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Abstract: We report the first measurement of the exclusive cross sections e+e− → BB̄,

e+e− → BB̄∗, and e+e− → B∗B̄∗ in the energy range from 10.63 GeV to 11.02 GeV. The

B mesons are fully reconstructed in a large number of hadronic final states and the three

channels are identified using a beam-constrained-mass variable. The shapes of the exclusive

cross sections show oscillatory behavior with several maxima and minima. The results are

obtained using data collected by the Belle experiment at the KEKB asymmetric-energy

e+e− collider.

Keywords: e+-e− Experiments, Particle and resonance production, Quarkonium,

Spectroscopy
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1 Introduction

The total e+e− → bb̄ cross section at various energies above the BB̄ threshold is shown

in figure 1 (left) [1]. It exhibits peaks of Υ(4S), Υ(10860), and Υ(11020), possibly a dip

in the region of Υ(10775), and also dips at the BB̄∗ and B∗B̄∗ thresholds. The exclusive

two-body cross sections e+e− → BB̄, e+e− → BB̄∗, and e+e− → B∗B̄∗, that saturate

the total cross section below the Υ(10860) peak and give a dominant contribution also

at higher energy, are expected to show much more pronounced behaviour, as shown in

figure 1 (right) [2]. The expected oscillatory behavior of the exclusive cross sections might

be due to the nodes of the Υ(4S), Υ(10860), and Υ(11020) wave functions [2]. These

– 1 –
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Figure 1. The Rb scan results from BaBar [1] (left), and the expected in Unitarized Quark Model

contributions of the BB̄, BB̄∗, and B∗B̄∗ channels [2] (right).

cross sections provide important information about the interactions in this energy region

and, in particular, about the structure of the Υ(4S), Υ(10860), and Υ(11020) states. This

topic is of special interest since the above states show anomalies, primarily in the pattern

of transitions to lower bottomonium states, that are currently not well understood (for a

review see, e.g., ref. [3]).

Here we report the first measurement of the energy dependence of the e+e− → BB̄,

e+e− → BB̄∗, and e+e− → B∗B̄∗ exclusive cross sections.1 Our approach is to perform

a full reconstruction of one B meson in hadronic channels, and then to identify the BB̄,

BB̄∗, and B∗B̄∗ signals using the Mbc distribution, Mbc =
√

(Ecm/2)2 − p2
B, where Ecm is

the center-of-mass (c.m.) energy and pB is the B-candidate momentum measured in the

c.m. frame. The Mbc distribution for BB̄ events peaks at the nominal B-meson mass, mB,

while the distributions for BB̄∗ and B∗B̄∗ events peak approximately at mB − ∆mB∗

2 and

mB − ∆mB∗ , respectively, where ∆mB∗ is the mass difference of the B∗ and B mesons [4].

If the B meson originates from a B∗ → Bγ decay, there is an additional broadening of the

signal due to the photon recoil momentum.

To reconstruct B mesons in a large number of hadronic final states we apply the Full

Event Interpretation (FEI) package of the Belle II software that was developed primarily for

tagging B mesons in the Υ(4S) → BB̄ decays [5]. This package uses multivariate analysis

for the event selection and provides high flexibility in choosing the B decay channels and

the input variables for the classifier.

Before going into details, we describe how the paper is organized and give an overview

of the analysis. In section 2 we briefly describe the Belle detector, the data samples and

the simulation. Selection of events is described in section 3. For the FEI classifier, we

choose input variables that are not correlated with the B candidate momentum, which

helps to avoid distortion of the background in the Mbc distribution and to keep efficiency

approximately independent of Ecm. We do not include the energy of the B candidate,

EB, into the FEI training and use sidebands in the Mbc versus ∆E plane to study back-

ground, where ∆E = EB − Ecm/2. We find that there is a peaking background in the

1
BB̄

∗ denotes the sum of BB̄
∗ and B

∗

B̄.

– 2 –
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Mbc distribution which is primarily due to misreconstructed soft photons. We first apply

FEI to the Υ(4S) data sample (section 4). We construct the Mbc fit function in which the

signal shape is calculated based on the Ecm spread, the cross section energy dependence,

and the momentum resolution. We also calibrate simulation of the peaking background

and determine the total B meson yield which is later used to determine the efficiency.

We proceed with the analysis of the Υ(10860) data sample (section 5) with the aim to

verify the fit procedure and measure the signal yield. We also study the distribution of B

mesons in the polar angle (appendix B). The fits to the data samples at various energies

are presented in section 6. We measure the efficiency at the Υ(4S) and Υ(10860) energies

(section 7). To determine the total numbers of B mesons in the Υ(10860) data sample, we

use five clean B+ and B0 decay channels reconstructed without FEI. Determination of the

cross sections, parameterization of the cross section energy dependence, and estimation

of the systematic uncertainties are presented in section 8. The results are discussed in

section 9. As a byproduct, we measure fs, the fraction of the B
(∗)
s B̄

(∗)
s events at Υ(10860)

(section 10). We conclude in section 11.

For brevity, in the following we denote Υ(10860) as Υ(5S) and Υ(11020) as Υ(6S).

2 Belle detector and data sets

The analysis is based on data collected by the Belle detector at the KEKB asymmetric-

energy e+e− collider [6, 7]. The Belle detector is a large-solid-angle magnetic spectrometer

that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an

array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-

flight scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprised of

CsI(Tl) crystals located inside a superconducting solenoid that provides a 1.5 T magnetic

field. An iron flux return located outside the coil is instrumented to detect K0
L mesons and

to identify muons (KLM). Two different inner detector configurations were used. For the

first sample of 156 fb−1, a 2.0 cm-radius beam pipe, and a 3-layer silicon vertex detector

were used; for the latter sample of 833 fb−1, a 1.5 cm-radius beam pipe, a 4-layer silicon

vertex detector (SVD2), and a small-cell inner drift chamber were used. This analysis is

based only on data collected with the SVD2 configuration. Detailed description of the

detector can be found in refs. [8, 9].

We use energy scan data with approximately 1 fb−1 per point, six points collected

in 2007 and 16 points collected in 2010. We use also the Υ(5S) on-resonance data with

a total luminosity of 121 fb−1 collected at five points with energies from 10.864 GeV to

10.868 GeV. The Ecm calibration of these data is reported in ref. [10]. We combine the

data samples with similar energies so that finally we obtain 23 energy points. The energies

and integrated luminosities of these 23 data samples are presented in table 5 below. We

use also the SVD2 part of the Υ(4S) data sample with the primary goal to calibrate the

reconstruction efficiency; its integrated luminosity is 571 fb−1.

The signal e+e− → B(∗)B̄(∗) events and the background e+e− → B
(∗)
s B̄

(∗)
s , e+e− → qq̄

(q = u, d, s, c) events are generated using EvtGen [11]. The detector response is simulated

using GEANT [12]. The Monte-Carlo (MC) simulation includes run-dependent variations

in the detector performance and background conditions.

– 3 –
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3 Event selection

The event selection is performed primarily by FEI. Our strategy is not to include the ∆E

variable in the training of the FEI classifier so that the ∆E sidebands (or, more precisely,

the ∆E′ sidebands with the ∆E′ variable defined as ∆E′ ≡ ∆E+Mbc −mB) are available.

We use the sidebands to study the smooth background component. We perform the FEI

training and then apply further channel-dependent selection criteria on the FEI output

variable and the ∆E′ variable, as described below.

We reconstruct B+ and B0 in the decay channels D̄(∗)π+(π+π−), D
(∗)+
s D̄(∗),

J/ψK+(π−), J/ψK0
S(π+), J/ψK0

Sπ
+π−, D(∗)−π+π+, and D∗−K+K−π+, where D̄ de-

notes D̄0 and D−. We do not use B-decay channels with π0 as their energy resolution is

rather poor. The D0, D+, and D+
s mesons are reconstructed in the final states with K±,

K0
S , π±, up to one π0, and multiplicity up to five. The complete list of the B- and D-meson

decay channels is given in appendix A. We reconstruct D∗ in all possible decay modes: Dπ

and Dγ. J/ψ are reconstructed in both µ+µ− and e+e− channels. To improve momentum

resolution, we apply a mass-constrained fit to π0, J/ψ, and D∗; mass-vertex-constrained

fit to D and D+
s ; and vertex fit to K0

S and B.

In FEI, the Fast Boosted Decision Tree algorithm [13] is used to discriminate signal and

background events. First, the final-state particles are classified, and then all the candidates

for unstable particles are obtained as combinations. Thus, FEI training is performed in

stages, and the results of the previous stage are used in the training of the current one.

The training is performed using MC simulation at the Υ(5S) energy. The classifier output

is the probability that a given candidate is the signal.

As training variables of charged pions, kaons, and leptons, we use particle identifica-

tion information, momentum, and transverse momentum. Prior to training we select the

candidates that originate from the interaction-point (IP) region: we require dr < 0.5 cm

and dz < 3 cm, where dr and dz are cylindrical coordinates of the point of the closest

approach of the track to the beam. For kaons we apply an additional requirement of

L(K)/(L(K) + L(π)) > 0.1, where L(K) and L(π) are likelihoods of the kaon and pion

hypotheses formed from the measurements in the ACC and TOF systems, as well as energy

loss measurement in CDC. The efficiency of this requirement is 98% and the probability

to misidentify a pion as a kaon is about 20%.

Photon candidates are clusters in ECL with the energies above 30 MeV and without

matching tracks. As training variables we use the number of crystals in the cluster, the

ratio of energy deposit in a 3×3 matrix of crystals to that in a 5×5 matrix, cluster energy,

and polar angle.

For the π0 → γγ candidates we use mass, momentum, and decay angle, which is defined

as the angle between the γ momentum measured in the π0 rest frame and the π0 boost

direction from the laboratory frame. For the K0
S → π+π− candidates we use mass and a

set of parameters describing the displaced vertex of K0
S . These are the distance of closest

approach between the two daughter pions, the impact parameters of the daughter pions,

the distance between the IP and the K0
S vertex, and the angle between the K0

S momentum

and the direction from the IP to the K0
S vertex; the latter three variables are measured in

the plane perpendicular to the beam direction.

– 4 –
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The training variables for J/ψ, D, and D∗ candidates are the signal probability of each

daughter (thus the number of variables varies with the channel) and the mass. In case of

D, we use also the χ2 of the mass-vertex fit; if the D decay is a three-body decay, we use

invariant masses of pairs of its daughters to take into account signals of ρ, K∗, and φ.

For the B meson candidates we use the signal probability of each daughter and χ2 of

the B vertex fit. If there is a D meson in the decay, we include the distance between the

B and D vertices, the significance of this distance, and the cosine of the angle between the

D momentum and the direction from B to D vertices. In the case when there are several

pions or pions and kaons in the decay, we include invariant masses of the combinations in

which production of ρ (→ ππ), a1(→ 3π) or K∗(→ Kπ) is expected.

At the last stage when the training for the B candidates is performed, we include

also variables that help to suppress continuum production of light and charm quarks,

e+e− → qq̄. These are the event-shape variable R2 (the ratio of the second to zeroth

Fox-Wolfram moments [14]) and the angle between the thrust axis of the B candidate

and the rest of the event. We also include two flags indicating the presence of a muon

and an electron, respectively, in the rest of the event. We consider lepton candidates in

the c.m. momentum windows 1.0 < pµ < 2.6 GeV/c and 0.8 < pe < 2.6 GeV/c where the

contribution of leptons from the semileptonic B decays is enhanced. We require that the

leptons are well identified with a likelihood ratio above 0.9 [8]. The efficiencies of this

requirement are 71% and 76% for muons and electrons, respectively; the probabilities to

misidentify hadrons as leptons are 1% and 0.1%, respectively.

Although the training is performed individually for each decay channel of every unsta-

ble particle in the decay chain, the signal probability is defined in a universal way so that

various channels can be compared. Thus, the signal probability from the classifier is used

to rank multiple candidates. At the intermediate stage of the reconstruction, we retain up

to 10 best D0, D+, and D+
s candidates. At the final stage of the B meson reconstruction,

we retain only one best candidate selected from all B+ and B0 candidates in the event.

The entire MC statistics corresponds to six times the statistics of real data. We use

half of the MC statistics to train the classifier and the other half to determine the efficiency.

The efficiency in the part that was used for training is higher by a factor 1.025 ± 0.006,

which is an indication of a small overtraining.

The ∆E′ versus Mbc distribution for the Υ(5S) on-resonance data is presented in

figure 2. Here we apply a requirement on the B meson signal probability from the FEI

classifier of PB > 0.1. In the ∆E′ projection, the signal events are concentrated near zero.

We optimize the requirements on the PB and ∆E′ variables individually for each

B decay channel. We evaluate the contribution of each channel to an overall figure of

merit (FoM) defined as NS/
√
NS +NB, where NS and NB are the numbers of signal and

background events, respectively. This optimization is performed based on the Υ(5S) on-

resonance data. The requirements on PB are in the range 0.01 to 0.1; the ∆E′ window size

varies from ±10 MeV to ±40 MeV depending on the channel.

The Mbc distributions in the Υ(5S) and Υ(4S) data for the ∆E′ signal region and

sidebands are shown in figure 3. The centers of the ∆E′ sidebands are shifted by ±80 MeV

from zero; the sizes of the high and low sidebands are the same as the size of the signal

– 5 –
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Figure 2. The ∆E′ versus Mbc distribution for the Υ(5S) data.
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Figure 3. The Mbc distributions in the Υ(5S) (left) and Υ(4S) (right) data. Black solid histogram

shows the ∆E′ signal region, while red points with error bars show the normalized ∆E′ sidebands.

region. The three peaks in the Υ(5S) data from left to right are the signals of BB̄,

BB̄∗, and B∗B̄∗, respectively. The peaking structure near the Mbc threshold is due to

the three-body processes e+e− → BB̄∗π, B∗B̄∗π, and the Υ(4S) production in the initial

state radiation (ISR) process. The ∆E′ sidebands describe the combinatorial background

outside the peaks well.

The MC simulation at Υ(5S) shows that the background is dominated by the cc̄

production. The Bs mesons do not produce a significant contribution in the region of

the B(∗)B̄(∗) signals.
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In the optimization of the channel-dependent selection requirements, NS and NB are

determined using the ∆E′ signal and sideband regions with an additional requirement of

5.27 < Mbc < 5.34 GeV/c2. The optimization for each channel is performed iteratively by

scanning FoM in turn in PB and |∆E′|. Since we use the Υ(5S) on-resonance data for the

optimization, the measured B meson yield could be biased. We note, however, that the

statistics in each B decay channel is high and we use a relatively large step in the PB and

|∆E′| scanning; therefore, statistical fluctuations in the FoM dependence on PB and |∆E′|
are small. To further study this issue, we divide the Υ(5S) data sample into two approx-

imately equal parts. We then use part 1 for optimization and reconstruct part 2 using the

resulting selection requirements. Similarly, we reconstruct part 1 using selection require-

ments optimized with part 2. In this way we completely avoid any bias in the yields due to

statistical fluctuations in the value of FoM during the optimization. We find a 1.3% smaller

ratio of the yields at Υ(5S) and Υ(4S) compared to the default procedure. We consider

this value as a symmetric systematic uncertainty due to the optimization procedure.

4 Analysis of the Υ(4S) data sample

Here our goal is to describe the Mbc distribution in the Υ(4S) data in terms of the Ecm

spread and the BB̄ cross section shape. This experience is essential for the analysis of the

Υ(5S) and energy scan data.

The information about the BB̄ cross section shape in the Υ(4S) region is rather limited.

Current values for the Υ(4S) mass and width are dominated by the BaBar measurement in

2004 [15]. There is also a more precise scan performed by BaBar in 2008 [1], however it was

not fitted in the original paper. We attempt to fit the 2008 scan results using the Υ(4S)

parameterization from ref. [15], which is based on the Quark Pair Creation model [16].

However, the fit function overestimates the measured values at high-mass side of Υ(4S).

Since we need the cross section shape to calculate the signal shape in the Mbc distribution,

we adopt the following strategy. We perform a simultaneous fit to the Mbc distributions

and the scan results of BaBar [1]. As a suitable model is missing, the cross section is

described by a high-order Chebyshev polynomial.

4.1 Mbc fit function

The signal component of the Mbc fit is calculated numerically as a sequence of convolutions.

It takes into account the beam-energy spread, the energy dependence of the production

cross section, the ISR, and the momentum resolution.

The energy spread of the colliding beams is described by a single Gaussian with the

mean Ecm0, which is a nominal c.m. energy. The distribution in Ecm is multiplied by

the energy dependence of the cross section. We convolve the obtained function with the

Kuraev-Fadin radiation kernel [17] to account for the ISR. We then change the argument

of the function from Ecm to the B meson momentum p0. At this step we account for the

ISR recoil momentum of the B mesons.

We convolve the distribution in p0 with the momentum resolution functions. We

use three resolution functions to describe the candidates of three types: (1) MC truth-
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f1 f2 f3

w − 0.073 0.041

µ1 (MeV/c) 0.04 −0.13 7.93

σ1 (MeV/c) 5.40 8.77 60.6

r2 0.52 0.43 0.066

µ2 (MeV/c) 0.36 7.27 −3.79

σ2 (MeV/c) 10.6 48.8 8.64

Table 1. Parameters of the momentum resolution functions of eq. (4.1).

matched candidates in the ∆E′ signal window, (2) not MC truth-matched candidates in

the ∆E′ signal window, and (3) candidates in the ∆E′ sidebands. The candidates of type

1 correspond to the signal, while candidates of type 2 and 3 correspond to the peaking

background. Each of the three resolution functions, fi, is a sum of two Gaussians with

special factors that account for the fact that p can not be negative:

fi(p− p0) =
1 − r2(i)

σ1(i)
exp

{

−(p− p0 − µ1(i))2

2σ1(i)2

}

(

1 − exp

{

−2p(p0 + µ1(i))

σ1(i)2

})

+
r2(i)

σ2(i)
exp

{

−(p− p0 − µ2(i))2

2σ2(i)2

}

(

1 − exp

{

−2p(p0 + µ2(i))

σ2(i)2

})

. (4.1)

The special factors are found by considering the momentum resolution function in three

dimensions and analytically integrating out all variables other than p. The parameters of

the resolution function are determined from the MC simulation (table 1). The functions f2

and f3 are multiplied by additional factors w(i) which are weight factors for the peaking

background in the ∆E′ signal and sideband regions. The momentum distributions are

transformed into the Mbc distributions.

The smooth background is described by a threshold function
√

Ecm/2 − x multiplied

by a third-order Chebyshev polynomial. The shape of the smooth background is the same in

the ∆E′ signal region and sidebands while the normalizations are allowed to float indepen-

dently (the smooth component in the sidebands is multiplied by a floated parameter rs.b.).

When fitting the data, we introduce a shift and a width-correction factor for each

component of the momentum resolution function, si and φi. Using the ∆E′ distributions

we find that for the signal component the shift is negligibly small, while the width-correction

factor is φ1 = 1.187±0.012. We float the shift and the width-correction factor of the peaking

background in the sidebands, s3 and φ3, and find that the values are consistent with zero

and one, respectively (table 2 below). Therefore, the shift and the width-correction factor

of the peaking background in the signal region, s2 and φ2, that are poorly constrained by

the Mbc fit, are fixed at s2 = 0 and φ2 = 1.

The peaking background components in the ∆E′ signal region and sidebands are mul-

tiplied by a common normalization factor n which is floated in the fit. Thus, the floated

parameters related to the signal in the Mbc distribution are the signal yield N (integral
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Figure 4. The Mbc distributions in the ∆E′ signal region (left) and sidebands (right). Points with

error bars are data, solid red histogram is the result of the simultaneous fit to these distributions

and the cross section energy dependence (figure 5), dashed red histogram is the smooth background,

dotted black histogram is the peaking background in the ∆E′ signal region. The lower panels show

the residuals.

of the signal component; it does not include the integral of the peaking background), the

Ecm spread σEcm , the peaking background normalization factor n, the shift s3, and the

width-correction factor φ3.

4.2 Cross section fit function

We describe the energy dependence of the dressed cross section2 by an 11th order Cheby-

shev polynomial (in case of the 10th order, χ2 of the fit is higher by about 20, while in case

of the 12th order it is almost unchanged). We require that the cross section is zero at the

BB̄ threshold and is never negative. We then apply the ISR correction and convolve with

the BaBar energy spread of 4.83 MeV [15]. We use 9 BaBar points located between the

BB̄ and BB̄∗ thresholds. The accuracy of the c.m. energy calibration at BaBar is 1.5 MeV.

We introduce a common shift for all nine points, ∆EBaBar, and float it in the fit with the

uncertainty constraint adding a term ∆E2
BaBar/(1.5 MeV)2 to χ2.

4.3 Results of the simultaneous fit

The results of the simultaneous fit to the Mbc distributions in the ∆E′ signal and sideband

regions and to the cross section energy dependence are presented in figures 4, 5 and table 2.

We perform the fit at several values of Ecm0, the average c.m. energy of the Belle Υ(4S)

SVD2 data. For each fit, we determine the difference between Ecm0 and the peak position of

the visible cross section, ∆Ecm. We find that ∆Ecm is equal to zero at Ecm0 = 10.5787 GeV

2The dressed cross section differs from the Born cross section in that the vacuum polarization is accounted

for.
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Figure 5. Energy dependence of the total bb̄ cross section (Rb). Points with error bars are from

ref. [1]. Black solid curve is the result of the simultaneous fit to this distribution and the Mbc

distributions (figure 4). Blue curve is the visible cross section before accounting for the Ecm spread.

Red curve is the dressed cross section. Vertical dashed lines indicate the BB̄ threshold, the nominal

Belle c.m. energy Ecm0, and the BB̄∗ threshold, in increasing values of Ecm.

N (581.2 ± 1.1 ± 3.2) × 103

σEcm (5.36 ± 0.11 ± 0.16) MeV

∆EBaBar (−1.75 ± 0.14 ± 0.67) MeV

n 1.16 ± 0.03

s3 (−0.2 ± 0.6) MeV/c

φ3 1.00 ± 0.02

rs.b. 1.017 ± 0.005

Table 2. Results of the simultaneous fit to the Belle Mbc distribution and the BaBar cross section

scan results [1]. The first error is statistical, the second one (if present) is systematic.

and use this Ecm0 value in the default fit. If Ecm0 is floated, we find Ecm0 = 10.5791 ±
0.0003 GeV, which is 1.6σ away from the constraint. The p-value of the default fit is 1.8%.

To determine the systematic uncertainty, we consider a variation in Ecm0 of ±0.5 MeV

that corresponds to a variation in ∆Ecm of ±1.5 MeV. The decrease of the visible cross

section at ∆Ecm = ±1.5 MeV is about 1%. This variation produces a negligible change in

the yield N , but is a dominant uncertainty for σEcm and ∆EBaBar.

We increase the order of the Chebyshev polynomial that describes the cross section

shape (11th order to 12th) and which is used in the smooth background component (3rd

order to 4th). In both cases we find a negligible change in all fit results.

The normalization factor n of the peaking background is found to be 1.16 (table 2).

This value is determined primarily by the ∆E′ sidebands. To estimate the systematic

uncertainty related to the peaking background in the ∆E′ signal region, we introduce a

separate normalization factor for this component, n2, and repeat the fit fixing n2 at 1.08
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Figure 6. Energy dependence of the Ecm spread. Black dots with error bars are the measurements,

red open dots are σEcm
corrected for the microwave instability effect, red line is the fit result.

and 1.24. This source is dominant for the yield while for σEcm and ∆EBaBar the changes are

small. The total systematic uncertainty for the yield N , σEcm , and ∆EBaBar is presented

in table 2. The value of the yield is used to determine the efficiency at the Υ(4S) energy

(section 7).

The value of the Ecm spread at Υ(4S), (5.36 ± 0.19) MeV, and the measurements at

other energies are shown in figure 6. The value at Υ(5S), (5.36 ± 0.13) MeV, is measured

in ref. [10] using the e+e− → Υ(nS)π+π− (n = 1, 2, 3) processes. To find the values at

Υ(1S, 2S, 3S), we use the visible cross sections that are determined based on the event

yields and luminosities in ref. [9]. The procedure is the following. We determine the

energy dependence of the dressed cross section near the resonance using corresponding

parameters: mass, width, and electron width [4]. We then apply the ISR correction by

performing a convolution with the Kuraev-Fadin radiation kernel [17] and account for the

Ecm energy spread by performing another convolution with a Gaussian. The integral of the

cross section depends on the total and electron widths, while the shape of the cross section

is determined by the energy spread, since the Υ(1S, 2S, 3S) resonances are very narrow.

Thus, the maximum of the visible cross section is sensitive to σEcm . For each Υ(nS)

(n = 1, 2, 3) we fit a single point: the measured visible cross section at the resonance

maximum. The value of the fit function is the maximum of the calculated cross section.

The parameters of the resonance are floated in the fit within the uncertainties of their world-

average values [4], thus their contribution to the uncertainty in the spread is accounted

for. We find that the dominant contribution is the uncertainty in the electron width. The

spread values at Υ(1S), Υ(2S), and Υ(3S) are (4.439±0.157) MeV, (5.19±0.59) MeV, and

(5.95 ± 0.80) MeV, respectively.

If the bunch current of the positron beam, Ie+ , is above 0.5 mA, there is a microwave

instability that increases the Ecm spread [18]. The increase factor, fσ, depends linearly

on Ie+ reaching fσ = 1.20 at Ie+ = 1.0 mA. The average over data taking period value
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of fσ is determined based on Ie+ and integrated luminosity of each run. For the Υ(nS)

(n = 1, 2, 3, 4, 5) data samples, we find fσ = 1.070, 1.157, 1.223, 1.203, and 1.179, respec-

tively. The uncertainty in fσ is negligibly small compared to the uncertainty in σEcm . The

corrected values σcor
Ecm

= σEcm/fσ at various Ecm are shown in figure 6. The dependence of

σcor
Ecm

on Ecm is consistent with the proportionality hypothesis; from the fit we find:

σcor
Ecm

= (4.247 ± 0.073) × 10−4 × Ecm. (4.2)

The fσ values in the scan data samples are in the range 1.11 − 1.20. To determine σEcm of

each scan data sample we use its fσ factor and the σcor
Ecm

value from eq. (4.2).

The shift in Ecm of BaBar, (−1.75 ± 0.68) MeV, is 1.2σ away from zero in terms of the

BaBar accuracy of 1.5 MeV. This shift could be used in future phenomenological analyses

of the BaBar scan results.

As a consistency check we estimate the ISR correction factor to be (1 + δISR) =

0.626 ± 0.012. The uncertainty here is a systematic one due to variation of Ecm0. This

value agrees with the result of ref. [19] of 0.622 ± 0.018.

5 Analysis of the Υ(5S) data sample

To fit the Υ(5S) data we include also the e+e− → BB̄∗ and e+e− → B∗B̄∗ signals. The

decay B∗ → Bγ leads to additional smearing of the B momentum that we take into account

in the fit function by performing additional convolution; relativistic kinematics is used in

this calculation. The distribution in the helicity angle of the B∗ → Bγ decay, defined as the

angle between the B momentum measured in the B∗ rest frame and the boost direction of

the B∗ from the c.m. frame, is expected to be 1+cos2 θh for e+e− → BB̄∗ and 1+ah cos2 θh

with −1 ≤ ah ≤ 1 for e+e− → B∗B̄∗. In the fit, we float the parameter ah.

The energy dependence of the e+e− → B(∗)B̄(∗) cross sections, that is needed for the

fit function, is taken from the measurements described below; the analysis is performed

using an iterative procedure. The parameters of the momentum resolution function are

determined from the Υ(5S) simulation. They are found to be close to those at Υ(4S). The

factor n for the normalization of the peaking background is taken to be the same as in the

Υ(4S) data (table 2). The Ecm spread is fixed to the fitted value (eq. (4.2)) multiplied by

the microwave instability correction factor; the result is σEcm = (5.44 ± 0.09) MeV. The

smooth background is described by a threshold function
√

Ecm/2 − x multiplied by a 6th

order Chebyshev polynomial; the order is higher than at Υ(4S) because we use a broader

fit interval. The result of the fit to the Υ(5S) data is shown in figure 7 and table 3. We

report the total yield Ntotal and the fractions of various channels NB(∗)B̄(∗) /Ntotal. One of

the fractions is not floated as its value is determined from the constraint that the sum of

the three fractions is equal to 1. To find its statistical uncertainty, we repeat the fit with a

different choice of the fraction, which is not floated. The yield is defined as the integral of

the fit function in the region 5.27 < Mbc < 5.35 GeV/c2. The fit describes the data well,

and its p-value is 87%. The Mbc distribution in the ∆E′ signal region is fitted only up to

Mbc = 5.375 MeV/c2 to avoid the region near the Mbc threshold where the contribution

of the e+e− → BB̄∗π and e+e− → B∗B̄∗π processes is expected [20]. We extrapolate the
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Figure 7. The Mbc distributions in the ∆E′ signal (top) and sideband (bottom) regions. Points

with error bars are data, solid histogram is the result of the simultaneous fit, dashed histogram

is the smooth background. Black dotted histogram indicates the contribution of the BB̄ channel

that includes a peak near threshold due to the ISR production of Υ(4S). Vertical red line at

5.375 GeV/c2 in the top panel indicates the upper boundary of the fit interval.

Ntotal (23.66 ± 0.22 ± 0.34) × 103

NBB̄ /Ntotal 0.1121 ± 0.0030

NBB̄∗ /Ntotal 0.3095 ± 0.0045

NB∗B̄∗ /Ntotal 0.5784 ± 0.0048

ah −0.18 ± 0.07

s3 (−39+16
−20) MeV/c

φ3 1.42+0.59
−0.33

rs.b. 0.998 ± 0.007

Table 3. Results of the fit to the Mbc distribution at Υ(5S). The errors are statistical.

fit function beyond the fit interval and indeed find an excess of events near the threshold.

The study of the three-body channels B(∗)B̄(∗)π will be a subject of separate analysis.

The value of Ntotal is used to calculate the efficiency in the Υ(5S) data (section 7),

therefore we estimate its systematic uncertainty (table 4). The shape of the signal depends

upon the energy dependence of the BB̄, BB̄∗, and B∗B̄∗ cross sections. We find the

corresponding uncertainty as described in section 8. To estimate the uncertainty due to

the Ecm spread, we vary its value within the uncertainty of ±0.09 MeV. The normalization

factor of the peaking background n is varied between 1.08 and 1.24. In the fit to the
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Cross section shape

– statistical uncertainty 0.37

– parameterization 0.35

Ecm spread 0.12

Yield of peaking background 0.33

Shape of peaking background 0.13

Shape of smooth background 0.05

Optimization procedure 1.3

Total 1.45

Table 4. Systematic uncertainties in the total signal yield Ntotal at Υ(5S) (in %).

Υ(4S) data we find that the shift s3 and the width-correction factor φ3 of the peaking

background in the ∆E′ sidebands are consistent with zero and one, respectively (table 2),

while in the Υ(5S) data they deviate from the above values with a combined significance

of 2.6σ (table 3). To estimate the uncertainty associated with the shape of the peaking

background, we repeat the fit fixing s3 = 0 and φ3 = 1. To account for the uncertainty

in the shape of the smooth background we change the order of the polynomial which is

used in the parameterization from 6th to 7th and 8th. We account also for the systematic

uncertainty due to the optimization procedure of 1.3% (section 3). The deviations in the

yield under the variations of the analysis are considered as systematic uncertainties due to

a given source. The total systematic uncertainty (given both in tables 3 and 4) is estimated

as a sum in quadrature of the individual contributions.

We study the distributions of the BB̄, BB̄∗, and B∗B̄∗ in the polar angle of the

B meson and find that they agree with the expectations. The details are provided in

appendix B.

6 Fits at various energies

The fit function is the same as at Υ(5S), except for the normalization of the signal. Here

the integral of each signal component is not normalized to unity in the range 5.27 < Mbc <

5.35 GeV/c2. Instead, it is equal to the integral of the ISR kernel [17] multiplied by the

relative change of the cross section with energy. This normalization value is equal to the

(1 + δISR) correction factor and thus the measured yields include the ISR correction and

can be used directly to determine the dressed cross sections. This approach was used in

previous energy scan papers [10, 21].

We fix the shift s3, the width-correction factor φ3 and the relative normalization of

the smooth background rs.b. to the fit results at Υ(5S) (table 3). The angular distribution

parameter ah is floated within the allowed range −1 ≤ ah ≤ 1. In case of the smooth

background only the normalization is floated. The fits at various energies are shown in

appendix C.
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Measured yields are used to calculate the dressed cross sections as described in section 8

after we present the determination of the efficiency in the next section. The values of ah

in the scan data samples are poorly constrained by the fit; their uncertainties are close to

the size of the allowed range.

7 Determination of the efficiency

To determine the efficiency at the Υ(4S) energy we use the measured B meson yield

N(Υ(4S)) (table 2) and the total number of the BB̄ pairs in the Υ(4S) SVD2 data,

NBB̄(Υ(4S)) = (619.6 ± 9.4) × 106 [9]. This number is obtained by counting hadronic

events at Υ(4S) and subtracting the continuum contribution, which is determined using

data collected 60 MeV below Υ(4S). The transitions from Υ(4S) to lower bottomonia have

total branching fraction of 0.26% [4] and are neglected. The efficiency is calculated as

εΥ(4S) =
N(Υ(4S))

2NBB̄(Υ(4S))
= (0.4690 ± 0.0077) × 10−3. (7.1)

To determine precisely the ratio of the B meson yields in the Υ(4S) and Υ(5S) data

samples, we use five final states with low multiplicity for which the distribution over phase

space is well known and which can be reliably simulated:

1. B+ → J/ψK+,

2. B0 → J/ψK∗(892)0, K∗(892)0 → K+π−,

3. B+ → D̄0π+, D̄0 → K+π−,

4. B+ → D̄0π+, D̄0 → K+π+π−π−,

5. B0 → D−π+, D− → K+π−π−.

The signal-to-background ratio in these final states is high, and they are reconstructed with-

out application of FEI. Selection requirements are taken to be the same as in ref. [20]. To

minimize the sensitivity to the peaking background, we fit the ∆E′ spectra simultaneously

in the Υ(4S) and Υ(5S) data samples applying a requirement 5.27 < Mbc < 5.35 GeV/c2.

The fit is performed separately for each channel. The fit function for the Υ(4S) data is

a sum of two Gaussians to describe the signal and a first or second order polynomial (de-

pending on the channel) to describe the background. The fit function for the Υ(5S) data

is the same except that the ratio of yields at Υ(5S) and Υ(4S), shift, and width-correction

factor are introduced for the signal. The background components in the Υ(4S) and Υ(5S)

data samples are floated independently. To estimate the systematic uncertainty, we con-

sider variations of the polynomial order and the fit interval. The systematic uncertainty is

calculated as the root-mean-square (RMS) of the deviations. We repeat the same fits for

the MC samples and find that the efficiency ratio is consistent with one for all the channels.

The efficiency-corrected yield ratios are 0.0393 ± 0.0017, 0.0376 ± 0.0023, 0.0399 ± 0.0021,
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0.0365 ± 0.0033, and 0.0391 ± 0.0022 for the channels from one to five, respectively; the

uncertainties include the statistical and systematic contributions. The average yield ratio is

R5 chan = 0.03882 ± 0.00097. (7.2)

In this calculation we implicitly assume that the ratio of the B+B− and B0B̄0 pro-

duction rates, fB+/fB0 , is the same at Υ(4S) and Υ(5S). Since Υ(5S) is far from the

BB̄ threshold, one can expect that isospin violation at Υ(5S) is small and fB+/fB0 = 1.

At Υ(4S), fB+/fB0 was measured to be 1.058 ± 0.024 [4]; thus, it is shifted from 1 by

2.4 standard deviations. We repeat the calculation taking into account the isospin non-

conservation at Υ(4S), and find that R5 chan increases by 0.53%. Since the change is very

small, the isospin non-conservation is neglected.

The efficiency at the Υ(5S) energy is determined from the total B meson yield Ntotal

(table 3):

εΥ(5S) =
Ntotal

2NBB̄(Υ(4S))

1

R5 chan
= (0.492 ± 0.017) × 10−3. (7.3)

The ratio of the efficiencies at Υ(5S) and Υ(4S), 1.049 ± 0.032, agrees with the MC expec-

tation of 1.028 ± 0.004.

From MC simulation we find that the dependence of the efficiency on the B meson

momentum is consistent with being linear. Thus, for all energies and various B(∗)B̄(∗) final

states we determine the efficiency ε based on the corresponding average momentum and

the values εΥ(4S) and εΥ(5S), assuming linear dependence on the B meson momentum. To

find the uncertainty in ε, we separate uncertainties in εΥ(4S) and εΥ(5S) into common and

uncorrelated parts; we then assume that the uncorrelated part varies linearly with the B

meson momentum.

8 Results for the cross sections

The dressed cross sections are calculated as

σdressed =
N

(1 + δISR)Lε
, (8.1)

where the ratio N/(1 + δISR) is directly obtained from the fit. The cross sections are

presented in table 5 and in figure 8. The cross sections show a non-trivial behaviour with

several maxima and minima. There is no obvious signal of Υ(5S) that matches its mass

and width.

In figure 9 we plot the sum of the exclusive BB̄, BB̄∗, and B∗B̄∗ cross sections super-

imposed on the total bb̄ dressed cross section that was obtained in ref. [19] from the visible

cross sections measured by Belle [22] and BaBar [1]. The sum is compatible with the total

bb̄ cross section up to Ecm = 10.82 GeV; this value is close to the B∗
s B̄

∗
s threshold. The

deviation at higher energy is presumably due to the contributions of Bs mesons, multibody

final states B(∗)B̄(∗)π(π), and production of bottomonia with light hadrons.

To calculate the shapes of the signals at various energies and to determine the ISR

corrections, we need to parameterize the energy dependence of the cross sections. Since
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Ecm L σ(BB̄) σ(BB̄∗) σ(B∗B̄∗)

11020.8±1.4 0.982 31.5±9.9±1.2±1.7 158.4±19.3±4.2±7.7 77.6±15.6±5.4±3.6

11018.5±2.0 0.859 27.8±10.5±1.0±1.5 82.4±16.5±2.3±4.0 71.9±15.9±3.1±3.4

11014.8±1.4 0.771 34.8±11.4±1.2±1.9 119.2±19.5±2.4±5.8 85.0±18.1±2.7±3.9

11003.9±1.0 0.976 9.7±7.0±0.3±0.6 45.2±11.8±1.3±2.2 78.4±14.2±5.1±3.6

10990.4±1.3 0.985 10.5±8.1±0.4±0.7 47.9±11.7±2.0±2.3 43.1±12.4±3.5±2.0

10975.3±1.4 0.999 8.5±7.2±1.2±0.6 44.0±11.9±0.8±2.1 81.7±14.3±4.5±3.6

10957.5±1.5 0.969 −2.8±6.0±0.1±0.3 54.5±12.6±1.6±2.5 89.2±15.5±2.5±3.8

10928.7±1.6 1.149 10.5±6.9±0.9±0.6 62.7±12.1±1.6±2.7 115.6±16.2±3.8±4.7

10907.3±1.1 0.980 28.8±9.1±2.0±1.4 66.8±13.5±3.2±2.8 72.1±14.0±4.0±2.8

10898.3±0.7 2.408 32.2±6.3±0.5±1.4 90.2±9.4±1.3±3.7 61.1±8.0±1.4±2.3

10888.9±0.8 0.990 43.8±10.5±0.7±2.0 101.2±15.6±1.0±4.1 82.7±14.4±1.8±3.1

10882.8±0.7 1.848 33.9±7.5±0.4±1.5 109.6±11.7±1.5±4.4 88.9±10.8±2.5±3.3

10877.8±0.8 0.978 33.7±10.1±1.7±1.5 103.1±16.0±2.8±4.1 117.3±16.6±3.0±4.3

10867.6±0.2 45.28 31.3±1.5±0.0±1.3 76.5±2.1±0.1±3.2 154.1±2.7±0.2±6.2

10865.8±0.3 29.11 32.7±1.9±0.0±1.4 81.3±2.7±0.1±3.4 154.9±3.4±0.1±6.2

10864.2±0.3 47.65 32.2±1.4±0.0±1.4 74.2±2.0±0.1±3.1 159.9±2.7±0.3±6.3

10857.4±0.9 0.988 17.8±8.8±1.2±0.8 81.5±15.0±2.5±3.2 184.1±20.4±4.4±6.5

10848.9±1.0 0.989 19.6±8.7±2.3±0.9 109.3±15.2±3.2±4.1 160.8±19.4±6.2±5.6

10829.5±1.2 1.697 18.6±7.0±0.7±0.8 101.8±11.6±3.4±3.7 198.4±16.0±4.2±6.6

10771.2±1.0 0.955 9.7±7.6±2.2±0.5 112.2±16.2±5.2±3.6 58.2±12.1±6.1±1.7

10731.3±1.5 0.946 27.0±10.1±1.4±1.0 54.7±11.8±8.5±1.6 161.3±18.4±8.7±4.2

10681.0±1.4 0.949 19.2±9.3±4.1±0.7 177.3±18.4±10.7±4.5 139.0±18.4±5.7±3.1

10632.2±1.5 0.989 51.0±11.1±6.0±1.4 257.6±22.7±8.1±5.6 —

Table 5. Energies (in MeV), luminosities (in fb−1) for various data samples and the results for

the dressed cross sections (in pb). The first error in the cross section is statistical, the second is

uncorrelated systematic, and the third is correlated systematic.

currently there is no suitable phenomenological model for the cross section energy de-

pendence, we fit the cross sections using high-order Chebyshev polynomials. The fit to

the total bb̄ visible cross section in the Υ(4S) region (figure 5) and the analysis in ref. [19]

(figure 9) show that the dressed BB̄ cross section goes to zero at the BB̄∗ threshold. Thus,

for the BB̄ channel we fit the cross section starting from the BB̄∗ threshold, while below

this threshold we use the result of the fit shown in figure 5. To impose the requirement

that the cross section is zero at the BB̄∗ threshold in the BB̄ channel, as well as at the

corresponding thresholds in the BB̄∗ and B∗B̄∗ channels, we add points at the thresholds

with zero values and small uncertainties.

The energy dependence of the total bb̄ dressed cross section shows a dip at the B∗B̄∗

threshold of 10.65 GeV (figure 9). To take into account this dip in the fits to the exclusive
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Figure 8. Measured dressed cross sections at various energies for e+e− → BB̄ (left), e+e− → BB̄∗

(right), and e+e− → B∗B̄∗ (bottom). The outer error bars indicate statistical uncertainties and

inner red error bars indicate uncorrelated systematic uncertainties. Solid curves show the result of

the simultaneous fit to these distributions and the total bb̄ cross section energy dependence (figure 9).

Dashed curves show the fit function before the convolution to account for the Ecm spread.

cross sections, we use the total bb̄ dressed cross section as an additional constraint. We fit

simultaneously the exclusive cross sections and the total bb̄ dressed cross section, the latter

only in the region below the BB̄∗π threshold of 10.75 GeV. The fit function for the total

bb̄ dressed cross section is just a sum of the individual BB̄, BB̄∗, and B∗B̄∗ contributions.

The orders of the polynomials that we use for BB̄, BB̄∗, and B∗B̄∗ are 10, 17, and 12,

respectively. These orders provide sufficient flexibility to describe the available data. The

polynomials are constrained to be positive by adding a penalty term to the χ2 in case the

polynomial becomes negative at any energy. To account for the Ecm spread, we convolve

the polynomials with the Gaussian. The results of the simultaneous fit are presented in

figures 8 and 10.
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Figure 9. Energy dependence of the total bb̄ dressed cross section obtained in ref. [19] from the

visible cross sections measured by Belle [22] and BaBar [1] (black dots). Open red circles represent

the sum of the exclusive BB̄, BB̄∗, and B∗B̄∗ cross sections measured in this work. Right panel is

a zoom of the low cross section region.
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Figure 10. Energy dependence of the total bb̄ dressed cross section from ref. [19] (blue dots). Solid

black curve is the result of the simultaneous fit to this distribution and the exclusive BB̄, BB̄∗, and

B∗B̄∗ cross section energy dependence (figure 8). Vertical line at 10.75 GeV indicates the upper

boundary of the fit interval; dashed black curve is an extrapolation of the fit function. Also shown

are the individual contributions of BB̄ (blue dashed curve), BB̄∗ (red dotted curve), and B∗B̄∗

(green dash-dotted curve).
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Figure 11. Measured dressed cross sections at various energies for e+e− → BB̄ (left), e+e− → BB̄∗

(right), and e+e− → B∗B̄∗ (bottom). The outer error bars indicate the statistical uncertainties

and the inner red error bars indicate the systematic uncertainties due to the cross section parame-

terization. Solid curves show the fit results for the default set of polynomial orders. Dotted curves

show the fit results for the polynomial orders varied by ±1 and ±2.

The uncertainty in the shape of the cross section energy dependence contributes to the

systematic uncertainty in the cross section measurements at various energies. The uncer-

tainty in the shapes originates from the parameterization and from the limited statistical

accuracy in the cross section measurements. In addition to the default set of the polyno-

mial orders of (10, 17, 12), we consider also sets (11, 18, 13), (12, 19, 14), (9, 16, 11), and

(8, 15, 10) that provide a conservative estimation of the possible cross section behaviours.

Corresponding fit results are shown in figure 11.

To estimate the influence of the statistical accuracy, we use toy MC. We generate

pseudoexperiments using the fitted cross sections as central values and statistical uncer-

tainties in data as standard deviations. We fit the energy dependence of the cross sections
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σ(BB̄) σ(BB̄∗) σ(B∗B̄∗)

Cross section shape

– statistical uncertainty 0.51 1.03 0.87

– parameterization 0.17 1.30 1.55

Ecm spread 0.22 0.04 0.05

Yield of peaking background 0.12 0.04 0.05

Shape of peaking background 0.76 0.11 0.21

Efficiency 3.40 3.40 3.40

Luminosity 1.4 1.4 1.4

Total 3.80 4.04 4.09

Table 6. Correlated systematic uncertainties in cross sections at Υ(5S) (in %).

in each pseudoexperiment and, based on the fit results, determine the Mbc signal shapes

for all energies. We then refit the data using the new shapes and repeat the measurement

of the cross sections. The RMS of the deviations is taken as a systematic uncertainty; the

parameterization and the statistical accuracy are considered as separate sources. We find

that for the three high-statistics Υ(5S) on-resonance points the deviations are strongly

correlated, therefore they are accounted for in the correlated uncertainty of these points;

for other points the uncertainties are considered to be uncorrelated.

To study the uncertainty due to the shape of the smooth background in the Mbc fits,

we multiply the corresponding contribution by the Chebyshev polynomial of the first or

second order with floated parameters. The RMS of the deviations of the yields are used to

calculate the uncertainties.

We vary the Ecm values within their uncertainties, the deviations in the yields are

found to be negligible. The cross section shape contributions and the smooth background

shape contribution are added in quadrature to obtain the total uncorrelated systematic

uncertainties. They are found to be small compared to the statistical uncertainties as

shown in figure 8.

Various contributions to the correlated systematic uncertainty, estimated for the Υ(5S)

high-statistics data, are presented in table 6. The contribution of the cross-section shape

is estimated as discussed above. The contributions of the Ecm spread and the peaking

background yield and shape are estimated as described in section 5 for the total B meson

yield. We account also for the uncertainty in the efficiency (eq. (7.3)) and the uncertainty

in the integrated luminosity of 1.4%. Total correlated uncertainty is estimated as a sum in

quadrature of the individual contributions.

The sources of the correlated systematic uncertainty at energies other than Υ(5S) on-

resonance are the same as listed in table 6, except for the cross section shape source which

is accounted for in the uncorrelated uncertainty. The contributions of the Ecm spread and

the shape of the peaking background are assumed to be the same as listed in table 6. The

uncertainty in the efficiency varies with the B meson momentum as described in section 7.
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To transform the multiplicative correlated uncertainty in the cross section into the

additive one, we use formula:

(σ ± ∆σ) · (1 ± δ) = σ ± ∆σ ± (σ δ ⊕ ∆σ δ), (8.2)

where the symbol ⊕ denotes addition in quadrature. The measured dressed cross sections

at various energies with statistical, uncorrelated systematic, and correlated systematic

uncertainties are presented in table 5.

9 Discussion

Figure 12 presents a comparison of the measured exclusive cross sections with the predic-

tions of the Unitarized Quark Model (UQM) [2]. The data confirm the prediction that

the cross sections show oscillatory behaviour. Also, there is a rather good agreement in

the positions of the minima, that in the UQM are due to zeros in the Υ(4S, 5S, 6S) wave

functions. The UQM fails to describe the absolute values of the cross sections. Contrary

to the expectations, the cross sections in the minima are not zero, which suggests that the

UQM misses some general non-resonant offset.

In the UQM there are narrow structures in all the channels that correspond to the sig-

nals of Υ(5S). Data do not show such structures. Thus, in the final states BB̄, BB̄∗, and

B∗B̄∗ we find no clear Υ(5S) signal. As follows from figure 9, the narrow peak in the Υ(5S)

region is present in other bb̄ final states, B
(∗)
s B̄

(∗)
s , B(∗)B̄(∗)π, and the final states with bot-

tomonium and light hadrons. This finding contradicts to the expectations of the potential

models that the dominant decay channels of Υ(5S) are B(∗)B̄(∗) (see, e.g., ref. [23]).

The sum of exclusive B(∗)B̄(∗) cross sections does not saturate the total bb̄ cross section

for the energies above the B∗
s B̄

∗
s threshold, as shown in figure 9. This sets goals for further

studies. It is of interest to measure the energy dependence of the e+e− → B
(∗)
s B̄

(∗)
s and

e+e− → B(∗)B̄(∗)π(π) cross sections. These channels, together with the B(∗)B̄(∗) channels

measured herein, should provide complete information for the coupled channel analysis in

the energy region under study.

The polarization of the B∗B̄∗ channel is described by three amplitudes, as discussed

in appendix B. To measure these amplitudes the reconstruction of a photon from the

B∗ → Bγ decay would be needed. Such a measurement requires higher statistics than

currently available 1 fb−1 at the scan points.

The separation between the points is rather large in the low-energy region. In partic-

ular, the model [2] predicts an additional zero in the BB̄ and BB̄∗ cross sections which is

in the gap between two scan points. More scan data with smaller energy step sizes and

larger integrated luminosity in this region are needed to understand reliably the shape of

the exclusive cross sections. These data could be collected by the Belle II experiment.

10 Measurement of visible cross sections and event fractions at Υ(5S)

As a byproduct, we measure the visible cross sections e+e− → BB̄ X, e+e− → BB̄,

e+e− → BB̄∗, and e+e− → B∗B̄∗ at Υ(5S), as well as corresponding fractions of events

and the fraction of B
(∗)
s B̄

(∗)
s events fs.
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Figure 12. Measured dressed cross sections at various energies for e+e− → BB̄ (left), e+e− → BB̄∗

(right), and e+e− → B∗B̄∗ (bottom). Points and dashed curves are the same as in figure 8. Solid

curve shows the predictions of the Unitarized Quark Model [2].

To find the inclusive e+e− → BB̄ X cross section, we use the same method as for

the measurement of the efficiency at Υ(5S) (section 7). The only difference is that the

requirement Mbc < 5.35 GeV/c2 is not applied; thus, we consider not only two-body

e+e− → B(∗)B̄(∗) but also multi-body e+e− → B(∗)B̄(∗)π(π) processes. The ratio of

the B meson yields in the Υ(5S) and Υ(4S) SVD2 data samples, averaged over the five

low-multiplicity B-decay channels that were used in section 7, is

Rall
5 chan = 0.0503 ± 0.0012, (10.1)

where the uncertainty includes statistical and systematic contributions. For the cross

section we find:

σvis(e+e− → BB̄ X) =
Rall

5 chan × NBB̄(Υ(4S))

L
= (255.5 ± 7.9) pb, (10.2)
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where L is the total integrated luminosity of the three high-statistics points in table 5. The

fraction of BB̄ X events is

fBB̄ X =
σvis(e+e− → BB̄ X)

σbb̄

= 0.751 ± 0.040, (10.3)

where σbb̄ = (340 ± 16) pb is the total bb̄ cross section at Υ(5S) [24]. Here and in the

following we take into account that in the ratio of cross sections the uncertainty due

to the integrated luminosity cancels. The remaining events, fnon−BB̄ X = 1 − fBB̄ X =

0.249 ± 0.040, contain Bs mesons or bottomonia with light hadrons.

To estimate the fraction of bottomonium events, we consider all final states with bot-

tomonium listed in PDG 2020 [4]. These are Υ(nS)π+π− (n = 1, 2, 3), Υ(1S)K+K−,

Υ(1D)η, hb(nP )π+π− (n = 1, 2), and χbJ π
+π−π0. The sum of corresponding fractions is

(3.50+0.40
−0.42)%, where we assume that the uncertainties in various fractions are uncorrelated.

Using isospin relations, we account also for the final states with neutrals: the fractions for

the π+π− transitions are multiplied by 1.5, while the fraction for the K+K− transition is

multiplied by 2.0. The resulting sum is (4.92+0.53
−0.56)%. Belle reported preliminary results

on the Υ(nS)η (n = 1, 2) and Υ(1D)π+π− transitions [25] that show that corresponding

fractions are not large. There are also rather strict upper limits on fractions of the ηb(nS)ω

(n = 1, 2) [26] and hb(nP )η (n = 1, 2) [27] transitions. However, there are still channels for

which no experimental information is available. Among them are 4π transitions to Υ(nS),

hb(nP ) and Υ(1D), as well as Υ(5S) → Zb π → ηb(1S)ρπ. To estimate the total fraction

of bottomonium, we assume that all the channels that are not in PDG 2020 contribute no

more than already measured channels and thus assign a large positive uncertainty:

fbottomonium = (4.9+5.0
−0.6)%. (10.4)

Finally, we estimate the fraction of the events with Bs mesons:

fs = fnon−BB̄ X − fbottomonium = 0.200+0.040
−0.064, (10.5)

where the uncertainty includes statistical and systematic contributions. This result is

consistent with the PDG 2020 value of 0.201 ± 0.031 [4] and the value that follows from

the measurement of the e+e− → B
(∗)
s B̄

(∗)
s cross section in ref. [28]:

fs =
σ

(

e+e− → B
(∗)
s B̄

(∗)
s

)

σbb̄

= 0.158 ± 0.017. (10.6)

To measure the visible e+e− → B(∗)B̄(∗) cross sections, we use the formula:

σvis
(

e+e− → B(∗)B̄(∗)
)

=
NB(∗)B̄(∗) × kB(∗)B̄(∗)

2 × εB(∗)B̄(∗) × L
, (10.7)

where NB(∗)B̄(∗) is the B(∗)B̄(∗) signal yield in the interval 5.27 < Mbc < 5.35 MeV (table 3).

The factor kB(∗)B̄(∗) = 1.042, 1.120, and 1.089 for BB̄, BB̄∗, and B∗B̄∗, respectively,

accounts for the ISR tail in the Mbc > 5.35 MeV region. For the BB̄ channel, kBB̄ includes
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BB̄ BB̄∗ B∗B̄∗

Cross section shape:

– statistical uncertainty 2.03 1.60 1.11

– parameterization 1.56 2.83 2.38

Ecm spread 0.20 0.03 0.05

Yield of peaking background 0.12 0.04 0.05

Shape of peaking background 0.76 0.11 0.21

Shape of smooth background 0.28 0.09 0.10

Total 2.70 3.25 2.64

Table 7. Systematic uncertainties in (N
B(∗)B̄(∗) /Ntotal) × k

B(∗)B̄(∗) for various channels (in %).

the ISR contribution down to the BB̄∗ threshold, while the region between the BB̄ and

BB̄∗ thresholds (the Υ(4S) region) is accounted for separately. For the BB̄∗ and B∗B̄∗

channels, kB(∗)B̄(∗) include the ISR contributions down to the corresponding thresholds.

The efficiency εB(∗)B̄(∗) is equal to εΥ(5S) × rB(∗)B̄(∗) , where the factor rB(∗)B̄(∗) = 1.010,

1.004, and 0.998 for BB̄, BB̄∗, and B∗B̄∗, respectively, accounts for the small variation of

the efficiency with the momentum of the B meson (section 7). Using eq. (7.3), we obtain

σvis
(

e+e− → B(∗)B̄(∗)
)

=
NB(∗)B̄(∗)

Ntotal
kB(∗)B̄(∗)

NBB̄(Υ(4S)) × R5 chan

rB(∗)B̄(∗) × L
, (10.8)

here NB(∗)B̄(∗) /Ntotal are the fractions of various channels given in table 3.

We study the systematic uncertainty in the values of the expression (NB(∗)B̄(∗)/Ntotal)×
kB(∗)B̄(∗) in the same way as described in section 5 for Ntotal. The results are presented in

table 7.

The contribution of the ISR events in the Υ(4S) region is obtained by integrating the

ISR kernel multiplied by the dressed cross section shown in figure 5 in the region between

the BB̄ and BB̄∗ thresholds. The resulting value is (10.53±0.31) pb, where the uncertainty

includes the contributions from the statistical (1.2%) and systematic (2.6%) errors in Rb [1],

and the systematic uncertainty due to the variation of Ecm0 (0.7%). The values of the

measured visible cross sections are presented in table 8. We show also corresponding event

fractions. Previous Belle measurement of these values [20] did not take into account the

ISR tails of the signals. The results shown in table 8 supersede those in ref. [20].

We also measure the ratio σvis(e+e− → BB̄∗)/σvis(e+e− → BB̄ X), which is needed

for the measurement of fs using lepton-charge correlations in the dilepton events [29].

Based on eqs. (10.2) and (10.8), we find

σvis(e+e− → BB̄∗)

σvis(e+e− → BB̄ X)
=
NB(∗)B̄(∗)

Ntotal

1

rB(∗)B̄(∗)

kB(∗)B̄(∗)

Rall
5 chan/R5 chan

= 0.2664 ± 0.0101, (10.9)

where the uncertainty includes statistical and systematic contributions. While calculating

the ratio Rall
5 chan/R5 chan = 0.2962 ± 0.0176, we take into account the correlation of the

corresponding uncertainties.
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σvis σvis/ σbb̄

e+e− → BB̄ X 255.5 ± 7.9 75.1 ± 4.0

e+e− → BB̄ 33.3 ± 1.2 9.8 ± 0.5

e+e− → BB̄∗ 68.0 ± 3.3 20.0 ± 1.3

e+e− → B∗B̄∗ 124.4 ± 5.3 36.6 ± 2.2

Table 8. Visible cross sections σvis (in pb) for various processes at Υ(5S) and corresponding

σvis/ σ
bb̄

fractions (in %). The BB̄ X final state includes B(∗)B̄(∗) and B(∗)B̄(∗)π(π). The errors

contain the statistical and systematic contributions.

11 Conclusions

To conclude, we report the first measurement of the energy dependence of the exclusive

cross sections, e+e− → BB̄, e+e− → BB̄∗, and e+e− → B∗B̄∗ in the region from 10.63

to 11.02 GeV. The results are presented in table 5 and figure 8. The cross sections show

non-trivial behavior with several maxima and minima. They can be used in future phe-

nomenological studies to shed light on bb̄-quark and B(∗)B̄(∗)-meson interactions in this

energy region.

As a byproduct, we measure at Υ(5S) the fraction of the events containing the Bs

mesons, fs = 0.200+0.040
−0.064, where the error contains statistical and systematic contributions.

We measure also the visible cross sections and corresponding fractions of the events for the

BB̄ X, BB̄, BB̄∗ and B∗B̄∗ final states (table 8 and eq. (10.9)).
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A B and D decay channels

The B- and D-meson decay channels that are used in this analysis are listed in tables 9

and 10.

B+ → B0 →
D̄0π+ D−π+

D̄0π+π+π− D−π+π+π−

D̄∗0π+ D∗−π+

D̄∗0π+π+π− D∗−π+π+π−

D+
s D̄

0 D+
s D

−

D∗+
s D̄0 D∗+

s D−

D+
s D̄

∗0 D+
s D

∗−

D∗+
s D̄∗0 D∗+

s D∗−

J/ψK+ J/ψK0
S

J/ψK0
S π

+ J/ψK+π−

J/ψK+π+π−

D−π+π+ D∗−K+K−π+

D∗−π+π+

Table 9. Decay channels of B+ and B0 used in FEI.

D0 → D+ → D+
s →

K−π+ K−π+π+ K+K−π+

K−π+π0 K−π+π+π0 K+K0
S

K−π+π+π− K0
S π

+ K+K−π+π0

K0
S π

+π− K0
S π

+π0 K+K0
S π

+π−

K0
S π

+π−π0 K0
S π

+π+π− K−K0
S π

+π+

K+K− K+K−π+ K+K−π+π+π−

K+K−K0
S K+π+π−

π+π+π−

Table 10. Decay channels of D0, D+ and D+
s

used in FEI.
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Figure 13. The yield of B∗B̄∗ (top set of points), BB̄∗ (middle) and BB̄ (bottom set of points)

as a function of the polar angle of the B meson. The histograms show the fit results.

B Angular analysis at Υ(5S)

As a consistency check, we measure signal yields in various intervals of the B meson polar

angle (figure 13). From the MC simulation we find that the variation of the efficiency

with cos θ can be neglected. The expected distributions for BB̄ and BB̄∗ are sin2 θ and

1 + cos2 θ, respectively. The data agree with these expectations well, the p-values of the

corresponding fits are 69% and 24%, respectively.

The B∗B̄∗ pairs can be produced in three states: L = 1, S = 2; L = 3, S = 2; L = 1,

S = 0, where L is the orbital angular momentum and S the total spin of the B∗B̄∗ pair.

The expected total polar angle distribution is 1 + b cos2 θ, with −1 ≤ b ≤ 1. From the fit

we find b = −0.20 ± 0.03, the p-value of the fit is 88%.

We measure the parameter ah in various intervals of cos θ and do not find a significant

variation.

Currently available experimental information on the e+e− → B∗B̄∗ process is insuffi-

cient to determine its production amplitudes. To determine the polarization, reconstruction

of γ from the B∗ → Bγ decay would be necessary.

C Fits to Mbc distributions at various energies

The fits to Mbc distributions at various energies are shown in figures 14–17.
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Figure 14. The Mbc distributions for the points 1 to 6 in table 5 (from left to right and from top

to bottom). Legend is the same as in figure 7.
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Figure 15. The Mbc distributions for the points 7 to 12 in table 5 (from left to right and from top

to bottom). Legend is the same as in figure 7.
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Figure 16. The Mbc distributions for the points 13 to 18 in table 5 (from left to right and from

top to bottom). Legend is the same as in figure 7.
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Figure 17. The Mbc distributions for the points 19 to 23 in table 5 (from left to right and from

top to bottom). Legend is the same as in figure 7.
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