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1 Introduction

All known hadrons that contain a heavy bb quark pair and have mass above the open
bottom (BB) threshold, Y(45), T(10860), and Y(11020), exhibit anomalous properties [1].
In particular, the 777~ transitions to lower bottomonium levels are strongly enhanced
compared to similar transitions from below-threshold states, and the n transitions are not
strongly suppressed compared to the 777~ transitions; the latter property violates heavy-
quark spin symmetry. These unexpected properties could be explained if the hadrons have
an exotic admixture: for example, in addition to bb, they may also contain multiquark
bbqq or hybrid bbg components, where ¢ and ¢ represent a valence light quark and valence
gluon, respectively [2-5].

In 2019, the Belle experiment observed a new structure, Y(10753), in the energy depen-
dence of the eTe™ — Y (nS)rt7~ (n = 1,2, 3) cross sections [6]. While the global significance
of the observation is 5.2 standard deviations, an independent confirmation would be important.



Point#  Eem (MeV) L (fb71)

10804.50 £ 0.70  4.690
10746.30 = 0.48  9.818
10700.90 £ 0.63 1.633
10653.30 £1.14  3.521

=W NN =

Table 1. Center-of-mass energy and integrated luminosity of the scan data samples. The uncertainties
in the c.m. energy shown here are uncorrelated point-to-point; the correlated uncertainty is 0.5 MeV.
The uncorrelated uncertainty in the luminosity is negligibly small; the correlated uncertainty is 0.6%.

There is a dip in the total bb cross section at the position of the new state, which could be
due to destructive interference with other contributions [7].

Recently, the Belle experiment measured the energy dependence of the ete™ — BB,
BB*, and B*B* cross sections [8]. These open-flavor final states are expected to be the
dominant decay channels for bb hadrons and constitute the main contribution to the total
bb cross section. In fact, their measurement enabled a combined analysis of all available
energy-scan results [9]. The following cross sections were considered: ete™ — BB, BB*,
B*B*, BYBY, Y(nS)rtr~ (n = 1,2,3), hy(mP)nta~ (m = 1,2), and the total bb cross
section. The coupled-channel approach was used, which takes into account rescattering
between different channels. The results of the combined analysis were the pole positions of
the T resonances and the energy dependence of the scattering amplitudes. The combined
analysis provided further confirmation of the Y (10753) state. However, its pole position
has large uncertainty. In addition, the scattering amplitudes have large uncertainties in the
T (10753) region where the spacing between the Belle scan points is large, about 50 MeV.

In order to improve understanding of the Y(10753) energy region, the SuperKEKB
collider performed an energy scan in November 2021. Four data samples have been collected
by the Belle II experiment; corresponding center-of-mass (c.m.) energies and integrated
luminosities are shown in table 1. The energies have been chosen to fill the gaps between
the Belle scan points. The integrated luminosities are larger than those at Belle, which are
approximately 1fb~! per point. The largest sample is collected at the expected T(10753)
peak position so that Y(10753) decays can be studied. Using these data, Belle II measured
the ete™ — T(nS)ntn~ (n =1,2,3) cross sections, confirming the Y(10753) state with high
significance [10]; observed a strong enhancement of the ee™ — xp7(1P)w (J = 1,2) cross
sections in the Y(10753) region, establishing the Y(10753) — xp1(1P)w decay channel [11];
and set stringent upper limits on the ete™ — 7,(15)w and eTe™ — xpo(1P)w cross sections
near the Y(10753) peak [12].

In this paper, we report measurements of the eTe~ — BB, BB*, and B*B* cross sections
using the scan data collected by Belle II. Our analysis closely follows that of Belle [8]. We
perform a full reconstruction of one B meson in hadronic channels, and then identify the
BB, BB*, and B*B* signals using the M, distribution,

Mype = \/(Eem/2)? — p%, (1.1)



where E.p, is the c.m. energy of the colliding beams and ppg is the B-candidate momentum
in the c.m. frame. In all equations in this paper, we use natural units ¢ = 1. The M,
variable is essentially a transformation of the B-meson momentum that provides a simpler
parametrization of the background near the kinematic end-point. Photons from B* — B~y
decays are not reconstructed. To reconstruct B mesons in a large number of hadronic final
states, we apply the multivariate full event interpretation (FEI) algorithm [13]. We use
an FEI configuration optimized for energy-scan analyses [8]. The optimization primarily
concerns FEI inputs, which are chosen to make the reconstruction efficiency independent of
energy. The AF variable is not included in the training and a sideband in the (M., AFE)
plane is used to constrain backgrounds. The AFE variable is defined as

AE = Ep — Een/2, (1.2)

where Ep is the B-candidate energy measured in the c.m. frame. The absolute value of the
reconstruction efficiency is determined using Y (45) data. In the M, fits, the signals are
described using a function developed in ref. [8] that is calculated numerically and includes
all relevant effects, in particular, initial-state radiation (ISR) and the energy dependence of
the cross sections. The latter is determined by fitting both the cross sections measured in
this analysis and the results of the Belle measurement [8]. To obtain self-consistent results,
an iterative procedure is used.

The paper is organized as follows. We describe the Belle II detector and data sets
in section 2. The selection of events using the FEI is presented in section 3. We discuss
the calibration of the Monte Carlo (MC) simulation, optimization of the final selection
requirements, and determination of the dependence of the FEI efficiency on c.m. energy in
section 4. Section 5 is devoted to the measurement of the absolute value of the FEI efficiency
using Y (45) data. The fits to My, at the scan energies, the fit to the energy dependence of
the B®) B cross sections, and the evaluation of the systematic uncertainties are described
in section 6. Discussion of the results and summary are in section 7.

2 Belle II detector and data sets

The analysis is based on the data collected by the Belle II detector [14] operating at the
SuperKEKB asymmetric-energy ete™ collider [15] at KEK.

The Belle II detector is a cylindrical large-solid-angle magnetic spectrometer consisting
of a silicon pixel detector surrounded by a four-layer double-sided silicon strip detector (SVD)
and a 56-layer central drift chamber (CDC) providing information about charged particle
trajectories (tracks) and vertex positions. Surrounding the CDC, a time-of-propagation
counter (TOP) in the barrel region and an aerogel-based ring-imaging Cherenkov counter
(ARICH) in the endcap region provide charged-particle identification (PID). Surrounding the
TOP and ARICH, an electromagnetic calorimeter based on CsI(T1) crystals provides energy
and timing measurements for photons and electrons. These sub-systems are surrounded
by a superconducting solenoid, providing an axial magnetic field of 1.5 T. An iron flux
return located outside the coil is instrumented with resistive plate chambers and plastic
scintillators to detect K9 mesons and to identify muons (KLM). More details about the
detector are given in ref. [14].



The z axis of the Belle II detector is defined as the symmetry axis of the solenoid, and the
positive direction is approximately given by the electron-beam direction. The polar angle 6,
as well as the longitudinal and the transverse directions, are defined with respect to the z axis.

The data analysis strategy is tested on simulated event samples. Events containing B
mesons are generated using the EvtGen package [16]. Continuum eTe™ — g background
processes, where ¢ = u, d, s, ¢, are generated with KKMC [17] and PYTHIA 8 [18]. Final-state
radiation of photons from stable charged particles is simulated with PHOTOS [19]. The
detector response and K g decays are simulated using Geant4 [20]. Both collision data and
simulated samples are processed using the Belle II software [21].

We use the Belle II energy-scan data, consisting of the four samples with energies and
luminosities shown in table 1. To determine the FEI efficiency, we use Y(4S) data taken
immediately before and after the energy scan period; the combined integrated luminosity
of this Y(45) data sample is 35.5fb 1.

3 Event selection

In the configuration of the FEI used here (following [8]), we reconstruct the BT and B® mesons
in the decay channels D®at(7t7™), Dg*HD(*), J/WKT (7)), JJYK(at), J/yKIntr,
D®=gtat and D*~ KtK 7+, where D denotes the D° and D~ mesons.! The D°, DT, and
D7 mesons are reconstructed in final states with K + Kg, 7%, up to one 70, and multiplicity
up to five. The list of channels that are used for reconstruction of B and D mesons is
presented in appendix A. We reconstruct D* mesons in the D7 and D+ channels; J/1 are
reconstructed in the p*u~ and ete™ final states.

We perform a loose selection of the final-state particles and decays, and subsequently use
multivariate analysis for the final selection. We select tracks that originate from the vicinity
of the interaction point (IP) by imposing dr < 0.5cm and dz < 3 cm, where dr and dz are
transverse and longitudinal distances between the track and the IP. The PID is based on the
ionization energy-loss measurement in the CDC and responses of the TOP, ARICH, ECL,
and KLM. Information from these subdetectors is combined into a likelihood Ly, for a given
hypothesis h [22], and the ratio Ry, = Lp,/(Le+ + Lyt + Lo+ + L + Ly + Lg) is used in the
selection. In the initial selection, we apply the PID requirement only for kaon candidates,
Ry+ > 0.1. The efficiency of this requirement is 86% and the probability to misidentify
a pion as a kaon is about 7%. We require photons to have energies greater than 100, 90,
and 160 MeV in the forward endcap (12.4° < 6 < 31.4°), barrel (32.2° < § < 128.7°), and
backward endcap (130.7° < 6 < 155.1°) regions of the ECL, respectively, as the backgrounds
in these regions are different. For the Kg, 7%, D, and J/1 candidates, we apply a loose
mass-range requirement that corresponds to about +5 units of mass resolution. For the D*
candidates, we use the mass difference M (D*) — M (D). To improve momentum resolution,
we apply a mass-constrained fit to 7¥, J/1, and D* candidates; a mass-vertex-constrained
fit to D and DJ; and a vertex-constrained fit to K2 and B.

A boosted decision tree [23] is used with the following discriminating variables for various
particle species.

'Throughout this paper, charge conjugated channels are always included.



o For charged pions, kaons, and leptons, we use the laboratory momentum, the transverse
momentum, and the PID information, which consists of likelihood ratios for the e™,
pt, 7+, KT, and p hypotheses.

o For photons, we use the laboratory momentum, the polar angle, the number of crystals
in the energy deposition (cluster), the ratio of the energy deposition in a 3 x 3 matrix
of crystals to that in a 5 x 5 matrix without corner crystals, and the cluster timing.
These variables are used to suppress hadron showers and beam background.

o For Kg — mtr~ candidates, we use the invariant mass and laboratory momentum of
the Kg candidate, the distance between the IP and the Kg vertex, the cosine of the
angle between the K g momentum and the direction from the IP to the Kg vertex, the
distance between the 7 and 7~ tracks along the beam direction at the Kg vertex, the
numbers of SVD and CDC measurement points (hits) of 77 and 7, and the decay
angle (the angle between the 7t momentum measured in the K2 rest frame and the
K boost direction from the laboratory frame).

o For 7% — ~v candidates, we use the invariant mass, the laboratory momentum of the

70 candidate, and its decay angle.

e For D meson candidates, we use the invariant mass and p-value of the mass-vertex
constrained fit. In three-body decays, we include invariant masses of intermediate
p(— 7m), K*(— Kr), and ¢(— KT K~) resonance candidates.

o For J/1i and D* candidates we use invariant masses.

¢ For B meson candidates, we use the p-value of the vertex-constrained fit. If there is a D
meson in the decay, we include the distance between the B and D vertices, this distance
divided by its uncertainty, and the cosine of the angle between the D momentum and
the direction from the B to the D vertex. If there are several pions or kaons in the
decay, we include invariant masses of intermediate p, K*, and a;(— 777m) resonance
candidates.

o To suppress continuum e*e~ — g backgrounds, where ¢ denotes a u, d, s, or ¢ quark,
we use the event-shape variable Ry (the ratio of the second to zeroth Fox-Wolfram
moments [24]), the angle between the thrust axes of the B candidate and the rest of
the event [22], and two boolean variables 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 ranges 1.0 < p, < 2.6GeV/c and 0.8 < p. < 2.6 GeV/c where the
contribution of leptons from semileptonic B decays is enhanced. We require that the
leptons are well identified with a likelihood ratio above 0.9. The efficiencies of this
requirement are 90% and 87% for muons and electrons, respectively; the probabilities
to misidentify hadrons as leptons are at the level of 5%.

For training, we use a simulated Y (4S) sample that corresponds to an integrated
luminosity of 100fb~!. The training is performed separately for each final-state particle
species and for each decay of the unstable particles. The training result, the classifier output,
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Figure 1. Distributions of AE’ vs. My, in the E.,, = 10.746 GeV data sample.

is the probability that a given candidate is a signal. In addition to the variables listed above,
the training for each decay also uses the signal probabilities of all direct decay-products. To
realize this, the training is performed in stages: first only final state particles and Kg are
trained, in the next stage 7° and J/1, then D mesons, subsequently D*, and finally B mesons.

In the case of multiple Bt (B°) candidates, we select the one that has the highest signal
probability, Pg. Figure 1 shows the distribution of AE’ versus M, for combined B* and
BY candidates in the E., = 10.75 GeV data sample. The AE’ variable is defined as

AE' = AE + My, — 5.28GeV, (3.1)

where the value 5.28 GeV approximates the B meson mass. Clusters of events are clearly
observed at AE' =~ 0 with M. ~ 5.28, 5.305, and 5.33 GeV /c?, indicating the presence of
the ete~ — BB, BB*, and B*B* processes, respectively.

4 Simulation studies and corrections

4.1 Calibration of simulation

Not all channels used for B-meson reconstruction are well measured. Therefore, not all
relative yields agree between data and simulation. We introduce weights for simulated events
to mitigate this problem.

To determine the weights, we use the AE’ distributions in the T(4S5) sample. We
select B candidates with requirements Pp > 0.16 and M. > 5.27 GeV/c?. We perform a
simultaneous fit to the AE’ distributions in data and simulation for each B-decay channel.
The signal in simulation is described by a sum of two Gaussian functions; the signal in
data is described by the same model, with the addition of a weight factor, a shift, and a
broadening factor, which are all determined by the fit. The background is described by a
second order polynomial. The resulting weights are close to 1.0 for two-body decays, while
for some multibody decays they are as low as 0.4.

To determine the average shift and broadening factor, we combine all the channels in
both data and simulation; for the latter, we apply the weights determined above. We then
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Figure 2. Distribution of M, in simulation at F., = 10.751 GeV. The background contributions
are also shown: c¢ (red), the sum of uu, dd, and ss (green), and bb (blue).

perform the fit to the AE’ distributions in the combined samples. We find that the shift in
AFE' is negligibly small, (0.07 £ 0.07) MeV, while the scale factor for the width is

¢ = 1.086 + 0.012. (4.1)

4.2 Optimization

To optimize the selection in the Pg and AE’ variables, we use a simulated F¢, = 10.751 GeV
sample with an effective integrated luminosity of 50 fb~!. We maximize the figure-of-merit
S/VS + B, where S is the number of properly reconstructed signal candidates, and B is the
number of all other candidates satisfying 5.270 < My < 5.335 GeV /c?. The optimization is
performed iteratively: we scan the figure-of-merit in one variable, then in the other. The
resulting values are |AE’| < 18 MeV and Pp > 0.16.

Figure 2 shows the My, distribution in the simulation at E., = 10.751 GeV after final
selection requirements are applied. The signal-to-background ratio is relatively high, which is
also the case at the other scan energies. Also shown are the contributions of the continuum
and bb backgrounds. Candidates in the bb samples that do not correspond to generated signal
events are treated as background. The continuum background, and in particular c¢, dominates.

4.3 Dependence of the FEI efficiency on E.p,

We determine the FEI efficiency as a function of c.m. energy using simulation at the Y(45)
and scan energies; the results are shown in figure 3. The efficiency increases slightly with
energy. A fit to a linear function gives the following result:

e = [(0.6147 + 0.0007) + (4.2)
(0.068 £ 0.026) GeV ! x (Eem — 10.5796 GeV)] x 1073,

Here, 10.5796 GeV is the simulated Y(4S5) energy. The above fit result corresponds to a
1.032 + 0.012 ratio between efficiencies at the Y(55) energy (10.866 GeV) and at the T(45)
energy. This value agrees with the Belle measurement performed using Y (45) and T(55)
data, 1.049 =+ 0.032 [8].
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Figure 3. Reconstruction efficiency of the FEI at various c.m. energies determined using simulation.
The solid line is the result of the fit to a linear function, and the dashed lines show the results when
the slope parameter is varied by +1 standard deviation.

5 Absolute value of the FEI efficiency

To determine the absolute value of the FEI efficiency we use the T(4S) data. The efficiency
is calculated as

e=N/(2Ngp), (5.1)

where N is the number of reconstructed B mesons using the FEI and Nz is the total
number of BB events determined by counting hadronic events and subtracting the continuum
contribution: Ngg = (38.67 & 0.58) x 10°.

The B-meson yield N is determined using a fit to the M, distribution. We use the
fit function that was developed in ref. [8]. It is calculated numerically as a sequence of
convolutions and includes the effects of the energy spread of the colliding beams, initial-state
radiation (ISR), the B-meson momentum resolution, and the energy dependence of the
production cross-section. The latter plays an important role if the cross section changes
noticeably over the typical range of the FE., spread, which is the case at the Y(4S). In
sections 5.1 and 5.2, we describe, respectively, the determination of the momentum resolution
function, and the study of background and broken signal distributions in simulation. We
then present the fit to the Y(45) data, estimate systematic uncertainties on its results, and
calculate the FEI efficiency (sections 5.3 to 5.4).

5.1 Momentum resolution

At the Y (45) energy, the resolution in My, is dominated by the Eqy, spread. The B-momentum
resolution plays a minor role because it contributes proportionally to the B momentum, which
is small at the Y (495) resonance. However, the effect of the momentum resolution becomes
prominent at scan energies. Thus, we take it into account consistently for all data samples.



fa /B fc

w 1 0.048 0.0149
p1r (MeV/e) —0.02 0.7 —21
o1 (MeV/e) 4.4 14 115

) 0.48 0.48 0

p2 (MeV/e) —0.02 —15 -
o2 (MeV/e) 8.0 95 -

73 0.082 0 0
ps (MeV/c)  0.03 — -
o3 (MeV/e) 171 - -

Table 2. Parameters of the momentum resolution functions of eq. (5.2) for truth-matched candidates
(fa) and unmatched candidates in the AE’ signal region (fg) and sideband (f¢). The parameters w
are the relative weights of the three peaking components.

The momentum resolution is parameterized as
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where p and pg are the reconstructed and true B-meson momenta, respectively. This function
is a sum of three Gaussians with parameters u; and o;, and weights r;, each multiplied by
an additional factor. The extra factor takes into account the fact that p is positive definite,
and is obtained by considering the momentum-resolution function in three dimensions and
analytically integrating out all variables other than p. To determine the parameters of the
resolution function, we fit the p — py distribution in the simulated Y(4S) sample; the results
are presented in table 2 (fa column).

5.2 Backgrounds and broken signal

Figure 4 shows the M, distributions for three categories of candidates in the T (4S5) simulation:
(1) truth matched (correctly reconstructed B mesons), (2) non-truth matched, and (3)
candidates in the AFE’ sideband. The AFE’ sideband has the same width as the signal region,
while its center is shifted by +80 MeV. There is a peaking structure in the distributions of non-
truth matched candidates and candidates in the AE’ sideband. This structure is due to signal
decays in which one of the final state particles is swapped with a background particle. The
magnitude of this broken signal component is proportional to the signal yield, while its M,
distribution is broader due to the incorrectly reconstructed momentum of the decay products.
Thus, it can be described by a M, signal function with a poor momentum resolution.



—_
)]
o

- Belle Il simulation
Signal
100 |-

)]
o
—

10° entries / (1 MeV/c?)

ol i
[ Events failing truth-matching

2| AFE’ sideband

L L L o b e by P
523 524 525 526 527 528 529
M, [GeV/c?]
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show truth-matched and non-truth matched candidates, respectively, while the bottom panel shows
candidates in the AE’ sideband. The solid histogram shows the result of the simultaneous fit, and the
dashed histogram shows the distribution of background events.

To determine the ratio of the broken signal yield to that of the signal (w) and the
parameters of the momentum-resolution function describing the broken signal, we perform
a simultaneous fit to the three My, distributions shown in figure 4. For the truth-matched
component, the parameters of the momentum resolution function are fixed to the values
obtained using the momentum-difference fit described in the previous section. For the broken
signal components, the parameters of the resolution function are left free. The simulation does
not include the ISR process; we modify the My, signal function accordingly. The production
cross-section is energy-independent in the simulation.

The smooth background is described by a square-root function multiplied by a third-
order Chebyshev polynomial. The parameters of the polynomial are all determined by the
fit. The shape of the smooth background is the same in the AE’ signal region and in the
sideband, while the normalizations are independent. The fits to My, distributions in this
paper are binned likelihood fits.

The fit results are shown in table 2 (columns fg and fc for the broken signal components
in the AE’ signal region and sideband, respectively). In the AFE’ signal region, two Gaussian
functions are sufficient, while in the sideband, one Gaussian function is sufficient.

5.3 Fit to the Y (4S) data

To determine the B-meson yield in the Y (4S) data sample and to find corrections to the
model of the broken signal component, we fit the My, distribution in Y (4S) data. In addition
to the steps discussed in the previous section, this requires the inclusion of ISR and the
energy dependence of the cross section. Below the BB* threshold, the ete™ — BB cross

~10 -



section coincides with the total bb cross section, usually presented in terms of Ry,

o (bb)

Ry=—"—""—,
oo(ptp)

(5.3)
where oo(uTp™) is the Born cross section for ete™ — putpu~. We use the most precise
measurement of the energy dependence of Rj from ref. [26]. Since no suitable physics-
motivated model of the R} shape is available, we use an 11th order Chebyshev polynomial, as
in ref. [8]. We parameterize the dressed cross section? and apply the ISR correction and the
energy-spread correction by performing convolutions with the ISR radiation kernel [25] and a
Gaussian function with the standard deviation fixed to the BaBar energy spread, respectively.

The Rp-shape measurement [26] is insufficiently precise to use as a simple input to this
procedure: not all curves that give acceptable fit quality to the R scan also satisfactorily
describe the My, distribution. Therefore, we perform a simultaneous fit to the energy
dependence of R, and the M, distributions in the AE’ signal and sideband regions. The
inclusion of the AFE’ sideband in the fit helps to constrain the smooth background and to
find corrections for the yield and shape of the broken signal component.

The Ry, points have a sizeable energy scale uncertainty of 1.5MeV [26]. Hence, in ref. [§]
Belle introduced a common shift in the c.m. energy of all the R} scan points, and determined
the value AEp,par = (—1.75 + 0.68) MeV from the fit. We introduce the AFEp,pa, shift and
fix its value to the Belle result.

Simulation shows that the scale factor of the momentum resolution is approximately the
same as that of the AE’ signal. Therefore, all the width parameters of the fy component
of the resolution function are multiplied by the scale factor of eq. (4.1). The same scale
factor is applied to the narrow Gaussian in the function fp describing the broken signal
in the AFE’ signal region. For the function fc describing the broken signal in the AFE’
sideband, we introduce a normalization correction ng, shift s3, and width scale factor ¢3. All
these parameters are free in the fit. Unlike the Belle analysis [8], we do not use a low AE’
sideband, as it was found to contain a tail of the signal and a small contribution from Cabibbo-
suppressed decays, such as DK and DKnr, with the kaon misidentified as a pion. The high
AFE' sideband provides more accurate information about the broken signal component. The
smooth background is parameterized as described in the previous section for simulation.

The fit results are presented in Figs 5 and 6, and in table 3.

5.3.1 Systematic uncertainties at the Y (45)

We study systematic uncertainties from various sources (table 4).

e We vary the BT and B° masses within their uncertainties. We use the Particle Data
Group average values m(B1) = (5279.25 £ 0.26) MeV /c? and m(B°) = (5279.63 +
0.20) MeV /c? [27] instead of their fit values because the latter include the measurement
of m(BY) — m(B*) at the YT(45), performed by BaBar [28], that overlooks a source of
systematic bias according to ref. [29].

2The difference between the dressed and Born cross sections is that the former takes into account the
vacuum polarization effect.

- 11 -
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background, and the black dotted histogram shows the sum of the background and the broken signal
(in the right panel, this coincides with the total fit, and is thus not visible). The bottom panels show
pulls (deviations of the data points from the fit function divided by the uncertainties on the data).
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Figure 6. Energy dependence of the total bb cross section (Ry). Points with error bars are from
ref. [26]. The black solid curve is the result of the simultaneous fit to this distribution and the My,
distributions (figure 5). The blue dashed curve is the visible cross section before accounting for the
E.n spread. The red dotted curve is the dressed cross section. The vertical dotted lines indicate the

BB and BB* thresholds.
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Signal yield  (45.57 +0.24 +0.16) x 103
Nominal Eep,  (10579.80 & 0.12 + 0.78) MeV
E.n, spread (5.62 +0.19 £ 0.27) MeV

ns 1.0375:39
s3 (7.5 ) MeV /¢
¢3 0.6300 107

Table 3. Results of the simultaneous fit to the My, distributions in the Y(45) data and the R}, scan
results of BaBar [26]. The lower three parameters are explained in the text. The first uncertainty is
statistical, the second one (if present) is systematic.

N, 103 Eem Spread
BT mass 0.01 0.47 0.04
B° mass 0.01 0.32 0.09
Cross section shape 0.05 0.10 0.02
Energy scale of the BaBar scan data 0.03 0.53 0.25
Treatment of broken signal 0.15 0.02 0.00
Total 0.16 0.78 0.27

Table 4. Systematic uncertainty in the B-meson yield at the Y(4S5), nominal E.,, (in MeV), and
Eep spread (in MeV).

o We use the cross section shape measured by Belle [8]. We find that —21n £ increases
by 11.0, which, for a model with 11 fewer parameters, corresponds to an exclusion level
of 0.8 ¢. Thus, the two shapes agree well.

o We vary the AEp,pa, shift by one standard deviation from ref. [8].

e In the default fit, the corrections are applied only to the broken signal component in
the sideband. We apply the corrections also to the broad broken signal component in
the signal region assuming them to be the same.

o The uncertainty due to the scale factor of eq. (4.1) is found to be negligibly small.

In each case, the largest variation is taken as the uncertainty. The total systematic uncertainty
is obtained by summing the individual contributions in quadrature.

5.4 Determination of the FEI efficiency at the Y (45S5)
We determine the absolute value of the FEI efficiency at the T(4S5) using (5.1) to be

£ = (0.5892 & 0.0031 + 0.0116) x 1072, (5.4)
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where the first uncertainty is statistical and the second is systematic. The efficiency is higher
than that at Belle, 0.469 x 1073 [8], possibly due to Belle IT’s higher reconstruction efficiency
for low-momentum charged particles. The efficiency values at various energies determined
from simulation (eq. (4.2)) are multiplied by a correction factor 0.959 + 0.020 which is the
ratio of the value in eq. (5.4) and the constant term in eq. (4.2).

We consider contributions of the systematic uncertainties in N (0.3%) and Nz (1.5%).
To check the stability of the efficiency over the running period, we subdivide the T (4S5)
sample into three parts (one before the energy scan and two after) and determine the
efficiency in each. Based on the dispersion of these measurements, we assign an additional
1.2% systematic uncertainty due to long-term variations. The total relative uncertainty
in the FEI efficiency, obtained by adding the statistical and systematic contributions in
quadrature (eq. (5.4)), is 2.0%.

6 Measurements at the scan energies

To determine the signal yields at various energies, we perform the M. fits as described
in section 6.1. The energy dependence of the ete™ — BB, BB*, and B*B* cross sections
influences the corresponding peak positions (due to the finite energy spread [29]) and ISR tails.
Thus, energy-dependence information is needed to determine the signal function in the My, fit.
The fit to the energy dependence is described in section 6.2. To obtain self-consistent results,
we use an iterative procedure: (1) we fit the M, spectra; (2) based on the signal yields, we
determine the cross sections; and (3) we fit the energy dependence of the cross sections. We
use the cross-section shapes measured by Belle as a starting point [8]. Two iterations are
sufficient for convergence. We report on the study of systematic uncertainties in section 6.3.

6.1 M, fits at scan energies

To fit the My, distributions at the scan energies, we also include the ete™ — BB* and ete™ —
B*B* components. Decays B* — By lead to additional smearing of the B momentum, which
is accounted for in the fit function [8]. The resulting M, distribution is sensitive to the
distribution in the B* helicity angle, which is the angle between the B momentum in the
B* rest frame and the B* boost direction. For the ete™ — BB* process, the helicity-angle
distribution is fixed by conservation laws: 1 + cos?#y,. For the ete™ — B*B* process, the
distribution depends on an unknown parameter ayp: 1+ ay cos® 0y, with —1 < ay, < 1; the
parameter ay is left free in the fits.

The E. value and the E.,, spread are determined by the fit for all scan data samples.
The resolution-function parameters and the broken-signal corrections (ng, s3, and ¢3) are
taken to be the same as in the Y(45) data (tables 2 and 3).

The fit interval is from 5.2 GeV/c? up to the kinematic boundary at E.p,/2. The smooth
background is described by a square-root function multiplied by a Chebyshev polynomial; we
use third order for the two higher scan energies and second order for the two lower ones. (A
larger fit interval requires a higher polynomial order; we find that increasing the polynomial
orders further does not significantly improve the —21n £ of the fit.)

Fit results for the scan data are shown in figure 7, and tables 5 and 6. The BB
component has a peak near the kinematic boundary, which is due to the ISR production
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Figure 7. Distributions of My, for the four scan energies. In each figure the top panel corresponds to
the AE’ signal region, and the bottom to the sideband. The red solid histogram shows the result of
the fit; the red dashed histogram shows the smooth background; and the black dotted histogram shows
the sum of the smooth background and the BB channel, which includes a peak near the threshold
due to the ISR production of Y (45).

point# BB BB* B*B*
1 90.1 +£17.5 401.7+27.9 525.4+30.8
2 174.54+26.7 535.6+42.6 931.5442.7
3 21.8+ 82 189.9+17.8 202.5+17.9
4 322+14.6 321.5+23.5 151.4+15.0

Table 5. Yields of the ete™ — BB, BB*, and B*B* processes in the scan data samples. The

uncertainties are statistical.
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point# Eern (MeV) Ee¢p, spread (MeV)

10804.50 £ 0.65 £ 0.25 £0.50 6.44+£0.85+£0.16 £0.13
10746.30 = 0.46 = 0.15 £ 0.50  5.68 = 0.69 £+ 0.29 = 0.09
10700.90 £ 0.61 £0.14 £ 0.50 4.85+0.95+0.14 + 0.05
10653.30 £ 0.71 £0.89 =£0.50 5.23 £0.57 £ 0.66 £ 0.20

I

Table 6. Results for the energy and energy spread of the scan data samples. The first uncertainty is
statistical, the second is uncorrelated systematic, and the third is correlated systematic.

ap
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Figure 8. Measurements of Eep(B) — Eem (1107 ) (left), Ecp spread (middle), and helicity parameter
ay (right) at various energies. Error bars show statistical uncertainties. The uncorrelated and
correlated uncertainties of E.p,(uTp™) are at the level of 0.3 MeV and 1 MeV, respectively, and are
not included.

of Y(489) followed by decay to BB. The contribution of this process is fixed in the fits to
the value calculated using the energy dependence of the ee~ — BB dressed cross-section
between the BB and BB* thresholds, the reconstruction efficiency, and the luminosity of
each scan data sample. The data do not show any excess due to the three-body processes
ete™ — B®BM™x, whose signals are situated near the My, kinematic boundary and have
shapes similar to that of the ISR production of T(45). The absence of B®*) B®)x signals is
consistent with the observation that two-body processes B®* B*) saturate the total bb cross
section below an energy of about 10.81 GeV (see figure 14 below). The yields are defined
as the integrals of the signal components up to M. = 5.35GeV/c2. At the two lowest
scan energies, ISR production of the Y (45) starts to contribute to the above interval; the
corresponding events are excluded from the signal yield of ete~ — BB.

The measured E., values agree with the results of the ete™ — pTpu~ analysis; the
difference between the two measurements, Fep(B) — Eem (™), is shown in figure 8 (left).
The Ecy, spread values (figure 8 (right)) are consistent across the scan data samples and agree
with the Y(45) measurement (table 3). The results for the helicity parameter ay (figure 8
(right)) are also consistent among the scan data samples and agree with the value —0.18 +0.07
measured by Belle at the Y(55) energy [8]. As Een decreases, the B* B* signal width becomes
smaller and sensitivity to ay drops. At the lowest E., we set ay, = 0; variations a, = —1
and a;, = 41 produce negligible changes in the yields.
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point# BB BB* B*B*

0.757 0.719 0.646
0.781 0.860 0.760
0.696 0.773 0.686
1.063 0.720 0.561

N R

Table 7. Values of (1 + d1sr) calculated using the cross-section shapes shown in figure 9.

point# o(ete” — BB) (pb) o(ete” — BB*) (pb)  o(ete” — B*B*) (pb)

1 21.0£414+£05+£05 986+ 68+1.3+23 1436+ 84+24+33
2 19.0+£29+£10+£04 529+ 42£10+1.2 1040+ 48+27+24
3 16.1+£6.0£07£04 126.0+£11.8£22+28 151.4+134£28+34
4 72+33+£14+£02 1068+ 78£3.7+23 645+ 64+£27+14

Table 8. Results for the efe~ — BB, BB*, and B*B* cross sections. The first uncertainty is
statistical, the second is uncorrelated systematic and the third is correlated systematic.

We calculate the dressed cross sections as

O_dressed — N ’ (6.1)
(1 =+ (5ISR) Le

where N is the signal yield; (1 + disr) is the radiative correction, calculated based on the
cross-section shapes (figure 9 below) as described in section 5.3; L is the integrated luminosity;
and ¢ is the reconstruction efficiency. The (1 + digr) values are shown in table 7. Results
for the efe™ — BB, ete™ — BB*, and ete™ — B*B* processes are presented in table 8
and figure 9. The cross sections match well with the previous measurement by Belle [8]
and have better precision.

6.2 Fit to the energy dependence of the cross sections

We perform a simultaneous fit to the energy dependence of the exclusive ete™ — BB,
ete™ — BB*, and eTe~ — B*B* cross sections, and the total ete™ — bb cross section. For
the exclusive cross sections, we use both the Belle II results and the Belle measurements
from ref. [8]. For the total cross section, we use the data from ref. [7], where the BaBar
and Belle energy scan results [26, 31] are combined and radiative corrections are applied to
convert the visible cross section into the dressed one. The total cross section shows deep
minima or zeros at the BB* and B*B* thresholds (figure 10). These structures motivate
inclusion of the total cross section in the fit. The total cross section is fitted only up to
10.75 GeV (the BB*r threshold); its fit function is the sum of the fit functions of the exclusive
channels. The Y (4S5) peak region, where the dressed cross section reaches approximately
2nb, is shown in more detail in figure 14 below.

To fit the ete™ — BB cross section we use a 13th order Chebyshev polynomial. Since
there is a zero at the BB* threshold (Egz. = 10604.3MeV) in the fit shown in figure 6, the
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Figure 9. Energy dependence of the ete™ — BB (top), BB* (middle), and B*B* (bottom) cross
sections. Red circles show the Belle II results obtained in this analysis; the error bars indicate the
statistical uncertainty. The black open circles show the Belle measurements from ref. [8]; the error
bars show combined statistical and uncorrelated systematic uncertainties. The solid curves show the
result of the fit to these three distributions and to the total bb cross section shown in figure 10. The
dashed curves show the fit function before the convolution accounting for the F.,, spread. Plots on
the left show the full fit range; on the right, the B* B* threshold region is magnified.
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Figure 10. Energy dependence of the total bb dressed cross section from ref. [7] (circles). The
solid black curve shows the result of the simultaneous fit to this distribution and the exclusive BB,
BB*, and B*B* cross section energy dependence (figure 9). The vertical line at 10.75 GeV indicates
the upper boundary of the fit interval. The dashed black curve shows the fit function before the
convolution accounting for the E,, spread. Also shown are the individual contributions of BB (red
dotted), BB* (green dashed), and B*B* (blue dash-dotted).
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cross section is fitted only above the BB* threshold. We impose the requirement that the
polynomial is zero at the BB* threshold by adding a point there with zero cross section
and a small uncertainty. Below the BB* threshold, we use the cross-section shape obtained
in the analysis of the Y(4S) data (figure 6).

To fit the ete™ — BB* cross section we use a 14th order Chebyshev polynomial plus
a Gaussian Agexp {—(z — Ep)?/203} to describe the dip at the B*B* threshold (Eg. 5. =
10649.7 MeV). We impose a requirement that the polynomial is equal to zero at the BB*
threshold. The parameters of the Gaussian are free in the fit. We find Ag = (—0.18070:039) nb,
Ey = (10644.9713) MeV, and o¢ = (3.5733) MeV.

The shape of the ete™ — B*B* cross section is parameterized using a 13th order
Chebyshev polynomial and a linear function at the threshold. The data in figures 9 and 10
show that the eTe™ — B*B* cross section increases rapidly above the B* B* threshold. To
describe this increase, we use the function

1
z

We do not impose a requirement of a zero for the high-order polynomial, and the fit function

[1(Bem) = — (Bem — Egejg)- (6.2)

is equal to whichever is smaller: fi(Ecy) or the high-order polynomial. The fit to the energy
dependence of the cross sections is not sensitive to the slope of fi(FEcn). However, the shape
of the M, distribution at the energy E., = 10653.3 MeV (only about 4 MeV above the B* B*
threshold) is sensitive to the slope. The parameter k is free in the corresponding fit (figure 7
(bottom right)) and equals k = (37 & 13) MeV /nb. This shows that the B*B* cross section
reaches the typical level of 0.1 nb within 3.7 MeV from the threshold. Thus, the shape of the
M, distribution provides further support for the rapid rise of the B* B* cross section.
The degrees of the polynomials chosen are the lowest that provide reasonable descriptions
of the shape, while also allowing for variations in degree to estimate systematic uncertainties.

6.3 Systematic uncertainties

We consider the following sources of uncorrelated systematic uncertainty:

e Cross section shape — model: we change the orders of the Chebyshev polynomials
used to parameterize the cross section shapes by +1, +2, and +3 in all three channels
simultaneously. We repeat the M, fits using the new cross-section shapes and take
the root-mean-square (RMS) deviation of the measured quantities as the uncertainty.
These are small compared to the statistical uncertainties.

e Cross section shape — uncertainty in measurements: we use pseudoexperiments gener-
ated using the fitted values of the cross sections and the uncertainties found in data. The
Belle measurements of the exclusive cross sections and the measurements of the total
cross section are also varied. For each pseudoexperiment, we fit the energy dependence
of the cross sections and perform the My, fits using the resulting cross-section shapes.
The RMS deviation of the measured quantities is taken as the uncertainty. This source
is found to give the largest contribution; however, it is small compared to the statistical
uncertainties. Figure 11 shows examples of fits to the pseudoexperiments and the
systematic uncertainties from this source.
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Figure 11. Energy dependence of the ete™ — BB (left), BB* (right), and B*B* (bottom) cross
sections. Red filled and black open circles show the Belle II and Belle measurements, respectively.
In the Belle II results, black error bars show statistical uncertainties and red error bars show
systematic uncertainties related to the shape of the cross section energy dependence, estimated using
pseudoexperiments. (On nine out of the twelve points, the systematic uncertainties are smaller than
the size of the red filled circle, and thus not visible.) The solid curves show the default fit result; the
dashed curves show the results of the fits to various pseudoexperiments.

e Broken signal: we consider the same variation of the fit as described above for the
T (4S5) analysis (section 5.3.1). Namely, in the default fit the corrections are applied
only to the broken signal component in the sideband. We apply the corrections also
to the broad broken signal component in the signal region assuming that they are the
same as for the broken signal component in the sideband. The uncertainties due to this
source are small.

e Shape of the smooth background: in the default fit the smooth background is de-
scribed by a threshold function multiplied by 2nd or 3rd order Chebyshev polynomial
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Figure 12. Energy dependence of the ete™ — BB (left), BB* (right), and B*B* (bottom) cross
sections. Red filled and black open circles show the Belle IT and Belle measurements, respectively. In
the Belle II results, black error bars show statistical uncertainties, red error bars show uncorrelated
systematic uncertainties. (On six out of the twelve points, the systematic uncertainties are smaller
than the size of the red filled circle, and thus not visible.) The solid curves show the default fit result;
the dashed curves show the fit function before the convolution used to account for the E.,, spread.

(section 6.1). We increase the order of the polynomial by one and two units. The
uncertainties due to this source are small.

The total uncorrelated systematic uncertainty is obtained by adding the above contributions
in quadrature; it is shown in figures 12 and 13, and in tables 6 and 8. For simplicity, in the
default fit to the cross section energy dependence, we use only statistical uncertainties of the
Belle IT measurements. We repeat the fit combining statistical and uncorrelated systematic
uncertainties for Belle II and find that the change in the results is negligibly small.
Correlated systematic uncertainty in the cross sections has the following sources:

o Uncertainty in the absolute value of the efficiency of 2.1% determined using the Y(4.S)
data (section 5.4).

e Uncertainty in the energy dependence of the efficiency. For the efficiency, we use the

— 21 —



s > r
o 7
2 s 't
—~ 1r ] L
& [ 8 6 l
2 I a
E [ 0
w [ § 95 I
| Oj """"""""""""""" LLIQ [
o r [
= [ 4r
e [
woqn i
Lo v b v v v b b v by Coov v b v v b v b v
10.65 10.7 10.75 10.8 10.65 10.7 10.75 10.8
E.n [GeV] E.n [GeV]

Figure 13. Measurements of the energy difference Eep(B) — Eem (™) (left) and the E.p, spread
(right) at various energies. Black error bars show statistical uncertainties, red error bars show
uncorrelated systematic uncertainties.

Source Systematic uncertainty (MeV)
m(BT) = (5279.25 + 0.26) MeV /c? 4+0.29
m(BY) = (5279.63 & 0.20) MeV /c? +0.18
m(B*) —m(B) = (45.42 4+ 0.26) MeV /? +0.37
Total +0.50

Table 9. Systematic uncertainty in E.y, due to uncertainties in the B and B* masses.

values of the fit function shown in figure 3. The uncertainty due to the limited size of
the simulated samples has values in the range 0.3% — 0.8%, increasing linearly with Ecp,.

o Uncertainty in the luminosity of 0.6% [30].

The effect of the uncertainties in the B and B* masses on the cross sections is negligibly
small. The total correlated systematic uncertainties shown in table 8 are obtained by adding
the above contributions in quadrature.

The uncertainties in the B and B* masses lead to correlated uncertainties in E.;, and
in the E.,, spread. The corresponding contributions are determined by varying the masses
by their uncertainties and repeating the analysis. The uncertainties in F¢y are shown in
table 9. They are roughly independent of the energy. The total uncertainty is calculated
as the sum in quadrature of the various contributions. The uncertainties in the FE.,, spread
are relatively small; their total contributions are shown in table 6.

7 Discussion and summary

In figure 14 we show the sum of the exclusive BB, BB*, and B*B* cross sections measured
in this work and in the Belle experiment [8], superimposed on the total bb dressed cross
section [7]. The sum of measurements performed in this work agrees well with the total
cross section up to Eqyn = 10.84 GeV. The deviation at higher energy is presumably due
to the contribution of B? mesons, multibody final states B®*) B®*)x(r), and production of
bottomonia in association with light hadrons.
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Figure 15. Energy dependence of the cross sections: ete™ — BB (top), BB* (middle) and B*B*
(bottom). Symbols and curves have the same meaning as in figure 9, except that dashed curves show
the result of the fit to the Belle points only [8].

The results of the fit to the Belle and Belle II points, and a separate fit to the Belle
points only, are shown in figure 15. As measurements of the dressed cross section rely
on the energy dependence of the cross section as an input, and our measurements have
improved the knowledge of this energy dependence, the Belle measurements may be shifted as
a result. However, we find that the shifts are negligibly small compared to the corresponding
uncertainties.
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A new and unexpected observation of this analysis is that the ete™ — B*B* cross
section increases very rapidly just above the threshold. The energy of the nearby scan point
Eem = (10653.30+ 1.14) MeV is only (2.96 +1.52) MeV higher than the B**B*? threshold and
only (4.78 +1.47) MeV higher than the B** B*~ threshold; these differences are less than the
FEem spread of o = (5.23 +0.89) MeV. The large observed value of the B*B* cross section at
this scan point is especially surprising since phase space in the reaction ete™ — B*B* grows
as the 3/2 power of the difference between the beam energy and the threshold energy, and
thus the derivative of the cross section of this process must vanish at the threshold. Hence,
we conclude that the amplitude of the process under consideration increases rapidly towards
the threshold. This phenomenon can be explained by the presence of a B* B* molecular state
near the B*B* threshold. Such a state could be bound or virtual; the B* and B* mesons
are in relative P-wave. There is a similar phenomenon near D*D* threshold, which was
explained in ref. [32] by the presence of a D*D* molecule.

The existence of a B* B* molecule would also provide a natural explanation for the narrow
dip in the ete~™ — BB* cross section near the B*B* threshold (figure 9), as destructive
interference between ete™ — BB* and the ete™ — B*B* — BB* rescattering process.’
One can expect that such a complex behavior of the cross sections near the B* B* threshold
might lead to nontrivial effects, such as a large violation of isospin symmetry, enhancement of
inelastic processes such as eTe™ — Y (nS)r "7~ and hy(1P)n, and violation of heavy-quark
spin symmetry due to the interaction of B mesons in the final state [34].* Further study
of this energy region with larger samples should make it possible to confirm or refute the
existence of such a near-threshold resonance.

In summary, we report measurements of the ete™ — BB, ete™ — BB*, and ete™ —
B*B* cross sections at four energies between 10.65 and 10.80 GeV using Belle IT data with
a total integrated luminosity of 19.7fb~! (table 8). The obtained two-body cross sections
at these energies are consistent with the earlier results of Belle [8], and provide significant
additional information. These results can be used in coupled-channel analysis of energy-scan
data to extract parameters of the highly excited Y states, in particular, of the recently
observed Y(10753) state. We find that the ete™ — B*B* cross section increases very rapidly
above the corresponding threshold, which might indicate the presence of a B*B* molecular
state near the threshold.
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A Reconstruction channels of B and D mesons

The channels used to reconstruct B and D mesons are listed in tables 10 and 11. The
sum of the corresponding branching fractions is 7.2% for BT, 6.1% for B°, 44.6% for D°,
28.6% for Dt and 17.2% for D.
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