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We report on measurements of time-dependent CP violation in B decays using a dataset of
365fb~! collected in e*e~ collisions at the Y (4S) resonance by the Belle II experiment in the
channels B° — p*p~ and B — Jjyn®. In the decay channel B — p*p~ we extract a
branching fraction of 8 = (2.89%023*0-2%) x 10> with a longitudinal polarization fraction of
fr =0.921*0:024+0.017 We also determine the CP violation parameters Ccp = —0.02 +0.12¥9.9
and Scp = —0.26 = 0.19 + 0.08. By combining this result with measurements of isospin-related
B — nr and B — pp decays, the CKM angle ¢, can be extracted. We extract ¢» = (92.6f‘4‘f‘.§ °

The precision on the angle ¢ is limited by a possible shifts of ¢ due to additional loop diagrams.
Control channels to determine this shift are B® — Jiy7° and B® — Jjy w. For B® — Jjy n°
we measure a branching fraction of 8 = (2.00 + 0.12 + 0.09) x 107> and the CP violation
parameters Ccp = 0.13 £0.12 £ 0.03 and Scp = —0.88 £ 0.17 £ 0.03. In addition, we report
on the first observation of the decay B° — J/y w with the branching fraction measurement of

B =(2.16+0.30+0.14) x 107,
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1. Motivation

The Cabibbo-Kobayashi-Maskawa (CKM) matrix describes transition probabilities between quark
flavor states in the standard model (SM). In line with the three quark generations, the CKM matrix
is a 3 X 3 unitary matrix containing one irreducible complex phase which introduces CP violation
in the SM. The unitarity of the matrix provides nine conditions, of which six can be understood as
closed triangles in the complex plane. The condition

VaViy + VeaViy, + ViaVi, = 0 (1)

is especially interesting, since all terms are of the same order of magnitude. Hence, the interior
angles are of comparable size, which allows for improved experimental precision of the triangle
parameters. This is vital, since any deviation from the hypothesis of a closed triangle is a direct
hint for new physics (NP) beyond the SM. To date, there is no significant deviation from the SM
closed triangle. However, among other experiments, Belle II reaches ever greater precisions on the
triangle properties and plans to significantly reduce their uncertainties in the next decade.[1]

2. The Belle II Experiment

The Belle II experiment is located at the SuperKEKB accelerator facility in Tsukuba, Japan. It
records asymmetric e*e~ collisions at a center of mass energy corresponding to the Y (4S) reso-
nance, which decays almost exclusively to a pair of B mesons. In the first run from 2019 to 2022,
Belle II collected 365 fb™! of on-resonance data, which corresponds to 387 x 10® BB pairs. The ac-
celerator achieved a world record instantaneous luminosity of 5.1 x 103 cm=2 s~!. With additional
data, Belle II will reduce the uncertainties on the properties of the CKM triangle significantly, since
many measurements are statistically limited.

The Belle II detector is an upgrade of the general-purpose Belle detector. Next to multiple other
improvements it contains a new two-layered pixel detector close to the interaction region. This sub-
detector allows for an improved vertex resolution compared to Belle. Since the initial conditions
of the collisions in the detector are known, Belle II has unique advantages in the reconstruction of
decays with missing energy. In addition, Belle II allows for an efficient reconstruction of neutral
particles, which enables world leading measurements in the corresponding decays. [2]

3. Measurement of CP violation parameters at Belle 11

The decay of a neutral B meson to a CP-eigenstate (fcp) can proceed either directly or after
mixing in the BB system. The interference between the mixing term, in which the CKM angle ¢,
contributes as the mixing phase, and the direct decay gives rise to mixing-induced CP-violation.
One can measure the strength of the mixing-induced CP-violation parameter Scp and of the direct
CP violation parameter Ccp from the time-dependent decay rates of the B and B° to the considered
final state fcp:
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N(B® - fcp) - N(B® > fcp)
N(B® > fcp) + N(B® = fcp)

Acp(At) = (At) = Scp sin(AmgAt) — Ccep cos(AmgAt).  (2)
In addition to the CP violation parameters, the asymmetry is parametrized by the mixing frequency
of the neutral B meson system Am g and the difference between the decay time of the B meson and
a start time at which the flavor of the B meson is known, denoted by Az.[1]

While Am is constant, At is measured for each decay individually. Since the pair of neutral B
mesons is produced in an entangled state, determining the flavor of one B meson (By,g) from its
decay defines ("tags") the flavor of the other B meson (B, ) to be opposite at that time. This means
that At is the decay time difference between the B mesons. As the center of mass system in the
e*e™ collision is boosted along the beam line (z-axis) and the B mesons decay almost at rest in the
center-of-mass system of the Y (45), the decay time difference of the B mesons can be calculated
from the distance of their vertices in the z direction.

Consequently, precise measurements on time-dependent CP violation need a high tagging efficiency
and a precise vertex reconstruction in the z-axis. The tagging efficiency in Belle II was recently
improved by a new algorithm, called GFlaT, which is based on a graph neural network [3]. The new
algorithm achieves a tagging efficiency of € ,,= (37.4 + 0.5)%, compared to0 € 4,= (30.1 + 0.4)%
at Belle which is based on a conventional tagging algorithm. The vertex resolution at Belle II of
Az =~ 130 pm compared to the vertex resolution of Belle at Az =~ 200 pm compensates for the
reduced boost and results in a comparable Af resolution.[1]

4. Measurements Related to ¢,

The CKM angle ¢, can be extracted from time dependent analyses of b — uiid transitions, like
B — p*p~. Considering only the tree amplitude, Scp = sin (2¢,) holds. However, b — uid
transitions are strongly Cabibbo suppressed. This has two consequences. First, it leads to sizable
contributions from loop (or *penguin’) diagrams, which results in a shift of A¢; (so called *penguin

pollution’). The resulting relation is then Scp = /1 — Cé p Sin (2¢2 + Ag2). This pollution can
be addressed by combining measurements of isospin-related decay modes such that the penguin
contributions cancel out. The second consequence is that the branching fractions of these decays
are small leading to large uncertainties on ¢,. It is the least known angle of the CKM triangle.[1][4]

B = p*p~:

B — p*p~ is a decay of a pseudoscalar meson to two vector mesons. In this case, there are
three helicity states of the p meson system, one longitudinal polarization (LP) and two transverse
polarization (TP) states, where the LP state is a pure CP-even eigenstate and the TP states are
mixtures of CP-even and CP-odd eigenstates. The fraction of the LP, f;, is measured from the
decay (or helicity) angle distributions of the p mesons.

The two p mesons decay like p* — n*7°. Since this results in two prompt tracks from the decay
vertex of the By;g, a good Af resolution can be achieved in this channel. The neutral pion decays are
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reconstructed from pairs of photons, leading to large combinatorial backgrounds from additional
low energy neutral clusters. A designated classifier has been trained to reject these fake photons.
After the final selection a signal extraction fit is performed in AE, which is the difference between
the reconstructed By, energy and the beam energy in the center-of-mass system of the collision.
The fit furthermore uses the decay angles and invariant masses of the the p mesons cos 6, and
m .= 10, as well as the output of a classifier to suppress combinatorial backgrounds from e*e™ — ¢q
decays where (¢ = u, d, c, s). From this fit, the branching fraction of the decay, f; and sWeights [5]
are determined. Using these weights, a signal-weighted fit to the A¢ distribution in bins of the
flavor tagger output is performed to extract Ccp and Scp. The final results with statistical (first)
and systematic (second) uncertainties as well as the At distribution summed over all flavor tagger
bins in dependence of the By, flavor are shown in Table 1 and Fig. 1 respectively.[4]

Table 1: Belle IT measurement on 365fb~! of integrated luminosity of the branching fraction, longitudinal
polarization fraction and CP violation parameters for the channel B — p*p~.[4]

Observable Value

. Q8753 <10
A 0SmREG
Ccp -0.02 +0.12#)9¢

Scp —0.26 +0.19 £ 0.08

The results are on par with the world leading measurements and agree well with previous results.
Using the isospin analysis of B — nr and B — pp decays, ¢, = (92.6tj'_§)° is obtained. This is
in agreement with the SM.[4]

5. Measurements Related to ¢,

The angle ¢; can be measured in different quark transitions. The most precise results come from
b — ccs transitions. These decays have relatively large branching fractions and are dominated by
the tree diagram. Hence, ¢; is the most precisely measured angle in the CKM triangle. However,
as for ¢,, penguin contributions can shift the measured value of ¢;. Decays via b — ccd transi-
tions, like B — J/y n° and B® — J)/i w, can be used to constrain the contributions from penguin
diagrams. The effective value including penguin contributions is ¢¢// = 2¢; + Ap where A¢ is
around 0.5° in the SM.[1]

BY — Jjy n°:

The decay B — J/y 7° gives an experimentally clean signal due to the reconstructed decay mode
of J/y — €€~ (€ = e/u). As above, the two prompt tracks lead to a good At resolution. The
dominating background comes from B — J/yX decays, where X is a state in which the signal 7°
is reconstructed incorrectly. A fit to extract the signal is performed in AE and m(£*¢~). Since the
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Figure 1: Distributions of the decay-time difference for B® and B° tag cases (above) and the resulting
asymmetry (below) after signal weighting for the channel B — p*p~.[4]

J /W is correctly reconstructed in the B — J /iy X decays, only AE give discriminatory power against
this background. The shapes used in the fit are controlled using the channels B® — J/ 1//Kg and
B* — J/YyK**. sWeights [5] are extracted from the results and used to perform a signal-weighted
fit to the Ar distribution in bins of the flavor tagger output. The fit results are shown in Table 2
where again the first error is statistical and the second one is systematic. The total Az distribution
in dependence of the By, flavor is shown in Fig. 2.[6]

Table 2: Belle Il measurement on 365fb ™! of integrated luminosity of the branching fraction and CP violation
parameters for the channel B® — Jjy n°.[6]

Observable Value

B (2.00 £0.12 +0.09) x 107>
Ccp 0.13+0.12 + 0.03
Scp —-0.88 £ 0.17 £ 0.03

This result marks the first observation (with So) of mixing-induced CP violation in B® — Jjy n°
from a single measurement. The result has already been used to constrain A¢.[7]

B = Jly w:
Like B® — J/y n°, B — J/ w can be used to constrain the shift in ¢; and can serve as a control

channel in decays with b — d¢*¢~ transitions. In addition, it is, like BY — pp~, adecay of a
pseudoscalar meson into two vector mesons. Equivalently, f; will be measured in this channel in
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Figure 2: Distributions of the decay-time difference for B® and B° tag cases (above) and the resulting
asymmetry (below) after signal weighting for the channel B® — J/iy 7°.[6]

the future. This decay has previously not been observed.

In the reconstruction, J/yy — €*¢~ (£ = e/u) is used as above and w is reconstructed from
w — n*n~ 7. The main background comes from fake w candidates, which in turn are dominated
by misreconstructed 7¥ candidates. A dedicated boosted decision tree is used here to suppress this
background contribution. A fit in AE, which is shown in Fig. 3, results in the branching fraction
B = (2.16 £ 0.30 + 0.14) x 107>, This is the first observation of this decay and has a significance
of 6.50" above a no-signal hypothesis.[8]
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Figure 3: AE distribution of B® — J// w candidates and the corresponding fit.[8]
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6. Conclusion

Measurements on the angles of the CKM triangle constitute a cornerstone of the physics program
of Belle II. Many of the important channels are uniquely accessible at B factories. The three results
presented here have all been performed using Belle II data and are competitive with the worlds
best measurements or world leading. The achieved precision comes from improvements on the
detector, like the installation of a new pixel detector, as well as the continuous development of the
analysis software. Especially important for time-dependent CP violation measurements is the use
of a new flavor tagger, which increases the effective data by roughly 18%. Since all results above are
statistically limited, a substantial decrease in the uncertainties can be expected with the integrated
Iuminosity Belle II was designed for. With many previous problems in data taking solved and an
improved understanding of the accelerator, Belle II will restart data taking at the end of 2025, to
continue producing world leading results.
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