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Motivation: m(B0)−m(B+)

∆m = m(B0)−m(B+)

Isospin violation arises from:

• Light-quark mass difference md −mu.

• Electromagnetic interaction between constituent quarks.

Why measure ∆m precisely?

• Sensitive to the light-quark mass difference.

• Provides constraints on theoretical models and the B-meson wave
function.

2 / 16



Previous measurements of ∆m

Direct measurements of B-meson masses

m(B0) = (5279.63± 0.20)MeV/c2,

m(B+) = (5279.42± 0.08)MeV/c2

Dominated by LHCb measurements, notably B0 → J/ψ pp̄ and B− → J/ψ Λp̄.

⇒ ∆m = (0.21± 0.22)MeV/c2

Measurement of B-meson momenta in e+e− → Υ(4S)→ BB̄

pB ' 320MeV/c – favorable near-threshold kinematics:

δ(∆m) ' pB
mB

δ(pB) ' 1

16
δ(pB)

BaBar: ∆m = (0.33± 0.05± 0.03)MeV/c2

BaBar, Phys. Rev. D 78, 011103 (2008).

3 / 16



Difficulty: B0 and B+ energies can differ

B mesons produced at Υ(4S) are not monochromatic:

• e+e− energy spread due to stochastic emission of

synchrotron radiation:

σEcm ' 5MeV (FWHM ' 12MeV); cf. ΓΥ(4S) ' 20MeV.

• Initial-state radiation (ISR).

Energy distribution of produced B+B− pairs:

fB+B− ∝
[
G (Ecm)⊗ fISR

]
σ(e+e− → B+B−)

If the charged and neutral BB̄ cross sections vary differently with energy,
the B+ and B0 mesons have different energy distributions.

=⇒ Need the energy dependences of

σ(e+e− → B+B−) and σ(e+e− → B0B̄0).
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Available information on cross sections

Total bb̄ cross section

Rb =
σ(e+e− → bb̄)

σ0
, σ0 =

4πα2

3s

BaBar, PRL 102, 012001 (2009)
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FIG. 1: (Left) Measured Rb as a function of
√
s with the position of the opening thresholds of the e+e− → B

(∗)

(s)
B̄

(∗)

(s)
processes

indicated by dotted lines. (Right) A zoom of the same plot with the result of the fit described in the text superimposed. The
errors on data represent the statistical and the uncorrelated systematic errors added in quadrature.

TABLE I: Contributions to the relative correlated systematic
error on Rb.

Contribution Relative error (%)
µµ MC statistics 0.2
µµ radiative corrections 1.4
ǫµ 1.3
ǫB 1.3
ǫcont < 2.0
ǫISR < 0.7
σγγǫγγ < 0.2

resonant depolarization result [13]. We correct for this
bias, that comes from the (strongly) non linear impact
of the momentum resolution in the invariant mass, and
verify on simulated events that it does not depend on

√
s.

TABLE II: Fit results for the Υ(10860) and Υ(11020) res-
onances resulting from the fit described in the text. The φ

phases are relative to the interfering continuum. The corre-
sponding world averages [17] are also reported.

Υ(10860) Υ(11020)
mass (GeV) 10.876 ± 0.002 10.996 ± 0.002
width (MeV) 43± 4 37± 3

φ (rad) 2.11± 0.12 0.12 ± 0.07
PDG mass (GeV) 10.865 ± 0.008 11.019 ± 0.008
PDG width (MeV) 110 ± 13 79± 16

The resulting measurements of Rb as a function of
√
s

are shown in Fig. 1, where the error bars represent the
sum of the statistical and uncorrelated systematic errors
and dotted lines show the different B meson production
thresholds. The relative correlated systematic errors on
Rb are summarized in Table I. The numerical results

for each energy point, together with the estimated ISR
cross section, can be found in Ref. [14]. It is important
to stress that radiative corrections have not been applied
since they would require an a-priori knowledge of the
resonant region. The measured Rb therefore includes all
final- or initial- state radiation processes.

The large statistics and the small energy steps of this
scan make it possible to observe clear structures corre-
sponding to the opening of new thresholds: dips cor-
responding to the B(∗)B∗ and BsB

∗
s openings and a

plateau close to the B∗
sB

∗
s one. It is also evident that the

Υ(10860) and Υ(11020) behave differently above and be-
low the corresponding peaks. Finally, the plateau above
the Υ(11020) is clearly visible.

We fit the following simple model to our data be-
tween 10.80 and 11.20 GeV: a flat component represent-
ing bb-continuum states not interfering with resonance
decays, added incoherently to a second flat component
interfering with two relativistic Breit Wigner resonances:
σ = |Anr|2 + |Ar + A10860e

iφ10860BW (M10860,Γ10860) +
A11020e

iφ11020BW (M11020,Γ11020)|2, with BW (M,Γ) =
1/[(s−M2)+ iMΓ]. The results summarized in Table II
and Fig. 1 differ substantially from the PDG values. In
particular the B∗

sBs and B∗
sB

∗
s thresholds have a very

large impact on the determination of the Υ(10860) width.

The number of states is, a priori, unknown as are their
energy dependencies. Therefore, a proper coupled chan-
nel approach [15, 16] including the effects of the various
thresholds outlined earlier, would be likely to modify the
results obtained from our simple fit. As an illustration
of the systematic uncertainties arising from the assump-
tions in our fit, a simple modification is to replace the flat
nonresonant term by a threshold function at

√
s = 2mB.

This leads to a larger width (74 ± 4MeV) and a lower
mass (10869± 2MeV) for the Υ(10860).

• Count hadronic events.

• Subtract continuum using data
below the BB̄ threshold.

Cross-section ratio

R(Ecm) =
σ(e+e− → B0B̄0)

σ(e+e− → B+B−)

Measured at the Υ(4S) peak:

f 00/f +− = 0.951± 0.028
(HFLAV average)

Our idea

Measure R(Ecm) using time varia-
tions of the average collision energy
during data taking.

Belle and Belle II Collaborations,

JHEP 05 (2026) 172.
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Belle 1999–2010, Belle II 2019–now at KEK, Tsukuba.

CHAPTER 1. MOTIVATION AND OVERVIEW

1.3 The Belle II overview

Figure 1.9: Upgraded Belle II spectrometer (top half) as compared to the present Belle detector
(bottom half).

The design of the Belle II detector follows to a large extent the scheme discussed in the Letter
of Intent [5] and its 2008 supplement, Design Study Report [6], with one notable exception: a
pixel detector now appears in the innermost part of the vertex detector. Other modifications are
due to the change in the accelerator design from the high current version to the “nano-beam”
collider, and are associated with the larger crossing angle, the need to have the final quadrupoles
as close as possible to the interaction point, and the smaller beam energy asymmetry (7 GeV/c
on 4 GeV/c instead of 8 GeV/c on 3.5 GeV/c).
For the Belle II detector, our main concern is to maintain the current performance of Belle
in an environment with considerably higher background levels. As discussed in detail in the
2008 Design Report [6], we evaluate the possible degradation of the performance in a high-
background environment by extrapolating from the present operating conditions of KEKB and
Belle by accounting for the scaling of each component of background with the higher currents,
smaller beam sizes and modified interaction region. From these studies, we assume a conservative
factor of twenty increase in the background hit rate. The physics event rate will be about 50
times higher.
The following changes to Belle will maintain a comparable or better performance in Belle II:

• just outside the beam pipe, the silicon strip detector is replaced by a two-layer silicon pixel
detector based on the DEPFET technology;

• the silicon strip detector extends from just outside the pixel detector to a larger radius

14

At Υ(4S), Belle: 711 fb−1, Belle II: 808 fb−1, BaBar: 433 fb−1.
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Event selection

Reconstruct B mesons in about 1000 hadronic final states.

B+ D̄(∗)0π+(π+π−), D
(∗)+
s D̄(∗)0, J/ψK+(π+π−), J/ψK 0

Sπ
+, D(∗)−π+π+

B0 D(∗)−π+(π+π−), D
(∗)+
s D(∗)−, J/ψK 0

S , J/ψK+π−, D∗−K+K−π+

D0 K−π+, K−π+π0, K−π+π+π−, K 0
Sπ

+π−, K 0
Sπ

+π−π0, K+K−, K+K−K 0
S

D+ K−π+π+, K−π+π+π0, K 0
Sπ

+, K 0
Sπ

+π0, K 0
Sπ

+π+π−, K+K−π+,

K+K−π+π+π−, K+π+π−, π+π+π−

D+
s K+K−π+, K+K−π+π0, K+K 0

S , K+K 0
Sπ

+π−, K−K 0
Sπ

+π+

Automated reconstruction uses multivariate classifiers to suppress

combinatorial background; inputs include intermediate-particle masses and

vertex-fit quality.
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Mbc distributions
Mbc =

√(mΥ(4S)
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Figure 1: The M̃bc distributions in the Belle Υ(4S) data for the B0 (left) and B+ (right)

candidates. The top and bottom parts of the �gure correspond to the ∆E′ signal region and

sideband, respectively. The red solid histogram is the result of the combined �t described in

section 8. The red dashed histogram shows the background, and the black dotted histogram

shows the sum of the background and the broken signal (for the ∆E′ sideband, this coincides

with the total �t, and is thus not visible). The bottom panels show pulls (deviations of the

data points from the �t function divided by the uncertainties on the data).

The calculation scheme for the B+ �t function is as follows:

[
∑
i

wi G(Ecm; Ecm0 + ∆E(i)
cm, σEcm)]⊗ fISR × σ(e+e− → B+B−)

7−→ f(pB+), ⊗fresolution 7−→ f(M̃bc), (4.1)

where G(Ecm) is a Gaussian representing the c.m. energy spread; Ecm0 is the c.m. energy

averaged over the entire running period; ∆E
(i)
cm is the energy deviation of the i-th data

subsample; wi is the corresponding weight (the fraction of the total sample in the i-th

subsample);
∑

i is the sum over di�erent subsamples; and ⊗fISR represents convolution

with the ISR kernel [30]. At this stage of the calculation, we obtain the distribution in the
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Figure 1: The M̃bc distributions in the Belle Υ(4S) data for the B0 (left) and B+ (right)

candidates. The top and bottom parts of the �gure correspond to the ∆E′ signal region and

sideband, respectively. The red solid histogram is the result of the combined �t described in

section 8. The red dashed histogram shows the background, and the black dotted histogram

shows the sum of the background and the broken signal (for the ∆E′ sideband, this coincides

with the total �t, and is thus not visible). The bottom panels show pulls (deviations of the

data points from the �t function divided by the uncertainties on the data).

The calculation scheme for the B+ �t function is as follows:

[
∑
i

wi G(Ecm; Ecm0 + ∆E(i)
cm, σEcm)]⊗ fISR × σ(e+e− → B+B−)

7−→ f(pB+), ⊗fresolution 7−→ f(M̃bc), (4.1)

where G(Ecm) is a Gaussian representing the c.m. energy spread; Ecm0 is the c.m. energy

averaged over the entire running period; ∆E
(i)
cm is the energy deviation of the i-th data

subsample; wi is the corresponding weight (the fraction of the total sample in the i-th

subsample);
∑

i is the sum over di�erent subsamples; and ⊗fISR represents convolution

with the ISR kernel [30]. At this stage of the calculation, we obtain the distribution in the
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Figure 2: The M̃bc distributions in the Belle II Υ(4S) data for the B0 (left) and B+ (right)

candidates. The panels and the curves have the same meaning as in �gure 1.

invariant mass of the virtual photon produced in e+e− annihilation. Next, we multiply this

distribution by the energy dependence of the B+B− cross section [×σ(e+e− → B+B−)],

obtaining the distribution of the energy of B+B− pairs. We then change variables from

B+B− energy to B+ momentum (denoted by � 7−→�). This change takes into account

nonlinear e�ects, which are especially important near the kinematic boundary pB+ = 0. At

this stage, the value of m(B+) enters the �t function. We perform a convolution to account

for the B+ momentum resolution (�⊗fresolution�). Finally, we change variables from pB+

to M̃bc. The �t function for B0 is calculated in a similar way, but using the B0B̄0 cross

section, the B0 mass, and the B0 momentum-resolution.

The parameters Ecm0 and σEcm are determined from the combined �t. The deviations

∆E
(i)
cm and the weights wi are determined using the M̃bc �ts in ĒB bins (section 5 be-

low). There are separate parameters for the Belle and Belle II data samples. The energy
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Figure 2: The M̃bc distributions in the Belle II Υ(4S) data for the B0 (left) and B+ (right)

candidates. The panels and the curves have the same meaning as in �gure 1.

invariant mass of the virtual photon produced in e+e− annihilation. Next, we multiply this

distribution by the energy dependence of the B+B− cross section [×σ(e+e− → B+B−)],

obtaining the distribution of the energy of B+B− pairs. We then change variables from

B+B− energy to B+ momentum (denoted by � 7−→�). This change takes into account

nonlinear e�ects, which are especially important near the kinematic boundary pB+ = 0. At

this stage, the value of m(B+) enters the �t function. We perform a convolution to account

for the B+ momentum resolution (�⊗fresolution�). Finally, we change variables from pB+

to M̃bc. The �t function for B0 is calculated in a similar way, but using the B0B̄0 cross

section, the B0 mass, and the B0 momentum-resolution.

The parameters Ecm0 and σEcm are determined from the combined �t. The deviations

∆E
(i)
cm and the weights wi are determined using the M̃bc �ts in ĒB bins (section 5 be-

low). There are separate parameters for the Belle and Belle II data samples. The energy
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Very high signal-to-background ratio.
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Mbc fit function

B+ candidates:

G (Ecm)⊗ fISR × σ(e+e− → B+B−)
mB+7−→ f (pB), ⊗f B+

resolution 7−→ f (Mbc)

B0 candidates:

G (Ecm)⊗ fISR × σ(e+e− → B0B̄0)
mB07−→ f (pB), ⊗f B0

resolution 7−→ f (Mbc)

Calculations are performed numerically at each fit iteration.

Fit-function parameters have clear physical meaning:

B-meson masses, average collision energy, energy spread.
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Measurement of R(Ecm)
• Divide data into bins of calibrated collision energy Ecm.

• In each Ecm bin, fit the Mbc spectra for B0 and B+.

R(Ecm) =
σ(e+e− → B0B̄0)

σ(e+e− → B+B−)
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Cross-section parameterization and combined fit

Cross-section energy dependences:

σ(e+e− → B+B−) = p3
B+ P11(Ecm),

σ(e+e− → B0B̄0) = p3
B0 P11(Ecm) P2(Ecm).

p3
B : threshold factor; P11: common shape; P2: ratio shape (Chebyshev polynomials).

Combined fit to:

• Mbc spectra for B+ and B0 at Belle and Belle II;

• R(Ecm) measurements and the BaBar Rb energy scan.

Why high-order polynomial? – A reliable physics-motivated description of the cross sections is not available.

Why a combined fit? – Mbc spectra provide additional constraints on the cross-section shapes.

m(B+) is fixed; the mass difference ∆m is determined directly from the fit.
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Rb fit result

Rb =
σv (e+e− → bb̄)

σ0

0

1

2

3

10.56 10.57 10.58 10.59 10.6

Ecm  (GeV)

R
b

BaBar Rb scan

2 σdres(B
+
B

-
) / σ0

2 σdres(B
0
B
– 0

) / σ0

σv(bb
–
) / σ0

no Ecm spread

σv(bb
–
) / σ0

2 σv(B
+
B

-
) / σ0

2 σv(B
0
B
– 0

) / σ0

BB
–
 threshold BB

–
* thresholdEcm0 (Belle)Ecm0 (Belle II)

The combined fit describes all data distributions well.
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m(B0)−m(B+)

∆m = (0.495± 0.024± 0.005)MeV/c2

• cf. WA of direct measurements: (0.21± 0.22)MeV/c2.

• cf. BaBar ∆m = (0.33± 0.05± 0.03)MeV/c2
PRD 78, 011103 (2008).

BaBar used PHSP hypothesis: R(Ecm) = (pB0/pB+ )3.

• Repeat analysis with PHSP hypothesis:

• ∆m = (0.386 ± 0.006)MeV/c2 – consistent with BaBar.
• Very poor fit quality (Mbc spectra). The PHSP hypothesis is excluded at 10σ level.

• Difference w.r.t. BaBar is understood – model assumption in BaBar analysis.

Belle and Belle II, JHEP 05 (2026) 172.
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Measurement of R = σ(B0B̄0)/σ(B+B−) over a wide energy range

σ(e+e− → B+B−) = p3
B+ P11(Ecm)

σ(e+e− → B0B̄0) = p3
B0 P11(Ecm) P2(Ecm)
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• Replace P2 by P3, P4, . . . , P10: stable results.

• Mbc spectra of B0 and B+ provide additional constraints on R(Ecm).

• Replace P2 by a histogram function ⇒ measurement of R(Ecm)
over a wide energy range.
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Phenomenological analysis
• Strong rectangular potential + electromagnetic interaction.

Parameters: a – interaction range; δ1 – isovector scattering phase.

Voloshin, PRD 97, 114023 (2018).

JHEP 05 (2026) 172
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• =⇒ Isovector potential is attractive (δ1 > 0) at 2σ level.

• In the mb →∞ limit, BB̄, BB̄∗ and B∗B̄∗ potentials are the same. Relevant for

understanding Zb(10610) and Zb(10650).

15 / 16



Conclusions

• Precise measurement of m(B0)−m(B+); the ∼ 3σ discrepancy with
BaBar is traced to its phase-space assumption.

• Measurement of R(Ecm) over a broad energy range.

• Isovector BB̄ potential favors attraction at the 2σ level.

Outlook

• Significant isospin violation (tens of percent) predicted near BB̄∗ and
B∗B̄∗ thresholds. Salnikov and Milstein, Nucl. Phys. A 1073 (2026) 123443.

• Further energy scans ⇒ information on BB̄, BB̄∗, and B∗B̄∗ scattering.

Spin-off

• Improved collision-energy calibration, critical for the τ -mass measurement.
Updated Belle II analysis ongoing.
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