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We present a method to measure time-dependent CP violation in B0 decays produced in Υ(4S) →
B0B0 events at B factories without reconstructing the signal decay vertex. The method exploits
the sensitivity of the tag B0 decay time to CP violation in the B0 signal. It relies on a compact
e+e− interaction region and excellent vertex resolution, which enable precise measurement of the
displacement between production and decay vertices of the tag meson. We study an application to
B0 → π0π0 decays using a simplified simulation that approximates the conditions of the Belle II
experiment at the SuperKEKB collider. Our approach achieves a sensitivity on mixing-induced CP
violation that would require 20 times larger samples with standard approaches. When incorporated
into the B → ππ isospin analysis, the expected results would reduce the degeneracy of ϕ2 solutions
and significantly increase precision. This work opens a path to previously inaccessible CP-violation
studies enhancing and accelerating the reach of Belle II and future flavor physics programs.

I. INTRODUCTION

Measurements of decay-rate asymmetries that vio-
late the combined transformation of charge conjugation
and parity (CP symmetry) are central to the study
of the weak interactions of quarks. These measure-
ments provide stringent tests of the Cabibbo-Kobayashi-
Maskawa (CKM) mechanism, which prescribes that all
CP-violating phenomena in the standard model of parti-
cle physics are accommodated by a single complex phase
in the quark couplings with W± bosons [1]. For neutral
strange, charm, and bottom mesons, CP violation phe-
nomenology is further enriched by particle-antiparticle
oscillations, yielding CP-violating decay-rate asymme-
tries that depend on meson decay time. The observa-
tion of these asymmetries in the B0 → J/ψK0 decays
provided the conclusive experimental confirmation of the
CKM paradigm in the early 2000s [2, 3]. The focus then
shifted toward using time-dependent CP violation as a
sensitive probe for physics beyond the standard model
(see, e.g., Ref. [4] and references therein).

Bottom mesons have been extensively studied at exper-
iments in energy-asymmetric electron-positron collisions
near the Υ(4S) resonance (so-called B factories), such
as BaBar, Belle, and Belle II, as well as hadron-collider
experiments, such as CDF, D0, LHCb, CMS, and AT-
LAS [5]. Two ingredients are essential for measuring
time-dependent CP asymmetries: determining whether

the oscillating meson is a B0 or a B
0
(i.e., flavor) at a

known time before decay, and measuring the proper-time
interval between that instant and the decay. The ex-
perimental approaches to flavor determination—and thus
to establishing the relevant time—differ significantly be-
tween B factories and hadron colliders.

At hadron-collider experiments, B0 and B
0
mesons

originate from the hadronization of incoherently pro-
duced bb̄ quark pairs. Flavor tagging is performed at
production (see, e.g., Refs [6–8]) and the CP-violating
decay-rate asymmetry depends only on the signal decay
time, which is measured from the observed distance be-

tween its production and decay positions and its momen-
tum.
At B factories, neutral bottom mesons are produced

in quantum-entangled B0B0 pairs through the process
e+e− → Υ(4S) → B0B0 , where the e+ and e− beams
have different energies, boosting the Υ(4S) in the labo-
ratory frame. The entangled pair evolves coherently un-
til one meson decays, at which time the two flavors are
opposite. Then, the remaining meson evolves until it de-
cays. If one meson, identified as Btag, decays into a final
state that unambiguously defines its flavor and the other,
BCP , decays into a final state accessible to both flavors,
a measurement of time-dependent CP violation for BCP

is possible (see, e.g., Ref. [9]). The corresponding time-
evolution and CP-violating decay-rate asymmetry are de-
scribed in terms of the flavor correlations between the two
mesons and

∆t = tCP − ttag, (1)

the difference between the two decay times, which can be
either positive or negative. This difference is measured
from the spatial separation of the two decay positions
using the known boost.
In this paper, we present a method to measure time-

dependent CP-violating asymmetries at B factories for
decays in which ∆t is not available because the BCP de-
cay position is not reconstructed. This limitation arises
when the final state includes only neutral particles such
as photons or K0 mesons as in B0 → π0π0, B0 →
K0π0(π0), B0 → K0K0(K0), or the yet-unobserved
B0 → γγ decays. Similar ideas have been explored in
the past [10].
In B0 decays involving neutral pions, the π0 is typi-

cally reconstructed via π0 → γγ, which provides no ver-
tex information. Processes like π0 → e+e−γ, whether
from Dalitz decays or photon conversions, enable signal-
vertex reconstruction, but their low branching fractions,
O(10−2), make measurements of time-dependent CP vi-
olation feasible only with extremely large data samples.
In B0 decays involving neutral kaons, no K0

L decays and
only the fraction of K0

S → π+π− decays that occur in the
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inner volume of silicon-vertex detectors provides precise
signal-vertex information. In B0 decays into photons,
only conversions can be used, resulting in severe sample-
size limitations.

Our approach overcomes these limitations, enabling
sensitive measurement of time-dependent CP violation
in samples that are already available. The approach re-
lies solely on determining ttag, from the displacement be-
tween the Btag production and decay points, in anal-
ogy with decay-time reconstruction in hadron collisions.
However, it exploits the intrinsic connection of ttag to the
BCP asymmetry due to the quantum-entangled nature of
the B0B0 pair characteristic of B factories.
Key to our method is the resolution of the measure-

ment of the Btag production and decay positions. The
latter depends on detector design and performance and
it is important because it contributes to the precision on
the measurement. However, the former, which depends
on the features of the e+e− interaction region (IR), is a
dominant limiting factor. The entire feasibility of the
method is driven by the following collider-specific en-
ablers: a small IR transverse size, a nonzero crossing
angle for the beams, and a sufficient Υ(4S) boost.
We first describe the approach with an analytical

derivation based on the standard formalism of time-
evolution of quantum-entangled B0B0 pairs. We then
use simplified simulated experiments that approximate
the experimental conditions of the Belle II experiment
at the SuperKEKB collider to demonstrate quantita-
tively the performance with a specific case of interest:
the measurement of the time-dependent CP asymmetry
in B0 → π0π0 decays. Natural units are used, with
ℏ = c = 1, throughout the paper.

II. TIME-DEPENDENT ASYMMETRY FROM
THE TAG DECAY TIME

In a B factory experiment, the time-dependent decay
rate into a CP eigenstate of a neutral B meson is [9]

P(∆t, q) =
e−|∆t|/τ

4τ

(
1 + q

[
S sin∆m∆t

−C cos∆m∆t
])

,

(2)

where we assume CPT invariance (T being the time-
reversal transformation) and neglect a small lifetime dif-
ference between the two B physical states, which have a
mass difference ∆m and lifetime τ . The signal decay rate
differs for B0 and B0 according to the Btag flavor q at
∆t = 0ps. The flavor q equals either +1 for Btag = B0 or

−1 for Btag = B0. Such a difference generates a nonzero
time-dependent CP-violating asymmetry,

ACP (∆t) =
P(∆t,+1)− P(∆t,−1)

P(∆t,+1) + P(∆t,−1)

= S sin∆m∆t− C cos∆m∆t.

(3)

when either of the CP-violating coefficients S or C, which
are functions of the relevant combinations of quark cou-
plings involved in the transition, differ from zero.
Our method relies solely on the measurement of ttag.

We write the probability of observing a signal meson de-
caying at time tCP accompanied by a partner Btag with
flavor q decaying at time ttag, with both times measured
relative to the instant of the Υ(4S) decay [10, 11],

P(ttag, tCP , q) =
e−

tCP+ttag
τ

2τ2

(
1 + q

[
S sin∆m(tCP − ttag)

− C cos∆m(tCP − ttag)
])

,

(4)

and then integrate it over the unobserved signal decay-
time tCP to obtain the dependence on ttag only and ex-
press it in a form that resembles Eq. (2),

P(ttag, q) =
e−ttag/τ

2τ

(
1 + q

[
S′ sin∆m(ttag − t̂ )

−C ′ cos∆m(ttag − t̂ )
])

,

(5)

in which

t̂ =
1

∆m
arctan(∆mτ) ≈ 1.294 ps. (6)

The corresponding time-dependent CP asymmetry is

A′
CP (ttag) = S′ sin∆m(ttag − t̂ )− C ′ cos∆m(ttag − t̂ ) ,

(7)

in which

S′ = − S√
1 + (τ∆m)2

, C ′ =
C√

1 + (τ∆m)2
. (8)

Figure 1 compares the standard decay rate P(∆t, q)
and the rate P(ttag, q) obtained by only observing ttag,
along with the corresponding asymmetries ACP (∆t) and
A′

CP (ttag), for S = 1.0 and C = 0.0. The mass differ-
ence and the lifetime are set to the values known for the
B0 meson [12]. The standard CP asymmetry ACP (∆t)
is reduced to an asymmetry A′

CP (ttag), whose maximum
amplitude is smaller by a factor

1√
1 + (τ∆m)2

≈ 0.792 . (9)

The advantage of using ∆t, when both tCP and ttag are
available, is that the amplitude of the time-dependent
oscillation is not damped and reaches a maximum earlier
in time. However, time-dependent CP violation remains
accessible, though reduced, if the decay vertex of BCP is
not reconstructed. The reduction is the combined effect
of the dampening of the asymmetry and the shift of its
maximum value to higher decay times by t̂, which result
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Figure 1. (Top panels) Theoretical decay rates as a function of (left) ∆t and (right) ttag, for tagged (blue) B0 and (red) B0

mesons assuming S = 1.0 and C = 0.0. (Bottom panels) corresponding CP-violating decay-rate asymmetries (left) ACP (∆t)
and (right) A′

CP (ttag). The horizontal dashed lines show the maximum oscillation amplitudes. The vertical dashed line shows
(left) the ∆t origin and (right) the t̂ value in Eq. (6). The decay time ttag is non-negative by definition.

in a smaller yield. Note that Eqs. (5) and (7) also apply
to BCP , when replacing ttag with tCP and inverting the
sign of S′.
When measuring time-dependent CP violation, three

experimental effects influence the standard asymmetry
ACP (∆t) and must also be considered for A′

CP (ttag).
Tag-side interference [13] is expected to induce a small
bias and is therefore neglected in the following. The
other two effects reduce the observable asymmetry and
are more relevant: the efficiency for assigning the correct
flavor and the resolution on the time measurement.

Considering a fraction w of events with wrong flavor as-
signment, the amplitude of the time-dependent CP asym-
metry is reduced by a factor 1− 2w. The corresponding
dilution of the sensitivity to the asymmetry is expressed
by the effective flavor-tagging efficiency, a factor that
scales the actual signal-sample size down to the fraction
that is effectively sensitive to the decay-rate asymmetry.
The effective flavor-tagging efficiency is typically 35% at
B factories [9, 14].
Dilution due to time resolution is the dominant limita-

tion to the sensitivity to A′
CP (ttag) as misreconstructing

the time clearly degrades the observed time modulation.
Figure 2 shows uncertainties on the CP-violating coeffi-
cients S and C as functions of the resolution on either
ttag, in the case of the asymmetry A′

CP (ttag), or ∆t, in
the case of a standard asymmetry ACP (∆t). To sin-
gle out the relevant dependence, here we are assuming
a signal-only sample of 103 perfectly flavor-tagged de-
cays. Resolutions are intended as the widths of the rel-
evant Gaussian functions. All uncertainties increase as
the resolution on the relevant time measurement wors-
ens. When both the tag and signal vertices are available,
the uncertainties with the ttag-based approach are worse
than those with the standard ∆t-based method, because
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Figure 2. (Top panel) uncertainties on the CP-violating coef-
ficients (blue) S and (magenta) C as functions of the resolu-
tion on (solid line) ttag or (dashed line) ∆t, for 103 perfectly-
tagged signal-only decays. (Bottom panel) Linear correlation
between the coefficients.

of the dampening effects from Eq. 9 and the time shift
t̂ of A′

CP (ttag). The C uncertainties depend weakly on
the time resolution and saturate at the level expected
in a time-integrated measurement, which is feasible be-
cause, for B0 mesons, the oscillation period is compara-
ble to their lifetime. As a result, the cosine term in the
asymmetry of Eq. (3) does not average out. The time-
integrated asymmetry is, however, reduced by a factor
1−2χ, where χ = (∆mτ)2/[2(1+(∆mτ)2)] ≈ 0.18. The
S uncertainties are nearly constant up to a resolution of
about 0.5 ps. At poorer time resolutions, they deteriorate
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Figure 3. Sketch of a B0B
0
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as expected from the damping of the oscillation ampli-
tude, which is approximately exp[−(∆mσ)2/2], where σ
is the time resolution [15]. Figure 2 shows also the linear
correlation between S and C as a function of the time res-
olution. In measurements based on ttag, the correlation
is nonzero (approximately 20%) because the restriction
0 < ttag < +∞ does not allow the cancellation of corre-
lations between negative and positive ∆t that occurs in
the standard method.

The resolution on ∆t is about 0.5 ps at Belle II and
around 1.0 ps in Belle and Babar [14, 16, 17]. The reso-
lutions on ttag are generally expected to be worse, as they
critically depend not only on accurately determining the
Btag decay point, but also its production point, unlike in
the standard method.

III. MEASUREMENT OF THE TAG DECAY
TIME

The production and decay space-points of the Btag me-

son identify a flight-distance vector, L⃗. The Btag decay
time

ttag = mB
L⃗ · p⃗tag
|ptag|2

, (10)

in which mB is the known B0 mass, is reconstructed
by projecting the flight distance onto the p⃗tag momen-
tum direction, to average out minor direction biases due
to experimental inaccuracies. In typical measurements
of time-dependent CP violation, the decay of the signal
BCP meson is fully reconstructed, and therefore the mo-
mentum p⃗CP is known. This holds independently of the
availability of signal vertex information. The momen-
tum of the partner Btag meson is therefore inferred as
p⃗tag = p⃗Υ(4S) − p⃗CP, where p⃗Υ(4S) is the momentum of

the Υ(4S) meson in the e+e− → Υ(4S) → B0B0 pro-
cess, which is known precisely from the accelerator pa-

Belle II Belle BaBar
e− (e+) beam energy [GeV] 7.0 (4.0) 8.0 (3.5) 9.0 (3.0)
Beam energy spread [MeV] 5.45 5.36 4.63
Crossing angle [mrad] 83 22 0
Interaction region x width [µm ] 13 70 148
Interaction region y width [µm ] 0.2 1.0 6.9
Interaction region z width [µm ] 350 6000 15150
Btag vertex x-y resolution [µm ] 30 80 80
Btag vertex z resolution [µm ] 30 100 125

Table I. Summary of B factory parameters relevant for the
measurement of ttag [17–23].

rameters.1 All momenta are measured in the laboratory
reference frame.
The precision on L⃗ depends on the precision on the

Btag production and decay space-points, and usually
drives the precision on the time measurement, as the frac-
tional uncertainty on the momentum is typically much
smaller.
The precision on the Btag production and decay space-

points depends on the details of the interaction region.
At B factories, the IRs are typically ellipsoidal, with ma-
jor axes approximately aligned with the beam directions,
which define the z axes of the coordinate systems (see
Fig. 3). The IR spatial dimensions are specific to each
collider and are typically determined using processes such
as e+e− → µ+µ− [18]. They can generally be modeled in
each spatial direction by a Gaussian distribution, whose
width represents the spatial extent of the IR core along
that direction. Typical IR widths for the SuperKEKB
(Belle II), KEKB (Belle), and PEP-II (BaBar) colliders
are listed in Table I. The IR dispersions along the x and
y directions are particularly relevant to the precision of

L⃗.
The Btag decay vertex is accurately determined, owing

to the collision boost and high-resolution silicon detec-
tors installed at small radial distances from the IR. In
the z direction, the Btag-vertex resolution is typically an
order of magnitude, or more, smaller than the IR size
(see Table I). However, the average Btag flight path—
ranging from approximately 130 µm at Belle II to 260 µm
at BaBar—and its near alignment with the z axis, keeps
the decay vertex within the IR ellipsoid. Approximating
the resolution on the Btag production point with the IR

size would therefore result in a large uncertainty on L⃗,
spoiling the measurement of ttag.
To determine ttag, we use instead a topological fit to

the coordinates of the measured interaction point x⃗IR and
Btag decay vertex, x⃗tag, using their respective covariance

1 If p⃗CP cannot be measured, p⃗tag can be approximated by the
vector sum of the momenta of the Btag decay products. How-
ever, since Btag decays are typically reconstructed inclusively to
maximize efficiency—and often involve neutrinos—this approxi-
mation results in poorer momentum resolution.
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matrices, VIR and Vtag. The covariance matrix VIR is de-
rived from the IR spatial widths, while Vtag is determined
from the Btag vertex resolution. To mitigate the degra-
dation in precision due to the large IR size, especially
along the major axis of the ellipsoid, we incorporate in
the fit the known Btag momentum, p⃗tag, which constrains
the flight direction and thereby greatly improves the res-

olution on L⃗. The fit determines the Btag production
and decay positions, x⃗prod and x⃗dec, by minimizing the
χ2 function

χ2 = (x⃗prod − x⃗IR)
TV −1

IR (x⃗prod − x⃗IR)

+ (x⃗dec − x⃗tag)
TV −1

tag (x⃗dec − x⃗tag) ,
(11)

in which the decay position

x⃗dec = x⃗prod +
ttag
mB

p⃗tag (12)

is a function of ttag through the known Btag momentum.
The parameters determined by the fit are x⃗prod and ttag
(see Appendix A for their analytical derivation). The
uncertainty on p⃗tag is neglected in Eq. (11) because it
is irrelevant. However, it can be introduced by adding
a constraint on the momentum in the χ2 function, for
example, when the p⃗CP momentum cannot be measured.
Geometrically, the Btag production space-point is iden-

tified by the overlap between the IR ellipsoid and a cylin-
der whose axis is the Btag momentum and whose radius
equals the Btag-vertex resolution. The center of this over-
lap marks the Btag production space-point, and the size
of the overlap region defines the resolution (see Fig. 3).

IV. TAG DECAY-TIME RESOLUTION

To investigate the ttag resolution expected at B factory
experiments, we generate simplified simulated events ac-
cording to the decay rates of Eq. (5) and using the param-
eters of the IR, Btag vertex resolution, and beam energies
reported in Table I, to simulate the relevant conditions
of each experiment. The energies and momentum mag-
nitudes of the B0 and B0 mesons in Υ(4S) → B0B0

decays are determined from energy-momentum conser-
vation. Their angular distribution follows the known de-
pendence due to the transverse polarization of the Υ(4S)
mesons produced in e+e− collisions [9]. We do not simu-
late geometric detector acceptance and neglect resolution
effects on the measurement of the B momentum.

We then inspect the distributions of the differences
ttag − ttruthtag between the Btag decay times ttag, recon-

structed using Eq. (11), and the true decay times ttruthtag

(Fig. 4). All distributions are approximately Gaussian
with small exponential tails; their core widths provide es-
timates of the ttag resolutions. The core width is approx-
imately 1.3 ps at Belle II, significantly better than the
6.0 ps figure achieved at previous-generation B factories.
To validate our simplified simulation, we also determine

20− 10− 0 10 20
 [ps]truth
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Figure 4. Distribution of simulated ttag − ttruthtag obtained
from the parameters of Table I for the (blue) Belle-like,
(red) Belle II-like, and (magenta) BaBar-like scenarios. The
blue and magenta curves overlap.

the ∆t resolutions from our model, and find Gaussian-
core widths consistent with those observed at Belle II,
Belle, and BaBar. Nonetheless, our simplified simulation
lacks non-Gaussian tails induced by the charmed-meson
lifetimes for Btag vertices from B → D decays. These
tails can lead to an O(0.1) additional loss in sensitivity
to mixing-induced CP violation, which is irrelevant to
the conclusions of our study.
The better Belle II performance compared with Belle

and BaBar results from four main factors: (i) a smaller
IR at SuperKEKB than at KEKB and PEP-II, and (ii)
improved Btag vertex resolution. Together, these lead to
a smaller intersection between the IR ellipsoid and the
Btag tube, enhancing the precision in determining the
Btag production space-point. In addition, (iii) a nonzero
beam-crossing angle, and (iv) a sufficient boost, jointly
increase the fraction of B mesons that exit the IR ellip-
soid before decaying at Belle II.2

The minimization of the χ2 in Eq. (11) also provides
a determination of the expected ttag uncertainty σttag ,
whose distributions are shown in Fig. 5 (left). The reso-
lution varies on an event-by-event basis yielding the dis-
tributions of Fig. 4 as integrals over all ttag measure-
ments. When properly estimated, σttag provides a means
to distinguish between events with better or worse time
resolution. We validate σttag as a reliable estimate of
the uncertainty on ttag by examining the width of the
distribution of ttag − ttruthtag as a function of σttag . We ob-
serve an accurate correspondence between σttag and the

2 A smaller boost results in B mesons being emitted with a wider
angular distribution relative to the boost direction, which re-
duces the uncertainty of the Btag production point and improves

|L⃗| resolution. On the other hand, a smaller boost also de-
teriorates the time resolution by enlarging the denominator of
Eq. (A5).
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minimization of the χ2 function of Eq. (11). (Right panel) distributions of (black) the angle θtag between the Btag momentum
and the z axis and (red) σttag as a function of that angle in a Belle II-like scenario. The shaded red band represents the 68.3%
confidence interval.

width of the ttag − ttruthtag distribution, confirming the ac-
curacy of the uncertainty estimate. The resolution σttag
can therefore be used in fits to the time evolution, in anal-
ogy with per-event uncertainties in ∆t for measurements
of ACP (∆t).

The uncertainty σttag is independent from |L⃗|, due
to the constraint from the Btag momentum vector in
Eq. (12). It depends on the Btag momentum-vector direc-
tion though (see Fig. 5 (right)). The more p⃗tag is collinear
with the main axis of the IR ellipsoid, the larger the in-
tersection between the IR and the Btag tube, hence the
uncertainty on the production space-point and ttag; the
closer p⃗tag is to the transverse plane, the smaller the inter-
section and thus the uncertainty. The dependence on the
direction generates the bimodal shape of the σttag distri-
bution in a Belle II-like scenario. In the same scenario,
minimizing the χ2 of Eq. (11) with the p⃗tag constraint
improves the ttag resolution by a factor of about three,
compared to using the IR center as the Btag production
space-point, i.e., when ttag is reconstructed directly by
Eq. (10) without performing the vertex fit.

From the distribution of σttag , we compute an effective

time resolution, σeff
ttag , which corresponds to the width of

the single-Gaussian resolution that yields the same sensi-
tivity on the CP-violating coefficient S as that obtained
considering all values of σttag . We combine the uncertain-
ties σS(σttag) on S, from the function in Fig. 2, weighted
with the normalized distribution w(σttag) of σttag , i.e.,

1

σ2
S(σ

eff
ttag)

=

∫
w(σttag)

σ2
S(σttag)

dσttag . (13)

The resulting effective ttag resolutions are 1.5 ps at
Belle II, 6.3 ps at Belle, and 6.0 ps at BaBar. With re-
spect to the case with perfect ttag resolution, the preci-
sion of S is therefore expected to reduce by a factor of
1.7 for Belle II, 8.0 for Belle, and 7.0 for BaBar, due to
the time-resolution-dependent dilution of the asymmetry

(see, e.g., Fig. 2). These findings show that measure-
ments of time-dependent CP asymmetry without signal
vertex only are feasible and competitive at Belle II.

V. CASE STUDY: B0 → π0π0 AND IMPACT ON
THE CKM ANGLE ϕ2

To assess the potential impact quantitatively, we ap-
ply our method to a realistic use case, a measurement of
time-dependent CP-violating asymmetries in B0 → π0π0

decays at Belle II. If available, this measurement could
significantly improve the determination of the CKM an-
gle ϕ2 = arg(VtdV

∗
tb/VudV

∗
ub), where Vij are CKM ma-

trix elements, enhancing in turn the constraining power
of CKM-unitarity tests. Prior to using our approach to
determine mixing-induced CP violation in B0 → π0π0

decays, which is unknown, a consistency check based on
B0 → J/ψK0 decays would provide a high-precision val-
idation.

The angle ϕ2 is typically constrained through a com-
bination of results from decays related by isospin sym-
metry, B0 → π+π−, B+ → π+π0, and B0 → π0π0.
This combination suppresses hadronic uncertainties due
to penguin contributions in the B0 → π+π− decay am-
plitude [24]. The current 4.5◦ precision on ϕ2 is driven
by the precision of an independent determination based
on an analogous isospin analysis of B → ρρ decays. The
B → ππ analysis is less impactful also because it yields
degenerate results due to an eight-fold ambiguity. The
degeneracy originates from lack of experimental infor-
mation on mixing-induced CP violation in B0 → π0π0

decays, typically denoted with the S00 coefficient. To
date, a measurement of S00 has been considered feasible
by only reconstructing the π0 → e+e−γ final state to
enable signal-vertex reconstruction and the ensuing ∆t
measurement. However, this standard approach requires
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datasets 50–100 times larger than those currently avail-
able [25, 26]. We show that a measurement of A′

CP (ttag)
yields highly constraining S00 information by already us-
ing the data collected by Belle II thus far.

We build upon the recent measurement of the
B0 → π0π0 branching fraction and time-integrated CP-
violating asymmetry C00, in which 126 signal decays
were reconstructed in the Belle II sample collected un-
til 2022, and corresponding to an integrated luminosity
of 362 fb−1 [27]. We assume the same sample size and
composition as in Ref. [27]. The sample is background-
dominated: approximately 6850 events are from light-
quark production processes (continuum) and 170 from
other B decays (BB background), such as B+ → ρ+(→
π+π0)π0, where the π+ is not reconstructed.

The results in Ref. [27] were obtained from a fit to
three background-discriminating observables (∆E, Mbc,
and Ct) and one flavor-sensitive observable (wt). The
first observable is the difference between the B-candidate
energy and half of the beam energy, ∆E = E∗

B −E∗
beam;

the second observable is the B-candidate mass calcu-
lated from the B momentum and the beam energy,
Mbc =

√
E∗2

beam − p∗2B ; the third observable, Ct, is the
transformed output of a classifier trained to suppress con-
tinuum; and the fourth observable, wt, is the transformed
fraction of incorrectly tagged events w, estimated by a
flavor-tagging algorithm providing the Btag flavor q [14].
All starred quantities are calculated in the center-of-mass
frame.

We generate simplified simulated data by sampling the
probability density function (PDF) used in Ref. [27], ex-
tended to include the observables ttag and σttag . Unlike
in Ref. [27], we assume that the joint PDF factorizes as
the product of the individual PDFs for each observable;
in addition, we neglect flavor-tagging asymmetries and
uncertainties on the flavor-tagging parameters. These
approximations are not expected to bias appreciably the
expected resolutions on the fit results, thus not compro-
mising the validity of this study. The full PDF is

P(ttag, σttag ,∆E,Mbc, Ct, wt, q) =∑
j

fjPj(ttag, σttag ; q, w)Pj(∆E)Pj(Mbc)Pj(Ct)Pj(wt),

(14)
where fj is the fraction of component j, an index that

indicate signal (s), continuum (c) or BB background (b),
and fb equals 1− fs − fc.

The PDFs for ∆E, Mbc, Ct, and wt are taken from
Ref. [27]. Integrating Eq. (14) over ttag and σttag yields
the time-integrated model used in that reference. To val-
idate our implementation, we fit to the simulated data
generated from this model to determine signal fraction,
continuum fraction, and C00. The fit yields unbiased re-
sults with Gaussian uncertainties. The average statistical
uncertainty of C00 equals 0.28±0.02, consistent with the
0.30 value reported in Ref. [27].

In the time-dependent analysis, the signal PDF derives
from Eq. (5) after incorporating the effect of the wrong-

tag fraction w, and the convolution with a Gaussian time-
resolution model Rσttag

,

Ps(ttag, σttag ; q, w) =

e−t′tag/τ

2τ

(
1 + q(1− 2w)

[
S′ sin∆m(t′tag − t̂)

− C ′ cos∆m(t′tag − t̂)
])

⊗Rσttag
(ttag − t′tag) .

(15)

Here, σttag indicates the per-event tag decay-time res-
olution, which effectively increases the importance of
events with better resolution in the fit. The physical
CP-violating parameters S00 and C00 are related to S′

and C ′ via Eq. (8).
For backgrounds, we use a δ-function distribution for

continuum, and an exponential decay with the B+ life-
time for the BB component. This is motivated by the
dominance of the B+ → ρ+π0 contribution reported in
Ref. [27]. Both are convolved with the same Gaussian
resolution as the signal. We assume the σttag distribu-
tion is the same across components.
We simulate three scenarios, (i) the 365 fb−1 dataset

that Belle II collected up to 2022, (ii) an intermediate
sample corresponding to 5 ab−1, and (iii) the design full
dataset of 50 ab−1. These assess the feasibility, mid-term
reach, and ultimate sensitivity, respectively, of our ap-
proach in a Belle II-like experiment. In each case, simu-
lated data are generated assuming S00 = 0.65, which is
the value favored by an indirect ϕ2 determination [28],
and C00 = 0.00, which is compatible with current deter-
minations from time-integrated measurements and allows
assessing more directly the impact on mixing-induced CP
violation. For each scenario, we fit simulated data to de-
termine the signal and continuum fractions, S00, and C00.
An example of the background-subtracted ttag distri-

bution for B0- and B0-tagged decays and the correspond-
ing asymmetry, with fit projections overlaid, is shown in
Fig. 6. All estimates are unbiased and have Gaussian
uncertainties. The resulting average statistical uncer-
tainties for S00 and C00 are listed in Table II. Simula-
tion shows that the sensitivities to S00 and C00 do not
depend on the assumed values of these parameters. In
that table, we also compare our results with those from
the standard method using ∆t from e+e−γ vertexing,
following Ref. [26]. The projected uncertainty on S00

from our method for the ultimate sample size scenario

Sample size ttag ∆t
[ ab−1] σS00 σC00 σS00

0.36 0.75 0.27 –
5 0.18 0.07 –
50 0.06 0.02 0.28

Table II. Expected statistical uncertainties on S00 and C00

from ttag-dependent analyses in the various Belle II-like sce-
narios, compared with the S00 uncertainty expected in the
standard ∆t analysis [26].
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Figure 6. (Top panel) example of a background-subtracted

ttag distributions for (red) B0 and (blue) B
0

mesons and
(bottom panel) corresponding decay-rate asymmetry in a
Belle II-like 50 ab−1 scenario, with fit projections overlaid.
Simulated data are displayed in the signal-enhanced region
−0.10 < ∆E < 0.05GeV, 5.275 < Mbc < 5.285GeV, Ct > 0.
In addition, we apply w < 0.2 and σttag < 2 ps for enhancing
visualization of the asymmetry. Corresponding fit results are
S00 = 0.69± 0.06 and C00 = 0.00± 0.02.

is 0.06, approximately five times smaller than the 0.28
reported in Ref. [26] for the standard method. Our ap-
proach achieves the same sensitivity with approximately
2 ab−1, which would be a 20-times smaller dataset.

These findings show promising potential for the deter-
mination of ϕ2. We assess the potential impact from a
B → ππ isospin analysis that incorporates our projected
results in addition to the existing inputs for three cases:
(i) using all B → ππ measurements available to date;
(ii) combining all B → ππ measurements available to
date with the S00 results expected from our method in
a Belle II-like scenario based on the 0.36 ab−1 sample
collected up to 2022; and (iii) combining all B → ππ
measurements available to date with the projected S00

determination for a Belle II-like scenario with 5 ab−1.
We use values of branching fractions for B0 → π+π−,
B+ → π+π0, and B0 → π0π0 decays, B-meson lifetimes,
and the CP-violating coefficients S+−, C+−, S00, and
C00 as inputs, following the analysis of Ref. [24]. We
use S00 = 0.65 ± 0.75 (0.65 ± 0.18) in the 0.36 (5) ab−1

sample for the unknown value of the mixing-induced CP
violation coefficient, in which the central value follows
Ref. [28] and the uncertainties are from Table II. We use
known values for all other inputs [5]. The Belle II results
in Ref. [27] are assumed uncorrelated with S00. While
the details of the ϕ2 results depend moderately on these
choices, the general conclusions are expected to hold. To
assess the sole impact of our method, all inputs except

0 20 40 60 80 100 120 140 160 180
2 [deg]

0.0

0.2

0.4

0.6

0.8

1.0

1 
- C

L

B
HFLAV 2024 inputs
S00 = 0.65 ± 0.75
S00 = 0.65 ± 0.18
Indirect 2

Figure 7. P -value as a function of the CKM angle ϕ2 from an
isospin-based combination of (red dashed) all currently avail-
able B → ππ results only, (blue solid) all currently available
results and B0 → π0π0 results expected from this approach
in a Belle II-like scenario based on the 0.36 ab−1 sample col-
lected up to 2022, and (blue dashed) all current results and
Belle II-like B0 → π0π0 results expected from this approach
in an hypothetical 5 ab−1 sample. All other inputs are the
latest known values [5].

for S00 are kept unchanged in all scenarios, although the
precision on most of them is expected to improve as well.

Figure 7 shows the results of the isospin analysis. Re-
sulting p-values as functions of ϕ2 are displayed. Already
with the Belle II sample collected up to 2022, the results
enabled by our method would reduce the solution degen-
eracy from eight solutions to two, and would reduce the
68% confidence-level interval around the solution favored
by global fits. This demonstrates that a ttag-based time-
dependent analysis of B0 → π0π0 significantly improves
the global determination of ϕ2.

VI. SUMMARY

We develop a method that enables measurement of
time-dependent CP-violation in B0 mesons produced in
energy-asymmetric electron-positron collisions near the
Υ(4S) resonance and reconstructed without a signal ver-
tex. The relevant time-evolution is expressed solely as
a function of the decay time of the pair-produced tag-B
meson and information on signal CP violation is pro-
vided by the quantum correlation of the B0B0 pair. Key
is a compact e+e− interaction region and excellent ver-
tex resolution, which enable precise measurement of the
tag-B decay time. This approach extends and enhances
sensitivity to time-dependent CP-violating parameters in
decays without charged particles, such as those involving
only π0, K0, and photons in the final state. When ap-
plied to the B0 → π0π0 decay, for instance, simulation
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shows that the method achieves a sensitivity on mixing-
induced CP violation that would require 20-times larger
samples with standard approaches. This implies that
meaningful constraints on the CP-violating coefficients
S and C can already be achieved for B0 → π0π0 decays
with the current 0.5 ab−1 Belle II sample. The expected
sensitivity on S would reduce the degeneracy of solutions
for the CKM angle ϕ2 in the isospin analysis of B → ππ
decays, substantially improving its determination. These
findings establish the ttag-dependent analysis as a power-
ful enabler for precision CP-violation studies at Belle II
and beyond.

Appendix A: Formulas for tag-side vertexing

The linearity of the χ2 regression of Eq. (11) allows to
derive explicit analytic expressions for the best-fit vertex
positions, ttag times, and σttag uncertainties. We intro-
duce the vector n⃗ = p⃗tag/mB to simplify the algebra
along with

E = (V −1
IR + V −1

tag )
−1 ,

x⃗m = E(V −1
IR x⃗IR + V −1

tag x⃗tag) .
(A1)

We obtain the tag decay time

ttag =
n⃗TV −1

tag (x⃗m − x⃗tag)

n⃗T (V −1
tagEV

−1
tag − V −1

tag )n⃗
, (A2)

and the production and decay vertices determined from
the fit are then expressed as

x⃗prod = x⃗m − ttagEV
−1
tag n⃗ ,

x⃗dec = x⃗prod + ttagn⃗ .
(A3)

The tag decay time calculated using ttag = mB p⃗tag ·
(x⃗dec − x⃗prod)/|p⃗tag|2 is identical to the value resulting
from Eq. (A2).
The inverse variance of ttag as determined from the fit

is

1

σ2
ttag

= (EV −1
tag n⃗)

TV −1
IR (EV −1

tag n⃗)

+ (EV −1
tag n⃗− n⃗)TV −1

tag (EV
−1
tag n⃗− n⃗)

(A4)

In the limit of isotropic Btag vertex resolution σtag and
an elongated interaction region, the ttag resolution ap-
proximates to

σttag ≈

√
σ2
IRxy

+ σ2
tag

(βγ)tag sin θtag
, (A5)

where σIRxy is the transverse size of the interaction re-
gion, (βγ)tag is the boost of the Btag meson, and θtag is
the angle between p⃗tag and the main axis of the interac-
tion region.
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