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CP-violation and the CKM

• Violation of charge-conjugation and parity-reversal (CP-violation) necessary 
ingredient to explain the imbalance between matter and antimatter in the universe 

• Accommodated in the weak interactions of quarks via the Cabibbo-Kobayashi-
Maskawa (CKM) unitary matrix, represented as a triangle in the complex plane
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Violation of CP in variance, — asymmetry, and baryon asymmetry of the universe
A. D. Sakharov

(Submitted 23 September 1966)
Pis'maZh. Eksp.Teor. Fiz. 5,32-35 (1967) [JETPLett. 5,24-27 (1967).
Also S7, pp. 85-88]

Usp. Fiz. Nauk 161,61-64 (May 1991)
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Literal translation: Out ofS. Okubo's effect

At high temperature

A fur coat is sewed for the Universe

Shaped for its crooked figure.

The theory of the expanding universe, which presup-
poses a superdense initial state of matter, apparently ex-
cludes the possibility of macroscopic separation of matter
from antimatter; it must therefore be assumed that there are
no antimatter bodies in nature, i.e., the universe is asymmet-
rical with respect to the number of particles and antiparticles
(— asymmetry). In particular, the absence of antibaryons
and the proposed absence of baryonic neutrinos implies a
nonzero baryon charge (baryonic asymmetry). We wish to
point out a possible explanation of — asymmetry in the hot
model of the expanding universe (see Ref. 1) by making use
of effects of CPinvariance violation (see Ref. 2). To explain
baryon asymmetry, we propose in addition an approximate
character for the baryon conservation law.

We assume that the baryon and muon conservation
laws are not absolute and should be unified into a "com-
bined" baryon-muon charge n

c
 = 3n

B
 — n^. We put

forantimuons/^+ and v^ =
0
'Ô^ = — 1, /IK = +1.

formuons/i. and V
M
 = ̂

‡
'.Ô = +1, Ô

Í
 = -I.

for baryons P and TV: Ô
‚
 = +1, Ô

Í
= +3.

for antibaryons P and N: «B = — 1, Ô
Í
 = —3.

This form of notation is connected with the quark concept;
we ascribe to the/?, n, and À quarks n

c
 = + I, and to anti-

quarks, Ë,. = — 1. The theory proposes that under laborato-
ry conditions processes involving violation of Ô

‚
 and Ë‰ play

a negligible role, but they were very important during the
earlier stage of the expansion of the universe.

We assume that the universe is neutral with respect to
the conserved charges (lepton, electric, and combined), but
— asymmetrical during the given instant of its development
(the positive lepton charge is concentrated in the electrons
and the negative lepton charge in the excess of antineutrinos
over the neutrinos; the positive electric charge is concentrat-
ed in the protons and the negative in the electrons; the posi-
tive combined charge is concentrated in the baryons, and the

negative in the excess of fi neutrinos over/z antineutrinos).
According to our hypothesis, the occurrence of — asym-

metry is the consequence of violation of CP in variance in the
nonstationary expansion of the hot universe during the su-
perdense stage, as manifest in the difference between the par-
tial probabilities of the charge-conjugate reactions. This ef-
fect has not yet been observed experimentally, but its
existence is theoretically undisputed (the first concrete ex-
ample, I,

 +
 and 2 _ decay, was pointed out by S. Okubo as

early as 1958) and should, in our opinion, have much cosmo-
logical significance.

We assume that the asymmetry has occurred in an ear-
lier stage of the expansion, in which the particle, energy, and
entropy densities, the Hubble constant, and the tempera-
tures were of the order of unity in gravitational units (in
conventional units the particle and energy densities were
n~ 1098 cm"3 and e~ 10114 erg/cm3).

M. A. Markov (see Ref. 3) proposed that during the
early stages there existed particles with maximum mass of
the order of one gravitational unit (M

0
 = 2 x l O ~ 5 g i n ordi-

nary units), and called them maximons. The presence of
such particles leads unavoidably to strong violation of ther-
modynamic equilibrium. We can visualize that neutral spin-
less maximons (or photons) are produced at t < 0 from con-
tracting matter having an excess of antiquarks, that they
pass "one through the other" at the instant t = 0 when the
density is infinite, and decay with an excess of quarks when
t >0, realizing total CPT symmetry of the universe. All the
phenomena at t < 0 are assumed in this hypothesis to be CPT

reflections of the phenomena at t > 0. We note that in the
cold model CPT reflection is impossible and only T and TP

reflections are kinematically possible. TP reflection was con-
sidered by Milne, and T reflection by the author; according
to modern notions, such a reflection is dynamically impossi-
ble because of violation of TP and T invariance.

We regard maximons as particles whose energy per par-
ticle E/n depends implicitly on the average particle density n.

If we assume that e/n~n ~~
1/3, then e/n is proportional to

the interaction energy of two "neighboring" maximons
(£/n)V/3 (cf. the arguments in Ref. 4). Then £~n2/3 and
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Asymmetric B-factories

• Observation of CP-violation in the interference of  
and  , constraining the UT angle  

• Achievements summarized in the “The physics of the B-factories” 
book [arxiv.org:1406.6311]

B0 → J/ψK0

B0 → B0 → J/ψK0 β/ϕ1
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three-dimensional coordinate determined from associated
r-f and z hits in the same SVD layer along with one or
more additional z hits in the other layers. Each vertex
position is required to be consistent with the interaction
point profile smeared in the r-f plane by the B meson
decay length. The fCP vertex is determined using lepton
tracks from J!c or c"2S# decays, or prompt tracks from
hc decays. The ftag vertex is determined from well re-
constructed tracks not assigned to fCP . Tracks that form a
KS are not used. The MC indicates that the typical vertex-
finding efficiency and vertex resolution (rms) for zCP
"ztag# are 92 "91#% and 75 "140# mm, respectively.

The proper-time interval resolution for the signal,
Rsig"Dt#, is obtained by convolving a sum of two Gaus-
sians (a main component due to the SVD vertex resolution
and charmed meson lifetimes, plus a tail component
caused by poorly reconstructed tracks) with a function that
takes into account the cms motion of the B mesons. The
fraction in the main Gaussian is determined to be 0.97 6
0.02 from a study of B0 ! D!2p1, D!2r1, D2p1,
J!cK!0, J!cKS , and B1 ! D 0

p1, J!cK1 events.
The means "mmain, mtail# and widths "smain, stail# of the
Gaussians are calculated event-by-event from the fCP
and ftag vertex fit error matrices and the x2 values of the
fit; typical values are mmain ! 20.24 ps, mtail ! 0.18 ps
and smain ! 1.49 ps, stail ! 3.85 ps. The background
resolution Rbkg"Dt# has the same functional form but the
parameters are obtained from a sideband region in Mbc
and DE. We obtain lifetimes for the neutral and charged
B mesons using the same procedure; the results [15] agree
well with the world average values.

After vertexing we find 560 events with q ! 11 fla-
vor tags and 577 events with q ! 21. Figure 3 shows
the observed Dt distributions for the qjf ! 11 (solid
points) and qjf ! 21 (open points) event samples. There
is a clear asymmetry between the two distributions; this
demonstrates that CP symmetry is violated.

We determine sin2f1 by performing an unbinned
maximum-likelihood fit of a CP violating probability

q.ξf = +1

q.ξf = −1

1/
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FIG. 3. Dt distributions for the events with qjf ! 11 (solid
points) and qjf ! 21 (open points). The results of the global
fit (with sin2f1 ! 0.99) are shown as solid and dashed curves,
respectively.

density function (pdf) to the observed Dt distributions.
For modes other than J!cK!0 the pdf expected for the
signal is

Psig"Dt, q, wl , jf # ! e2jDtj!tB0

2tB0 $1 2 jfq"1 2 2wl#

3 sin2f1 sin"DmdDt#% ,

where we fix tB0 and Dmd at their world average
values [14]. The pdf used for the background distribu-
tion is Pbkg"Dt# ! fte2jDtj!tbkg !2tbkg 1 "1 2 ft#d"Dt#,
where ft is the fraction of the background component
with an effective lifetime tbkg and d is the Dirac delta
function. For all fCP modes other than J!cKL, a study
using events in background-dominated regions of DE vs
Mbc shows that ft is negligibly small. For these modes,
Pbkg"Dt# ! d"Dt#.

The J!cKL background is dominated by B ! J!cX
decays where some final states are CP eigenstates. We
estimate the fractions of the background components with
and without a true KL cluster by fitting the pcms

B distribu-
tion to the expected shapes determined from the MC. We
also use the MC to determine the fraction of events with
definite CP content within each component.

The result is a background that is 71% non-CP modes
with tbkg ! tB. For the CP-mode backgrounds we use
the signal pdf given above with the appropriate jf values.
For J!cK!"KLp0#, which is 13% of the background, we
use the jf ! 21 content determined from the full J!cK!

sample. The remaining backgrounds are jf ! 21 states
"10%# including J!cKS , and jf ! 11 states "5%# includ-
ing c"2S#KL, xc1KL, and J!cp0.

For the J!cK! mode, we include the Dt and transversity
angle utr [16] distributions in the likelihood [12]. We use
the jf content determined from the full angular analysis.

Each pdf is convolved with the appropriate R"Dt# to
determine the likelihood value for each event as a function
of sin2f1:

Pi !
Z

$ fsigPsig"Dt0, q, wl , jf#Rsig"Dt 2 Dt0#

1 "1 2 fsig#Pbkg"Dt0#Rbkg"Dt 2 Dt0#% dDt0,

where fsig is the probability that the event is signal, cal-
culated as a function of pcms

B for J!cKL and of DE and
Mbc for other modes. The only free parameter is sin2f1,
which is determined by maximizing the likelihood func-
tion L !

Q

i Pi , where the product is over all events.
The result of the fit is

sin2f1 ! 0.99 6 0.14"stat# 6 0.06"syst# .

In Fig. 4(a) we show the asymmetries for the combined
data sample that are obtained by applying the fit to the
events in each Dt bin separately. The smooth curve is
the result of the global unbinned fit. Figures 4(b) and 4(c)
show the corresponding asymmetries for the "cc#KS "jf !
21# and the J!cKL "jf ! 11# modes separately. The
observed asymmetries for the different CP states are op-
posite, as expected. The curves are the results of unbinned
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FIG. 4. (a) The asymmetry obtained from separate fits to
each Dt bin for the full data sample; the curve is the result
of the global fit. The corresponding plots for the (b) !cc"KS
!jf ! 21", (c) J#cKL !jf ! 11", and (d) B0 control samples
are also shown. The curves are the results of the fit applied
separately to the individual data samples.

fits applied separately to the two samples; the resultant
sin2f1 values are 0.84 6 0.17!stat" and 1.31 6 0.23!stat",
respectively.

The systematic error is dominated by uncertainties due
to effects of the tails of the vertex distributions, which con-
tribute 0.04. Other significant contributions come from
uncertainties (a) in wl !0.03"; (b) in the resolution func-
tion parameters !0.02"; and (c) in the J#cKL background
fraction !0.02". The errors introduced by uncertainties in
Dmd and tB0 are 0.01 or less.

We performed a number of checks on the measurement.
Table III lists the results obtained by applying the same
analysis to various subsamples. All values are statistically
consistent with each other. The result is unchanged if
we use the wl’s determined separately for ftag ! B0 and
B0. Fitting to the non-CP eigenstate self-tagged modes
B0 ! D!!"2p1, D!2r1, J#cK!0!K1p2", and D!2!1n,
where no asymmetry is expected, yields 0.05 6 0.04. The
asymmetry distribution for this control sample is shown in
Fig. 4(d). As a further check, we used three independent

TABLE III. The values of sin2f1 for various subsamples (sta-
tistical errors only).

Sample sin2f1

ftag ! B0!q ! 11" 0.84 6 0.21
ftag ! B 0!q ! 21" 1.11 6 0.17

J#cKS!p1p2" 0.81 6 0.20
!cc"KS except J#cKS!p1p2" 1.00 6 0.40
J#cKL 1.31 6 0.23
J#cK!0!KSp0" 0.85 6 1.45

All 0.99 6 0.14

CP fitting programs and two different algorithms for the
ftag vertexing and found no discrepancy.

We conclude that there is large CP violation in the neu-
tral B meson system. A zero value for sin2f1 is ruled out
at a level greater than 6s. Our result is consistent with the
higher range of values allowed by the constraints of the
KM model as well as with our previous measurement.

We thank the KEKB accelerator group for the excel-
lent operation of the KEKB accelerator. We acknowledge
support from the Ministry of Education, Culture, Sports,
Science and Technology of Japan and the Japan Society for
the Promotion of Science; the Australian Research Coun-
cil and the Australian Department of Industry, Science and
Resources; the Department of Science and Technology of
India; the BK21 program of the Ministry of Education of
Korea and the Center for High Energy Physics sponsored
by the KOSEF; the Polish State Committee for Scientific
Research under Contract No. 2P03B 17017; the Ministry
of Science and Technology of Russian Federation; the Na-
tional Science Council and the Ministry of Education of
Taiwan; and the U.S. Department of Energy.

Note added.—As we were preparing to submit this
paper, we became aware of a paper from the BABAR Col-
laboration [17] which also reports on CP violation in the
B meson system.
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FIG. 2. Number of hf ! 21 candidates [J!cK0
S , c"2S#K0

S ,
and xc1K

0
S ] in the signal region (a) with a B0 tag NB0 and (b)

with a B0 tag NB
0 , and (c) the asymmetry "NB0 2 NB

0#!"NB0 1
NB

0#, as functions of Dt. The solid curves represent the result
of the combined fit to all selected CP events; the shaded re-
gions represent the background contributions. (d)–(f ) The cor-
responding information for the hf ! 11 mode "J!cK0

L#. The
likelihood is normalized to the total number of B0 and B0 tags.
The value of sin2b is independent of the individual normaliza-
tions and therefore of the difference between the number of B0

and B
0 tags.

attribute a total contribution in quadrature of 0.02 to the
error on sin2b due to the combined statistical uncertainties
in mistag fractions, Dt resolution, and background parame-
ters. The dominant sources of systematic error are the
parametrization of the Dt resolution function (0.03), due
in part to residual uncertainties in SVT alignment, possible
differences in the mistag fractions between the BCP and
Bflav samples (0.03), and uncertainties in the level,
composition, and CP asymmetry of the background in the
selected CP events (0.02). The systematic errors from
uncertainties in DmB0 and tB0 and from the parametriza-
tion of the background in the Bflav sample are small; an
increase of 0.02h̄ ps21 in the value for DmB0 decreases
sin2b by 0.015.

The large sample of reconstructed events allows a num-
ber of consistency checks, including separation of the data

by decay mode, tagging category, and Btag flavor. The
results of fits to these subsamples are shown in Table I.
The consistency between the six CP modes is satisfac-
tory, the probability of finding a worse agreement being
8%. The observed asymmetry in the number of B0 (160)
and B0 (113) tags in the J!cK0

L sample has no impact
on the sin2b measurement. Table I also shows results of
fits to the samples of non-CP decay modes, where no sta-
tistically significant asymmetry is found. Performing the
current analysis on the previously published data sample
and decay modes yields a value of sin2b ! 0.32 6 0.18,
consistent with the published value [4]. For only these de-
cay modes, the year 2001 data yield sin2b ! 0.83 6 0.23,
consistent with the 1999–2000 results at the 1.8s level;
for the J!cK0

S "K0
S ! p1p2# channel the consistency is

at the 1.4s level.
If jlj is allowed to float in the fit to the hf ! 21

sample, which has high purity and requires minimal as-
sumptions on the effect of backgrounds, the value obtained
is jlj ! 0.93 6 0.09"stat# 6 0.03"syst#. The sources of
the systematic error in this measurement are the same as
in the sin2b analysis. In this fit, the coefficient of the
sin"DmB0Dt# term in Eq. (1) is measured to be sin2b !
0.56 6 0.4"stat#, in agreement with Table I.

The measurement of sin2b ! 0.59 6 0.14"stat# 6
0.05"syst# reported here establishes CP violation in the B0

meson system at the 4.1s level. This significance is com-
puted from the sum in quadrature of the statistical and ad-
ditive systematic errors. The probability of obtaining this
value or higher in the absence of CP violation is less than
3 3 1025. The corresponding probability for the hf !
21 modes alone is 2 3 1024. This direct measurement is
consistent with the range implied by measurements and
theoretical estimates of the magnitudes of CKM matrix
elements [12].
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“As late as 2001, the two particle 
detectors BaBar at Stanford, 
USA and Belle at Tsukuba, 
Japan, both detected broken 
symmetries independently of 
each other. The results were 
exactly as Kobayashi and 
Maskawa had predicted almost 
three decades earlier.” [https://
www.nobelprize.org/prizes/
physics/2008/press-release/]
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Belle II Physics “Mind Map” for Snowmass 2021 

Dashed	lines	indicate	extensions	to	SuperKEKB/Belle	II	that	can	enhance		
the	physics	reach	of	the	facility.	LOIs:	

Wealth	of	new	physics	possibilities	in	different	domains	of	HEP	(weak,	strong,	
electroweak	interactions).	Many	opportunities	for	initiatives	by	young	scientists.	

https://confluence.desy.de/display/BI/Snowmass+2021 

Belle II
• Successor of Belle at the upgraded 

SuperKEKB high-luminosity collider 

• Broad physics program building upon 
end expanding that of Belle 

• World-wide effort of ~100 institutes and 
~1000 collaborators

5

Physics Book [arxiv.org:1808.10567] 
Snowmass Whitepaper [arxiv.org:2207.06307]

https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2207.06307


~1 km

SuperKEKB
• Asymmetric e+e- accelerator 

operating in Tsukuba, Japan 
‣ Colliding 7 GeV electrons on 4 

GeV positrons at Y(4s) mass 
‣ 30x increase in luminosity wrt 

KEKB thanks to the new nano-
beam scheme

6

KEK

 Tsukuba

• Currently in LS1, resuming data-taking in winter 
‣ Installation of new 2-layered pixel detector 
‣ Replacement of beam pipe and aging detector 

components 
‣ Additional shielding and increased resilience 

against higher beam backgrounds



Operations
• Producing abundant sample of B, D and τ decays 
‣ Most ee->ll collisions discarded based on event 

multiplicity 
‣ 30 (now) / 600 (design) BB, DD per second 

along with 2-3x production of light quarks 

• Several milestones reached so far 
‣ Achieved world’s highest instantaneous 

luminosity (4.7x1034 cm-2s-1) 
‣ Collected 362 fb-1 dataset at the Y(4s) in 

2019-22, corresponding to 387M BB̅ pairs 
‣ Recorded ~20fb-1 unique dataset above the 

Y(4s), and ~40fb-1 off-resonance
7<— Jan. 2019 Jul. 2022 —>

σ(bb)
σ(qq)

∼
1.1
4.8



Detector
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• Looks like old Belle, but effectively 
brand-new detector 
‣ 2-layer pixel and 4-layer strip 

silicon vertex detectors 
‣ Central drift chamber providing 

measurement of track momenta 
and dE/dx 

‣ Time-of-propagation and aerogel 
ring-imaging Cherenkov detectors 

‣ Upgraded electronics 

• Only magnet, support structure, 
calorimeter crystals and muon 
detector barrel RPCs are reused

KL and muon detector 
RPCs + Scintillators

EM calorimeter 
Cs(TI) crystals + 

waveform sampling

Central drift chamber 
σ(pT)~0.4%, σ(dE/dx)~5%

Vertex detector 
2-layers pixel, 
4 layers strip

Particle identification 
Time-of-propagation counter + 

Aerogel RICH

1.5T Magnet 

e- (7GeV)

e+ (4 GeV)



e+e- collisions
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• Clean experimental environment, 
offering several advantages 
‣ Efficient reconstruction of neutrals 

and missing energy 
‣ Kinematic constraints from known 

initial energy at Y(4s) 
‣ Comparable performance for muons 

and electrons 
‣ Non biasing triggers for B and D 

physics 
‣ Low multiplicity triggers for single 

track, muon, photon



B-factory analysis 101
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Fit variables

Perform Mbc ⇥�E fit to extract signal yields

O↵set in �E is due to the wrong mass hypothesis associated with a
track

(S.Hazra) March 22, 2023 @Moriond EW 6/ 14

Challenges

Suppress 105⇥ larger qq̄ (continuum) background

Combine several kinematic,
decay-time and topological
variables in multivariate
techniques

qq̄ background rejection:
⇡ 99%

(S.Hazra) March 22, 2023 @Moriond EW 5/ 14
Beam-constrained 

mass [GeV/c2]
Energy difference [GeV] Event shape

• High resolution (~2-10 MeV) high-level analysis variables (Mbc, ΔE), 
separating signal from backgrounds, using the knowledge of beam energy  

• Several event shape variables exploiting the correlations in e+e- collision, 
usually combined into continuum-suppression classifier



Time measurement
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Time-dependent analyses at Belle II: flavour oscillations

e� e+
⇡+

K+

⇡�

⇡�
D�

D+

µ�
⌫µ

B0
sig

B0
sig

B
0
tag

�z ⇡ �t · ��

x

z

BB
BB/BB

Flavor

≠æ
tagger

Vertex

≠æ
reso.

8 KEK-FF 2023 Thibaud Humair

Beam spot constraint Tag-side  
vertex

Signal-side 
vertex

• Measuring the time difference Δt of coherently produced BB̅ 
pairs from the decay of a Y(4S), boosted along z 

• Improved vertex resolution from pixel in spite of lower boost 
‣ Belle: βγ=0.43, Δz≈200μm —> Belle II: βγ=0.29, Δz≈130μm 

• Enhanced Δt resolution from the beam spot profile in 
combination with the new nano-beam scheme 

• Highly efficient category-based flavor tagger (εtag~30%)

Time-dependent CP-violation at the B factories

Beam Spot

⇡+

K+

⇡�

⇡�
D�

D+

µ�⌫µ

B0
sig

B
0
tag

�z ⇡ �t · ��

New beam scheme means reduced boost wrt Belle:

—“ = 0.43 ≠æ —“ = 0.29

�z ¥ 200 µm ≠æ �z ¥ 130 µm

∆ added a pixel detector directly around the beam pipe

(radius ¥ 1.4 cm) to recover precision on �t.

Use beam spot profile to increase precision on vertex fit

∆ new beam scheme means smaller beam spot and stronger constraint
9 Moriond EW 2022 Thibaud Humair

Pixel detector radius ≈ 1.4 cm

[Credits: T. Humair]



Δt resolution and flavor tagging
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Mistag ~ 30%Δm ~ 0.5 ps-1

B0 D−π+

D+π−B0

π/Δm

“Dilution” 
(Tagging x 
Resolution)

Resolution ~ 1ps
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Resolution ~ 1ps Mistag ~ 30%SCP ~ 0.8

B0

B0

J/ψK0
s

SCP

Δt resolution and flavor tagging

SCP x Dilution
SCP
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CKM
f i t t e r

Mixing with flavor 
specific B0 decays

Interference b/w mixing and 
decay in b->ccs transitions



Δm and sin2ɸ1

• High-yield, low-background modes used for benchmark measurements of time-
dependent observables 

• Main challenge: accurate understanding of vertex resolution (Δt resolution ~1 ps) and 
flavor tagging (εtag~30%)

15

~33k B->D(*)π ~2.8k B->J/ψKs

arXiv:2302.12791

arXiv:2302.12898

https://arxiv.org/abs/2302.12791
https://arxiv.org/abs/2302.12898


Δm and sin2ɸ1
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2

R. Tiwary , D. Tonelli , E. Torassa , K. Trabelsi , I. Tsaklidis , M. Uchida , I. Ueda , Y. Uematsu ,
T. Uglov , K. Unger , Y. Unno , K. Uno , S. Uno , P. Urquijo , Y. Ushiroda , S. E. Vahsen ,

R. van Tonder , G. S. Varner , K. E. Varvell , A. Vinokurova , V. S. Vismaya , L. Vitale , V. Vobbilisetti ,
A. Vossen , M. Wakai , H. M. Wakeling , S. Wallner , E. Wang , M.-Z. Wang , X. L. Wang , Z. Wang ,

A. Warburton , M. Watanabe , S. Watanuki , M. Welsch , C. Wessel , E. Won , X. P. Xu , B. D. Yabsley ,
S. Yamada , W. Yan , S. B. Yang , H. Ye , J. Yelton , J. H. Yin , Y. M. Yook , K. Yoshihara , Y. Yusa ,
L. Zani , Y. Zhai , Y. Zhang , V. Zhilich , Q. D. Zhou , X. Y. Zhou , V. I. Zhukova , and R. Žlebč́ık

(The Belle II Collaboration)

We measure the B0 lifetime and flavor-oscillation frequency using B0 ! D (⇤)�⇡+ decays collected
by the Belle II experiment in asymmetric-energy e+e� collisions produced by the SuperKEKB
collider operating at the ⌥(4S) resonance. We fit the decay-time distribution of signal decays,
where the initial flavor is determined by identifying the flavor of the other B meson in the event.
The results, based on 33000 signal decays reconstructed in a data sample corresponding to 190 fb�1,
are

⌧
B

0 = (1.499± 0.013± 0.008) ps

�md = (0.516± 0.008± 0.005) ps�1,

where the first uncertainties are statistical and the second are systematic. These results are consis-
tent with the world-average values.

Knowledge of the B0 lifetime ⌧
B

0 , and the flavor-

oscillation frequency �md , allows us to test both the
QCD theory of strong interactions at low energy and
the Cabibbo-Kobayashi-Maskawa (CKM) theory of weak
interactions [1, 2]. The Belle, Babar, and LHCb col-
laborations have measured ⌧

B
0 and �md to comparable

precision [3–6]. Additionally, the CMS, ATLAS, D0 and
CDF collaborations have measured ⌧

B
0 to similar preci-

sion [7–10]. LHCb’s measurements, ⌧
B

0 = (1.524±0.006±

0.004) ps and �md = (0.5050±0.0021±0.0010) ps�1, are
the most precise to-date [5, 6].[11] When two uncertain-
ties are given, the first is statistical and the second is
systematic.

Here we report a new measurement of ⌧
B

0 and �md

using hadronic decays of B0 mesons reconstructed in a
190 fb�1 data set collected by the Belle II experiment at
the SuperKEKB asymmetric-energy e+e� collider. The
data were collected between 2019 and 2021. The B0

mesons are produced in the e+e� ! ⌥(4S) ! BB̄ pro-
cess, where B indicates a B0 or a B+. Our data set con-
tains approximately 200 million such events. Our mea-
surement tests the ability of Belle II to precisely measure
B0 meson decay times and also identify the initial fla-
vor of the decaying B0; such capabilities are crucial for
measuring decay-time-dependent CP violation and de-
termining �1 and �2, two of the three angles of the B0

CKM unitarity triangle.[12] Examples of measurements
of �1 and �2 are found in Refs. [13, 14].

The flavor of a neutral B0 or B̄0 meson oscillates with
frequency �md before it decays. The probability density
of a B initially being in a particular flavor state and
decaying after time �t in the same flavor state (qf = +1)

or in the opposite flavor state (qf = �1) is

P (�t, qf |⌧B0 ,�md ) =
e
�|�t|/⌧

B
0

4⌧
B

0

⇥
1 + qf cos(�md�t)

⇤
.

(1)
By measuring the distribution of�t and qf , we determine
both ⌧

B
0 and �md . In each event, we fully reconstruct

the “signal-side” B (B
sig
) via B0

! D (⇤)�⇡+ decays,
identifying its flavor via the pion charge, as the contri-
bution from B̄0

! D (⇤)�⇡+ decays is of the order of
10�4 [15–18] and hence can be neglected here. Through-
out this paper, charge-conjugate modes are implicitly in-
cluded unless stated otherwise.
We use a flavor-tagging algorithm to determine the fla-

vor of the other, or “tag-side”, B meson (B
tag

) when it
decays [19]. As the B mesons are produced in a quantum-
entangled state, the flavor of B

tag
when it decays iden-

tifies (or tags) the flavor of B
sig

at that instant [20, 21].
From that time onwards, the signal-side B freely oscil-
lates in flavor. The variable �t is the di↵erence between
the proper decay times of the B

sig
and B

tag
. Equation 1

also applies when B
sig

decays first, i.e., for negative �t.
At SuperKEKB [22], the ⌥(4S) is produced with a

Lorentz boost in the laboratory frame of �� = 0.28.
Since the B mesons are nearly at rest in the ⌥(4S)
rest frame, their momenta are mostly determined by the
⌥(4S) boost, resulting in a mean displacement between
the B

sig
and B

tag
decay positions of the order of 100µm

along the boost direction. By measuring the relative dis-
placement, and knowing the ⌥(4S) boost, we determine
�t. To measure ⌧

B
0 and �md , we fit Eq. (1), modified

to account for the B
tag

decay probability and detection
e↵ects, to the background-subtracted �t distribution.
The Belle II detector consists of subsystems arranged

cylindrically around the interaction region [23]. The z

are reconstructed. The results are

SCP = 0.720±0.062(stat)±0.016(syst),

ACP =0.094±0.044(stat)+�
0.042
0.017(syst),

with a statistical correlation coe�cient of �6%. These results allow the determination of the
CKM angle �1 [6]; for negligible penguin pollution, as expected for this final state, our value
for SCP corresponds to �1 = (23.0± 2.6(stat)± 0.7(syst))°.

These results are consistent with the world-average results. The statistical uncertainty is
twice that of the current most precise determination, consistent with a four-times smaller data
set. The systematic uncertainties are comparable.
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~33k B->D(*)π ~2.8k B->J/ψKs
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sin2ɸ1 with penguins
• Measurements of sin2ɸ1 in b->qqs 

transitions can be used as a probe of 
generic BSM physics 
‣ Clean theory prediction (~few %) 
‣ Loop-suppressed, potentially affected 

by competing BSM amplitudes 

• Experimentally challenging, due to 
‣ Small BF (~10-6) and neutrals in the 

final state (Ks, π0) 
‣ Sophisticated analysis techniques 

(tagging and Δt resolution)
17
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√
s = 1.96TeV using 360 pb−1 of data collected by the CDF II detector at the

Fermilab Tevatron. We observe 20.2 ± 5.0 and 12.3 ± 4.1 B0
s → ψ(2S)φ candidates,

in ψ(2S) → µ+µ− and ψ(2S) → J/ψπ+π− decay modes, respectively. We present a

measurement of the relative branching fraction B(B0
s → ψ(2S)φ)/B(B0

s → J/ψφ) =

0.52 ± 0.13(stat.)± 0.04(syst.)± 0.06(BR) using the ψ(2S) → µ+µ− decay mode.

PACS numbers: 13.25.Hw

The decays of B mesons to charmonium final states have been studied extensively in the

past, and the measurements [1, 2, 3] show that the ratio of the branching fractions of B+

and B0 decay to the ψ(2S) final states over the J/ψ final states are approximately 60%

as shown in Table I. The B+,0 → J/ψK+,∗0 (ψ(2S)K+,∗0) and B0
s → J/ψφ (ψ(2S)φ) are

color-suppressed Cabibbo-favored decays that have the same tree-level decay topology as

shown in Fig 1. The relative branching ratio between B0
s → ψ(2S)φ and B0

s → J/ψφ has

not been measured. Only one B0
s → ψ(2S)φ candidate event has been reported at LEP in

1993 [4].

b

u, d, s

c

c

s
+W

u, d, s

s
0, Bd

0, Bu
+B

(2s)ψ, ψJ/

φ, *0, K+K

FIG. 1: Tree level Feynman diagram of B mesons decaying to charmonium final states.

TABLE I: The current relative branching ratio of B meson decays between ψ(2S) and J/ψ final

states.

Decay channel Value Reference

B(B+→ψ(2S)K+)
B(B+→J/ψK+) 0.64 ± 0.06 ± 0.07 BaBar [1]

B(B0→ψ(2S)K∗0)
B(B0→J/ψK∗0) 0.61 ± 0.10 PDG [5]

B(B0→ψ(2S)K0)
B(B0→J/ψK0)

0.82 ± 0.13 ± 0.12 PDG [5]
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CHAPTER 2. PHENOMENOLOGY OF CP ASYMMETRIES IN B-MESON DECAYS
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Figure 2.6: Current experimental constraints to the CKM unitary triangle [21]. Previously
unmentioned parameters in this figure include the CP violating parameters in the neutral
kaon system, εK , and the mass difference between the Bs mass eigenstates, ∆ms.

2.4.2 CP Asymmetries in Flavor-Changing Neutral Current B0

Decays

In contrast to b → c transitions that are induced by the charged current, the neutral current
is flavor-conserving, which is ensured by the unitarity of the CKM matrix. Thus, Flavor
Changing Neutral Currents (FCNC), such as in b → s and b → d transitions, proceed via
second order decay processes that can be represented by a one loop or a box diagram.

CP Asymmetries in b → s Transitions

The B0 → φK0
S decays via almost pure b →→ sgsss transition, dominated by a loop diagram

called penguin diagram, as shown in Fig. 2.7 and is considered to be the ”golden mode” of
b → s transitions due to its small theoretical uncertainty [8].

d

 

s

s

 

 

 

B 0

W

t

g

K0
S

b

d

s
φ

Figure 2.7: Feynman diagram in the B0 → φK0
S decay. If only Standard Model particles

appear in this diagram, the CP -violating phase in the mixing and this decay is φ1.
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B->Ksπ0 

[BELLE2-PUB-2023-004, 
in preparation]

[BELLE2-PUB-2023-002, 
in preparation]

[BELLE2-PUB-2023-005, 
in preparation]

• Dilution from non-resonant decays with opposite CP modeled in cosθ (B->ψKs) 
• Decay vertex reconstruction relying on the Ks trajectory and profile of the 

interaction point (B->KsKsKs and B->Ksπ0)
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Kπ isospin sum rule and ɸ2 

• Null test of SM with O(1%) theoretical uncertainty 

• Experimentally limited by knowledge of Ksπ0 

• B->ππ modes providing inputs for determination 
of ɸ2 from time-dependent analysis of B0->π+π- 

• Belle II is able to access all final states
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The results are listed in Tab. I, and the fit projections365

onto the �E distributions are shown in Figs. 1– 3 (C 0
366

distributions are shown in the Appendix). All results367

agree with current world averages and are, despite using368

a smaller data set, comparable in precision to previous369

Belle and BaBar measurements.370

The branching fraction and direct CP asymmetry of371

B0 ! K0⇡0 have also been measured in a decay-time-372

dependent analysis in Ref. [9], which features a di↵erent373

selection than the one reported here. In particular, the374

signal e�ciency of Ref. [9] is 25% lower. This yields a375

fraction of common candidates between the two analy-376

ses which is 46% of those used here (this fraction in-377

creases to 53% in a signal-enhanced region defined by378

�0.13 < �E < 0.10GeV and C 0 > 0.9). By resampling379

with replacement the data set one thousand times and re-380

running the two analyses, we calculate the statistical cor-381

relation between the branching-fraction measurements to382

be 76%; the correlation between the values ofACP is 21%.383

The measurements reported here and those of Ref. [9]384

agree, hence we combine them, using the best linear un-385

biased estimator [30], to enhance precision. The results386

are reported in the last row of Tab. I.387

5. SYSTEMATIC UNCERTAINTIES388

Systematic uncertainties are summarized in Tab. III389

for the branching fractions and Tab. IV for the direct390

CP asymmetries.391

A 1.5% systematic uncertainty is assigned to each392

branching fraction due to the uncertainty on the num-393

ber of BB pairs N in Eq. 3. In addition, the uncertainty394

on f+0 is included as a systematic uncertainty.395

Several systematic uncertainties are related to the se-396

lection and reconstruction e�ciencies. We assign an un-397

certainty on the branching ratios of 0.24% per track in398

the final state, to accommodate for tracking e�ciency un-399

certainties as derived from data control channels. The ⇡0
400

reconstruction e�ciency is assessed usingD0 ! K+⇡�⇡0
401

and ⌧+ ! ⇡+⇡�⇡+⇡0⌫⌧ decays; the K0
S reconstruction402

e�ciency is evaluated using D⇤+ ! D(! K0
S⇡

+⇡�)⇡+
403

and D⇤+ ! D(! K0
S⇡

0)⇡+ decays; and the continuum404

suppression e�ciency is determined using B+ ! D(!405

K+⇡�)⇡+, B+ ! D(! K+⇡�⇡0)⇡+, and B+ ! D(!406

K0
S⇡

0)⇡+ decays. Using these abundant control chan-407

nels, we measure the e�ciencies in data and simulation408

and scale the branching ratios by the ratio of both. The409

uncertainty on the ratios is assigned as systematic uncer-410

tainty.411

Correction maps for e�ciencies and mis-identification412

rates of the PID selections are obtained as a function413

of track kinematics from abundant control samples of414

K0
S ! ⇡+⇡� and D⇤+ ! D0(! K�⇡+)⇡+ decays.415

To estimate uncertainties associated with these correc-416

tions for the relevant physics parameters, we propagate417

the uncertainties of the correction maps using pseudo-418

experiments.419

FIG. 1. The �E distribution for (top) kaon- and (bottom)
pion-enhanced sample of B0 ! h+⇡� candidates (h+ =
K+,⇡+). The result of a fit to the sample is shown as a solid
black curve. The fit components are shown as black dashed
curve (signal), blue shaded area (peaking background), and
purple shaded area (continuum-background).

Systematic uncertainties associated with the PDF cor-420

rection factors (i.e., the shift and scaling parameters) are421

assessed by repeating the fit on pseudo-experiments 100422

times with alternative correction parameters. For each423

of the 100 fits, the correction factors are drawn within424

their uncertainties from a Gaussian distribution, taking425

correlations into account. The standard deviation of the426

physics parameter distributions is assigned as the system-427

atic uncertainty for the correction factors. Similarly, for428

the signal, feed-across and K0
SK

+ peaking background429

shapes, 100 fits on pseudo-experiments are performed,430

each time with di↵erent shape parameters drawn within431

their uncertainties. The standard deviation of the physics432

parameter distributions is assigned as the systematic un-433

certainty for the correction factors.434

To assess a systematic uncertainty for the BB shapes,435

we develop an alternative fit model for the BB back-436

ground that yields the same fit quality on data of the de-437

fault model. We generate 100 simplified simulated data438

sets around this alternative fit model and fit the data sets439
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We report measurements of the branching fractions and direct CP asymmetries of the decays
B0 ! K+⇡�, B+ ! K+⇡0, B+ ! K0⇡+, and B0 ! K0⇡0, and use these to test an isospin sum-
rule for B ! K⇡ decays in the standard model. In addition, we measure the branching fraction and
direct CP asymmetry of B+ ! ⇡+⇡0 decays and the branching fraction of B0 ! ⇡+⇡� decays. The
data set used for these measurements was collected by the Belle II detector from e+e� collisions at
the ⌥ (4S) resonance produced by the asymmetric-energy SuperKEKB collider. The data analyzed
contain 387.1 million bottom-antibottom meson pairs and correspond to an integrated luminosity
of 362 fb�1. We obtain a value of �0.03± 0.13± 0.05 for the isospin sum-rule in agreement with the
standard model expectation and previous measurements.

1. INTRODUCTION8

Charmless hadronic B-meson decays feature non-9

negligible contributions from loop amplitudes in the stan-10

dard model (SM). Thus, measurements of their branch-11

ing fractions and CP asymmetries could o↵er sensitive12

probes of physics beyond the SM. However, large uncer-13

tainties in the theoretical predictions, which are di�cult14

to make using perturbation theory, spoil the interpreta-15

tion of such measurements. Isospin symmetry can be16

exploited to construct sum rules, i.e., linear combina-17

tions of branching fractions and CP asymmetries, which18

reduce the impact of the theoretical unknowns. For the19

set of B ! K⇡ decays, B0 ! K+⇡�, B+ ! K0⇡+,20

B+ ! K+⇡0, and B0 ! K0⇡0 [1], the sum-rule21

IK⇡ = AK+⇡�

CP +AK0⇡+

CP
BK0⇡+

BK+⇡�

⌧B0

⌧B+

� 2AK+⇡0

CP
BK+⇡0

BK+⇡�

⌧B0

⌧B+

� 2AK0⇡0

CP
BK0⇡0

BK+⇡�

(1)

is predicted to be zero in the SM with a precision of22

better than 1% [2]. Here, AK⇡
CP and BK⇡ (with K and23

⇡ charged or neutral) are the direct CP asymmetry and24

branching fraction of a B ! K⇡ decay, and ⌧B0 and ⌧B+25

are the lifetimes of the neutral and charged B mesons.26

The direct CP asymmetry is defined as27

ACP =
�(B̄ ! X̄)� �(B ! X)

�(B̄ ! X̄) + �(B ! X)
(2)

where � is the decay width to a specific final state X. For28

B0 ! K0⇡0, Eq. 2 corresponds to the direct CP asym-29

metry in the limit of no CP violation in flavor oscillation,30

an excellent approximation for B0B
0
mixing. Taking the31

average of the current measurements, the sum-rule eval-32

uates to IK⇡ = �0.13 ± 0.11 [3]. Probing the sum-rule33

with higher precision would provide a stringent null test34

of the SM [4]. While the sensitivity of the test is currently35

limited by the uncertainty on AK0⇡0

CP , improvements in all36

inputs will contribute in the longer term.37

Isospin symmetry is also used to determine the an-38

gle ↵ ⌘ arg(� VtdV
⇤
tb

VudV ⇤
ub
), where Vij are the elements39

of the Cabibbo-Kobayashi-Maskawa quark-mixing ma-40

trix [5]. The measurement of the time-dependent decay-41

rate asymmetry of B0 ! ⇡+⇡� allows access to the angle42

↵ shifted by an unknown hadronic parameter. The lat-43

ter can be determined using isospin-symmetry relations44

that require precise measurements of the branching frac-45

tions and CP asymmetries of the decays B0 ! ⇡+⇡�,46

B+ ! ⇡+⇡0, and B0 ! ⇡0⇡0 [6, 7].47

In this paper, we report measurements of the branch-48

ing fractions of B0 ! K+⇡�, B+ ! K+⇡0, B+ !49

K0
S⇡

+, B0 ! K0⇡0, B0 ! ⇡+⇡�, and B+ ! ⇡+⇡0,50

and the direct CP asymmetry for all modes apart from51

B0 ! ⇡+⇡�. We use a data set corresponding to an inte-52

grated luminosity of 362 fb�1 collected with the Belle II53

detector in energy-asymmetric electron-positron colli-54

sions at the ⌥ (4S) mass provided by the SuperKEKB55

accelerator. The data set contains 387.1 million bottom-56

antibottom meson pairs. This is the first measurement57

of the full set of isospin-related B ! K⇡ decays at Belle58

II and provides a new test of the IK⇡ sum-rule.59

The analyses of the di↵erent decays follow a very sim-60

ilar strategy. For final-state particles selection require-61

ments are common to all modes. Dedicated algorithms62

are developed to suppress the major source of background63

for all decay modes, which are events from continuum64

e+e� ! qq̄ (q = u, d, s, c) production. The signal yields65

are determined from unbinned maximum-likelihood fits66

to the distributions of two signal-discriminating vari-67

ables. The CP asymmetries are calculated from charge-68

dependent signal-yield asymmetries for flavor-specific de-69

cays. A flavor-tagging algorithm [8] is used to determine70

the flavor of the signal B meson for B0 ! K0⇡0 de-71

cays. Simulated events are used to study the sample72

composition, determine signal e�ciencies, and develop73

K+ enhanced

π+ enhanced

<latexit sha1_base64="wuYkn7gg1KuRLHjSV7uWyJrljDQ="></latexit>

BK+⇡� = (20.67± 0.37± 0.62)⇥ 10�6
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AK+⇡�

CP = �0.072± 0.019± 0.007

[BELLE2-PUB-2023-009, in preparation]

WA: -0.13±0.11
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FIG. 2. The �E distribution for (top) kaon- and (bot-
tom) pion-enhanced sample of B0 ! h+⇡0 candidates (h+ =
K+,⇡+). The result of a fit to the sample is shown as a solid
black curve. The fit components are shown as black dashed
curve (signal), blue shaded area (peaking background), red
shaded area (BB background), and purple shaded area
(continuum-background).

with the alternative and default fit model. The mean of440

the di↵erences between the fit results is assigned as sys-441

tematic uncertainty.442

We perform no best candidate selection in events with443

multiple reconstructed candidates (⇠1%). To assess a444

systematic uncertainty associated with a possible data-445

simulation mismatch in candidate multiplicity, we repeat446

the fit to the data by randomly selecting a single candi-447

date in each event. The di↵erence from the default fit448

result is taken as a systematic uncertainty.449

We estimate the instrumental asymmetry for charged450

pions by measuring the charge asymmetry in an abun-451

dant sample of D+ ! K0
S⇡

+ decays assuming negligible452

contributions from K0
S asymmetries and subtracting the453

known value of ACP (D+ ! K0
S ⇡+ ) [25]. To obtain454

the instrumental asymmetry for charged kaons, we de-455

termine the charge asymmetry in D0 ! K�⇡+ decays,456

which provides the joint K�⇡+ instrumental asymmetry.457

In D0 ! K�⇡+ decays, direct CP violation is expected458

FIG. 3. The �E distribution for (top) B+ ! K0
S⇡

+ and (bot-
tom) B0 ! K0

S⇡
0 candidates. The result of a fit to the sample

is shown as a solid black curve. The fit components are shown
as a black dashed curve (signal), blue shaded area (peaking
background), red shaded area (BB background), and purple
shaded area (continuum-background).

to be smaller than 0.1% [25]. We therefore attribute459

any nonzero asymmetry to instrumental charge asymme-460

tries. Combining the K�⇡+ and ⇡+ asymmetries, we ob-461

tain the kaon instrumental asymmetry. The instrumental462

asymmetries depend on the kinematic properties of the463

relevant charged particles and on the number of associ-464

ated hits. Tracks in control channel decays are selected465

to have kinematic and hit-multiplicity distributions as466

close as possible to those of the signal. The systematic467

uncertainty is due to possible residual di↵erences.468

To validate the fit, we perform simplified simulated469

experiments where the generated values of either B or470

ACP are changed. This validation shows a small bias for471

the CP asymmetry of B+ ! K0
S⇡

+ and B+ ! ⇡+⇡0.472

We assign this bias as systematic uncertainty.473

For B0 ! K0
S⇡

0, the BB̄ and continuum backgrounds474

are assumed to be flavor-symmetric in the default fit.475

We generate 100 simulated data sets with nonzero back-476

ground asymmetries, where we fix the BB̄ background477

asymmetry to ±1 or the continuum background asym-478
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B0 ! K+⇡�, B+ ! K+⇡0, B+ ! K0⇡+, and B0 ! K0⇡0, and use these to test an isospin sum-
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contain 387.1 million bottom-antibottom meson pairs and correspond to an integrated luminosity
of 362 fb�1. We obtain a value of �0.03± 0.13± 0.05 for the isospin sum-rule in agreement with the
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1. INTRODUCTION8

Charmless hadronic B-meson decays feature non-9

negligible contributions from loop amplitudes in the stan-10

dard model (SM). Thus, measurements of their branch-11

ing fractions and CP asymmetries could o↵er sensitive12

probes of physics beyond the SM. However, large uncer-13

tainties in the theoretical predictions, which are di�cult14

to make using perturbation theory, spoil the interpreta-15

tion of such measurements. Isospin symmetry can be16

exploited to construct sum rules, i.e., linear combina-17

tions of branching fractions and CP asymmetries, which18

reduce the impact of the theoretical unknowns. For the19

set of B ! K⇡ decays, B0 ! K+⇡�, B+ ! K0⇡+,20

B+ ! K+⇡0, and B0 ! K0⇡0 [1], the sum-rule21

IK⇡ = AK+⇡�

CP +AK0⇡+

CP
BK0⇡+

BK+⇡�

⌧B0

⌧B+

� 2AK+⇡0

CP
BK+⇡0

BK+⇡�

⌧B0

⌧B+

� 2AK0⇡0

CP
BK0⇡0

BK+⇡�

(1)

is predicted to be zero in the SM with a precision of22

better than 1% [2]. Here, AK⇡
CP and BK⇡ (with K and23

⇡ charged or neutral) are the direct CP asymmetry and24

branching fraction of a B ! K⇡ decay, and ⌧B0 and ⌧B+25

are the lifetimes of the neutral and charged B mesons.26

The direct CP asymmetry is defined as27

ACP =
�(B̄ ! X̄)� �(B ! X)

�(B̄ ! X̄) + �(B ! X)
(2)

where � is the decay width to a specific final state X. For28

B0 ! K0⇡0, Eq. 2 corresponds to the direct CP asym-29

metry in the limit of no CP violation in flavor oscillation,30

an excellent approximation for B0B
0
mixing. Taking the31

average of the current measurements, the sum-rule eval-32

uates to IK⇡ = �0.13 ± 0.11 [3]. Probing the sum-rule33

with higher precision would provide a stringent null test34

of the SM [4]. While the sensitivity of the test is currently35

limited by the uncertainty on AK0⇡0

CP , improvements in all36

inputs will contribute in the longer term.37

Isospin symmetry is also used to determine the an-38

gle ↵ ⌘ arg(� VtdV
⇤
tb

VudV ⇤
ub
), where Vij are the elements39

of the Cabibbo-Kobayashi-Maskawa quark-mixing ma-40

trix [5]. The measurement of the time-dependent decay-41

rate asymmetry of B0 ! ⇡+⇡� allows access to the angle42

↵ shifted by an unknown hadronic parameter. The lat-43

ter can be determined using isospin-symmetry relations44

that require precise measurements of the branching frac-45

tions and CP asymmetries of the decays B0 ! ⇡+⇡�,46

B+ ! ⇡+⇡0, and B0 ! ⇡0⇡0 [6, 7].47

In this paper, we report measurements of the branch-48

ing fractions of B0 ! K+⇡�, B+ ! K+⇡0, B+ !49

K0
S⇡

+, B0 ! K0⇡0, B0 ! ⇡+⇡�, and B+ ! ⇡+⇡0,50

and the direct CP asymmetry for all modes apart from51

B0 ! ⇡+⇡�. We use a data set corresponding to an inte-52

grated luminosity of 362 fb�1 collected with the Belle II53

detector in energy-asymmetric electron-positron colli-54

sions at the ⌥ (4S) mass provided by the SuperKEKB55

accelerator. The data set contains 387.1 million bottom-56

antibottom meson pairs. This is the first measurement57

of the full set of isospin-related B ! K⇡ decays at Belle58

II and provides a new test of the IK⇡ sum-rule.59

The analyses of the di↵erent decays follow a very sim-60

ilar strategy. For final-state particles selection require-61

ments are common to all modes. Dedicated algorithms62

are developed to suppress the major source of background63

for all decay modes, which are events from continuum64

e+e� ! qq̄ (q = u, d, s, c) production. The signal yields65

are determined from unbinned maximum-likelihood fits66

to the distributions of two signal-discriminating vari-67

ables. The CP asymmetries are calculated from charge-68

dependent signal-yield asymmetries for flavor-specific de-69

cays. A flavor-tagging algorithm [8] is used to determine70

the flavor of the signal B meson for B0 ! K0⇡0 de-71

cays. Simulated events are used to study the sample72

composition, determine signal e�ciencies, and develop73

K+ enhanced

π+ enhanced

Kπ isospin sum rule and ɸ2 

• Null test of SM with O(1%) theoretical uncertainty 

• Experimentally limited by knowledge of Ksπ0 

• B->ππ modes providing inputs for determination 
of ɸ2 from time-dependent analysis of B0->π+π- 

• Belle II is able to access all final states

<latexit sha1_base64="9uEr8BxUI+ftaAfrA1gc666KmDw=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARBKEktVo3QrUbwU0F2wpNGibTaTt0cmFmIpSQR3Hjq7hxoYju9GmctBG09YeBj/+cw5nzuyGjQhrGp5ZbWFxaXsmvFtbWNza39O2dlggijkkTByzgdy4ShFGfNCWVjNyFnCDPZaTtjuppvX1PuKCBfyvHIbE9NPBpn2IkleXoVctDcogRiy+SbnzdPbJC2jUSJ643knNolAzzGFqhl1K5+kPGCXT0Ygqp4DyYGRRBpoajf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhERqQjkIfeUTY8eTABB4opwf7AVfPl3Di/p6IkSfE2HNVZ3qOmK2l5n+1TiT7Z3ZM/TCSxMfTRf2IQRnANC3Yo5xgycYKEOZU/RXiIeIIS5VpQYVgzp48D61yyTwtVW4qxdplFkce7IF9cAhMUAU1cAUaoAkweABP4AW8ao/as/amvU9bc1o2swv+SPv6Bp1Wn2s=</latexit>
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FIG. 2. The �E distribution for (top) kaon- and (bot-
tom) pion-enhanced sample of B0 ! h+⇡0 candidates (h+ =
K+,⇡+). The result of a fit to the sample is shown as a solid
black curve. The fit components are shown as black dashed
curve (signal), blue shaded area (peaking background), red
shaded area (BB background), and purple shaded area
(continuum-background).

with the alternative and default fit model. The mean of440

the di↵erences between the fit results is assigned as sys-441

tematic uncertainty.442

We perform no best candidate selection in events with443

multiple reconstructed candidates (⇠1%). To assess a444

systematic uncertainty associated with a possible data-445

simulation mismatch in candidate multiplicity, we repeat446

the fit to the data by randomly selecting a single candi-447

date in each event. The di↵erence from the default fit448

result is taken as a systematic uncertainty.449

We estimate the instrumental asymmetry for charged450

pions by measuring the charge asymmetry in an abun-451

dant sample of D+ ! K0
S⇡

+ decays assuming negligible452

contributions from K0
S asymmetries and subtracting the453

known value of ACP (D+ ! K0
S ⇡+ ) [25]. To obtain454

the instrumental asymmetry for charged kaons, we de-455

termine the charge asymmetry in D0 ! K�⇡+ decays,456

which provides the joint K�⇡+ instrumental asymmetry.457

In D0 ! K�⇡+ decays, direct CP violation is expected458

FIG. 3. The �E distribution for (top) B+ ! K0
S⇡

+ and (bot-
tom) B0 ! K0

S⇡
0 candidates. The result of a fit to the sample

is shown as a solid black curve. The fit components are shown
as a black dashed curve (signal), blue shaded area (peaking
background), red shaded area (BB background), and purple
shaded area (continuum-background).

to be smaller than 0.1% [25]. We therefore attribute459

any nonzero asymmetry to instrumental charge asymme-460

tries. Combining the K�⇡+ and ⇡+ asymmetries, we ob-461

tain the kaon instrumental asymmetry. The instrumental462

asymmetries depend on the kinematic properties of the463

relevant charged particles and on the number of associ-464

ated hits. Tracks in control channel decays are selected465

to have kinematic and hit-multiplicity distributions as466

close as possible to those of the signal. The systematic467

uncertainty is due to possible residual di↵erences.468

To validate the fit, we perform simplified simulated469

experiments where the generated values of either B or470

ACP are changed. This validation shows a small bias for471

the CP asymmetry of B+ ! K0
S⇡

+ and B+ ! ⇡+⇡0.472

We assign this bias as systematic uncertainty.473

For B0 ! K0
S⇡

0, the BB̄ and continuum backgrounds474

are assumed to be flavor-symmetric in the default fit.475

We generate 100 simulated data sets with nonzero back-476

ground asymmetries, where we fix the BB̄ background477

asymmetry to ±1 or the continuum background asym-478
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We report measurements of the branching fractions and direct CP asymmetries of the decays
B0 ! K+⇡�, B+ ! K+⇡0, B+ ! K0⇡+, and B0 ! K0⇡0, and use these to test an isospin sum-
rule for B ! K⇡ decays in the standard model. In addition, we measure the branching fraction and
direct CP asymmetry of B+ ! ⇡+⇡0 decays and the branching fraction of B0 ! ⇡+⇡� decays. The
data set used for these measurements was collected by the Belle II detector from e+e� collisions at
the ⌥ (4S) resonance produced by the asymmetric-energy SuperKEKB collider. The data analyzed
contain 387.1 million bottom-antibottom meson pairs and correspond to an integrated luminosity
of 362 fb�1. We obtain a value of �0.03± 0.13± 0.05 for the isospin sum-rule in agreement with the
standard model expectation and previous measurements.

1. INTRODUCTION8

Charmless hadronic B-meson decays feature non-9

negligible contributions from loop amplitudes in the stan-10

dard model (SM). Thus, measurements of their branch-11

ing fractions and CP asymmetries could o↵er sensitive12

probes of physics beyond the SM. However, large uncer-13

tainties in the theoretical predictions, which are di�cult14

to make using perturbation theory, spoil the interpreta-15

tion of such measurements. Isospin symmetry can be16

exploited to construct sum rules, i.e., linear combina-17

tions of branching fractions and CP asymmetries, which18

reduce the impact of the theoretical unknowns. For the19

set of B ! K⇡ decays, B0 ! K+⇡�, B+ ! K0⇡+,20

B+ ! K+⇡0, and B0 ! K0⇡0 [1], the sum-rule21

IK⇡ = AK+⇡�

CP +AK0⇡+

CP
BK0⇡+

BK+⇡�

⌧B0

⌧B+

� 2AK+⇡0

CP
BK+⇡0

BK+⇡�

⌧B0

⌧B+

� 2AK0⇡0

CP
BK0⇡0

BK+⇡�

(1)

is predicted to be zero in the SM with a precision of22

better than 1% [2]. Here, AK⇡
CP and BK⇡ (with K and23

⇡ charged or neutral) are the direct CP asymmetry and24

branching fraction of a B ! K⇡ decay, and ⌧B0 and ⌧B+25

are the lifetimes of the neutral and charged B mesons.26

The direct CP asymmetry is defined as27

ACP =
�(B̄ ! X̄)� �(B ! X)

�(B̄ ! X̄) + �(B ! X)
(2)

where � is the decay width to a specific final state X. For28

B0 ! K0⇡0, Eq. 2 corresponds to the direct CP asym-29

metry in the limit of no CP violation in flavor oscillation,30

an excellent approximation for B0B
0
mixing. Taking the31

average of the current measurements, the sum-rule eval-32

uates to IK⇡ = �0.13 ± 0.11 [3]. Probing the sum-rule33

with higher precision would provide a stringent null test34

of the SM [4]. While the sensitivity of the test is currently35

limited by the uncertainty on AK0⇡0

CP , improvements in all36

inputs will contribute in the longer term.37

Isospin symmetry is also used to determine the an-38

gle ↵ ⌘ arg(� VtdV
⇤
tb

VudV ⇤
ub
), where Vij are the elements39

of the Cabibbo-Kobayashi-Maskawa quark-mixing ma-40

trix [5]. The measurement of the time-dependent decay-41

rate asymmetry of B0 ! ⇡+⇡� allows access to the angle42

↵ shifted by an unknown hadronic parameter. The lat-43

ter can be determined using isospin-symmetry relations44

that require precise measurements of the branching frac-45

tions and CP asymmetries of the decays B0 ! ⇡+⇡�,46

B+ ! ⇡+⇡0, and B0 ! ⇡0⇡0 [6, 7].47

In this paper, we report measurements of the branch-48

ing fractions of B0 ! K+⇡�, B+ ! K+⇡0, B+ !49

K0
S⇡

+, B0 ! K0⇡0, B0 ! ⇡+⇡�, and B+ ! ⇡+⇡0,50

and the direct CP asymmetry for all modes apart from51

B0 ! ⇡+⇡�. We use a data set corresponding to an inte-52

grated luminosity of 362 fb�1 collected with the Belle II53

detector in energy-asymmetric electron-positron colli-54

sions at the ⌥ (4S) mass provided by the SuperKEKB55

accelerator. The data set contains 387.1 million bottom-56

antibottom meson pairs. This is the first measurement57

of the full set of isospin-related B ! K⇡ decays at Belle58

II and provides a new test of the IK⇡ sum-rule.59

The analyses of the di↵erent decays follow a very sim-60

ilar strategy. For final-state particles selection require-61

ments are common to all modes. Dedicated algorithms62

are developed to suppress the major source of background63

for all decay modes, which are events from continuum64

e+e� ! qq̄ (q = u, d, s, c) production. The signal yields65

are determined from unbinned maximum-likelihood fits66

to the distributions of two signal-discriminating vari-67

ables. The CP asymmetries are calculated from charge-68

dependent signal-yield asymmetries for flavor-specific de-69

cays. A flavor-tagging algorithm [8] is used to determine70

the flavor of the signal B meson for B0 ! K0⇡0 de-71

cays. Simulated events are used to study the sample72

composition, determine signal e�ciencies, and develop73

B0 → K0
s π0

Kπ isospin sum rule and ɸ2 

• Null test of SM with O(1%) theoretical uncertainty 

• Experimentally limited by knowledge of Ksπ0 

• B->ππ modes providing inputs for determination 
of ɸ2 from time-dependent analysis of B0->π+π- 

• Belle II is able to access all final states
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CP = 0.046± 0.029± 0.007
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of ɸ2 from time-dependent analysis of B0->π+π- 

• Belle II is able to access all final states
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A(B0 ! ⇡0⇡0) = 0.14± 0.46± 0.07

7

TABLE II. Ratios of branching fractions used as input for the
calculation of IK⇡.

Modes Ratio

BK0⇡+/BK+⇡� 1.180 ± 0.040 ± 0.027
BK+⇡0/BK+⇡� 0.687 ± 0.022 ± 0.040
BK0⇡0/BK+⇡� 0.508 ± 0.031 ± 0.030

metry to the value obtained from data for candidates479

with 0.1 < �E < 0.3 GeV. The means of the absolute480

di↵erences between the fit results of the alternative and481

default fit models are assigned as systematic uncertain-482

ties.483

In the fit of the B0 ! K0
S⇡

0 sample, the flavor-tagging484

parameters are Gaussian-constrained with widths corre-485

sponding to their uncertainties in the default fit, thus486

any systematic uncertainty related to those parameters487

is already included in the statistical uncertainty from the488

fit. The value of the decay-time-integrated B0B
0
mixing489

probability �d is fixed in the fit. We propagate its un-490

certainty using pseudo-experiments. The contribution is491

insignificant.492

6. MEASUREMENT OF THE ISOSPIN493

SUM-RULE AND CONCLUSION494

We determine the value of the isospin sum-rule us-495

ing Eq. 1 with our measurement of the branching frac-496

tions and direct CP asymmetries and a ratio ⌧B0/⌧B+497

of 0.9273 ± 0.0033 [25]. Ratios of the branching frac-498

tions cancel out common systematic uncertainties, such499

as those related to the tracking e�ciency, to the number500

of produced B-mesons, and to f+0. In Tab. II, the ratios501

are given. We obtain a value of the isospin sum-rule of502

IK⇡ = �0.03± 0.13± 0.05, (5)

where we accounted for correlations between uncertain-503

ties.504

To conclude, we report measurements of the branch-505

ing fractions of B0 ! K+⇡�, B0 ! ⇡+⇡�, B+ ! ⇡+⇡0,506

B+ ! K+⇡0, B+ ! K0⇡+, and B0 ! K0⇡0 and the507

CP asymmetries for all modes apart from B0 ! ⇡+⇡�.508

The results agree with current world averages. They509

are comparable in precision to previous Belle and BaBar510

measurements, despite using smaller data sets. Using511

our measurements alone, we obtain a value of the isospin512

sum-rule in agreement with the SM expectation and lim-513

ited by the statistical uncertainty. Our precision is better514

than that obtained by Belle [31], despite using a data set515

that is only half the size.516
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B±->DK± decays
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Integrate nel tempo Dipendenti dal tempovs

B+
D0K+

D0K+

[ f ]DK+
B0

s D−
s K+

B0
s

• Tasso di decadimento totale con D0 e 
anti-D0 nello stesso stato finale f

�(B± ! DK±) / 1 + r2B + 2rB cos(�B ± �)
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oscillazione e decadimento diretto

rBe
(i�B+�)
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Figure 6. �E and C0
distributions of B± ! Dh±

candidates with D ! K0
S ⇡

0
in the Belle II data,

projections of the fit results, and pulls (using the uncertainty in the data for normalization).
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We measure the CP asymmetries and relative branching ratios for B± ! DCP±K
± for the

CP -odd D final state K+K� and the CP -even final state K0
S ⇡

0 with a combined analysis
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1 Introduction33

The Cabibbo-Kobayashi-Maskawa (CKM) matrix parameterizes quark mixing in the stan-34

dard model [1]. The angle �3 is the argument of a product of its elements �VudV
⇤
ubV

⇤
cdVcb .

1
35

Theoretical predictions for the properties of the decays B± ! D0K± and B± ! D0K±,36

which are dependent on �3, are very precise, so comparing them to measurements allows37

us to test for the existence of new particles and interactions and new sources of violation of38

the charge-parity (CP) symmetry. Gronau, London, and Wyler (GLW) proposed a method39

to extract �3 using decays in which the neutral D is reconstructed as a CP eigenstate [2].40

We use this method to determine �3 using the combined Belle and Belle II data, continuing41

the work reported in [3].42

We measure CP asymmetries,43

ACP± ⌘
B(B� ! DCP±K

�)� B(B+ ! DCP±K
+)

B(B� ! DCP±K
�) + B(B+ ! DCP±K

+)
, (1.1)

and the branching ratios for decays with D decaying to the CP-eigenstate K+K� for DCP+44

and K0
S ⇡

0 for DCP�. We measure the latter relative to the branching ratio for decays with45

the D decaying to a flavor-specific final state K�⇡+,46

RCP± ⌘
B(B� ! DCP±K

�) + B(B+ ! DCP±K
+)

B(B� ! DflavK
�) + B(B+ ! DflavK

+)
⇡ RCP±

Rflav
, (1.2)

where47

RX ⌘ B(B� ! DXK�) + B(B+ ! DXK+)

B(B� ! DX⇡�) + B(B+ ! DX⇡+)
. (1.3)

1�3 is also called �.
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Table 1. Systematic and statistical uncertainties.

RCP+ RCP� ACP+ ACP�
PDF parameters 0.012 0.014 0.002 0.002

PID parameters 0.009 0.010 0.003 0.005

BB -background yields 0.033 0.002 0.013 —
Efficiency ratio 0.001 0.001 0.000 0.000

commonality of �E modes �0.005 �0.006 0.000 0.000

Total systematic uncertainty 0.036 0.019 0.014 0.006

Statistical uncertainty 0.081 0.074 0.058 0.057

Table 2. Signal yields extracted from the simultaneous fit in data.

N(B ! DK ) N(B ! D⇡)

D ! K±⇡⌥ Belle 4238(94) 59 481(267)

Belle II 1084(44) 14 229(126)

D ! K+K� Belle 476(36) 5559(85)

Belle II 107(15) 1336(40)

D ! K0
S ⇡

0 Belle 541(42) 6484(95)

Belle II 145(16) 1763(46)

6 Results235

Figures 1, 3, and 5 show the data and the fit results for Belle data; figures 2, 4, and 6 show236

the same for Belle II data. The fit results all agree well with the data. Table 2 summarizes237

the signal yields.238

From the combined Belle and Belle II data the relative branching ratios and CP asym-
metries are

RCP+ = 1.164± 0.081± 0.036, (6.1)
RCP� = 1.151± 0.074± 0.019, (6.2)
ACP+ = (+12.5± 5.8± 1.4)%, (6.3)
ACP� = (�16.7± 5.7± 0.6)%. (6.4)

where for each the first uncertainty is statistical and the second systematic. The sig-239

nificances of CP violation for CP -even and CP -odd D final states are estimated using240
p
�2 ln(L0/Lmax)�stat/

q
�2

stat + �2
syst, where Lmax is the maximum likelihood value, L0241

is the likelihood value calculated assuming CP symmetry, and � are the statistical and242

systematic uncertainties. We find 2.0� and 2.8� significance for CP violation in the DCP+243

and DCP� modes. There is evidence at more than 3� significance that the asymmetries244

have opposite signs.245
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Figure 6. �E and C0
distributions of B± ! Dh±

candidates with D ! K0
S ⇡

0
in the Belle II data,

projections of the fit results, and pulls (using the uncertainty in the data for normalization).
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Figure 6. �E and C0
distributions of B± ! Dh±

candidates with D ! K0
S ⇡

0
in the Belle II data,

projections of the fit results, and pulls (using the uncertainty in the data for normalization).
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Figure 8. C 0 and �E distributions in the signal-enhanced region of B± ! D⇡± candidates for
the K⇤ region in the Belle II data and the fit results.
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Figure 7. C 0 and �E distributions in the signal-enhanced region of B± ! DK± candidates for
the K⇤ region in the Belle II data and the fit results.
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GLS determination of ɸ3

• B±->D0h± with D0->Ks0K±π∓, split into 8 
categories of (SS,OS) x (DK,Dπ) x (+,-)  

• Used to constrain ɸ3 from the knowledge 
of D0 decay dynamics (CLEO)
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Figure 1. C 0 and �E distributions in the signal-enhanced region of B± ! DK± candidates for
the full D phase space in the Belle data and the fit results.
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Table 2. Systematic and statistical uncertainties in percent.

ADK
SS

ADK
OS

AD⇡
SS

AD⇡
OS

RDK/D⇡
SS

RDK/D⇡
OS

RD⇡
SS/OS

full D phase space
PID 0.38 0.56 0.19 0.14 0.05 0.06 0.09

✏DK /✏D⇡ 0.00 0.03 0.00 0.00 0.04 0.03 0.02

Model 0.62 0.78 0.02 0.02 0.30 0.22 0.07

✏
K
0
S K

�
⇡
+/✏

K
0
S K

+
⇡
� 0.82 0.83 0.82 0.83 0.01 0.01 0.02

Total syst. unc. 1.10 1.30 0.90 0.90 0.40 0.30 0.20

Stat. unc. 9.10 13.30 2.60 3.10 1.20 1.30 5.70

K⇤ region
PID 0.37 0.61 0.17 0.15 0.03 0.08 0.13

✏DK /✏D⇡ 0.02 0.02 0.01 0.01 0.03 0.04 0.04

Model 1.04 0.97 0.20 0.03 0.46 0.49 0.61

✏
K
0
S K

�
⇡
+/✏

K
0
S K

+
⇡
� 1.60 0.80 1.60 0.80 0.10 0.10 1.70

Total syst. unc. 2.00 1.40 1.60 0.90 0.50 0.60 1.90

Stat. unc. 11.90 18.40 2.90 4.60 1.20 2.00 13.20

and for the K⇤ region are

ADK
SS

= 0.055± 0.119± 0.020, (8.8)

ADK
OS

= 0.231± 0.184± 0.014, (8.9)

AD⇧
SS

= 0.046± 0.029± 0.016, (8.10)

AD⇧
OS

= 0.009± 0.046± 0.009, (8.11)

RDK/D⇡
SS

= 0.093± 0.012± 0.005, (8.12)

RDK/D⇡
OS

= 0.103± 0.020± 0.006, (8.13)

RD⇡
SS/OS

= 2.412± 0.132± 0.019. (8.14)

The results for the Belle data alone for the full D phase space are

ADK
SS

= �0.121± 0.120± 0.013, (8.15)

ADK
OS

= �0.016± 0.182± 0.014, (8.16)

AD⇡
SS

= 0.014± 0.032± 0.011, (8.17)

AD⇡
OS

= 0.001± 0.039± 0.011, (8.18)

RDK/D⇡
SS

= 0.112± 0.014± 0.002, (8.19)

RDK/D⇡
OS

= 0.085± 0.016± 0.002, (8.20)

RD⇡
SS/OS

= 1.472± 0.074± 0.002. (8.21)
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Belle (772M BB) + Belle II 
(387M BB) in K* region

2 Formalism39

We categorize B± ! Dh± with D ! K0
SK

±⇡⌥ by the charge of the K± produced by40

the D relative to the charge of the B±. It can be either a same-sign (SS) decay or an41

opposite-sign (OS) one. The four asymmetries are42

ADh
m ⌘ NDh

�

m �NDh
+

m

NDh
�

m +NDh
+

m

with h = ⇡,K , m = SS,OS, (2.1)

where NDh
±

m is the number of B± ! Dh± decays with the relative D-decay-product kaon43

charge of category m. The three GLS branching-fraction ratios are44

RDK/D⇡
m ⌘ NDK

�
m +NDK

+

m

ND⇡
�

m +ND⇡
+

m

with m = SS,OS, (2.2)

and45

RD⇡
SS/OS

⌘
ND⇡

�
SS

+ND⇡
+

SS

ND⇡
�

OS
+ND⇡

+

OS

. (2.3)

The GLS method can constrain �3 using information about the D ! K0
SK

±⇡⌥ dy-46

namics measured by the CLEO experiment [8]. CLEO reported measurements using all47

such D decays and also using only decays in which the K0
S ⇡

⌥ has mass within 100MeV/c248

of the nominal K⇤(892)⌥ mass. In the latter region, the interference of B± ! D0h± and49

B± ! D0h± is enhanced and �3 can be determined more precisely. We measure the GLS50

asymmetries and branching-fraction ratios in both the full D phase space and K⇤ region.51

3 Detector52

The Belle detector [9, 10] was a large-solid-angle magnetic spectrometer at the KEKB ac-53

celerator [11, 12], which collided 8GeV electrons with 3.5GeV positrons. The subdetectors54

of Belle most relevant for our study are the silicon vertex detector (SVD) and the central55

drift chamber (CDC) for charged-particle tracking and energy-loss measurement and the56

aerogel threshold Cherenkov counters (ACC) and time-of-flight scintillation counters (TOF)57

for charged particle identification (PID). They were situated in a magnetic field of 1.5T.58

The Belle II detector [13] is an upgrade of the Belle detector at the SuperKEKB ac-59

celerator [14], which collides 7GeV electrons with 4GeV positrons. The subdetectors of60

Belle II most relevant for our study are the vertex detector, including two layers of silocon61

pixel sensors (PXD) and four layers of an SVD, and a CDC for charged-particle tracking62

and energy-loss measurement and a time-of-propagation subdetector (TOP) and aerogel63

ring-imaging Cherenkov subdetector (ARICH) for PID.64

4 Simulation65

We use simulated data to identify sources of background, optimize selection criteria, calcu-66

late selection efficiencies, and discern fit models. We generate e+e� ! ⌥(4S ) ! BB and67
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�

OS
+ND⇡

+

OS

. (2.3)

The GLS method can constrain �3 using information about the D ! K0
SK

±⇡⌥ dy-46

namics measured by the CLEO experiment [8]. CLEO reported measurements using all47

such D decays and also using only decays in which the K0
S ⇡

⌥ has mass within 100MeV/c248

of the nominal K⇤(892)⌥ mass. In the latter region, the interference of B± ! D0h± and49

B± ! D0h± is enhanced and �3 can be determined more precisely. We measure the GLS50

asymmetries and branching-fraction ratios in both the full D phase space and K⇤ region.51

3 Detector52

The Belle detector [9, 10] was a large-solid-angle magnetic spectrometer at the KEKB ac-53

celerator [11, 12], which collided 8GeV electrons with 3.5GeV positrons. The subdetectors54

of Belle most relevant for our study are the silicon vertex detector (SVD) and the central55

drift chamber (CDC) for charged-particle tracking and energy-loss measurement and the56

aerogel threshold Cherenkov counters (ACC) and time-of-flight scintillation counters (TOF)57

for charged particle identification (PID). They were situated in a magnetic field of 1.5T.58

The Belle II detector [13] is an upgrade of the Belle detector at the SuperKEKB ac-59

celerator [14], which collides 7GeV electrons with 4GeV positrons. The subdetectors of60

Belle II most relevant for our study are the vertex detector, including two layers of silocon61

pixel sensors (PXD) and four layers of an SVD, and a CDC for charged-particle tracking62

and energy-loss measurement and a time-of-propagation subdetector (TOP) and aerogel63

ring-imaging Cherenkov subdetector (ARICH) for PID.64

4 Simulation65

We use simulated data to identify sources of background, optimize selection criteria, calcu-66

late selection efficiencies, and discern fit models. We generate e+e� ! ⌥(4S ) ! BB and67

– 2 –

4 asymmetries
3 ratios of BRs

[BELLE2-PAPER in preparation]
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Vub vs. Vcb
• ~3σ discrepancy between the inclusive and 

exclusive determination of |Vub| and |Vcb| 
• Limiting the global constraining power of UT fits 
• Important inputs for BF prediction of ultra-rare 

decays, e.g. K->πvv

29

Experimental status  and |Vcb | |Vub |

• Determinations of both  and 
 exhibit a discrepancy at the 

level of ~3  between exclusive and 
inclusive


• The current experimental focus is 
on understanding the origin of this 
discrepancy, as this inconsistency 
limits the power of precision flavour 
physics

|Vcb |
|Vub |

σ

3

Semileptonic  decaysB
Determination of the CKM elements  and |Vcb | |Vub |

• SL  decays are studied to determine the CKM 
elements  and 


•  are limiting the global constraining 
power of UT fits


• Important inputs in predictions of SM rates 
for ultrarare decays such as 

 and 


• The determinations can be


• Exclusive — from a single final state


• Inclusive — sensitive to all SL final states

B
|Vcb | |Vub |

|Vxb |

Bs → μν K → πνν

2

Experiment Theory

Exclusive |Vcb| B → Dlν, D*lν 
(low backgrounds)

Lattice QCD, 
light cone sum 

rules

Inclusive |Vcb|
B → Xlν 
(higher 

background)

Operator product 
expansion

[Credits: C. Schwanda]

Data Sets & Reconstruction

2023/03/20 K. Kojima (on behalf of the Belle II Collaboration) / Moriond 2023

1. Inclusive signal < modes 2. Exclusive signal < modes

One = meson from Υ(48) decay is fully reconstructed with hadronic decays to tag = @= events. 
The signal semi-leptonic = decays are reconstructed via inclusive or exclusive modes.

Reconstruct all ! daughters through 
specific channels.

We analyzed 189 fb%$ data collected at Belle II by the summer of 2021.

3 / 6

Comp. and Soft. For Big Sci. 3, 6 (2019)
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Reconstruct other than a lepton inclusively as ".

Hadronic ! tagging (Full Event Interpretation)

Efficiency !!: 0.27%, !": 0.35%
arXiv:2008.06096

[Credits: K. Kojima]



Tagging

30March 28, 2023 | Henrik Junkerkalefeld / 195

#-MESON FLAVOR TAGGING

$ = O ('. )%)
Exact knowledge of   
,#$% kinematics

$ = O ()%)
Rough knowledge of ,#$%

kinematics (missing -)

$ = O ()''%)
Only approximate

kinematical information

Efficiency
Information, Purity

[Credits: H. Junkerkalefeld]



Recent Belle II results

31
March 28, 2023 | Henrik Junkerkalefeld / 1913

BELLE II‘S RECENT |"!"| & |"#"| SUMMARIZED

arXiv:2301.04716
arXiv:2210.13143

[1] = JHEP 10 068 (2022), [2] = Phys. Rev. D 104, 112011,                              
[3] = arXiv:2205.06372

arXiv:2206.08102
arXiv:2210.04224

Plotted by Chaoyi Lyu

Novel |?,<| extraction method[>]
based on measured d( moments 

by Belle[@] & Belle II[8]

[Credits: C. Lyu and H. Junkerkalefeld]



Lepton universality tests

• First inclusive measurement of light-lepton universality ratio with B->Xlv (l=e,µ ) 

[arXiv:2301.08266] 
• Complete set of five angular asymmetries with had-tag B->D*lv (l=e,µ)

March 28, 2023 | Henrik Junkerkalefeld / 1918

LU: INCLUSIVE ) *(/* = B +→-(.
B +→-*.

• Challenging to model & control miscellaneous backgrounds

• Same flavor ! pair used as background-enriched control
sample, high momentum cut to suppress backgrounds

• Signal extracted in simultaneous fit on the lepton 
momentum in the m-./ rest frame, vℓ1.

arXiv:2301.08266
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w(x2/4) = y. z{{ ± z. zyz-565 ± z. zy}-7-5
• Most precise BF based lepton universality test in 

semileptonic !-meson decays to date

• First inclusive measurement

• Syst. unc. dominated by lepton ID
Consistent with

~�[9] within y. < Ä
[1] = JHEP 11, 007 (2022)

nℓH > ). 5 GeV!

Preliminary

Preliminary
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.

(p = 0.56) and in w subranges yield 10.2/6 (p = 0.12).262

Tests of the control channels �S7 and �S9 in the full w263

range yield �2/Ndof = 0.6/2 (p = 0.32) and in w sub-264

ranges yield 1.1/4 (p = 0.89). Our results agree well265

with the standard-model expectations, give no evidence266

for LUV, and demonstrate good experimental control.267

These measurements are the first comprehensive tests268

of lepton universality in the angular distributions of269

semileptonic B decays. We have additionally introduced270

a procedure to reduce the dimensionality of the angular271

distributions such that one-dimensional projections now272

contain the complete angular information necessary to273

derive all five angular asymmetries.274

The numerical values and full covariance matrices of275

the measured observables will be made available on HEP-276

Data (https://www.hepdata.net).277
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.
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[BELLE2-PUB-2023-007, in preparation]

Light-Lepton Universality Test: $ %!/# Measurement

2023/03/20 K. Kojima (on behalf of the Belle II Collaboration) / Moriond 2023

F G)/* = ℬ @= → G(%K̅)
ℬ @= → G*%K̅*

First branching-fraction based (-* universality test using inclusive semi-leptonic = decays
The most precise test of (-* universality of semi-leptonic = decays

Control channel (#!#!/ #"#") Signal channel (#! $#!/#"##)

F(G)/*) = 1.033 ± 0.010 stat ± 0.019 (syst)

Consistent with SM F G)/* ,-
[1] by 1.2S and the exclusive Belle F T∗)/* [2],[3].

[1] J. High Energy Phys. 11, 007 (2022), [2] Phys. Rev. D 100, 052007 (2019), [3] arXiv:2301.07529
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Figure 1: Same-charge control channel (left) and opposite-charge signal (right) spectra of the lepton momentum in
the Bsig rest frame, pB` , with the fit results overlaid. The background component mostly contains events with fake or
secondary leptons. The last bin contains overflow events. The hatched area shows the total statistical plus
systematic uncertainty, added in quadrature in each bin.

Table I: Statistical and systematic uncertainties on the
value of R(Xe/µ) from the most significant sources.

Source Uncertainty [%]

Sample size 1.0

Lepton identification 1.9

Xc ` ⌫ branching fractions 0.1

Xc ` ⌫ form factors 0.2

Total 2.2

negligible for the total B ! X ` ⌫ yields determination,
they mostly cancel in the R(Xe/µ) ratio.

We find an R(Xe/µ) value of

R(Xe/µ) = 1.033 ± 0.010 (stat) ± 0.019 (syst), (2)

which agrees within 0.6� with a previous measurement
from Belle in exclusive B ! D⇤`⌫ decays [9]. In order
to reduce model dependence, we also provide a fiducial
measurement by recalculating Ngen

` of Eq. (1) in the re-
stricted phase space defined by selecting events with a
generated B-frame lepton momentum above 1.3 GeV/c,
leading to an overall scaling of R(Xe/µ) by 0.998. The
result is

R(Xe/µ | pB` > 1.3 GeV/c) = 1.031 ± 0.010 (stat)

± 0.019 (syst).
(3)

In order to test the dependence of the result on the cho-
sen lower threshold on pB` , we measure R(Xe/µ) while
changing the nominal value of 1.3 GeV/c to 1.1, 1.2,

and 1.4 GeV/c. The values are mutually consistent with
a p-value of 0.27, taking into account the correlations
between uncertainties of the four measurements. Simi-
larly, the result is consistent between subsets of the full
data set when split by lepton charge, tag flavor, and
by data-taking period. Furthermore, we check the im-
pact on R(Xe/µ) of the modeling of charmed D me-
son decays by varying the branching ratio of each decay
D ! K + anything within its uncertainty as provided in
Ref. [22] while fixing the total event normalization. The
e↵ect is negligible.

Our result is the most precise branching fraction-
based test of electron-muon universality in semileptonic
B decays. The measurement in the full phase space,
Eq. 2, is consistent with the standard model prediction
of 1.006 ± 0.001 [34].
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To better constrain the background parameters, a simul-
taneous fit to the candidates in the signal region and the
sideband is performed. The PDFs of σt, which differ be-
tween signal and background, are histogram templates
derived directly from the data. The signal template is
derived from the candidates in the signal region after
subtracting the scaled distribution of the sideband data.
The background template is obtained directly from the
sideband data. No direct input from simulation is used
in the fit.
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Figure 2: Decay-time distributions for Ω
0
c
→ Ω

−

π
+ candi-

dates populating (top) the signal region and (bottom) the
sideband with fit projections overlaid.

The distributions of decay time and decay-time uncer-
tainty are shown in Figs. 2 and 3 with fit projections over-
laid. The Ω0

c lifetime is measured to be 243± 48 fs, the
mean of the signal resolution function is b = −18± 41 fs,
and the scaling factor of the width is s = 1.35 ± 0.20,
where the uncertainties are statistical only.
The following sources of systematic uncertainties are

considered: fit bias, resolution model, treatment of back-
ground contamination, imperfect alignment of the track-
ing detectors, and uncertainties in the momentum scale
and in the input Ω0

c mass. Table I lists all contributions
and their total, calculated as the sum in quadrature of
the individual contributions.
The lifetime fit is tested on data generated by ran-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Decay-time uncertainty [ps]

1

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1

10

Belle II

)-1Data (207 fb

Fit

Background

C
an

di
da

te
s p

er
 2

0 
fs

Figure 3: Decay-time-uncertainty distributions for Ω
0
c

→

Ω
−

π
+ candidates populating (top) the signal region and (bot-

tom) the sideband with fit projections overlaid.

Table I: Systematic uncertainties.

Source Uncertainty (fs)
Fit bias 3.4
Resolution model 6.2
Background model 8.3
Detector alignment 1.6
Momentum scale 0.2
Input Ω0

c
mass 0.2

Total 11.0

domly sampling the fit PDF with parameters fixed to
the values found in the fit to the data and with lifetime
values varied between 60 fs and 300 fs. One thousand
pseudoexperiments, each the same size as the data, are
generated for each tested lifetime value. A −3.4 fs bias
is observed for lifetime values close to the fit result of
243 fs. The bias is mostly due to the small sample size
and reduces when simulating larger sizes. Its absolute
value is assigned as a symmetric systematic uncertainty.
Simulation shows that the resolution function has tails

that are inconsistent with a Gaussian model. The ef-
fect on the measured lifetime due to using our imperfect
resolution model is quantified using one thousand sam-
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values varied between 60 fs and 300 fs. One thousand
pseudoexperiments, each the same size as the data, are
generated for each tested lifetime value. A −3.4 fs bias
is observed for lifetime values close to the fit result of
243 fs. The bias is mostly due to the small sample size
and reduces when simulating larger sizes. Its absolute
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Simulation shows that the resolution function has tails
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Figure 1: Mass distribution of Λ+
c → pK−π+ candidates with

fit projections overlaid. The vertical dashed lines enclose the
signal region and the short, vertical dotted lines enclose the
sidebands.

lifetime component consisting only of the resolution func-
tion, which accounts for combinatorial backgrounds. To
account for a possible misestimation of the decay-time
uncertainty, the width of the resolution function is given
by the per-candidate σt multiplied by a scale factor, s,
which is a free parameter in the lifetime fit. The mean
of the resolution function is common for all terms, but a
separate σt-scaling parameter is used for the background
PDF.
To better constrain the background, a simultaneous fit

to the events in the signal region and sidebands is per-
formed, where the σt PDF for the sidebands is a binned
template determined by sideband events. The back-
ground fraction in the lifetime fit is Gaussian constrained
to (7.50 ± 0.02)%, as determined from the M(pK−π+)
fit.
The lifetime fit is validated both on fully simulated

data equivalent to 1 ab−1, about five times the integrated
luminosity of the collision data, and on simulated dis-
tributions generated by randomly sampling the lifetime
PDF determined from a fit to the collision data. All
validation fits return unbiased results, regardless of the
assumed Λ+

c lifetime. Studies of the decay-time distri-
bution in simulation suggest that σt is underestimated
by about 10%, which is in good agreement with the re-
sults from the lifetime fit to the data, for which the scale
parameter is determined to be s = 1.108 ± 0.006. The
mean of the resolution function is determined to be 4.77
± 0.63 fs.
The Λ+

c lifetime is measured to be 203.20 ± 0.89 fs,
where the uncertainty is statistical only. The lifetime
fit projection, overlaid on the decay time distribution in
the data sample, is shown in Fig. 2. The σt PDF used
in the lifetime fit is shown in Fig. 3. The systematic
uncertainty is calculated from the sum in quadrature of
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individual contributions from the sources listed in Table I
and described below.
The systematic uncertainty due to backgrounds from

Ξc decays is determined by adding simulated events of
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account for a possible misestimation of the decay-time
uncertainty, the width of the resolution function is given
by the per-candidate σt multiplied by a scale factor, s,
which is a free parameter in the lifetime fit. The mean
of the resolution function is common for all terms, but a
separate σt-scaling parameter is used for the background
PDF.
To better constrain the background, a simultaneous fit

to the events in the signal region and sidebands is per-
formed, where the σt PDF for the sidebands is a binned
template determined by sideband events. The back-
ground fraction in the lifetime fit is Gaussian constrained
to (7.50 ± 0.02)%, as determined from the M(pK−π+)
fit.
The lifetime fit is validated both on fully simulated

data equivalent to 1 ab−1, about five times the integrated
luminosity of the collision data, and on simulated dis-
tributions generated by randomly sampling the lifetime
PDF determined from a fit to the collision data. All
validation fits return unbiased results, regardless of the
assumed Λ+

c lifetime. Studies of the decay-time distri-
bution in simulation suggest that σt is underestimated
by about 10%, which is in good agreement with the re-
sults from the lifetime fit to the data, for which the scale
parameter is determined to be s = 1.108 ± 0.006. The
mean of the resolution function is determined to be 4.77
± 0.63 fs.
The Λ+

c lifetime is measured to be 203.20 ± 0.89 fs,
where the uncertainty is statistical only. The lifetime
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the data sample, is shown in Fig. 2. The σt PDF used
in the lifetime fit is shown in Fig. 3. The systematic
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individual contributions from the sources listed in Table I
and described below.
The systematic uncertainty due to backgrounds from

Ξc decays is determined by adding simulated events of

~90 Ωc->Ω-π+

Charm lifetimes

33

~116k 
𝛬c->pKπ

6

Crystal Ball function; the background is modeled with
an exponential distribution.

The lifetimes are determined with unbinned maximum-
likelihood fits to the (t,�t) distributions of the candidates
populating the signal regions. Each signal probability-
density function (PDF) is the convolution of an expo-
nential distribution in t with a resolution function that
depends on �t, multiplied by the PDF of �t. In the D+

case, simulation shows that a Gaussian distribution is
su�cient to model the resolution function. The mean of
the resolution function is allowed to float in the fit to
account for a possible bias in the determination of the
decay time; the width is the per-candidate �t scaled by a
free parameter s to account for a possible misestimation
of the decay-time uncertainty. The fit returns s ⇡ 1.12
(1.29) for the D0 (D+) sample. In the D0 case, an ad-
ditional Gaussian distribution is needed to describe the
3% of candidates with poorer resolution. This second
component shares its mean with the principal compo-
nent but has its own free scaling parameter (s0 ⇡ 2.5) for
the broader width.

In the D0 case, the signal region contains a 0.2% frac-
tion of background candidates. Sensitivity to the back-
ground contamination and its e↵ects on the decay-time
distribution is very limited. For the sake of simplicity,
the background is neglected in the fit and a systematic
uncertainty is later assigned. In the D+ case, the signal
region contains a non-negligible amount of background,
which is accounted for in the fit. The background is
modeled using data with m(K�⇡+⇡+) in the sideband
[1.758, 1.814][ [1.936, 1.992]GeV/c2 (Fig. 1), which is as-
sumed to contain exclusively background candidates and
be representative of the background in the signal region,
as verified in simulation. The background PDF consists
of a zero-lifetime component and two exponential compo-
nents, all convolved with a Gaussian resolution function
having a free mean and a width corresponding to s�t. To
better constrain the background parameters, a simulta-
neous fit to the candidates in the signal region and side-
band is performed. The background fraction is Gaussian
constrained in the fit to (8.78 ± 0.05)%, as measured in
the m(K�⇡+⇡+) fit.

The PDF of �t is a histogram template derived di-
rectly from the data. In the fit to the D0 sample, the
template is derived assuming that all candidates in the
signal region are signal decays. In the fit to the D+ sam-
ple, the template is derived from the candidates in the
signal region by subtracting the scaled distribution of the
sideband data. The PDF of �t for the background is ob-
tained directly from the sideband data.

The lifetime fits are tested on fully simulated data and
on sets of data generated by randomly sampling the PDF
with parameters fixed to the values found in the fits to
the data. All tests yield unbiased results and expected
parameter uncertainties, independent of the assumed val-
ues of the D0 and D+ lifetimes.
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Figure 2: Decay-time distributions of (top) D0 ! K�⇡+

and (bottom) D+ ! K�⇡+⇡+ candidates in their respective
signal regions with fit projections overlaid.

Table I: Systematic uncertainties.

Source ⌧(D0) [fs] ⌧(D+) [fs]
Resolution model 0.16 0.39
Backgrounds 0.24 2.52
Detector alignment 0.72 1.70
Momentum scale 0.19 0.48
Total 0.80 3.10

The decay-time distributions of the data, with fit pro-
jections overlaid, are shown in Fig. 2. The measured
D0 and D+ lifetimes 410.5± 1.1 (stat)± 0.8 (syst) fs and
1030.4± 4.7 (stat)± 3.1 (syst) fs, respectively, are consis-
tent with their world averages [7]. The systematic un-
certainties arise from the sources listed in Table I and
described below. The total systematic uncertainty is the
sum in quadrature of the individual components.

The decay time and decay-time uncertainty are ob-
served to be correlated in data and simulation reproduces
these e↵ects well. The dominant e↵ect is that small �t

values correspond to larger true decay times (and vice
versa). These correlations, when neglected in the fits, re-
sult in an imperfect description of the t distribution as a
function of �t. To quantify the impact on the results, our
model that neglects the correlations is fit to 1000 samples
of signal-only simulated decays, each the same size as the
data. The samples are obtained by resampling, with rep-
etition, a set of simulated e+e� collisions corresponding
to an integrated luminosity of 500 fb�1. Upper bounds
of 0.16 fs and 0.39 fs on the average absolute deviations
of the measured lifetimes from their true values are de-

~172k 
D0->Kπ

~59k 
D+->Kππ

• Rich program of charm 
lifetimes measurements 

• Already world’s leading 
determinations using only 
partial dataset 

• Important input for HQE 
predictions and lifetime 
hierarchy
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[PRL 130, 071802 (2023)]

Michel Bertemes - BNL

Summary

• Used early Belle II data to measure lifetimes of charm hadrons 

• World-best D0, D+ and Λc+ lifetimes (first Belle II precision measurements) 

• Confirmation of LHCb result indicating that the Ωc0 is not the shortest-lived weakly decaying 
charmed baryon 

• Tiny systematic uncertainties (e.g., 2‰ for D0) demonstrate excellent performance and 
understanding of the Belle II detector, never achieved at previous B factories
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D0 D+ Λc+ Ωc0

•  was believed to be the shortest-lived 
charmed baryon 

• confirmed LHCb  lifetime that challenged 
earlier determinations and HQE expectations 

• independent measurement from Belle II 
• another confirmation of excellent 

performance and alignment of vertex 
detector

Ω0
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Ωc

One more lifetime
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3

For both the Λ0 and the Ω− candidates, the angle be-
tween its momentum and its displacement from the IP
must be smaller than 90◦. Candidate Ω0

c → Ω−π+ de-
cays are formed by combining the selected Ω− candidates
with positively charged particles that are consistent with
originating from the e+e− interaction and have momenta
greater than 0.5GeV/c. We require the scaled momentum
of the Ω0

c candidate be larger than 0.6. The scaled mo-
mentum is pcms/

√

s/4−m(Ω−π+)2, where pcms is the
momentum of the Ω0

c candidate in the e+e− center-of-
mass system, s is the squared center-of-mass energy, and
m(Ω−π+) is the reconstructed Ω0

c mass. The scaled
momentum requirement eliminates Ω0

c candidates orig-
inating from decays of B mesons and greatly suppresses
combinatorial background. A decay-chain vertex fit con-
strains the tracks according to the decay topology and
constrains the Ω0

c candidate to originate from the e+e−

interaction region [25]. The interaction region has typi-
cal dimensions of 250µm along the z axis and of 10µm
and 0.3µm in the two directions transverse to the z axis.
Its position and size vary over time and are measured
using e+e− → µ+µ− events. Only candidates with fit
probabilities larger than 0.001 and with σt values smaller
than 1.0 ps are retained for further analysis. The ver-
tex fit updates the track parameters of the final-state
particles, and the updated parameters are used in the
subsequent analysis. The Λ0 and Ω− candidates are re-
quired to have masses within approximately three units of
mass resolution (or standard deviations) of their known
values [7]. The mass of the Ω0

c candidate must be in
the range [2.55, 2.85]GeV/c2. After these requirements,
about 0.5% of events have multiple Ω0

c candidates; for
these events, the candidate with the highest vertex-fit
probability is retained. An unbinned maximum likeli-
hood fit to the m(Ω−π+) distribution is used to deter-
mine the signal purity in the signal region defined by
2.68 < m(Ω−π+) < 2.71GeV/c2 (Fig. 1). In the fit, the
Ω0

c signal is modeled with a Gaussian distribution, and
the background is modeled with a straight line. The sig-
nal region contains approximately 132 candidates with a
signal purity of (66.5± 3.3)%.

The lifetime is determined using a maximum-likelihood
fit to the unbinned (t,σt) distribution of the candidates
populating the signal region. The likelihood is defined as

L(fs, θ) = G(fs|0.665, 0.033)
∏

i

[fsPs(ti,σt i|θ) + (1− fs)Pb(ti,σt i|θ)] ,

where i runs over the candidates and θ is a short-hand
notation for the set of fit parameters, which are specified
in the following. The signal fraction fs is constrained to
the value measured in the m(Ω−π+) fit with the Gaus-
sian distribution G(fs|0.665, 0.033). The signal proba-
bility density function (PDF) is the convolution of an
exponential distribution in t with a Gaussian resolution
function that depends on σt, multiplied by the PDF of
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Figure 1: Mass distribution for Ω0
c
→ Ω

−

π
+ candidates with

fit projections overlaid. The vertical dashed lines enclose the
signal region; the shaded area indicates the sideband.

σt,

Ps(t,σt|τ, b, s) = Ps(t|σt, τ, b, s)Ps(σt)

∝

∫

∞

0

e−t′/τG(t− t′|b, sσt)dt
′ Ps(σt) .

The resolution function’s mean b is a free parameter of
the fit to account for a possible bias in the determination
of the decay time; its width is the per-candidate σt scaled
by a free parameter s to account for a possible misestima-
tion of the decay-time uncertainty. The background in
the signal region is empirically modeled from data with
m(Ω−π+) in the sideband [2.55, 2.65]∪[2.75, 2.85]GeV/c2

(Fig. 1). The sideband is assumed to contain exclu-
sively background candidates and be representative of
the background in the signal region, as verified in sim-
ulation. The background PDF is the conditional PDF
of t given σt multiplied by the PDF of σt, Pb(t,σt|θ) =
Pb(t|σt, θ)Pb(σt). The distribution in t is the sum of a
δ function at zero and an exponential component with
lifetime τb, both convolved with a Gaussian resolution
function having a free mean bb and a width correspond-
ing to σt scaled by a free parameter sb,

Pb(t|σt, τb, fτb , bb, sb) = (1− fτb)G(t|bb, sbσt)

+ fτbPb(t|σt, τb, bb, sb) ,

where fτb is the fraction of the exponential component
relative to the total background and

Pb(t|σt, τb, bb, sb) ∝

∫

∞

0

e−t′/τbG(t− t′|bb, sbσt)dt
′ .

τ(Ω0
c) = (243 ± 48(stat.) ± 11(syst.)) fs

τ(Ξ0
c) < τ(Λ+

c ) < τ(Ω0
c) < τ(Ξ+

c )
new lifetime hierarchy :

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.211801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.L031103
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071802
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Conclusion

• Absolute lifetime measurements of charm hadrons from Belle II:

• Improved knowledge of D lifetimes, with world-best measurements, after ~20 years 

• World’s best      lifetime measurement 

• Independent confirmation of LHCb's finding that      is not the shortest-lived weakly decaying charm baryon    
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τ(D0) = 410.5 ± 1.1 ± 0.8 fs

τ(Λ+
c ) = 203.2 ± 0.9 ± 0.8 fs

Λ+
c

τ(Ω0
c) = 243 ± 48 ± 11 fs

Ω0
c

Belle II preliminary, new at ICHEP2022 
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• Rich program of charm 
lifetimes measurements 

• Already world’s leading 
determinations using only 
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• Important input for HQE 
predictions and lifetime 
hierarchy
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Summary

• Used early Belle II data to measure lifetimes of charm hadrons 

• World-best D0, D+ and Λc+ lifetimes (first Belle II precision measurements) 

• Confirmation of LHCb result indicating that the Ωc0 is not the shortest-lived weakly decaying 
charmed baryon 

• Tiny systematic uncertainties (e.g., 2‰ for D0) demonstrate excellent performance and 
understanding of the Belle II detector, never achieved at previous B factories
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•  was believed to be the shortest-lived 
charmed baryon 

• confirmed LHCb  lifetime that challenged 
earlier determinations and HQE expectations 

• independent measurement from Belle II 
• another confirmation of excellent 

performance and alignment of vertex 
detector
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For both the Λ0 and the Ω− candidates, the angle be-
tween its momentum and its displacement from the IP
must be smaller than 90◦. Candidate Ω0

c → Ω−π+ de-
cays are formed by combining the selected Ω− candidates
with positively charged particles that are consistent with
originating from the e+e− interaction and have momenta
greater than 0.5GeV/c. We require the scaled momentum
of the Ω0

c candidate be larger than 0.6. The scaled mo-
mentum is pcms/

√

s/4−m(Ω−π+)2, where pcms is the
momentum of the Ω0

c candidate in the e+e− center-of-
mass system, s is the squared center-of-mass energy, and
m(Ω−π+) is the reconstructed Ω0

c mass. The scaled
momentum requirement eliminates Ω0

c candidates orig-
inating from decays of B mesons and greatly suppresses
combinatorial background. A decay-chain vertex fit con-
strains the tracks according to the decay topology and
constrains the Ω0

c candidate to originate from the e+e−

interaction region [25]. The interaction region has typi-
cal dimensions of 250µm along the z axis and of 10µm
and 0.3µm in the two directions transverse to the z axis.
Its position and size vary over time and are measured
using e+e− → µ+µ− events. Only candidates with fit
probabilities larger than 0.001 and with σt values smaller
than 1.0 ps are retained for further analysis. The ver-
tex fit updates the track parameters of the final-state
particles, and the updated parameters are used in the
subsequent analysis. The Λ0 and Ω− candidates are re-
quired to have masses within approximately three units of
mass resolution (or standard deviations) of their known
values [7]. The mass of the Ω0

c candidate must be in
the range [2.55, 2.85]GeV/c2. After these requirements,
about 0.5% of events have multiple Ω0

c candidates; for
these events, the candidate with the highest vertex-fit
probability is retained. An unbinned maximum likeli-
hood fit to the m(Ω−π+) distribution is used to deter-
mine the signal purity in the signal region defined by
2.68 < m(Ω−π+) < 2.71GeV/c2 (Fig. 1). In the fit, the
Ω0

c signal is modeled with a Gaussian distribution, and
the background is modeled with a straight line. The sig-
nal region contains approximately 132 candidates with a
signal purity of (66.5± 3.3)%.

The lifetime is determined using a maximum-likelihood
fit to the unbinned (t,σt) distribution of the candidates
populating the signal region. The likelihood is defined as

L(fs, θ) = G(fs|0.665, 0.033)
∏

i

[fsPs(ti,σt i|θ) + (1− fs)Pb(ti,σt i|θ)] ,

where i runs over the candidates and θ is a short-hand
notation for the set of fit parameters, which are specified
in the following. The signal fraction fs is constrained to
the value measured in the m(Ω−π+) fit with the Gaus-
sian distribution G(fs|0.665, 0.033). The signal proba-
bility density function (PDF) is the convolution of an
exponential distribution in t with a Gaussian resolution
function that depends on σt, multiplied by the PDF of
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Figure 1: Mass distribution for Ω0
c
→ Ω

−

π
+ candidates with

fit projections overlaid. The vertical dashed lines enclose the
signal region; the shaded area indicates the sideband.

σt,

Ps(t,σt|τ, b, s) = Ps(t|σt, τ, b, s)Ps(σt)

∝

∫

∞

0

e−t′/τG(t− t′|b, sσt)dt
′ Ps(σt) .

The resolution function’s mean b is a free parameter of
the fit to account for a possible bias in the determination
of the decay time; its width is the per-candidate σt scaled
by a free parameter s to account for a possible misestima-
tion of the decay-time uncertainty. The background in
the signal region is empirically modeled from data with
m(Ω−π+) in the sideband [2.55, 2.65]∪[2.75, 2.85]GeV/c2

(Fig. 1). The sideband is assumed to contain exclu-
sively background candidates and be representative of
the background in the signal region, as verified in sim-
ulation. The background PDF is the conditional PDF
of t given σt multiplied by the PDF of σt, Pb(t,σt|θ) =
Pb(t|σt, θ)Pb(σt). The distribution in t is the sum of a
δ function at zero and an exponential component with
lifetime τb, both convolved with a Gaussian resolution
function having a free mean bb and a width correspond-
ing to σt scaled by a free parameter sb,

Pb(t|σt, τb, fτb , bb, sb) = (1− fτb)G(t|bb, sbσt)

+ fτbPb(t|σt, τb, bb, sb) ,

where fτb is the fraction of the exponential component
relative to the total background and

Pb(t|σt, τb, bb, sb) ∝

∫

∞

0

e−t′/τbG(t− t′|bb, sbσt)dt
′ .

τ(Ω0
c) = (243 ± 48(stat.) ± 11(syst.)) fs

τ(Ξ0
c) < τ(Λ+

c ) < τ(Ω0
c) < τ(Ξ+

c )
new lifetime hierarchy :
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A charm event is different
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c
D0(cū)

c̄c̄q

signal decay

signal decay 
products

D*+
π+

sK+

ν̄ μ−
W−

K− π−

K+e−

‣ → two charm hadrons + fragmentation 
✦ no entanglement, inaccessible strong phase  

‣ one of main ingredients to any CPV/mixing measurement is flavor tagging 
✦ standard approach: exclusive reconstruction of strong decay  
✦ a new more inclusive method is desirable to exploit correlation between 

signal flavor and charge of tagging particles

e+e−

D*+ → D0π+
s

first usage of opposite-tagging 
in charm decays

same sideopposite side

p

35

• New flavor-tagging algorithm recovering D0 candidates not tagged by traditional 
approach reconstructing D*+->D0π+ decay chain 

• Exploiting charm pair production and charge correlation between signal D flavor and 
the tracks in the rest of the events 

• Effective tagging efficiency calibrated in data with flavor-specific decays, roughly 
doubling the size of tagged D0 sample

[Credits: M. Bertemes]

Michel Bertemes - BNL

• flavor tagging is an essential ingredient to any CPV/mixing measurement  
• standard approach: exclusive reconstruction of the strong decay 

 
• a new method is desirable to make up for the loss in statistics  
• inspired by: 

‣ ROE method for flavor tagging (by Giulia and Giacomo, link) 
‣ B-flavor tagging algorithms at Belle II (link)

D*+ → D0π+

The Charm Flavor Tagger

3

untagged D0 sample

from D* decays 
only ~25%

Charm flavor tagger
Michel Bertemes - BNL

The Charm Flavor Tagger (CFT)

19

=+1 for  and -1 for  
=1 perfect prediction, =0 random guessing

q D0 D̄0

r r

• reconstruct particles most collinear with signal meson 
• uses kinematic features ( , recoiling mass) and PID of tagging particles 
• based on BDT, predicts  (tagging decision  and dilution ) 
• trained using simulation and calibrated with Belle II data

ΔR
qr q r

ϵeff
tag = (47.91 ± 0.07(stat.) ± 0.51(syst.)) %

tagging power: ϵeff
tag = ϵtag⟨r2⟩

Preliminary
Preliminary

NEW for Moriond!
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• based on BDT, predicts  (tagging decision  and dilution ) 
• trained using simulation and calibrated with Belle II data

ΔR
qr q r

ϵeff
tag = (47.91 ± 0.07(stat.) ± 0.51(syst.)) %

tagging power: ϵeff
tag = ϵtag⟨r2⟩

Preliminary
Preliminary

NEW for Moriond!



Dark sector and  results from Belle IIτSascha Dreyer
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▸ Large  cross-section and clean 

environment allow high precision  measurements 

▸ Reconstruct  and                 

(  missing) 

▸ Four tracks and no additional high energy photons  

▸ Study  variable to access mass: 

▸ Kinematic edge at  

▸ Candidates at larger  due to ISR 

▸ Smearing of the edge due to detector resolution  

▸ Use empirical fit function 

e+e− → ττ
τ

τ±
tag → π±(π0)ν, ℓνν τsig → 3πν

ν

Mmin

mτ

Mmin

Measurement of the -lepton mass.τ

Mmin = M2
3π + 2( s /2 − E*3π)(E*3π − P*3π) ≤ mτ

ISR

detector

resolution

“generator

level”

N
ew

 for  

M
oriond!
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Figure 3: Top: The Mmin spectrum in experimental data (dots) overlaid with the fit result
(solid blue line) in the range [1.70, 1.85] GeV/c2. Bottom: The pulls between data and
the fit result.
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Tau mass

• New world’s best determination (~10 keV precision!), reconstructing tag 
τ±→π±(π0)ν, lνν and signal τ → 3πν  using the Mmin method 

• Kinematic edge at mτ, smeared due to detector resolution and tails from ISR 36
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Figure 5: The ⌧ mass measurements from this work compared to the PDG average [34]
and most precise measurements from BES [5], Belle [7], KEDR [6], BaBar [8] and BES
III [4].
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[BELLE2-PUB-2023-001, in preparation] 



Tau mass

• Requires precise knowledge of beam energy and track momentum scale 
• Benchmark for precision capabilities of Belle II

37

[BELLE2-PUB-2023-001, in preparation] 
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▸ Benchmark for precision capabilities of Belle II 

▸ Control of systematic uncertainties is key: 

▸ Mmin = M2
3π + 2( s /2 − E*3π)(E*3π − P*3π) ≤ mτ

Measurement of the -lepton mass.τ
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Figure 2: The B-meson energy E⇤
B (dotted), the center-of-mass energy

p
s (solid) and it’s

total uncertainty shown as a band, in di↵erent data-taking periods as a function of events
used in the ⌧ -mass analysis.

overlaid. The measured ⌧ mass is157

M⌧ = 1777.09± 0.08 MeV/c2. (6)158

where the uncertainty is statistical only.159

6 Systematic studies and cross checks160

The systematic uncertainties are grouped into categories associated with A) the knowl-161

edge of the colliding beams, B) the reconstruction of the charged particles, C) the fit-162

ting procedure, and D) imperfections in the simulated data. Table 3 summarizes the163

sources that contribute to the total uncertainty. The largest source of uncertainty in the164

⌧ mass measurement arises from the beam energy correction, followed by the charged165

particle momentum reconstruction uncertainty. The total systematic uncertainty is equal166

to 0.11 MeV/c2.167

6.1 Knowledge of the colliding beams168

The uncertainty of the beam energy correction is dominated by the systematic uncer-169

tainties. An irreducible uncertainty originates from the uncertainties in the PDG average170

values of the charged (0.26 MeV/c2) and neutral (0.20 MeV/c2) B-meson masses [34].171

Since the e+e� ! BB̄ sample is dominated by fully reconstructed charged B mesons, the172
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Figure 4: The deviation of the D± invariant mass peak position from the expected PDG
value before (blue) and after (red) momentum corrections as a function of the cosine of
the kaon polar angle ✓K . The error bars on the red points indicate the statistical and
total uncertainties of the momentum corrections.
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▸ Benchmark for precision capabilities of Belle II 

▸ Control of systematic uncertainties is key: 

▸ Mmin = M2
3π + 2( s /2 − E*3π)(E*3π − P*3π) ≤ mτ

Measurement of the -lepton mass.τ
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Miscellanea

• Rich quarkonium physics program 
‣ Unique dataset near Ecm~10.75 GeV 

• Complementary sensitivity to dark sector 
searches in light mass ranges 

• EW penguin and radiative decays 
‣ Benefit from ~equal e,µ reconstruction 

and excellent capabilities with neutrals 
‣ Still limited by size of dataset

38

Michel Bertemes - BNL
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• further investigate heavy bottomonium 
‣  also observed in fits to 

 cross section 
‣ need more scan points to improve 

understanding 
• method 

‣ fully reconstruct one  in hadronic decays 
‣ identify different signals with 

Υ(10753)
e+e− → bb̄

B
Mbc

BB̄

BB̄*

B*B̄*

Υ(4S ) ISR

Mbc = (Ecm/2)2 − p2
B

Motivation

Preliminary

Invariant mass of the  meson, where the energy has been replaced with half the B Ecm

NEW for Moriond!

[e+e- -> B(*)B(*) x-sections]

Dark sector and  results from Belle IIτSascha Dreyer

9Search for a long-lived (pseudo-)scalar in  transitions.b → s

• Model independent limits on (pseudo-)scalar 
LLP branching fraction 

• First limits for LLP decays into hadrons 

• Interpretation as dark scalar  [1] (PBC BC4 [2])S

[1]: Phys. Rev. D 101, 095006 (2020)

[2]: J. Phys. G: Nucl. Part. Phys. 47 010501

N
ew

 for  

M
oriond!

Michel Bertemes - BNL 13

• simultaneous fit to exclusive 
and total cross sections 

• combine Belle I + II

0

0.05

0.1

0

0.2

0

0.1

0.2

10.6 10.7 10.8 10.9 11

σ
d

re
s
s
e

d
  

[n
b

]

BB
–

BB
–
*

E
cm

  [GeV]

B*B
–
*

0

0.05

0.1

0

0.2

0

0.1

0.2

10.62 10.64 10.66 10.68 10.7

σ
d

re
s
s
e

d
  

[n
b

]

BB
–

BB
–
*

E
cm

  [GeV]

B*B
–
*

BB̄ BB̄⇤ B⇤B̄⇤

bb̄
Ecm B⇤B̄⇤

E
cm

  [GeV]

σ
d

re
s
s
e

d
  

[n
b

]

0

0.1

0.2

0.3

0.4

10.55 10.6 10.65 10.7 10.75

bb̄
BB̄

BB̄⇤ B⇤B̄⇤ 10.75GeV

Ecm BB̄ BB̄⇤

B⇤B̄⇤

Belle+Belle II

Results
exclusive cross-section total cross-section

sharp increase at  threshold hints at possible resonanceB*B̄*

PreliminaryPreliminary

e+e� ! BB̄ e+e� ! BB̄⇤

e+e� ! B⇤B̄⇤ e+e� ! bb̄

BB̄⇤ B⇤B̄⇤

10.75GeV BB̄⇤⇡

0

0.1

0.2

0.3

0.4

10.55 10.6 10.65 10.7 10.75

E
cm

  [GeV]

σ
d
re

s
s
e
d
  

[n
b

]

BB
–

BB
–
*

B*B
–
*

bb̄

BB̄ BB̄⇤ B⇤B̄⇤ 10.75GeV

Ecm

BB̄ BB̄⇤ B⇤B̄⇤

e+e� ! BB̄

BB̄⇤ BB̄⇤

BB̄⇤

BB̄⇤ ⌥(4S)

e+e� ! BB̄⇤

A0 exp

✓
�(x� E0)2

2�2
0

◆

Chinese Phys. C 44 083001

NEW for Moriond!

[First LLP search at Belle II]



Full list of recent results (<1yr)
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•|Vcb| from untagged B->Dlv decays [arxiv:2210.13143] 
• |Vub| from untagged B->πlv decays [arxiv:2210.04224] 
• BF(B->ρlv) from tagged decays [arxiv:2211.15270] 
• LFU test in inclusive B->Xlv [arxiv:2301.08266] 
• Photon energy spectrum in inclusive B->Xsγ [arxiv:2210.10220] 
• Measurement of sin2ɸ1 [arxiv:2302.12898] 
• CPV in B->KsKsKs [arxiv:2209.09547] 
• BF and fL in B->ρρ [arxiv.org:2208.03554] 
• BF and ACP in B+->h+π0 [arxiv:2209.05154] 
• BF and ACP in B->π0 π0 [arxiv:2303.08354] 
• Search for τ->lα (invisible) [arxiv:2212.03634] 
• Observation of e⁺e⁻ → ωχb at 10.75 GeV [arxiv:2208.13189] 
• BF, isospin asymmetry and LFU in B->J/ψK [arxiv:2207.11275] 
• Search for Z’->invisible [arxiv:2212.03066] 
• Search for Z’, S, ALP -> ττ, μμττ [in preparation] 
•Ωc lifetime [arxiv:2208.08573] 

ICHEP 2022 [~half pre-LS1 dataset]
[in preparation] 

• Charm flavor tagger 
• CPV in B->ɸKs 
• CPV in B->Ksπ0 
• CPV in B->KsKsKs 

• |Vcb| with B->D*lv untagged 
• LFU test in angular asymmetries with B->D*lv 
• BF and ACP in B->Kπ and B->ππ 
• τ lepton mass 
• LLP search in b->s transitions 
• BF and CP asymmetries in B->DK GLS 
• BF and CP asymmetries in B->DK GLW 
• LFU in angular asymmetries in had-tag B->D*lv 
• Energy dependence of ee->BB,B*B,B*B* x-sections 
• BF in B->D(*)KKs decays 
•Search for τ->lɸ

Moriond 2023 [~full pre-LS1 dataset]

https://arxiv.org/abs/2210.13143
https://arxiv.org/abs/2210.04224
https://arxiv.org/abs/2211.15270
https://arxiv.org/abs/2301.08266
https://arxiv.org/abs/2210.10220
https://arxiv.org/abs/2302.12898
https://arxiv.org/abs/2209.09547
https://arxiv.org/abs/2208.03554
https://arxiv.org/abs/2209.05154
https://arxiv.org/abs/2303.08354
https://arxiv.org/abs/2212.03634
https://arxiv.org/abs/2208.13189
https://arxiv.org/abs/2207.11275
https://arxiv.org/abs/2212.03066
https://arxiv.org/abs/2208.08573


Summary

• New flavor physics experiment offering 
complementarity and redundancy to 
measurements at pp colliders 

• Clean experimental environment and unique 
access to final states with K0, π0, γ, v 

• ~30 new results in the past 9 months and 
restarting data taking soon
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