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First look at CKM parameters from early Belle II data
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After its commissioning in 2018, the Belle II experiment has started registering first physics data
delivered by SuperKEKB in 2019. The Belle II physics program focuses on the search for physics
beyond the standard model with precise measurements in the flavour sector. The huge targeted
dataset and the B-factory particular collision scheme will help to significantly improve the ex-
perimental precision on the three angles of the bd CKM unitarity triangle. These measurements
are based on time-dependent CP asymmetry analyses for the angles φ1 and φ2, and on the recon-
struction of many B and D hadronic decay modes for φ3. In this proceeding article are reported
the first look at these ingredients reconstructed with early Belle II data, and the expected Belle II
sensitivity on φ1, φ2 and φ3 with more data.
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1. Introduction

The previous generation of B-factories, BaBar at PEP-II and Belle at KEKB, observed CP
violation in the B meson system for the first time and assessed the Cabibbo-Kobayashi-Maskawa
(a.k.a. CKM) formalism, with about 1 ab−1 of data in the end. Their successor Belle II at Su-
perKEKB aims at building on their great success and on the excellent accumulated skills, and
focuses on the search for new physics beyond the standard model of particle physics, with mea-
surements of unprecedented precision in the heavy quark and charged lepton sectors. A siginificant
part of the Belle II physics program is devoted to Flavour Changing Neutral Current process stud-
ies to try to untangle the new physics. Such indirect searches of quantum manifestation of new
particles are potentially sensitive to a higher mass scale of the unknown new physics than with the
direct searches pursued at high energy at the LHC. Moreover the particular collision scheme of
B-factories allows interesting complementarity with LHCb based on unique capabilities as far as
inclusive measurements are concerned, as well as analyses implying missing energy and neutrals
like γ , K0

S , K0
L , π0 and η .

SuperKEKB is an asymmetric e+e− collider with center-of-mass energies around ϒ invariant masses,
with the main focus on the ϒ(4S) decaying to pairs of neutral or charged B mesons. It is based on
a new nano-beam collision scheme, with relatively high beam currents and a large beam cross-
ing angle, aiming at reaching around 2025 an instantaneous luminosity 40 times higher than ever
achieved, of 8 × 1035 cm−2 s−1. With respect to BaBar and Belle, this collision scheme implies
however a reduced center-of-mass boost, impacting mainly time dependent measurements. It in-
duces unfortunately also a dramatic increase of what is called the machine background, that must
be kept under control to achieve the ambitious Belle II physics program.

Figure 1: SuperKEKB planned instantaneous (red) and integrated (green) luminosity increases with time.

Figure 1 shows the calendar of SuperKEKB runs, with instantaneous and integrated luminos-
ity plans. After a smooth start in 2019, the Belle and BaBar datasets should be overpassed by end
of 2021 and the design luminosity reached in 2025, to accumulate 50 ab−1 by 2027. The Belle
II experiment (excepting the completed inner tracker system) was commissioned in spring 2018,
with the main purpose of registering the first collisions of nano-beams and studying the machine
background impact in the Belle II detector. The Belle II physics run started in 2019 and the ex-
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periment was switched off end of June for the summer shutdown, a few days before this report.
Belle II accumulated in total 6.5 fb−1 at ϒ(4S) in addition to 0.8 fb−1 of off peak collisions with
energy 60 MeV lower. SuperKEKB instantaneous luminosity exceeded 1034 cm−2 s−1 during this
run. Belle II was switched off at the highest reached luminosity due to too high beam induced
backround, dominated by beam-gas interaction due to vacuum conditions in the new Low Energy
Ring, that are expected to largely improve in the future.

In this document we present a glimpse of first Belle II results with early data registered in
2019, related to the measurement of the three angles φ1, φ2 and φ3 of the bd CKM unitarity triangle.
These measurements are based on time-dependent CP asymmetry analyses for the angles φ1 and
φ2, and on the reconstruction of many B and D hadronic decay modes for φ3. Expected improved
experimental precision on the three angles, made possible thanks to the huge Belle II targeted
dataset and to the B-factory particular collision scheme, is also discussed.

2. Ingredients of time-dependent CP asymmetry measurements

The two angles φ1 and and φ2 can be determined by measuring time-dependent CP asymme-
tries of neutral B meson decays. The time dependence can be expressed as:

P(∆t,q) =
e
−|∆t|
τ
B0

4τB0
[1+q(ACP cos∆md∆t +SCP sin∆md∆t)]

where τB0 is the lifetime of the B0 meson and ∆md is the mass difference between the two B0

physics eigenstates. The two CP parameters ACP and SCP are related respectively to direct and
indirect CP violation. As long as penguin contributions can be neglected in the process considered
to determine φ1 or φ2, ACP = 0 and SCP = sin2φ1,2. Two key ingredients are needed to measure
time dependent CP-asymmetries:

• The flavour q of the B meson decaying to the CP eigenstate. This flavour is inferred unam-
biguously from the flavour of the companion meson called BTAG, thanks to the fact that the
pair of B mesons is produced in a quantum entangled state at ϒ(4S) center-of-mass. This
powerful trick is a monopoly of B-factories.

• The time interval ∆t between the moment when the flavour of the signal B meson is known
and the moment when it decays into the CP eigenstate. It is actually estimated based on the
flight distance ∆z along the boost axis and between the 2 B mesons.

The Belle II flavour tagger is a sophisticated algorithm that combines many multivariate clas-
sifiers into one. Its performance to identify the flavour q of the signal B meson is expressed as an
effective tagging efficiency ∑εi× (1−2ωi)

2, depending on the efficiency εi to identify the flavour
of the B meson with the ith classifier, but also on a dilution factor due to flavour mistag ωi, that
decreases the observed CP asymmetry. In Belle II the performance of the flavour tagger is expected
to be significantly improved with respect to Babar and Belle. Effective efficiency measured with
Belle II simulated data is 37 % [1], thanks to more tagger categories and more input variables, in
addition to better detector performances in particular on particle identification. Further improve-
ments are moreover expected, in particular with on-going developments based on Deep Neural
Networks.

2



P
o
S
(
E
P
S
-
H
E
P
2
0
1
9
)
2
4
0

First look at CKM parameters from early Belle II data Isabelle Ripp-Baudot

At SuperKEKB the beam asymmetry was reduced by 2/3 with respect to KEKB. Consequently
it was decided to reduce the radius of the beam pipe to 1 cm in the interaction region and an
innermost pixelated tracking detector was installed end of 2018 in Belle II, at the closest distance
possible to the interaction point at a radius of 1.4 cm. In terms of track impact parameter resolution,
almost a factor of 2 improvement is expected over the whole momentum range, resulting in an
improved resolution on the flight distance ∆z and helping maintaining at least the same accuracy on
∆t as achieved in Belle, despite the reduced flight distance in the detector. Furthermore the vertex
detector coverage was extended, resulting in a 30% better acceptance, important in particular for
K0

S reconstruction. And finally also the nanobeam-spot size, reduced to (6× 0.06× 150) µm3 to
be compared with (120× 5× 8000) µm3 previously in Belle, will improve the accuracy on the
B reconstructed decay vertex. However beam-constrained vertexing methods commonly used in
BaBar and Belle must be refined to build an unbiased estimator of the B decay point in Belle II.
Finally the resolution achieved on ∆t is expected to be better than 0.8 ps (see figure 2) and largely
dominated by the resolution on the tag-side vertex, which is inclusively reconstructed with the rest
of the event once the signal B meson is reconstructed.

Figure 2: ∆t residuals for signal B→ J/ψK0
S decays, with J/ψ → µ+µ− and K0

S → π+π− [1].

3. Prospects for the angle φ1

The φ1 angle of the unitarity triangle is defined by CKM matrix elements as being φ1 =

arg[−V ∗cbVcd/(V ∗tbVtd)]. It is the most precisely measured CP violating quantity and as such it is
a very important input in the global CKM fit to test the standard model. The most precise measure-
ment is achieved with the B0→ J/ψK0

S decay, thanks to its relatively large branching ratio and its
clear signature with four tracks, and also because it is dominated by a tree diagram. Currently the
CP parameter SCP is still statistically limited but already in a near future with 5 ab−1 of Belle II
data, the systematic uncertainty due to the penguin contribution will become annoying. However it
will be possible to control it with a good accuracy thanks to improved time-dependent analysis of
B0→ J/ψπ0 decays. The final uncertainty reached on φ1 is expected to be better than 0.1◦ with the
full Belle II dataset, to be compared to the current world average precision of φ w.a.

1 = (22.2±0.7)◦

[2], and to the global fit φ
f it

1 = (22.51+0.55
−0.40)

◦ [3].
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As far as charmless decays are concerned, they will not help improving the precision on φ1,
since they occur through penguin diagrams featuring possible different CKM phases and resulting
in an additional uncertainty. Their interest stays rather in their sensitivity to new physics contri-
butions. Many progresses will be made possible in Belle II, and in particular all K0

S and φ decays
will be used, like φ → π+π−π0 that was never used before. The φ vertex reconstruction, which is
made difficult in particular in the K+K− decay mode because of the small angle between the two
kaons, will be improved using the beam-spot constraint. Many B decay modes will be considered
in Belle II, in particular φK0

S , η ′K0
S , ωK0

S , K0
S π0 and K0

S π0γ . There will be less or no competition
from LHCb for many of these modes, and they will generally remain statistically limited even with
the full Belle II dataset. Only for the B0 → η ′K0

S decay, the statistical uncertainty will reach the
systematic level with 50 ab−1 of data. The new physics discovery potential of this penguin mode
is illustrated with figure 3.

Figure 3: Time-dependent CP asymmetries of B0→ J/ψK0
S (red dots) and B0→ η ′K0

S decays (blue trian-
gles) measured with a simulated full Belle II dataset including new physics [1].

4. Prospects for the angle φ2

The φ2 angle is defined as φ2 = arg[−V ∗tbVtd/(V ∗ubVud)]. It is measured through time-dependent
CP asymmetries of B decays to CP eigenstates governed by b→ u transitions, that means B decay-
ing to light mesons. However in this case penguin diagrams contribute significantly, and direct CP
violation impact is not negligible anymore, leading to a shift of the measured φ2 angle. This shift
can be estimated with an isospin analysis of B→ ππ and B→ ρρ decays, based on Gronau-London
relations among the different decay amplitudes [4].

With Belle II data it will be possible to reduce the ambiguity in the determination of φ2 (from
an 8-fold to a 4-fold or 2-fold ambiguity, depending on the central value), by measuring for the first
time B0→ π0π0 decays, though it is a very challenging analysis since the B decay vertex must be
reconstructed here with only two π0. This will be possible in Belle II thanks to beam constraints
and using γ conversions and Dalitz π0

Dal→ γe+e− decays. Figure 4 shows the expected ∆t residual
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measured with simulated B0 → π0π0 signal implying Dalitz π0
Dal decays. It is only about 50%

worse than what is achieved with charged particles in the final state, as it was shown with figure 2.

Figure 4: ∆t residuals of reconstructed signal B0→ π0π0 decays with reconstructed Dalitz π0
Dal decays in

Belle II simulated Dalitz π0
Dal events [1].

The final precision expected on φ2 with the full Belle II dataset will be better than 1◦, that can
be compared to the current world average precision of φ w.a.

2 = (84.9+5.1
−4.5)

◦ [2], and to the global fit
φ

f it
2 = (91.6+1.7

−1.1)
◦ [3].

5. Prospects for the angle φ3

The φ3 angle is defined as φ3 = arg[−V ∗ubVud/(V ∗cbVcd)]. It can be determined with B±→ DK±

decays, implying interfering pure tree-mediated b→ u and b→ c transitions, and hence allowing
a very clean theoretical prediction. However on the experimental side there is a lot of room to
improve its accuracy: the current world average of φ w.a.

3 = (71.1+4.6
−5.3)

◦ [2] still makes possible new
physics contributing at the level of about 5◦, motivating the targeted 1◦ precision by combining
Belle II and LHCb full datasets.

The considered decay modes have small branching fractions of the order of 0.01 %, and as
many as possible D decays must be considered. Thanks to an improved K/π separation and a better
continuum suppression in Belle II, in addition to a good capability to reconstruct neutrals, many
yet-unused D∗ decay modes will be also considered with increasing statistics, like D0π0, D0γ ,
π0π0, K0

Lπ0, K0
S π0π0, K0

S K0
S K0

L .
The Belle II most sensitive analysis uses the self-conjugate D decay to the 3-body final state

D→K0
s π+π−, upon a method called the GGSZ method [5]. Other methods called the ADS method

[6] and the GLW method [7] will be used to improve the global precision on φ3, based on different
final states. Each method leads to particular ambiguities and different sensitivities, and the ultimate
precision will be achieved by combining all methods and Belle II and LHCb measurements. The
GGSZ analysis is a model-independent binned Dalitz plot analysis. It uses information on phase
differences between symmetric Dalitz bins as an external input. This input is needed from future
BES-III measurements based on 10 fb−1 of e+e− collisions at the DD̄ threshold, because currently
available CLEO-c measurements do not match the precision targeted by Belle II. One major source
of systematic uncertainty impacting the φ3 measurement by Belle was due to the amplitude model
used in the Dalitz analysis. In Belle II it will be avoided by the binning of the Dalitz plot, made
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Figure 5: Beam-constrained Mbc distribution of B→ D(∗)h candidates with h = π,ρ , reconstructed with
first 0.41 fb−1 of Belle II data registered in 2019.

possible thanks to a larger bin population. Systematics level will be further improved thanks to
B → Dπ decays, that will be abundantly reconstructed. They are not very sensitive to φ3 but
will allow to control shape models used in the analysis. Figure 5 shows first B→ D(∗)h decays
reconstructed with early Belle II data in 2019, where h = π or ρ . Finally, a key asset of Belle II for
such analyses is its unbiased trigger.

By 2027, an uncertainty on φ3 at the level of 3◦ is expected with this golden mode, and con-
servatively well below 2◦ after combination with all Belle II measurements based on other B decay
modes, with still room for improvement. This prospect can be compared to the current precision of
the Belle combined φ3 result, which is 13◦.

6. Conclusion and outlook

Belle II has successfully started physics in 2019 and there are opportunities for important re-
sults already on the short term. In particular the three CKM bd unitarity triangle angle uncertainties
are expected to be improved significantly already in the coming years. In the end of Belle II with
a full dataset corresponding to an integrated luminosity of 50 ab−1, many measurements will start
to be systematically limited, and lots of work will be necessary as well on the experimental side
and on the theoretical one to meet the challenge. This huge dataset comes along with an important
pollution by machine induced background, and a huge effort is made to mitigate its impact on the
Belle II physics performances.
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