixing
model, the decay rate of ⌥(10753) ! ⌘b(1S)! is smaller
than the decay rate of ⌥(10753) ! ⌥(nS)⇡+⇡� by a
factor 0.2 � 0.4 [17]; our upper limit is consistent with
this expectation.

The upper limit on the �b0(1P )! cross section is higher
than the measured �b1(1P )! and �b2(1P )! cross sections
of (3.6±0.9) pb and (2.8±1.3) pb, respectively [2]. For a
4S � 3D mixed state, the decay rate to �b0(1P )! is ex-
pected to be comparable to the decay rates to �b1(1P )!
and �b2(1P )! [14]; our upper limit is consistent with this
expectation. In the charmonium sector, the decay of the
Y (4230) state to �c0! is enhanced compared to the de-
cays to �c1! and �c2! [34]. We do not find an analogous
enhancement in the decay pattern of ⌥(10753), which
may indicate that Y (4230) and ⌥(10753) have di↵erent
structures.
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Summary
As a B-factory, Belle II continues being a strong player in the study of 
exotic hadrons as well as spectroscopy of conventional ones.

In this talk, we present the searches of charmed pentaquark states by Belle

• Search for  in  and  

• Evidence of  in  and  

We also show Belle II results regarding , a new -like state first 
observed by Belle in 2019. 

• Confirmation of  

• New decays channel  

Run 2 is underway with goal of collecting a several  data in the 
next few years.  Please stay tuned!

P+
c → pJ/ψ Υ(1S) Υ(2S)
Pcs(4459)0 → ΛJ/ψ Υ(1S) Υ(2S)

Υ(10753) bb̄

Υ(10753)
Υ(10753) → χbJω

ab−1

22



Thank you!


