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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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• Non-invariance of fundamental interactions under the combined action of charge 
conjugation (C) and parity (P) transformations


• (One of four) necessary condition for the dynamical                                                           
generation of the baryon asymmetry in the Universe


• The Standard Model includes CP violation through (the single) irreducible phase of the 
unitary 3x3 CKM matrix 


• Unitarity of the matrix can be expressed in terms of Unitarity Triangles (UTs)


• All with equal area AΔ, proportional to CP violation. In particular for the third generation:


•  in the SM the UT must respect constraints so that all measurements of sides and angles 
converge in the same apex 

ρ+iη 1−ρ−iη

βγ

α

C=(0,0) B=(1,0)

A=(ρ,η)

Fig. 1.1: Unitarity Triangle.
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• The angles β and γ = δ of the unitarity triangle are related directly to the complex phases of the
CKM-elements Vtd and Vub, respectively, through

Vtd = |Vtd|e−iβ , Vub = |Vub|e−iγ . (16)

• The unitarity relation (10) can be rewritten as

Rbe
iγ + Rte

−iβ = 1 . (17)

• The angle α can be obtained through the relation

α+ β + γ = 180◦ (18)

expressing the unitarity of the CKM-matrix.
Formula (17) shows transparently that the knowledge of (Rt,β) allows to determine (Rb, γ) through [14]

Rb =
√

1 + R2
t − 2Rt cos β, cot γ =

1 − Rt cos β

Rt sinβ
. (19)

Similarly, (Rt,β) can be expressed through (Rb, γ):

Rt =
√

1 + R2
b − 2Rb cos γ, cot β =

1 − Rb cos γ

Rb sin γ
. (20)

These formulae relate strategies (Rt,β) and (Rb, γ) for the determination of the unitarity triangle that
we will discuss in Chapter 6.

The triangle depicted in Fig. 1.1, together with |Vus| and |Vcb|, gives the full description of the
CKMmatrix. Looking at the expressions forRb andRt, we observe that within the SM the measurements

5

to all orders in λ. It follows that

" =
s13

s12s23
cos δ, η =

s13

s12s23
sin δ. (7)

The expressions (6) and (7) represent simply the change of variables from (3) to (5). Making this change
of variables in the standard parametrization (2) we find the CKM matrix as a function of (λ, A, ", η)
which satisfies unitarity exactly. Expanding next each element in powers of λ we recover the matrix
in (4) and in addition find explicit corrections of O(λ4) and higher order terms. Including O(λ4) and
O(λ5) terms we find

V̂ =







1 − 1
2λ

2 − 1
8λ

4 λ+ O(λ7) Aλ3("− iη)
−λ+ 1

2A2λ5[1 − 2("+ iη)] 1 − 1
2λ

2 − 1
8λ

4(1 + 4A2) Aλ2 + O(λ8)
Aλ3(1 − "− iη) −Aλ2 + 1

2Aλ4[1 − 2("+ iη)] 1 − 1
2A2λ4






(8)

where [10]

" = "(1 − λ2

2
), η = η(1 − λ2

2
). (9)

We emphasize that by definition the expression for Vub remains unchanged relative to the original
Wolfenstein parametrization and the corrections to Vus and Vcb appear only at O(λ7) and O(λ8), re-
spectively. The advantage of this generalization of the Wolfenstein parametrization over other gener-
alizations found in the literature is the absence of relevant corrections to Vus, Vcd, Vub and Vcb and an
elegant change in Vtd which allows a simple generalization of the so-called unitarity triangle to higher
orders in λ [10] as discussed below.

2.4. Unitarity Triangle
The unitarity of the CKM-matrix implies various relations between its elements. In particular, we have

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0. (10)

Phenomenologically this relation is very interesting as it involves simultaneously the elements Vub, Vcb

and Vtd which are under extensive discussion at present. Other relevant unitarity relations will be pre-
sented as we proceed.

The relation (10) can be represented as a unitarity triangle in the complex (", η) plane. The
invariance of (10) under any phase-transformations implies that the corresponding triangle is rotated in
the (", η) plane under such transformations. Since the angles and the sides (given by the moduli of the
elements of the mixing matrix) in this triangle remain unchanged, they are phase convention independent
and are physical observables. Consequently they can be measured directly in suitable experiments. One
can construct five additional unitarity triangles [12] corresponding to other orthogonality relations, like
the one in (10). Some of them should be useful when the data on rare and CP violating decays improve.
The areas (A∆) of all unitarity triangles are equal and related to the measure of CP violation JCP [13]:
| JCP |= 2 · A∆.

Noting that to an excellent accuracy VcdV
∗
cb in the parametrization (2) is real with |VcdV

∗
cb| = Aλ3+

O(λ7) and rescaling all terms in (10) by Aλ3 we indeed find that the relation (10) can be represented as
the triangle in the complex (", η) plane as shown in Fig. 1.1.

Let us collect useful formulae related to this triangle:
• We can express sin(2αi), αi = α,β, γ, in terms of (", η) as follows:

sin(2α) =
2η(η2 + "2 − ")

("2 + η2)((1 − ")2 + η2)
, (11)
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CP violation milestones
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• 1964: J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. 
Turlay: Evidence for the 2π Decay of the                 Meson
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FIG. 2. (a) Experimental distribution in rn~ com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 &m*&510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

with a form-factor ratio f /f+ =-6.6. The data
are not sensitive to the choice of form factors
but do discriminate against the scalar interac-
tion.
Figure 2(b) shows the distribution in cos8 for

those events which fall in the mass range from
490 to 510 MeV together with the corresponding
result from the Monte Carlo calculation. Those
events within a restricted angular range (cos8
&0.9995) were remeasured on a somewhat more
precise measuring machine and recomputed using
an independent computer program. The results of
these two analyses are the same within the re-
spective resolutions. Figure 3 shows the re-

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

cos 8
FIG. 3. Angular distribution in three mass ranges

for events with cos0 & 0.9995.

suits from the more accurate measuring machine.
The angular distribution from three mass ranges
are shown; one above, one below, and one encom-
passing the mass of the neutral K meson.
The average of the distribution of masses of

those events in Fig. 3 with cos8 &0.99999 is
found to be 499.1 + 0.8 MeV. A corresponding
calculation has been made for the tungsten data
resulting in a mean mass of 498.1 + 0.4. The dif-
ference is 1.0+0.9 MeV. Alternately we may
take the mass of the E' to be known and compute
the mass of the secondaries for two-body decay.
Again restricting our attention to those events
with cos0&0.99999 and assuming one of the sec-
ondaries to be a pion, the mass of the other par-
ticle is determined to be 137.4+ 1.8. Fitted to a
Gaussian shape the forward peak in Fig. 3 has a
standard deviation of 4.0 + 0.7 milliradians to be
compared with 3.4+ 0.3 milliradians for the tung-
sten. The events from the He gas appear identi-
cal with those from the coherent regeneration in
tungsten in both mass and angular spread.
The relative efficiency for detection of the

three-body E, decays compared to that for decay
to two pions is 0.23. %e obtain 45+ 9 events in
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• 1999: KTeV Collaboration: Observation of 
Direct CP Violation in KS;L → ππ Decays
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FIG. 3. Distributions of p2T for the π+π− samples and ring number for the π0π0 samples.
Total background levels and uncertainties (dominated by systematics) are given for the samples

passing the analysis cuts (arrows).

the vacuum (regenerator) beam. The dominant regenerator-beam background (0.072%) is
from kaons which scatter in the regenerator before decaying to π+π−. Kaons which scatter
in the final beam-defining collimator contribute an additional 0.014% to each beam. Data
samples of π+π− decays from kaons which scatter in the regenerator or collimator are used
to tune physics-motivated scattering models incorporated into the MC simulation.

The background levels are much larger for the π0π0 samples since the ring-number vari-
able is not as effective as p2T at identifying scattered kaons and cannot detect “crossover”
scattering from the regenerator into the vacuum beam. Ring-number distributions are shown
in Fig. 3 (c) and (d). The upturn under the peak in (c) is due to KL → 3π0 decays with
lost and/or overlapping photons; it is determined, using mass sidebands, to contribute a
background of 0.27% (0.01%) to the vacuum (regenerator) beam. A ring-number sideband
(286-792) is used to normalize MC distributions from kaons that scatter before decaying to
π0π0. The vacuum (regenerator) beam background includes 0.30% (1.07%) from regenerator
scattering and 0.16% (0.14%) from collimator scattering. Pairs of π0’s produced by hadronic
interactions in the regenerator contribute an additional background of 0.01% in that beam.

After background subtraction, the net yields are 2,607,274 π+π− in the vacuum beam,
4,515,928 π+π− in the regenerator beam, 862,254 π0π0 in the vacuum beam, and 1,433,923
π0π0 in the regenerator beam.

Re(ε′/ε) is extracted from the background-subtracted data using a fitting program which
calculates decay vertex distributions, properly treating regeneration and KS-KL interference
(including the residual KS component in the vacuum beam at high energy). The acceptance

7

The NA48 Collaboration: A precise measurement of the direct CP violation parameter Re(ε′/ε) 253

Fig. 24. Energy distribution of selected events after account-
ing for mistagging and after proper-time weighting of KL

events

Table 7. Corrections and systematic uncertainties on the dou-
ble ratio. In order to obtain the effect on Re(ε′/ε), the numbers
must be divided by a factor of 6 (eq. 1)

in 10−4

π+π− trigger inefficiency −3.6 ± 5.2
AKS inefficiency +1.1 ± 0.4

Reconstruction
of π0π0

of π+π−
—

+2.0
± 5.8
± 2.8

Background
to π0π0

to π+π−
−5.9

+16.9
± 2.0
± 3.0

Beam scattering −9.6 ± 2.0
Accidental tagging +8.3 ± 3.4
Tagging inefficiency — ± 3.0

Acceptance
statistical
systematic

+26.7
± 4.1
± 4.0

Accidental activity — ± 4.4
Long term variations of KS/KL — ± 0.6
Total +35.9 ± 12.6

The stability of the result as a function of various measure-
ment parameters was studied extensively. The double ratio
as a function of the kaon energy is shown in Fig. 25. The
size of the assigned systematic uncertainties was tested
by varying the most important selection cuts. By changing
the background-rejection cuts, even large variations of the
amount of subtracted background did not cause any shift
in the result greater than the estimated uncertainty on
the background. Similarly, no excessive deviations of the
measurement were observed by varying cuts related to the
acceptance, KS-proton tagging, uncorrelated beam activ-
ity, the decay volume and beam scattering (see Fig. 26).

Fig. 25. Corrected double ratio as a function of the kaon en-
ergy
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Cg < 7 cm
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Fig. 26. Stability of the double ratio with variations of the
selection cuts. The grey band shows the uncertainty related to
the cut concerned. Rstandard represents the value from (14)

The stability of the result was also tested with respect
to the time variation of the measurement conditions. In
this context, the double ratio was measured in run peri-
ods defined by technical accelerator stops. Further checks
were performed as functions of spill time, SPS revolution
phase, 50 Hz mains phase, the spectrometer magnet po-
larity setting, and the time of day.

• 2001: NA48 Collaboration: A precise measurement of 
the direct CP violation parameter                   -                
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• 2001: BABAR Collaboration: Observation of CP 
Violation in the       Meson System
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• 2001: Belle Collaboration: Observation of Large CP 
Violation in the Neutral B Meson System

-1

0

1

-1

0

1

-1

0

1

si
n2
φ 1

 .  si
n(
Δ

m
dΔ

t)

(c) J/ψKL (ξf = +1)

(a) Combined

As
ym

m
et

ry

(b) (cc)KS (ξf = −1)−

-8 -4 840
Δt (ps)

-1

0

1
(d) Non-CP sample

FIG. 4. (a) The asymmetry obtained from separate fits to each ∆t bin for the full data sample;
the curve is the result of the global fit. The corresponding plots for the (b) (cc̄)KS (ξf = −1), (c)

J/ψKL (ξf = +1), and (d) B0 control samples are also shown. The curves are the results of the
fit applied separately to the individual data samples.
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FIG. 2: Number of ηf = −1 candidates (J/ψK0
S, ψ(2S)K

0
S ,

and χc1K0
S) in the signal region a) with a B0 tag NB0

and b) with a B0 tag NB0 , and c) the asymmetry (NB0 −
NB0)/(NB0 +NB0), as functions of ∆t. The solid curves rep-
resent the result of the combined fit to all selected CP events;
the shaded regions represent the background contributions.
Figures d)–f) contain the corresponding information for the
ηf = +1 mode (J/ψK0

L). The likelihood is normalized to the
total number of B0 and B0 tags. The value of sin2β is inde-
pendent of the individual normalizations and therefore of the
difference between the number of B0 and B0 tags.

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 Ta-
ble I. The consistency between various 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/ψK0

L
sample has no impact

on the sin2β 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 sam-
ple and decay modes yields a value of sin2β =0.32±0.18,
consistent with the published value [4]. For only these de-
cay modes, the year 2001 data yield sin2β =0.83±0.23,
consistent with the 1999-2000 results at the 1.8σ level.
If |λ| is allowed to float in the fit to the ηf = −1 sample,

which has high purity and requires minimal assumptions
on the effect of backgrounds, the value obtained is |λ| =
0.93 ± 0.09 ((stat)) ± 0.03 ((syst)). The sources of the
systematic error in this measurement are the same as in
the sin2β analysis. The coefficient of the sin (∆mB0∆t)
term in Eq. 1 is measured to be 0.56± 0.15 (stat).
The measurement of sin2β = 0.59 ± 0.14 (stat) ±

0.05 (syst) reported here establishes CP violation in the
B0 meson system at the 4.1σ level. This significance
is computed from the sum in quadrature of the statis-
tical and additive systematic errors. The probability of
obtaining this value or higher in the absence of CP vi-
olation is less than 3 × 10−5. The corresponding prob-
ability for the ηf = −1 modes alone is 2 × 10−4. This
direct measurement is in agreement with the range im-
plied by measurements and theoretical estimates of the
magnitudes of CKM matrix elements [12].
We are grateful for the extraordinary contributions of

our PEP-II colleagues in achieving the excellent lumi-
nosity and machine conditions that have made this work
possible. The collaborating institutions wish to thank
SLAC for its support and the kind hospitality extended to
them. This work is supported by DOE and NSF (USA),
NSERC (Canada), IHEP (China), CEA and CNRS-
IN2P3 (France), BMBF (Germany), INFN (Italy), NFR
(Norway), MST (Russia), and PPARC (United King-
dom). Individuals have received support from the Swiss
NSF, A. P. Sloan Foundation, Research Corporation, and
Alexander von Humboldt Foundation.
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FIG. 2: Distributions of ∆E in data (points with error bars)
and the PDFs (curves) used in the maximum likelihood fit
for K+π− (solid circles and solid curve) and K−π+ (open
circles and dashed curve). The data are weighted using the
background-subtraction technique of Ref. [15] (see text).

of track reconstruction and particle identification on the
charge of the particle. To estimate this systematic uncer-
tainty, we use the statistical uncertainty (0.008) on the
measurement of Ab

Kπ as a conservative systematic error
on AKπ. This background is due to combinations of real
kaons and pions in the same momentum and polar-angle
range as the signal tracks, and should have similar sensi-
tivity to a potential bias. We have also investigated po-
tential differences in efficiencies for track reconstruction,
and for the requirement of a minimum number of signal
photons detected in the DIRC. Using the large sample
of kaons and pions from the D∗ study, we confirm that
the efficiency asymmetries between K+/K− and π+/π−

are consistent with zero within the small error of the
measurements (0.002). Doubly-Cabibbo-suppressed D0

decays (D0 → K+π−) would produce a bias in the θC

PDFs derived from the D∗ sample, but are a negligible
effect given the current size of the data set.

We confirm that we are sensitive to a nonzero value
of AKπ by performing fits on samples of Monte-Carlo-
simulated signal events, and background events gener-
ated directly from the PDF shapes. With a generated
asymmetry of −10%, the average fitted value in the en-
semble of events is AKπ = −0.102± 0.002. Although the
result is consistent with the generated value, we take the
sum in quadrature of the error and the difference with re-
spect to the generated value as a systematic uncertainty
(0.003). The systematic errors from uncertainties in the
distribution of F for signal events (0.001) and from the
parameters describing the θc PDFs (0.001) are negligi-
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FIG. 3: (a) Distribution of mES enhanced in K+π− (solid
histogram) and K−π+ (dashed histogram). (b) Asymmetry
AKπ calculated for ranges of mES. The asymmetry in the
highest mES bin is somewhat diluted by the presence of back-
ground.

ble. The total systematic error (0.009) is calculated as
the sum in quadrature of the individual uncertainties.

Figure 2 shows background-subtracted distributions of
∆E for signal K+π− and K−π+ decays. The subtraction
is performed using the technique described in Ref. [15],
where each event is given a statistical weight that de-
pends on the PDFs and covariance matrix from a fit ex-
cluding the variable being plotted. The resulting distri-
bution is normalized to the signal yield and its shape can
be compared with the PDF we use in the full fit. We see
no evidence of an enhancement near ∆E = 0, which could
arise from significant contamination of B0 → π+π− de-
cays due to imperfect parameterizations of the θc PDFs.

As a further consistency check on the fit result, in
Fig. 3(a) we show distributions of mES for samples en-
hanced in signal Kπ decays using probability ratios based
on the PDFs for ∆E, F , and θc. The efficiency of the se-
lection is approximately 80% for signal Kπ decays, while
the contamination from B0 → π+π− is less than 2%.
Fig. 3(b) shows the resulting distribution of AKπ as a
function of mES.

A number of consistency checks are performed to vali-
date the result. We generate and fit a large set of pseudo-
experiments, where the variables #xj for each event are
generated randomly from the PDFs, and confirm that
the value of AKπ is intrinsically unbiased. To check for
a potential effect from K–π misidentification, we fit the
subsample of events (less than half) where both tracks
have laboratory momentum less than 3.5 GeV/c. The K–
π separation for all tracks in this sample is greater than
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FIG. 2: Mbc (top) and ∆E (bottom) distributions for B− → K−π0 (left) and B+ → K+π0 (right)

candidates. The curves are described in the caption of Fig. 1.

TABLE II: Fitted signal yields, ACP results and background asymmetries for individual modes.

Mode Signal Yield ACP Bkg ACP

K∓π± 2140 ± 53 −0.101 ± 0.025 ± 0.005 −0.001 ± 0.005

K∓π0 728± 34 0.04 ± 0.05± 0.02 −0.02 ± 0.01

π∓π0 315± 29 −0.02± 0.10 ± 0.01 −0.01 ± 0.01

measurement of ACP (K+π0) is consistent with no asymmetry; the central value is 2.4σ
away from ACP (K+π−). If this result is confirmed with higher statistics, the difference may
be due to the contribution of the electroweak penguin diagram or other mechanisms [16].
No evidence of direct CP violation is observed in the decay B+ → π+π0. We set 90% C.L.
intervals −0.05 < ACP (K+π0) < 0.13 and −0.18 < ACP (π+π0) < 0.14.
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FIG. 2. Raw asymmetries as a function of the decay time for
(a) B0 ! K+⇡� and (b) B0

s ! K�⇡+ decays. In (b), the
o↵set t0 = 1.5 ps corresponds to the minimum value of the
decay time required by the B0

s ! K�⇡+ event selection. The
curves represent the asymmetry projections of fits to the decay
time spectra.

obtain AP(B0) = (0.1 ± 1.0)% and AP(B0
s ) = (4 ± 8)%.

Figure 2 shows the raw asymmetries as a function of the
decay time, obtained by performing fits to the invariant
mass distributions of events restricted to independent
intervals of the B candidate decay times.
By using the values of the detection and production

asymmetries, the correction factors to the raw asymme-
tries A�(B0 ! K

+
⇡
�) = (�1.12± 0.23± 0.30)% and

A�(B0
s ! K

�
⇡
+) = (1.09± 0.21± 0.26)% are obtained,

where the first uncertainties are due to the detection
asymmetry and the second to the production asymmetry.

Systematic uncertainties on the asymmetries are related
to PID calibration, modeling of the signal and background
components in the maximum likelihood fits and instru-
mental charge asymmetries. In order to estimate the
impact of imperfect PID calibration, we perform mass
fits to determine raw asymmetries using altered numbers
of cross-feed background events, according to the sys-

TABLE I. Systematic uncertainties on ACP (B
0 ! K+⇡�) and

ACP (B
0
s ! K�⇡+). The total systematic uncertainties are

obtained by summing the individual contributions in quadra-
ture.

Systematic uncertainty ACP (B
0 ! K+⇡�) ACP (B

0
s ! K�⇡+)

PID calibration 0.0006 0.0012
Final state radiation 0.0008 0.0020
Signal model 0.0001 0.0064
Combinatorial background 0.0004 0.0042
Three-body background 0.0005 0.0027
Cross-feed background 0.0010 0.0033
Detection asymmetry 0.0025 0.0023
Total 0.0029 0.0094

tematic uncertainties a↵ecting the PID e�ciencies. An
estimate of the uncertainty due to possible mismodeling
of the final-state radiation is determined by varying the
amount of emitted radiation [27] in the signal shape pa-
rameterization, according to studies performed on fully
simulated events, in which final state radiation is gener-
ated using Photos [35]. The possibility of an incorrect
description of the signal mass model is investigated by
replacing the double Gaussian function with the sum of
three Gaussian functions, where the third component has
fixed fraction (5%) and width (50 MeV/c2), and is aimed
at describing long tails, as observed in simulation. To
assess a systematic uncertainty on the shape of the par-
tially reconstructed backgrounds, we remove the second
ARGUS function. For the modeling of the combinatorial
background component, the fit is repeated using a straight
line. Finally, for the case of the cross-feed backgrounds,
two distinct systematic uncertainties are estimated: one
due to a relative bias in the mass scale of the simulated
distributions with respect to the signal distributions in
data, and another accounting for the di↵erence in mass
resolution between simulation and data. All shifts from
the relevant baseline values are accounted for as system-
atic uncertainties. Systematic uncertainties related to the
determination of detection asymmetries are calculated
by summing in quadrature the respective uncertainties
on A�(B0 ! K

+
⇡
�) and A�(B0

s ! K
�
⇡
+) with an

additional uncertainty of 0.10%, accounting for residual
di↵erences in the trigger composition between signal and
calibration samples.

The systematic uncertainties for ACP (B0 ! K
+
⇡
�)

and ACP (B0
s ! K

�
⇡
+) are summarized in Table I. Since

the production asymmetries are obtained from the fitted
decay time spectra of B0 ! K

+
⇡
� and B

0
s ! K

�
⇡
+

decays, their uncertainties are statistical in nature and
are then propagated to the statistical uncertainties on
ACP (B0 ! K

+
⇡
�) and ACP (B0

s ! K
�
⇡
+).

In conclusion, the parameters of CP violation in B
0 !

K
+
⇡
� and B

0
s ! K

�
⇡
+ decays have been measured to

• 2019: LHCb Collaboration: Observation of CP 
violation in Charm Decays                

and the Kþ candidates, and the momentum of the π0

candidate as inputs. These variables are chosen to provide
discriminatory power between signal and background
without biasing the mðKþπ0Þ distribution.
Two pairs of BDTs are trained and tested using data to

represent background and simulated Bþ → Kþπ0 decays,
corrected as described above, to represent signal. One pair
of BDTs is trained on background data with candidate
invariant mass mðKþπ0Þ < 4860 MeV=c2, which is domi-
nated by partially reconstructed b-hadron decays. Another
pair of BDTs is trained on background data with
mðKþπ0Þ > 5700 MeV=c2, which are primarily random
Kþ π0 combinations (combinatorial background). In each
of these categories, a cross-validation is performed. The
data sample is split randomly, a BDT classifier is trained
and tested on each half, and then used to assign a score to
the candidates in the other half [34,35]. This avoids biases
due to artifacts in the training samples, while taking
advantage of the full set of data available. The optimal
requirements on the two final classifier response variables
are found for the data set simultaneously by maximizing
ϵ=

ffiffiffiffi
N

p
, where ϵ is the signal selection efficiency, evaluated

on simulated events, and N is the total number of
candidates observed in a region of approximately 3 times
the observed Bþ → Kþπ0 resolution around the expected
Bþ mass.
Kaon candidates with pT > 17 GeV=c or p >

250 GeV=c are removed from the sample after BDT
selection because of insufficient coverage in the
Bþ → J=ψKþ control sample described below. They
account for only 3% of the candidates after final selection.
The mðKþπ0Þ distribution of the selected Bþ → Kþπ0

candidates, separated by the charge of the B meson, is
shown in Fig. 1 along with the results of a fit to the data. In
the fit, the signal is modeled by the sum of a Crystal Ball
function [36] and a Gaussian function with an exponential
tail describing the high-mass region. The Crystal Ball and
the Gaussian functions share a common mean and width

that varies freely in the fit, and their tail shape parameters
are fixed from simulation. Combinatorial background is
modeled by an exponential function, with the exponent
parameter allowed to vary freely in the fit. The tail of a
Gaussian function is used to model the partially recon-
structed background in the low-mass region, with mean and
width allowed to vary freely in the fit. The rate of πþ → Kþ

misidentification is measured in D0 → K−πþ decays as a
function of pion momentum and pseudorapidity, with the
same particle identification requirements as signal events
[37]. The contribution of the misidentified Bþ → πþπ0

background is inferred from its branching fraction [38] and
the misidentification rate to be 2.4% of the Bþ → Kþπ0

yield. The Bþ → πþπ0 background component is modeled
by a Gaussian with mean and resolution fixed to values
determined from simulated events and a yield fixed to the
expectation. There is assumed to be no asymmetry in this
background.
An additional class of background candidates

arises from decays such as Bþ→ ðK$þ→Kþπ0Þπ0,
B0→ ðK$0→Kþπ−Þπ0, and B0 → Kþðρ− → π−π0Þ where
a pion from the K$ or ρ− decay is not reconstructed. The
polarization of the K$ or ρ− meson results in a double
peaked mðKþπ0Þ distribution, where the higher-mass peak
is close to the expected B mass. This type of background is
modeled with a parabolic function convolved with a
Gaussian resolution function following the method
described in Ref. [39]. The width of the resolution function
is fixed to that of the signal resolution and the end points
are fixed to the kinematic end points, allowing for a shift
between the fitted and the known Bþ masses[38]. The
lower-mass peak contributes below the mðKþπ0Þ range
considered, and so its relative height is fixed to a value
determined from simulation.
Other background sources include Bþ → ðK$þ →

Kþπ0Þγ decays where the γ is misidentified as a π0;
Bþ → ðf0ð980Þ → π0π0ÞKþ decays where one π0

is not reconstructed; and B0 → ðD̄0 → Kþπ−Þπ0,
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FIG. 1. Invariant-mass distribution of the selected candidates with fit projections overlayed. The data set is divided by the charge of the
B meson, with Bþ → Kþπ0 shown on the left and B− → K−π0 on the right.
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Fig. 197: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

19.2.1. Tree-level decays. Ryoutaro Watanabe15511

(Semi-)leptonic B meson decays are derived from the quark level process, b ! q`⌫ for q = u15512

and c. The SuperKEKB/Belle II has su�cient e�ciencies to precisely measure a variety of15513

observables for B̄ ! D(⇤)`⌫̄, B̄ ! ⇡`⌫̄, and B̄ ! `⌫̄ (for ` = ⌧ , µ, e). As we know that a15514

clear discrepancy of 4� in RD(⇤) ⌘ B(B̄ ! D(⇤)⌧ ⌫̄)/B(B̄ ! D(⇤)`⌫̄) (for ` = µ or e) has been15515

realized between the present data [134–136, 150, 180] and the SM predictions, it would be15516

deserved to examine new physics scenarios that a↵ect (semi-)tauonic B meson decays, which15517

are measurable at Belle II.15518
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KEK	(High	Energy	Accelerator	Research	Organiza6on)	

n  A	number	of	successful	achievements	
for	par6cle	physics	in	Belle+Barbar	

n  Especially,	conclusive	evidence	of	KM	
theory	and	precise	determina6on	of	
CKM	matrix	elements	
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The glorious past

Experiments and data sets
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.

Channel Belle BaBar Belle II (per year)
BB̄ 7.7⇥ 108 4.8⇥ 108 1.1⇥ 1010

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP

2

The Belle + BaBar Era:
The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010) and were 
huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
(Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data

A. J. Schwartz Physics Prospects for Belle II Gordon Research Conference 2019 3
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The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
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chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
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rate of about 10 ab�1 per year (see Table 1.1).
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The Belle + BaBar Era:
The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010) and were 
huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
(Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data

Beam energy: 1.0-2.3 GeV
Optimum energy: 1.89 GeV
Designed luminosity: 1.00�1033     cm-2s-1

Data taken from: 2009
Achieved luminosity:    1.00�1033    cm-2s-1

10.58GeVCurrent D/Ds/Lc analyses are 
based 2.9/3.2/0.567 fb-1 data at 
3.773/4.178/4.6 GeV

Total ~470fb-1

Experiments and data sets
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
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and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.
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1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.
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actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP
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huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
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with asymmetric beam energies to provide a boost to
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which is advantageous for analyses with neutrinos in the
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1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).
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huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
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~870fb-1e+e− , asymmetric beam 
energies, (mainly) Y(4S)

10
-1

1

10

10 2

0.5 1 1.5 2 2.5 3

Sum of exclusive
measurements

3 loop pQCD

Naive quark model

u, d, s

ρ

ω
φ

ρ′

Inclusive:

KEDR

BES

2

3

4

5

6

7

3 3.5 4 4.5 5

Mark-I

Mark-I + LGW

Mark-II

PLUTO

Crystal Ball

BES

KEDR

J/ψ ψ(2S)

ψ3770

ψ4040

ψ4160

ψ4415

c

2

3

4

5

6

7

8

9.5 10 10.5 11

MD-1
ARGUS CLEO CUSB DHHM

Crystal Ball CLEO II DASP LENA

Υ(1S)
Υ(2S)

Υ(3S)

Υ(4S)

b

√

s [GeV]

R



20/10/2021                                                           G. Finocchiaro - CPV experimental review                                                                       / 266

Present facilities for CP violation physicsIntroduction LHCb: Run I and II

Flavor-factory at a hadron collider

LHCb: mbp
s
⇠ 10�3. Highly boosted b’s ) forward spectrometer.

Primed for flavor

physics at the LHC

Excellent tracking and

vertexing. RICH(PID)

unique at LHC.

[ JINST14(2019)P11023, JINST14(2019)P04013, Int.J.Mod.Phys.A30(2015)1530022, JINST3(2008)S08005 ]

Biplab Dey LHCb status, highlights, prospects 21st Sept, 2020 3 / 28

• pp collisions at LHC in forward region with large boost

• Excellent performance for B and D physics, can also 

measure baryons

• σ(bb) = 250-500 μb — ~9 fb-1 collected to date

• Restart data taking in 2022 with upgraded detector    

(x 5 data sample?)

5IF #FMMF ** FYQFSJNFOU
I BTZNNFUSJD DPMMJTJPO PG e+e�
I DFOUFS�PG�NBTT FOFSHZ NPTUMZ BU ⌥ (4S) SFTPOBODF
I ⌥ (4S)! B+B� 	⇠�����
 ⌥ (4S)! B0B0 	⇠�����


Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), waveform sampling electronics

Central Drift Chamber
Smaller cell size, long lever arm

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC  
(end-caps , inner 2 barrel layers)

'SBOL .FJFS 	%VLF 6OJWFSTJUZ
 3FDFOU #FMMF ** SFTVMUT BOE QSPKFDUJPOT ���������� � � ��

• At SuperKEKB B (and charm, tau…) -factory, aiming at 
factor 30 increase in specific luminosity


• simple trigger and event environment with B anti-B pairs 
produced in a coherent QM state with no additional 
particles.


• excellent neutrals and electron reconstruction, hermetic

• σ(bb) = 1.1 nb  — ~200fb-1 collected to date

Peter Križan, Ljubljana

Facilities: ATLAS, CMS

�

General purpose detectors at LHC 
with features relevant to flavour
physics: excellent vertexing, tracking, 
muon and electron identification, 
dedicated triggers
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Peter Križan, Ljubljana

Facilities: ATLAS, CMS

�

General purpose detectors at LHC 
with features relevant to flavour
physics: excellent vertexing, tracking, 
muon and electron identification, 
dedicated triggers

Present facilities for CP violation physics: ATLAS and CMS
General purpose detectors at LHC with 
excellent vertexing, tracking and time resolutions.  
Muon and electron identification, dedicated triggers

Beauty 2020 Phillip URQUIJO

Integrated Luminosity - B machines

5

Summary

 September 22nd 2020,  Keisuke Yoshihara 19

• Belle II has been running well collecting 74 fb-1 data even during 

COVID19 pandemic. 

• Many interesting results (B→Xsγ, B→Xs ℓ+ℓ-, K*vv) will be out in 

the area of radiative and EWK penguin searches — Stay tuned!

Conclusion
Belle II collected 74.10 fb-1 integrated luminosity

• ~10 times more in this summer than last year.

• Measurements in various processes have been started.
• Rediscovery of * → +∗%.

• First results in ! → #ℓ!ℓ" and ! → #((̅ in progress.

Goal : L = 50 ab-1 by ~2030

• Confirm or exclude the anomalies with * → 0&ℓ!ℓ".

• Discover * → + ∗ ((̅ at early stage and precise 
measurements will be performed.

ICHEP 2020, July 30th Yo Sato (Tohoku University)
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• Belle II has been running well collecting 74 fb-1 data even during 

COVID19 pandemic. 

• Many interesting results (B→Xsγ, B→Xs ℓ+ℓ-, K*vv) will be out in 

the area of radiative and EWK penguin searches — Stay tuned!

Conclusion
Belle II collected 74.10 fb-1 integrated luminosity

• ~10 times more in this summer than last year.

• Measurements in various processes have been started.
• Rediscovery of * → +∗%.

• First results in ! → #ℓ!ℓ" and ! → #((̅ in progress.

Goal : L = 50 ab-1 by ~2030

• Confirm or exclude the anomalies with * → 0&ℓ!ℓ".

• Discover * → + ∗ ((̅ at early stage and precise 
measurements will be performed.

ICHEP 2020, July 30th Yo Sato (Tohoku University)
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Facilities: ATLAS, CMS

�

General purpose detectors at LHC 
with features relevant to flavour
physics: excellent vertexing, tracking, 
muon and electron identification, 
dedicated triggers
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Facilities: ATLAS, CMS

�

General purpose detectors at LHC 
with features relevant to flavour
physics: excellent vertexing, tracking, 
muon and electron identification, 
dedicated triggers

Present facilities for CP violation physics: ATLAS and CMS
General purpose detectors at LHC with 
excellent vertexing, tracking and time resolutions.  
Muon and electron identification, dedicated triggers
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• Belle II has been running well collecting 74 fb-1 data even during 

COVID19 pandemic. 

• Many interesting results (B→Xsγ, B→Xs ℓ+ℓ-, K*vv) will be out in 

the area of radiative and EWK penguin searches — Stay tuned!

Conclusion
Belle II collected 74.10 fb-1 integrated luminosity

• ~10 times more in this summer than last year.

• Measurements in various processes have been started.
• Rediscovery of * → +∗%.

• First results in ! → #ℓ!ℓ" and ! → #((̅ in progress.

Goal : L = 50 ab-1 by ~2030

• Confirm or exclude the anomalies with * → 0&ℓ!ℓ".

• Discover * → + ∗ ((̅ at early stage and precise 
measurements will be performed.

ICHEP 2020, July 30th Yo Sato (Tohoku University)
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• Belle II has been running well collecting 74 fb-1 data even during 

COVID19 pandemic. 

• Many interesting results (B→Xsγ, B→Xs ℓ+ℓ-, K*vv) will be out in 

the area of radiative and EWK penguin searches — Stay tuned!

Conclusion
Belle II collected 74.10 fb-1 integrated luminosity

• ~10 times more in this summer than last year.

• Measurements in various processes have been started.
• Rediscovery of * → +∗%.

• First results in ! → #ℓ!ℓ" and ! → #((̅ in progress.

Goal : L = 50 ab-1 by ~2030
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• General purpose detectors at LHC not designed for 
the intensity frontier


• Excellent performance

• σ(bb) = 250-500 μb — ~200fb-1 collected by each.
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LHCb-CONF-2021-001
July 25, 2021

Simultaneous determination of CKM
angle � and charm mixing

parameters

LHCb collaboration†

Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.

c� 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†EPS-HEP Conference 2021, Online, 26–30 July 2021. Contact authors: Mark Whitehead,
mark.peter.whitehead@cern.ch and Matthew Kenzie, matthew.william.kenzie@cern.ch.
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Measurements of β/φ1
• B0⟶J/𝜓K 0 provides the most precise determination of sin(2𝜙1) 

− theoretically clean(*) (tree-level), experimentally clear,  first evidence 
of CP violation in the B system in the B factory era 

− reference to other determinations of sin(2𝜙1) (or ηfSf), dominated by 
loop diagrams and therefore sensitive to possible NP effects 

− The B0⟶J/𝜓K 0 analysis uses several key features (track and neutral 

reconstruction, vertexing, flavour tagging) of many analyses in the 
Belle II program: a good benchmark to gauge the performance.

7

Present status

182

extension to higher orders becomes non-trivial, and one
has to consider redefining the parameters accordingly; this
has been studied by Ahn, Cheng, and Oh (2011).

One can obtain an exact parameterization of the CKM
matrix in terms of A, �, ⇢, and ⌘, for example, by following
the convention of Buras, Lautenbacher, and Ostermaier
(1994), where

� = s12, (16.4.5)

A = s23/�2, (16.4.6)

A�3(⇢ � i⌘) = s13e
�i�, (16.4.7)

and by substituting Eqs (16.4.5) through (16.4.7) into
Eq. (16.4.3), while noting that sin2 ✓ = 1 � cos2 ✓. Such a
parameterization is described in Section 19.2.1.3 to illus-
trate CP violation in the charm sector.

Sometimes a slightly di↵erent convention for the Wolfen-
stein parameters is used, with parameters denoted ⇢ and
⌘. These parameters were defined at fixed order by Buras,
Lautenbacher, and Ostermaier (1994); the modern defini-
tion (Charles et al., 2005),

⇢ + i⌘ = �VudV ⇤

ub

VcdV ⇤

cb

, (16.4.8)

holds to all orders. The di↵erence with the parameteriza-
tion defined above appears only at higher orders in the
Wolfenstein expansion; the relation between this scheme
and the one defined in (16.4.5–16.4.7) is given by

⇢ + i⌘ = (⇢ + i⌘)

p
1 � A2�4

p
1 � �2[1 � A2�4(⇢ + i⌘)]

. (16.4.9)

16.5 The Unitarity Triangle

The unitarity relations VCKM · V †

CKM = 1 and V †

CKM ·
VCKM = 1 yield six independent relations corresponding
to the o↵-diagonal zeros in the unit matrix. They can be
represented as triangles in the complex plane; each trian-
gle has the same area, reflecting the fact that (with three
families) there is only one irreducible phase. A non-trivial
triangle — one with angles other than 0 or ⇡ — indicates
CP violation, proportional to the triangles’ common area.
Bigi and Sanda (2000) provide a detailed discussion of the
various triangles, their interpretation, and the possibilities
to probe them. Only two triangles have sides of compara-
ble length, which means that they are of the same order in
the Wolfenstein parameter �. The corresponding relations
are

VudV
⇤

ub + VcdV
⇤

cb + VtdV
⇤

tb = 0 (16.5.1)

VudV
⇤

td + VusV
⇤

ts + VubV
⇤

tb = 0. (16.5.2)

Inserting the Wolfenstein parameterization, both relations
turn out to be identical, up to terms of order �5; the
apex of the Unitarity Triangle is given by the coordi-
nate (⇢, ⌘). The three sides of this triangle (Fig. 16.5.1) —
usually referred to as “the” Unitarity Triangle— control

semi-leptonic and non-leptonic Bd transitions, including
Bd �Bd oscillations. In order to obtain the triangle shown
in Fig 16.5.1, Eq. (16.5.1) is divided by VcdV ⇤

cb so that the
base of the triangle is of unit length. Due to the sizable
angles, one expects large CP asymmetries in B decays in
the SM; this was actually realized before the discovery of
“long” B lifetimes. Note that in both unitarity-triangle
relations CKM matrix elements related to the top quark
appear; in particular Vtd and Vts can be accessed only
indirectly via FCNC decays of bottom quarks.

V   Vud      ub
*

V   Vcd      cb
*

V   Vtd      tb
*

V   Vcd      cb
*

� = �� = �

� = �

 1,0)( 0,0)(

( �,�)

1

2

_ _

3

 

Figure 16.5.1. The Unitarity Triangle.

The angles of the Unitarity Triangle are defined as

�1 = � ⌘ arg [�VcdV
⇤

cb/VtdV
⇤

tb] , (16.5.3)

�2 = ↵ ⌘ arg [�VtdV
⇤

tb/VudV
⇤

ub] , (16.5.4)

�3 = � ⌘ arg [�VudV
⇤

ub/VcdV
⇤

cb] , (16.5.5)

where this definition is independent of the specific phase
choice expressed in Eq. (16.4.3). Di↵erent notation con-
ventions have been used in the literature for these angles.
In particular the BABAR experiment has used ↵, �, and
�, whereas the Belle experiment has reported results in
terms of �2, �1, and �3, respectively. We use the latter for
brevity when discussing results in later sections.

The presence of CP violation in the CKM matrix im-
plies non-trivial values for these angles (�i 6= 0�, 180�),
corresponding to a non-vanishing area for the Unitarity
Triangle. In fact, all the triangles that can be formed from
the unitarity relation have the same area, which is propor-
tional to the quantity

� = ImV ⇤

csVusVcdV
⇤

ud (16.5.6)

which is independent of the phase convention. Note that
all other, rephasing invariant fourth order combinations of
CKM matrix elements, which cannot be reduced to prod-
ucts of second order invariants, can be related to �, which
is thus unique.

Furthermore, the phase in the CKM matrix could also
be removed, if the masses of either two up-type quarks or
two down-type quarks were degenerate. In summary, the
presence of CP violation is equivalent to (Jarlskog, 1985)

J = det[Mu , Md]

= 2i� ⇥ (mu � mc)(mu � mt)(mc � mt)

⇥ (md � ms)(md � mb)(ms � mb) (16.5.7)
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FIG. 3: Distribution of the beam-constrained mass Mbc for reconstructed B0 !
J/ (µ+µ�)KS(⇡+⇡�) and B0 ! J/ (e+e�)KS(⇡+⇡�) candidates in 34.6 fb�1 of data collected
in 2019 and 2020 (black dots with error bars). The total fit function is shown with a solid black
line. The fit contains two components. The signal is described as a Crystal Ball shape and is
shown with the dashed black line. The background (qq + bb) is described with an Argus shape
plus a Gaussian peak and is shown with a filled blue shape. The vertical dotted line delimits the
sideband region (on the left) from the signal region (on the right) in which the events are selected
for the �t fit.
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Rediscoveries of B→J/yK0L and B → η′K

The measurement of sin(2φ1/b) 
using B0→J/yK0L complements 
the one from B0→J/yK0S 
- signal yield compatible with 

Belle result (no sys. error yet)
- next to come: precise 

measurement of B0 lifetime 
and mixing frequency 

First Belle II measurement of rare 
charmless hadronic penguin 
diagram mediated decay B → η′K
- particularly sensitive to new 

physics in the hadronic loop
- measured branching ratio in 

good agreement with world 
average 
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simulation, as well as on o↵-resonance data. The results, reported in Table 3, are in good
agreement with world averages [9]. The signal yield per 106 BB is similar to that reported
by BaBar [5], and almost a factor two larger that that of Belle [4], partially thanks to the
absence of selection on continuum suppression variable. The next step will be to use the
future large data sample collected at Belle II for a full time dependent CP violation analysis.

TABLE 3. Summary of results on branching ratios obtained in this analysis, and comparison with
world averages.

This analysis World average [9]

Channel B (⇥106)

B± ! ⌘0K 63.4 +3.4
�3.3(stat)± 3.4(syst) 70.4± 2.5

B0 ! ⌘0K0 59.9 +5.8
�5.5(stat)± 2.7(syst) 66± 4
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have done a conservative estimate of this uncertainty by varying in the final fit the fraction
of peaking background (Sec.VB) by twice (95% confidence interval) its statistical error.
This procedure yields �Npeaking(µ+µ�) = 28, �Npeaking(e+e�) = 31.

VII. CONCLUSIONS

In the present paper, we have shown preliminary results for the reconstruction of the
B0 ! J/ K0

L decay in the first 62.8 fb�1 of integrated luminosity collected by Belle II,
which constitutes a rediscovery of this decay. The signal yields are:

Nsig (µ+µ�) = 267± 21(stat)± 28(peaking)

Nsig (e+e�) = 226± 20(stat)± 31(peaking).

The overall signal yield obtained with this selection is consistent with that observed by
the Belle Collaboration, with similar purity.

Work is in progress to extend this study to include neutral clusters reconstructed in the
ECL, which will significantly increase the signal sample.

Flavour tagging and tag and decay vertex time reconstruction will also be added to allow
the study of the time-dependent CP violation and the precise measurement of sin(2�1).
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FIG. 4. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-
enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection
reported on the plot, for the channel B0 ! ⌘0K0

S with ⌘0 ! ⌘⇡+⇡�. Superimposed on the 1D
distributions are the results of the extended ML fit as described in the text.

VI. SYSTEMATICS UNCERTAINTIES

The systematic uncertainties considered for this analysis are the following:

• tracking e�ciency: we add 0.69% for each charged track in the signal final state [16];

• photon e�ciency: from a sample of e�e+ ! µ�µ+� events, the systematic uncer-
tainties have been evaluated as a function of photon energy and polar angle ✓;

• K0
S reconstruction e�ciency: comparing data and simulation, we observed that

the ratio of K0
S reconstruction e�ciency changes linearly as a function of the flight

distance, so we applied an uncertainty of 0.31% per cm of the average flight length,
plus a 15% uncertainty for the mis-modeling of material between second and third
layer of SVD (10% of candidates);
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Rediscovery of B/h’K

I. INTRODUCTION

Charmless hadronic B decays provide a rich ground for studying the mechanisms of B
meson decays and the phenomenon of CP violation. In particular, the decay B ! ⌘0K
is a rare charmless hadronic B decay, mediated via hadronic penguin diagram, which is
particularly sensitive to new physics in the hadronic loop. The measurements of CP violation
parameters using time dependent CP violation techniques are the most precise for this kind
of decay, thanks to the relatively large branching fraction. These measurements are also
very clean from the theoretical point of view, thanks to the very limited tree pollution [1].

The B ! ⌘0K decay was initially discovered by CLEO [2, 3]. The current best measure-
ments of branching ratio B were obtained by Belle [4] and BaBar [5], using 386 and 467
million BB pairs, respectively. The current Belle II integrated luminosity, collected at the
⌥(4S ) resonance, does not allow, yet, to improve these measurements, but the rediscovery
of these final states is an important benchmark to demonstrate the capability of the Belle II
detector. These B ! ⌘0K decays are characterized by complicated final states, with charged
and neutral particles, and intermediate resonances. Moreover, they are a↵ected by a large
contamination due to background coming both from continuum e�e+ ! qq (q = u, d , s , c)
events as well as from misreconstructed signal events (self cross feed (SxF)). The continuum
suppression is achieved by a multivariate discriminator CSvar, which is validated on o↵-
resonance data. The signal yield is extracted with a multidimensional maximum likelihood
fit, using as input variables : Mbc =

p
E⇤2

beamc
4 � p⇤2B c2, �E = E⇤

B � Ebeam (where (p, E)⇤B
are momentum and energy of the candidate B computed in the center of mass system, and
Ebeam =

p
s/2), and the output of the continuum suppression discriminator.

Both charged and neutral decays are measured. Two decay modes for ⌘0 are considered:
⌘0 ! ⌘(! ��)⇡+⇡� and ⌘0 ! ⇢(! ⇡+⇡�)�, while only the K0

S ! ⇡+⇡� decay has been
used.

II. THE BELLE II DETECTOR AND DATASET

The Belle II detector is described in detail in Ref. [6]. The detector has a cylindrical
structure around the beam pipe, placed partially inside a solenoidal superconducting magnet
providing a 1.5T magnetic field. The innermost sub-detector is the vertex detector (VXD),
formed by two layers of silicon pixel sensors and four layers of silicon strips, devoted to
tracking and vertexing. It is surrounded by a large central drift chamber (CDC), with
small cells and filled with a helium ethane mixture, which provide precise measurement of
momenta of charged tracks as well as particle identification via energy loss measurement
(dE/dx). Two Cherenkov detectors provide additional particle identification: the Time of
Propagation (TOP) counter in the barrel region, and the Aerogel Ring Imaging Cherenkov
(ARICH) in the forward region. The last detector inside the solenoid is the electromagnetic
calorimeter (ECL), based on CsI(Tl) crystals, dedicated to photon and electron identification
and measurement. The return yoke of the magnet is instrumented with scintillator strips
and resistive plate chambers, to provide measurements for K0

L mesons and muons (KLM).
The coordinate system is defined by the z axis, corresponding to the solenoid axis, and
roughly oriented with the electron beam, the polar angle ✓ defined with respect the z axis,
and the azimuthal angle �.

The dataset used for this analysis was collected by Belle II in 2019 and 2020 at the
SuperKEKB asymmetric energy e+e� collider [7]. The integrated luminosity collected at
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from the e+e� ! cc̄ generic sample nor the o↵-resonance data survive the analysis selection
cuts.

We parameterize the background with an Argus PDF [9] for the combinatorial part and a
CB PDF to describe a possible peaking component, which according to the simulation could
be expected mainly from B ! J/ K⇤0 and B ! J/ K⇤+ decays.

The fraction of the peaking component in the background is determined from fits to
the �E distributions of generic MC events (in which B0 ! J/ K0

L events are excluded
from the B0B0 sample). We find the peaking background fraction fpeak = (0.4± 3.1)% and
fpeak = (0.0± 3.1)% in the J/ ! µ+µ� and J/ ! e+e� final states, respectively.

In order to rely on MC simulations as little as possible, we estimate the fake J/ and fake
K0

L backgrounds directly from data. Wrongly reconstructed J/ candidates can be estimated
using the J/ mass sidebands, while fake K0

L mesons are estimated using an “anti-selection”
of K0

L clusters, with the requirements Nlayers = 1, klongID < 0.05.

VI. RESULTS

We determine the number of signal and background B0 ! J/ K0
L events with an un-

binned ML fit to our 62.8 fb�1 dataset in the �E interval [�20,+80]MeV, as shown in
Figure 4. The background shape parameters determined in the background control sample
are fixed in the fit, as well as the peaking background fraction estimated in the fit of the
simulated background events. The signal shape parameters are used as starting values in
the fit, but to minimize the dependence on MC the sigma and mean of the CB are left
free in the fit. Finally, to extract the number of signal and background events, we also
float the relative normalization of the signal and background distributions. The results are
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FIG. 4. �E distribution of B0 ! J/ K0
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results of the unbinned ML fit are superimposed.

Nsig(µ+µ�) = 267± 21, Nsig(e+e�) = 226± 20.
A thorough evaluation of the systematics uncertainties has not been performed yet. How-

ever, since we expect the one related to the peaking background to be relatively large, we
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Rediscovery of B/J/yK0L

I. INTRODUCTION

Charmless hadronic B decays provide a rich ground for studying the mechanisms of B
meson decays and the phenomenon of CP violation. In particular, the decay B ! ⌘0K
is a rare charmless hadronic B decay, mediated via hadronic penguin diagram, which is
particularly sensitive to new physics in the hadronic loop. The measurements of CP violation
parameters using time dependent CP violation techniques are the most precise for this kind
of decay, thanks to the relatively large branching fraction. These measurements are also
very clean from the theoretical point of view, thanks to the very limited tree pollution [1].

The B ! ⌘0K decay was initially discovered by CLEO [2, 3]. The current best measure-
ments of branching ratio B were obtained by Belle [4] and BaBar [5], using 386 and 467
million BB pairs, respectively. The current Belle II integrated luminosity, collected at the
⌥(4S ) resonance, does not allow, yet, to improve these measurements, but the rediscovery
of these final states is an important benchmark to demonstrate the capability of the Belle II
detector. These B ! ⌘0K decays are characterized by complicated final states, with charged
and neutral particles, and intermediate resonances. Moreover, they are a↵ected by a large
contamination due to background coming both from continuum e�e+ ! qq (q = u, d , s , c)
events as well as from misreconstructed signal events (self cross feed (SxF)). The continuum
suppression is achieved by a multivariate discriminator CSvar, which is validated on o↵-
resonance data. The signal yield is extracted with a multidimensional maximum likelihood
fit, using as input variables : Mbc =

p
E⇤2

beamc
4 � p⇤2B c2, �E = E⇤

B � Ebeam (where (p, E)⇤B
are momentum and energy of the candidate B computed in the center of mass system, and
Ebeam =

p
s/2), and the output of the continuum suppression discriminator.

Both charged and neutral decays are measured. Two decay modes for ⌘0 are considered:
⌘0 ! ⌘(! ��)⇡+⇡� and ⌘0 ! ⇢(! ⇡+⇡�)�, while only the K0

S ! ⇡+⇡� decay has been
used.

II. THE BELLE II DETECTOR AND DATASET

The Belle II detector is described in detail in Ref. [6]. The detector has a cylindrical
structure around the beam pipe, placed partially inside a solenoidal superconducting magnet
providing a 1.5T magnetic field. The innermost sub-detector is the vertex detector (VXD),
formed by two layers of silicon pixel sensors and four layers of silicon strips, devoted to
tracking and vertexing. It is surrounded by a large central drift chamber (CDC), with
small cells and filled with a helium ethane mixture, which provide precise measurement of
momenta of charged tracks as well as particle identification via energy loss measurement
(dE/dx). Two Cherenkov detectors provide additional particle identification: the Time of
Propagation (TOP) counter in the barrel region, and the Aerogel Ring Imaging Cherenkov
(ARICH) in the forward region. The last detector inside the solenoid is the electromagnetic
calorimeter (ECL), based on CsI(Tl) crystals, dedicated to photon and electron identification
and measurement. The return yoke of the magnet is instrumented with scintillator strips
and resistive plate chambers, to provide measurements for K0

L mesons and muons (KLM).
The coordinate system is defined by the z axis, corresponding to the solenoid axis, and
roughly oriented with the electron beam, the polar angle ✓ defined with respect the z axis,
and the azimuthal angle �.

The dataset used for this analysis was collected by Belle II in 2019 and 2020 at the
SuperKEKB asymmetric energy e+e� collider [7]. The integrated luminosity collected at
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We parameterize the background with an Argus PDF [9] for the combinatorial part and a
CB PDF to describe a possible peaking component, which according to the simulation could
be expected mainly from B ! J/ K⇤0 and B ! J/ K⇤+ decays.

The fraction of the peaking component in the background is determined from fits to
the �E distributions of generic MC events (in which B0 ! J/ K0

L events are excluded
from the B0B0 sample). We find the peaking background fraction fpeak = (0.4± 3.1)% and
fpeak = (0.0± 3.1)% in the J/ ! µ+µ� and J/ ! e+e� final states, respectively.

In order to rely on MC simulations as little as possible, we estimate the fake J/ and fake
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L backgrounds directly from data. Wrongly reconstructed J/ candidates can be estimated
using the J/ mass sidebands, while fake K0

L mesons are estimated using an “anti-selection”
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L clusters, with the requirements Nlayers = 1, klongID < 0.05.

VI. RESULTS

We determine the number of signal and background B0 ! J/ K0
L events with an un-

binned ML fit to our 62.8 fb�1 dataset in the �E interval [�20,+80]MeV, as shown in
Figure 4. The background shape parameters determined in the background control sample
are fixed in the fit, as well as the peaking background fraction estimated in the fit of the
simulated background events. The signal shape parameters are used as starting values in
the fit, but to minimize the dependence on MC the sigma and mean of the CB are left
free in the fit. Finally, to extract the number of signal and background events, we also
float the relative normalization of the signal and background distributions. The results are
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12

<latexit sha1_base64="JvVweTDIld+iPBIDql1zxiDSHuk="></latexit>

�md = (0.531± 0.046± 0.013) ps�1

Sf = 0.55± 0.21± 0.04)

K0
L B0 ! J/ K0

L

J/ ! µ+µ�

J/ ! e+e�

EPS-HEP 2021:   Belle II Highlights and Flavour Physics in e+e-

Rediscoveries of B→J/yK0L and B → η′K

The measurement of sin(2φ1/b) 
using B0→J/yK0L complements 
the one from B0→J/yK0S 
- signal yield compatible with 

Belle result (no sys. error yet)
- next to come: precise 

measurement of B0 lifetime 
and mixing frequency 

First Belle II measurement of rare 
charmless hadronic penguin 
diagram mediated decay B → η′K
- particularly sensitive to new 

physics in the hadronic loop
- measured branching ratio in 

good agreement with world 
average 

�14

arXiv:2104.06224arXiv:2106.13547

simulation, as well as on o↵-resonance data. The results, reported in Table 3, are in good
agreement with world averages [9]. The signal yield per 106 BB is similar to that reported
by BaBar [5], and almost a factor two larger that that of Belle [4], partially thanks to the
absence of selection on continuum suppression variable. The next step will be to use the
future large data sample collected at Belle II for a full time dependent CP violation analysis.

TABLE 3. Summary of results on branching ratios obtained in this analysis, and comparison with
world averages.

This analysis World average [9]

Channel B (⇥106)

B± ! ⌘0K 63.4 +3.4
�3.3(stat)± 3.4(syst) 70.4± 2.5

B0 ! ⌘0K0 59.9 +5.8
�5.5(stat)± 2.7(syst) 66± 4
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have done a conservative estimate of this uncertainty by varying in the final fit the fraction
of peaking background (Sec.VB) by twice (95% confidence interval) its statistical error.
This procedure yields �Npeaking(µ+µ�) = 28, �Npeaking(e+e�) = 31.

VII. CONCLUSIONS

In the present paper, we have shown preliminary results for the reconstruction of the
B0 ! J/ K0

L decay in the first 62.8 fb�1 of integrated luminosity collected by Belle II,
which constitutes a rediscovery of this decay. The signal yields are:

Nsig (µ+µ�) = 267± 21(stat)± 28(peaking)

Nsig (e+e�) = 226± 20(stat)± 31(peaking).

The overall signal yield obtained with this selection is consistent with that observed by
the Belle Collaboration, with similar purity.

Work is in progress to extend this study to include neutral clusters reconstructed in the
ECL, which will significantly increase the signal sample.

Flavour tagging and tag and decay vertex time reconstruction will also be added to allow
the study of the time-dependent CP violation and the precise measurement of sin(2�1).
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FIG. 4. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-
enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection
reported on the plot, for the channel B0 ! ⌘0K0

S with ⌘0 ! ⌘⇡+⇡�. Superimposed on the 1D
distributions are the results of the extended ML fit as described in the text.

VI. SYSTEMATICS UNCERTAINTIES

The systematic uncertainties considered for this analysis are the following:

• tracking e�ciency: we add 0.69% for each charged track in the signal final state [16];

• photon e�ciency: from a sample of e�e+ ! µ�µ+� events, the systematic uncer-
tainties have been evaluated as a function of photon energy and polar angle ✓;

• K0
S reconstruction e�ciency: comparing data and simulation, we observed that

the ratio of K0
S reconstruction e�ciency changes linearly as a function of the flight

distance, so we applied an uncertainty of 0.31% per cm of the average flight length,
plus a 15% uncertainty for the mis-modeling of material between second and third
layer of SVD (10% of candidates);
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Rediscovery of B/h’K

I. INTRODUCTION

Charmless hadronic B decays provide a rich ground for studying the mechanisms of B
meson decays and the phenomenon of CP violation. In particular, the decay B ! ⌘0K
is a rare charmless hadronic B decay, mediated via hadronic penguin diagram, which is
particularly sensitive to new physics in the hadronic loop. The measurements of CP violation
parameters using time dependent CP violation techniques are the most precise for this kind
of decay, thanks to the relatively large branching fraction. These measurements are also
very clean from the theoretical point of view, thanks to the very limited tree pollution [1].

The B ! ⌘0K decay was initially discovered by CLEO [2, 3]. The current best measure-
ments of branching ratio B were obtained by Belle [4] and BaBar [5], using 386 and 467
million BB pairs, respectively. The current Belle II integrated luminosity, collected at the
⌥(4S ) resonance, does not allow, yet, to improve these measurements, but the rediscovery
of these final states is an important benchmark to demonstrate the capability of the Belle II
detector. These B ! ⌘0K decays are characterized by complicated final states, with charged
and neutral particles, and intermediate resonances. Moreover, they are a↵ected by a large
contamination due to background coming both from continuum e�e+ ! qq (q = u, d , s , c)
events as well as from misreconstructed signal events (self cross feed (SxF)). The continuum
suppression is achieved by a multivariate discriminator CSvar, which is validated on o↵-
resonance data. The signal yield is extracted with a multidimensional maximum likelihood
fit, using as input variables : Mbc =

p
E⇤2

beamc
4 � p⇤2B c2, �E = E⇤

B � Ebeam (where (p, E)⇤B
are momentum and energy of the candidate B computed in the center of mass system, and
Ebeam =

p
s/2), and the output of the continuum suppression discriminator.

Both charged and neutral decays are measured. Two decay modes for ⌘0 are considered:
⌘0 ! ⌘(! ��)⇡+⇡� and ⌘0 ! ⇢(! ⇡+⇡�)�, while only the K0

S ! ⇡+⇡� decay has been
used.

II. THE BELLE II DETECTOR AND DATASET

The Belle II detector is described in detail in Ref. [6]. The detector has a cylindrical
structure around the beam pipe, placed partially inside a solenoidal superconducting magnet
providing a 1.5T magnetic field. The innermost sub-detector is the vertex detector (VXD),
formed by two layers of silicon pixel sensors and four layers of silicon strips, devoted to
tracking and vertexing. It is surrounded by a large central drift chamber (CDC), with
small cells and filled with a helium ethane mixture, which provide precise measurement of
momenta of charged tracks as well as particle identification via energy loss measurement
(dE/dx). Two Cherenkov detectors provide additional particle identification: the Time of
Propagation (TOP) counter in the barrel region, and the Aerogel Ring Imaging Cherenkov
(ARICH) in the forward region. The last detector inside the solenoid is the electromagnetic
calorimeter (ECL), based on CsI(Tl) crystals, dedicated to photon and electron identification
and measurement. The return yoke of the magnet is instrumented with scintillator strips
and resistive plate chambers, to provide measurements for K0

L mesons and muons (KLM).
The coordinate system is defined by the z axis, corresponding to the solenoid axis, and
roughly oriented with the electron beam, the polar angle ✓ defined with respect the z axis,
and the azimuthal angle �.

The dataset used for this analysis was collected by Belle II in 2019 and 2020 at the
SuperKEKB asymmetric energy e+e� collider [7]. The integrated luminosity collected at
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from the e+e� ! cc̄ generic sample nor the o↵-resonance data survive the analysis selection
cuts.

We parameterize the background with an Argus PDF [9] for the combinatorial part and a
CB PDF to describe a possible peaking component, which according to the simulation could
be expected mainly from B ! J/ K⇤0 and B ! J/ K⇤+ decays.

The fraction of the peaking component in the background is determined from fits to
the �E distributions of generic MC events (in which B0 ! J/ K0

L events are excluded
from the B0B0 sample). We find the peaking background fraction fpeak = (0.4± 3.1)% and
fpeak = (0.0± 3.1)% in the J/ ! µ+µ� and J/ ! e+e� final states, respectively.

In order to rely on MC simulations as little as possible, we estimate the fake J/ and fake
K0

L backgrounds directly from data. Wrongly reconstructed J/ candidates can be estimated
using the J/ mass sidebands, while fake K0

L mesons are estimated using an “anti-selection”
of K0

L clusters, with the requirements Nlayers = 1, klongID < 0.05.

VI. RESULTS

We determine the number of signal and background B0 ! J/ K0
L events with an un-

binned ML fit to our 62.8 fb�1 dataset in the �E interval [�20,+80]MeV, as shown in
Figure 4. The background shape parameters determined in the background control sample
are fixed in the fit, as well as the peaking background fraction estimated in the fit of the
simulated background events. The signal shape parameters are used as starting values in
the fit, but to minimize the dependence on MC the sigma and mean of the CB are left
free in the fit. Finally, to extract the number of signal and background events, we also
float the relative normalization of the signal and background distributions. The results are
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FIG. 4. �E distribution of B0 ! J/ K0
L candidate events for J/ ! µ+µ� final states (left) and

J/ ! e+e� final states (right) for a dataset corresponding to a luminosity of 62.8± 0.6 fb�1. The

results of the unbinned ML fit are superimposed.

Nsig(µ+µ�) = 267± 21, Nsig(e+e�) = 226± 20.
A thorough evaluation of the systematics uncertainties has not been performed yet. How-

ever, since we expect the one related to the peaking background to be relatively large, we
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Rediscovery of B/J/yK0L

I. INTRODUCTION

Charmless hadronic B decays provide a rich ground for studying the mechanisms of B
meson decays and the phenomenon of CP violation. In particular, the decay B ! ⌘0K
is a rare charmless hadronic B decay, mediated via hadronic penguin diagram, which is
particularly sensitive to new physics in the hadronic loop. The measurements of CP violation
parameters using time dependent CP violation techniques are the most precise for this kind
of decay, thanks to the relatively large branching fraction. These measurements are also
very clean from the theoretical point of view, thanks to the very limited tree pollution [1].

The B ! ⌘0K decay was initially discovered by CLEO [2, 3]. The current best measure-
ments of branching ratio B were obtained by Belle [4] and BaBar [5], using 386 and 467
million BB pairs, respectively. The current Belle II integrated luminosity, collected at the
⌥(4S ) resonance, does not allow, yet, to improve these measurements, but the rediscovery
of these final states is an important benchmark to demonstrate the capability of the Belle II
detector. These B ! ⌘0K decays are characterized by complicated final states, with charged
and neutral particles, and intermediate resonances. Moreover, they are a↵ected by a large
contamination due to background coming both from continuum e�e+ ! qq (q = u, d , s , c)
events as well as from misreconstructed signal events (self cross feed (SxF)). The continuum
suppression is achieved by a multivariate discriminator CSvar, which is validated on o↵-
resonance data. The signal yield is extracted with a multidimensional maximum likelihood
fit, using as input variables : Mbc =

p
E⇤2

beamc
4 � p⇤2B c2, �E = E⇤

B � Ebeam (where (p, E)⇤B
are momentum and energy of the candidate B computed in the center of mass system, and
Ebeam =

p
s/2), and the output of the continuum suppression discriminator.

Both charged and neutral decays are measured. Two decay modes for ⌘0 are considered:
⌘0 ! ⌘(! ��)⇡+⇡� and ⌘0 ! ⇢(! ⇡+⇡�)�, while only the K0

S ! ⇡+⇡� decay has been
used.

II. THE BELLE II DETECTOR AND DATASET

The Belle II detector is described in detail in Ref. [6]. The detector has a cylindrical
structure around the beam pipe, placed partially inside a solenoidal superconducting magnet
providing a 1.5T magnetic field. The innermost sub-detector is the vertex detector (VXD),
formed by two layers of silicon pixel sensors and four layers of silicon strips, devoted to
tracking and vertexing. It is surrounded by a large central drift chamber (CDC), with
small cells and filled with a helium ethane mixture, which provide precise measurement of
momenta of charged tracks as well as particle identification via energy loss measurement
(dE/dx). Two Cherenkov detectors provide additional particle identification: the Time of
Propagation (TOP) counter in the barrel region, and the Aerogel Ring Imaging Cherenkov
(ARICH) in the forward region. The last detector inside the solenoid is the electromagnetic
calorimeter (ECL), based on CsI(Tl) crystals, dedicated to photon and electron identification
and measurement. The return yoke of the magnet is instrumented with scintillator strips
and resistive plate chambers, to provide measurements for K0

L mesons and muons (KLM).
The coordinate system is defined by the z axis, corresponding to the solenoid axis, and
roughly oriented with the electron beam, the polar angle ✓ defined with respect the z axis,
and the azimuthal angle �.

The dataset used for this analysis was collected by Belle II in 2019 and 2020 at the
SuperKEKB asymmetric energy e+e� collider [7]. The integrated luminosity collected at
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• Belle II can reconstruct K0
L mesons 

• K0
Ls reconstructed from neutral energy deposits in the 

KLM and ECL sub-detectors 
• Multivariate selector to optimise efficiency and purity 

• Efficiency and purity consistent with Belle
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FIG. 1. Di↵erence between calculated K0
L momentum and true K0

L for truth-matched events in

signal MC.

constraint in the B0 ! J/ K0
L decay. The procedure correctly reconstructs the generated

K0
L momentum, with a typical resolution of about 15MeV/c, albeit with some non-gaussian

tails, as shown in Figure 1. The K0
L is reconstructed with an angular resolution of about

100mrad.
We enhance the purity of the KLM cluster using a multivariate boosted decision tree

(BDT) based on a number of KLM cluster shape and topological variables and trained on
signal B0 ! J/ K0

L and generic background simulated events. The BDT output variable,
klongID, is shown in Figure 2 for all reconstructed K0

L candidates and for those truth-
matched to a trueK0

L, respectively. We use the requirement klongID � 0.25 in the following.
Further optimization of the BDT is in progress.
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FIG. 2. klongID distribution of all K0
L candidates (black curve) and truth-matched candidates

(red curve) in the generic MC.

Although the number of layers in the KLM cluster is among the input BDT variables, we
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have done a conservative estimate of this uncertainty by varying in the final fit the fraction
of peaking background (Sec.VB) by twice (95% confidence interval) its statistical error.
This procedure yields �Npeaking(µ+µ�) = 28, �Npeaking(e+e�) = 31.

VII. CONCLUSIONS

In the present paper, we have shown preliminary results for the reconstruction of the
B0 ! J/ K0

L decay in the first 62.8 fb�1 of integrated luminosity collected by Belle II,
which constitutes a rediscovery of this decay. The signal yields are:

Nsig (µ+µ�) = 267± 21(stat)± 28(peaking)

Nsig (e+e�) = 226± 20(stat)± 31(peaking).

The overall signal yield obtained with this selection is consistent with that observed by
the Belle Collaboration, with similar purity.

Work is in progress to extend this study to include neutral clusters reconstructed in the
ECL, which will significantly increase the signal sample.

Flavour tagging and tag and decay vertex time reconstruction will also be added to allow
the study of the time-dependent CP violation and the precise measurement of sin(2�1).
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from the e+e� ! cc̄ generic sample nor the o↵-resonance data survive the analysis selection
cuts.

We parameterize the background with an Argus PDF [9] for the combinatorial part and a
CB PDF to describe a possible peaking component, which according to the simulation could
be expected mainly from B ! J/ K⇤0 and B ! J/ K⇤+ decays.

The fraction of the peaking component in the background is determined from fits to
the �E distributions of generic MC events (in which B0 ! J/ K0

L events are excluded
from the B0B0 sample). We find the peaking background fraction fpeak = (0.4± 3.1)% and
fpeak = (0.0± 3.1)% in the J/ ! µ+µ� and J/ ! e+e� final states, respectively.

In order to rely on MC simulations as little as possible, we estimate the fake J/ and fake
K0

L backgrounds directly from data. Wrongly reconstructed J/ candidates can be estimated
using the J/ mass sidebands, while fake K0

L mesons are estimated using an “anti-selection”
of K0

L clusters, with the requirements Nlayers = 1, klongID < 0.05.

VI. RESULTS

We determine the number of signal and background B0 ! J/ K0
L events with an un-

binned ML fit to our 62.8 fb�1 dataset in the �E interval [�20,+80]MeV, as shown in
Figure 4. The background shape parameters determined in the background control sample
are fixed in the fit, as well as the peaking background fraction estimated in the fit of the
simulated background events. The signal shape parameters are used as starting values in
the fit, but to minimize the dependence on MC the sigma and mean of the CB are left
free in the fit. Finally, to extract the number of signal and background events, we also
float the relative normalization of the signal and background distributions. The results are
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FIG. 4. �E distribution of B0 ! J/ K0
L candidate events for J/ ! µ+µ� final states (left) and

J/ ! e+e� final states (right) for a dataset corresponding to a luminosity of 62.8± 0.6 fb�1. The

results of the unbinned ML fit are superimposed.

Nsig(µ+µ�) = 267± 21, Nsig(e+e�) = 226± 20.
A thorough evaluation of the systematics uncertainties has not been performed yet. How-

ever, since we expect the one related to the peaking background to be relatively large, we
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New CPV phases in B⟶s penguin decays
• In the SM the same value for “sin2β” is expected for the                                        

.                                               modes, but different BSM contributions 
can produce different asymmetries 

•                  modes (with different degrees) show the best experimental 
and  theoretical sensitivity 
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• Improvements of theoretical prediction also needed

G. Finocchiaro  -  Belle II:  Stato e prospettive12 settembre 2017

New	CPV	phases	in	s-penguin	modes

• In	the	SM	the	same	value	for	“sin2β”	is	expected	for	the	

b➝ccs,	b➝ccd,	b➝sss,	b➝dds	modes,	but	different	BSM	

contributions	can	produce	different	asymmetries	

• ΔSf	=	Sf	-	SJ/ψK0	depend	on	f	in	the	SM	with	varying	theor.	

accuracies	

• b➝sss	modes	(with	different	degrees)	show	the	best	

experimental	and		theoretical	sensitivity	
- example	(Barbieri,	Campli,	Isidori,	Sala,	Straub	arXiv:1108.5125]:	
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((Driving(questions(for(Belle(II((1)
Are there any new CPV phases?
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Check �S ⌘ sin 2�1,e↵(b ! ss̄s)� sin 2�1(b ! cc̄s)
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vs.

� sin 2�1 �Ssqq̄

B 0������

Compilation of B-factory results

Figure 1: Correlation between S�KS � S KS and S⌘0KS � S KS for positive µ (left) and
negative µ (right), showing points with �L > 0 (blue) and �L < 0 (green). The
shaded region shows the 1� experimental ranges.

where � = �CKM = �3 is the usual CKM angle and the a
u
f and b

c
i,f can be found in [17].

For the gluino contributions, setting mg̃ = mb̃ ⌘ m̃, we obtain

6X

i=3

b
c
i,�KS

C
NP
i = �0.73⇥ 10�2

✓
500GeV

m̃

◆2

|⇠L|e
i�L , (39)

6X
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b
c
i,⌘0KS

C
NP
i = �1.10⇥ 10�2

✓
500GeV
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◆2

|⇠L|e
i�L , (40)

b
c
8,�KS

C
NP
8 = �1.82⇥ 10�2

✓
500GeV

m̃

◆2

|⇠L|e
i�L

✓
1 + 2

µ tan� �Ab

m̃

◆
, (41)

b
c
8,⌘0KS

C
NP
8 = �1.10⇥ 10�2

✓
500GeV

m̃

◆2

|⇠L|e
i�L

✓
1 + 2

µ tan� �Ab

m̃

◆
. (42)

The e↵ects of the QCD and chromomagnetic penguins in the above expressions are
comparable, with the exception of the left-right mixing piece only present for the chro-
momagnetic ones.

4.5. Numerical analysis

In figures 1 and 2 we show the correlations between the CP asymmetries, scanning the
gluino mass between 0.5 and 1 TeV, the sbottom mass, the µ term and Ab between 0.2
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SUSY	with	a	U(2)
3	
flavour	symmetry

B0⟶η′K0

     ⟶φK0

     ⟶K0K0K0

,η′

•                    is the golden channel for the detection of NP in 
penguin-dominated decay modes 

• Main challenge is the control of “continuum” background 
• Dedicated multivariate signal/continuum discriminator, included 

in the final ML fit 

• Belle II competitive due to neutrals in the final state 
• BF results consistent with the WA 
• Event yield almost double than in Belle
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FIG. 4. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-
enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection
reported on the plot, for the channel B0 ! ⌘0K0

S with ⌘0 ! ⌘⇡+⇡�. Superimposed on the 1D
distributions are the results of the extended ML fit as described in the text.

VI. SYSTEMATICS UNCERTAINTIES

The systematic uncertainties considered for this analysis are the following:

• tracking e�ciency: we add 0.69% for each charged track in the signal final state [16];

• photon e�ciency: from a sample of e�e+ ! µ�µ+� events, the systematic uncer-
tainties have been evaluated as a function of photon energy and polar angle ✓;

• K0
S reconstruction e�ciency: comparing data and simulation, we observed that

the ratio of K0
S reconstruction e�ciency changes linearly as a function of the flight

distance, so we applied an uncertainty of 0.31% per cm of the average flight length,
plus a 15% uncertainty for the mis-modeling of material between second and third
layer of SVD (10% of candidates);
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FIG. 4. Distributions of Mbc and �E, and continuum suppression discriminator for the signal-
enriched region (LR > 0.7), as well as Mbc versus �E with the FoM-optimized CSvar selection
reported on the plot, for the channel B0 ! ⌘0K0

S with ⌘0 ! ⌘⇡+⇡�. Superimposed on the 1D
distributions are the results of the extended ML fit as described in the text.

VI. SYSTEMATICS UNCERTAINTIES

The systematic uncertainties considered for this analysis are the following:

• tracking e�ciency: we add 0.69% for each charged track in the signal final state [16];

• photon e�ciency: from a sample of e�e+ ! µ�µ+� events, the systematic uncer-
tainties have been evaluated as a function of photon energy and polar angle ✓;

• K0
S reconstruction e�ciency: comparing data and simulation, we observed that

the ratio of K0
S reconstruction e�ciency changes linearly as a function of the flight

distance, so we applied an uncertainty of 0.31% per cm of the average flight length,
plus a 15% uncertainty for the mis-modeling of material between second and third
layer of SVD (10% of candidates);

13

First measurement of B → η’ Ks at Belle II

B±→η’K±   with η’→ηπ+π-

10

Fit in different η’ decays are independent 
good agreement between Br

Sf (η′K)=0.63±0.06

Eventually, a factor ~5 improvement in β/φ1 expected from Belle II
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Event Selection 
Trigger: J/ψ from 2 OS muon tracks (+ additional muon 
to tag the Bs flavour in CMS). 
Bs flavour tag with OS semileptonic decays 
powerATLAS=(1.75±0.01)%     powerCMS=(10.5±0.1)%

at ATLAS and CMS

ATLAS:  80.5fb-1 @ 13 TeV  — Eur. Phys. J C 81, 342 (2021) 

CMS:  96.4fb-1 @ 13 TeV  — Phys. Lett. B 816 (2021) 136188

11

2%& → 3/45(6787) → 9#9$:#:$ is a good channel to measure #! phase:
• No direct CPV • Only one CPV phase • Easy to reconstruct with high S/B ratio

State-of-the-art: Agreement with SM, but exp. sensitivity ∼ 25× theory
• 13 TeV results: LHCb [arXiv:1906.08356]
• Previous result at 8 TeV by CMS [PLB 757 (2016), 424] and ATLAS [JHEP 08 (2016) 147 ]

SM prediction:
<' ≃ −2?' = −2@AB − (!"(!#∗

(%"(%#∗
= −36.96!).+,$).-. mrad

New physics:
new particles contributing to the 2') − C2') mixing can 
change the value of <' up to -10% [JHEP04(2010)031]

3

CP violation in !!" decays
CP violating phase #! arises from the interference between direct decays to 
a CP final state and decays through mixing to the same final state ($!" − <$!")

PANIC2021 - CP violation and HV results from ATLAS and CMS - F. Simone

CMS ! = 13 %&' (ℒ = 96.4-.!"):
Phys. Lett. B 816 (2021) 136188

ATLAS ! = 13 %&' (ℒ = 80.5-.!")
Eur. Phys. J. C 81, 342 (2021)

In the SM : φs=-37.9+0.7 mrad-0.8

<latexit sha1_base64="U0HCYMqqFPqIUIE/kFSyx3n8q2M="></latexit>

�s from B0
s ! J/ �! µ+µ�K+K� decays

5

Simulated event samples are used to measure the selection efficiency and the flavor tagging
performance. These samples are produced using the PYTHIA 8.230 Monte Carlo (MC) event
generator [33] with the underlying event tune CP5 [34] and the parton distribution function set
NNPDF3.1 [35]. The b hadron decays are modeled with the EVTGEN 1.6.0 package [36]. Final-
state photon radiation is accounted for in the EVTGEN simulation with PHOTOS 215.5 [37, 38].
The response of the CMS detector is simulated using the GEANT4 package [39]. The effect of
multiple collisions in the same or neighboring bunch crossings (pileup) is accounted for by
overlaying simulated minimum bias events on the hard-scattering process. Simulated samples
are then reconstructed using the same software as for collision data.

The simulation is validated via comparison with background-subtracted data in a number of
control distributions. The B0

s candidate invariant mass distribution after the signal selection is
shown in Fig. 2, whereas the proper decay length and its uncertainty distributions are shown
in Fig. 3.

Figure 2: The invariant mass distribution of the B0
s ! J/y f ! µ+µ� K+K� candidates in data.

The vertical bars on the points represent the statistical uncertainties. The solid line represents
a projection of the fit to data (as discussed in Section 5, solid markers), the dashed line cor-
responds to the signal, the dotted line to the combinatorial background, and the long-dashed
line to the peaking background from B0 ! J/y K⇤(892)0 ! µ+µ� K+p�, as obtained from the
fit. The distribution of the differences between the data and the fit, divided by the combined
uncertainty in the data and the best fit function for each bin (pulls) is displayed in the lower
panel.

4 Flavor tagging
The flavor of the B0

s candidate at production is determined with an OS flavor tagging algorithm.
The OS approach is based on the fact that b quarks are predominantly produced in bb pairs,
and therefore one can infer the initial B0

s meson flavor by determining the flavor of the other
(“OS”) b quark in the event.

In this analysis, the flavor of the OS b hadron is deduced by exploiting the semileptonic b !
µ� + X decay, where the muon sign x is used as the tagging variable (x = �1 for B0

s). This
technique works on a probabilistic basis. If no OS muon is found, the event is considered as
untagged (x = 0). The tagging efficiency #tag is defined as the fraction of candidate events that

5

!!" → #/%&(1020) → ,#,$-#-$: event selection

Trigger strategy: 
ATLAS: 7/8 → J$J! candidate 
CMS: 7/8 + additional muon used to tag the 2/) flavour
• allows for improved tagging efficiency at the cost of 

reduced number of signal events

Offline selections:
CMS and ATLAS analyses have 
similar kinematic cuts
• !/# reconstructed from $#$$, 

good common vertex.
• % formed from pairs of OS tracks 

with invariant mass compatible 
with &(1020) meson mass (kaon 
mass assumed for both tracks)

• ,% from combination of -/. and 
&(1020) candidates with refitted 
2$ + 2tracks common vertex 

PANIC2021 - CP violation and HV results from ATLAS and CMS - F. Simone

Peter Križan, Ljubljana

Is with Bs
0 → J/\ φ decays

Is is the parameter of CP violation in Bs
0 → J/\ φ

decays.

In SM, this parameter is given by the CKM matrix
elements, Is = −2 arg(−VtsV∗tb/VcsV∗cb) 
CKMfitter: Is = −0.03696+0.00072

-0.00082

Measurement: 
• 2015 − 2017 ATLAS data: 80.5 fb−1@ 13TeV
• Trigger: two μ candidates consistent with J/\ mass 
('m ~ 50 MeV)
• "Low" pT cut, no decay time/impact
parameter cuts
• High signal yield (~ 45k)
• Flavour tagging using Opposite-side leptons (μ, e) 
or b-jet-charge tagging
• Calibrated Tagging power: (1.75 ± 0.01)%
• Silicon pixels and strips tracker: Vt ~ 65 fs

��

Eur. Phys. J. C 81 (2021) 342

Peter Križan, Ljubljana

Is with Bs
0 → J/\ φ decays

CMS
Similar analysis, on 96.4 fb−1

• Is = -0.011 ± 0.050(stat.) ± 0.010(sys.)
• Systematic dominated by angular efficiency and model 
bias
• Combined with Run 1
Is = -0.021 ± 0.045, '* = 0.1032 ± 0.0106 ps-1

LHCb
2015-2016 data, 4.9 fb−1

• Is = -0.083 ± 0.041(stat.) ± 0.006(sys.)
• Combined with Run 1
Is = -0.080 ± 0.032, '* = 0.1032 ± 0.0048 ps-1

Combined with all other measurements by LHCb
Is = -0.041 ± 0.025, '* = 0.0813 ± 0.0106 ps-1

��
Eur. Phys. J. C 79 (2019) 706, Eur. Phys. J. C 80 (2020) 601

Phys. Lett. B 816 (2021) 136188

~106 cands ~105 cands

• VV decay ==> complex angular analysis to disentangle 
the CP-even and CP-odd components 

• 6-D (3 angles, decay time, ωs, decay time error) 
maximum-likelihood fit to extract 

<latexit sha1_base64="NVUujl7iclP+Dfc4LU7Y2d6gSFI="></latexit>

�s from B0
s ! J/ �! µ+µ�K+K� decays

J/ ! µ+µ�

|m(µ+µ�)�mJ/ | < 50MeV/c2

�s Peter Križan, Ljubljana

Is with Bs
0 → J/\ φ decays

6-D (3 angles, decay time, mass, mistag
probability and decay time error) likelihood fit
to extract Is

• Is = -0.081 ± 0.041(stat.) ± 0.022(sys.)
• Systematics dominated by flavour tagging, modeling of
background angular distribution, fit bias. 
• Consistent with Run 1 result
• Combined: Is = -0.087 ± 0.042, '* = 0.0657 ± 0.0057ps-1

Full Run 2 analysis under way – additional 60 fb−1

��
��

Eur. Phys. J. C 81 (2021) 342
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Table 3: Results of the fit to data. Statistical uncertainties are obtained from the increase in
� logL by 0.5, whereas systematic uncertainties are described below and summarized in Ta-
ble 4.

Parameter Fit value Stat. uncer. Syst. uncer.
fs [mrad] �11 ± 50 ± 10
DGs [ps�1] 0.114 ± 0.014 ± 0.007
Dms [}ps�1] 17.51 + 0.10

� 0.09 ± 0.03
|l| 0.972 ± 0.026 ± 0.008
Gs [ps�1] 0.6531 ± 0.0042 ± 0.0026
|A0|2 0.5350 ± 0.0047 ± 0.0049
|A?|2 0.2337 ± 0.0063 ± 0.0045
|AS|2 0.022 + 0.008

� 0.007 ± 0.016
dk [rad] 3.18 ± 0.12 ± 0.03
d? [rad] 2.77 ± 0.16 ± 0.05
dS? [rad] 0.221 + 0.083

� 0.070 ± 0.048

Figure 5: The angular distributions cos qT (left), cos yT (middle), and jT (right) for the B0
s can-

didates and the projections from the fit. The notations are as in Fig. 2.

(referred to as “nominal-model pseudo-experiments” in what follows). Each of them is fitted
with the nominal model, and the pull distributions (i.e., the difference divided by the com-
bined uncertainty) between the parameters obtained from the fit and their input values are
produced. Each pull distribution is fitted with a Gaussian function, and the estimated cen-
tral value is taken as the corresponding systematic uncertainty, if different from zero by more
than its error. To avoid double-counting this uncertainty, whenever pseudo-experiments are
used to evaluate other systematic uncertainties, the model bias is always subtracted. In these
cases, the corresponding pull distributions are compared to those obtained with the nominal-
model pseudo-experiments. If the mean of the pull distribution differs from the mean of the
nominal-model distribution by more than their combined RMS, the difference is taken as the
corresponding systematic uncertainty.

Model assumptions: The assumptions made in defining the likelihood functions are tested by
generating pseudo-experiments with different hypotheses and fitting the samples with the
nominal model. The following assumptions are tested: signal and background invariant mass
models, background proper decay length model, and background angular model. Pull dis-
tributions with respect to the input values are used to evaluate the systematic uncertainty, as
described in the “model bias” paragraph.

Angular efficiency: The systematic uncertainty related to the limited MC event count used to
estimate the angular efficiency function is evaluated by regenerating the efficiency histograms
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Status of       measurements

12
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�s from B0
s ! J/ �! µ+µ�K+K� decays

Peter Križan, Ljubljana

Is world average - HFLAV

World average HFLAV

Is = −0.041 ± 0.025 rad , 
'*s = 0.082 ± 0.005 ps−1

• Measurements are statistically dominated
• Consistent with SM and consistent with no CP violation in the interference
• Several "full Run 2" analyses are ongoing Æ expect soon to improve Is precision 

��

                  HFLAV combined result


• Still statistically dominated

• Consistent with standard model and no CPV 
• Several Run2 analyses ongoing ==> expect improvement of precision

<latexit sha1_base64="DPAMHRziEdKi/p8/+2SvUY2lrKc="></latexit>

B0 ! K+⇡�

B0
s

B0 ! K+⇡�

⇢̄⌘̄

�s = �0.050± 0.019

14

the width difference between the two B0
s mass eigenstates:

fs = �11 ± 50 (stat) ± 10 (syst) mrad,

DGs = 0.114 ± 0.014 (stat) ± 0.007 (syst) ps�1.

The |l| parameter is measured to be |l| = 0.972 ± 0.026 (stat) ± 0.008 (syst), consistent with
no direct CP violation (|l| = 1). The average of the heavy and light B0

s mass eigenstate
decay widths is determined to be Gs = 0.6531 ± 0.0042 (stat) ± 0.0026 (syst) ps�1, consistent
with the world-average value Gs = 0.6624 ± 0.0018 ps�1 [31]. The mass difference between
the heavy and light B0

s meson mass eigenstates is measured to be Dms = 17.51 + 0.10
� 0.09 (stat) ±

0.03 (syst)}ps�1, consistent with the theoretical prediction Dms = 18.77 ± 0.86}ps�1 [4], and
in slight tension with the world-average value Dms = 17.757± 0.021}ps�1 [31]. The uncertain-
ties in all these measured parameters are dominated by the statistical component. This analysis
represents the first measurement by CMS of the mass difference Dms between the heavy and
light B0

s mass eigenstates and of the direct CP observable |l|.

7 Combination with 8 TeV results
The results presented in this Letter are in agreement with the earlier CMS result at a center-of-
mass energy of 8 TeV [14]. As explained in Section 1, both measurements are performed with
a similar number of events, with the one at

p
s = 13 TeV having a higher tagging efficiency.

This leads to an improvement in the uncertainty in quantities that require tagging, such as fs,
while but the uncertainties in those that do not use tagging, such as DGs, depend on the raw
number of events and are not improved relative to the 8 TeV result. The two sets of results are
combined using the BLUE method [48, 49] as implemented in the ROOT package [50–52] using
the following physics parameters: fs, DGs, Gs, |A0|2, |A?|2, |AS|2, dk, d?, and dS?. The statistical
correlations between the parameters obtained in each measurement are taken into account as
well as the correlations of the systematic uncertainties discussed in Section 6. Different sources
of systematic uncertainties are assumed to be uncorrelated. The systematic uncertainty corre-
lation between the parameters of the 8 TeV result is assumed to be zero. This assumption has
been found to not impact the results in a noticeable way. Since the muon tagging, the efficiency
evaluation, and part of the fit model are different in the two measurements, the respective sys-
tematic uncertainties are treated as uncorrelated between the two sets of results. The combined
results for the CP-violating phase and lifetime difference between the two mass eigenstates are:

fs = �21 ± 44 (stat) ± 10 (syst) mrad,

DGs = 0.1032 ± 0.0095 (stat) ± 0.0048 (syst) ps�1,

with a correlation between the two parameters of +0.02. The full combination results and the
correlations between the various extracted parameters are reported in Appendix A.

The two-dimensional fs vs. DGs likelihood contours at 68% confidence level (CL) for the indi-
vidual and combined results, as well as the SM prediction, are shown in Fig. 6. The contours
for the individual results are obtained with likelihood scans, which are used to obtain the com-
bined contour. The contours only account for the statistical uncertainty and the correlation
between the two scanned variables, while the results from the combination obtained using the
BLUE method take into account the statistical and systematic correlations of a wider range of
variables. The results are in agreement with each other and with the SM predictions.

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Eur. Phys. J. C 81 (2021) 342
DOI: 10.1140/epjc/s10052-021-09011-0

CERN-EP-2019-218
5th May 2021

Measurement of the CP-violating phase 5s in
H

0
s ! P/75 decays in ATLAS at 13 TeV

The ATLAS Collaboration

A measurement of the ⌫
0
B
! �/kq decay parameters using 80.5 fb�1 of integrated luminosity

collected with the ATLAS detector from 13 TeV proton–proton collisions at the LHC is
presented. The measured parameters include the CP-violating phase qB, the width di�erence
��B between the ⌫

0
B

meson mass eigenstates and the average decay width �B. The values
measured for the physical parameters are combined with those from 19.2 fb�1 of 7 TeV and
8 TeV data, leading to the following:

qB = �0.087 ± 0.036 (stat.) ± 0.021 (syst.) rad

��B = 0.0657 ± 0.0043 (stat.) ± 0.0037 (syst.) ps�1

�B = 0.6703 ± 0.0014 (stat.) ± 0.0018 (syst.) ps�1

Results for qB and ��B are also presented as 68% confidence level contours in the qB–��B

plane. Furthermore the transversity amplitudes and corresponding strong phases are measured.
qB and ��B measurements are in agreement with the Standard Model predictions.

© 2021 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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↵/�2

�/�1

�/�3

2-body or quasi-2- body 
charmless B decays (and            )
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Towards  at Belle IIα

14

Unique Belle II capability to study all the  partner decays to determine .B → ππ, ρρ α

: very challenging because four ɣ’s. 
Train BDT to suppress background photons. 
Then 3D fit of ∆E-Mbc-continuum suppression BDT. 
Unique Belle II reach.

B0 → π0π0

ℬ(B0 → π0π0) = [0.98+0.48
−0.39(stat) ± 0.27(syst)] × 10−6

: π-only final state, large background because 
of ρ mass width. Additional challenge of angular analysis → 
6D fit including helicity angles.

B+ → ρ+ρ0

fL(B+ → ρ+ρ0) = 0.936+0.049
−0.041(stat) ± 0.021(syst)

ℬ(B+ → ρ+ρ0) = [20.6 ± 3.2(stat) ± 4.0(syst)] × 10−6

On track to measure the CKM angle ɑ at Belle II 

20% precision improvement wrt Belle on the same lumi!

Wrt BaBar's best (scaled): better on BF, same on fL.

[arXiv:2107.02373]

[arXiv:2109.11456] 50
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extension to higher orders becomes non-trivial, and one
has to consider redefining the parameters accordingly; this
has been studied by Ahn, Cheng, and Oh (2011).

One can obtain an exact parameterization of the CKM
matrix in terms of A, �, ⇢, and ⌘, for example, by following
the convention of Buras, Lautenbacher, and Ostermaier
(1994), where

� = s12, (16.4.5)

A = s23/�2, (16.4.6)

A�3(⇢ � i⌘) = s13e
�i�, (16.4.7)

and by substituting Eqs (16.4.5) through (16.4.7) into
Eq. (16.4.3), while noting that sin2 ✓ = 1 � cos2 ✓. Such a
parameterization is described in Section 19.2.1.3 to illus-
trate CP violation in the charm sector.

Sometimes a slightly di↵erent convention for the Wolfen-
stein parameters is used, with parameters denoted ⇢ and
⌘. These parameters were defined at fixed order by Buras,
Lautenbacher, and Ostermaier (1994); the modern defini-
tion (Charles et al., 2005),

⇢ + i⌘ = �VudV ⇤

ub

VcdV ⇤

cb

, (16.4.8)

holds to all orders. The di↵erence with the parameteriza-
tion defined above appears only at higher orders in the
Wolfenstein expansion; the relation between this scheme
and the one defined in (16.4.5–16.4.7) is given by

⇢ + i⌘ = (⇢ + i⌘)

p
1 � A2�4

p
1 � �2[1 � A2�4(⇢ + i⌘)]

. (16.4.9)

16.5 The Unitarity Triangle

The unitarity relations VCKM · V †

CKM = 1 and V †

CKM ·
VCKM = 1 yield six independent relations corresponding
to the o↵-diagonal zeros in the unit matrix. They can be
represented as triangles in the complex plane; each trian-
gle has the same area, reflecting the fact that (with three
families) there is only one irreducible phase. A non-trivial
triangle — one with angles other than 0 or ⇡ — indicates
CP violation, proportional to the triangles’ common area.
Bigi and Sanda (2000) provide a detailed discussion of the
various triangles, their interpretation, and the possibilities
to probe them. Only two triangles have sides of compara-
ble length, which means that they are of the same order in
the Wolfenstein parameter �. The corresponding relations
are

VudV
⇤

ub + VcdV
⇤

cb + VtdV
⇤

tb = 0 (16.5.1)

VudV
⇤

td + VusV
⇤

ts + VubV
⇤

tb = 0. (16.5.2)

Inserting the Wolfenstein parameterization, both relations
turn out to be identical, up to terms of order �5; the
apex of the Unitarity Triangle is given by the coordi-
nate (⇢, ⌘). The three sides of this triangle (Fig. 16.5.1) —
usually referred to as “the” Unitarity Triangle— control

semi-leptonic and non-leptonic Bd transitions, including
Bd �Bd oscillations. In order to obtain the triangle shown
in Fig 16.5.1, Eq. (16.5.1) is divided by VcdV ⇤

cb so that the
base of the triangle is of unit length. Due to the sizable
angles, one expects large CP asymmetries in B decays in
the SM; this was actually realized before the discovery of
“long” B lifetimes. Note that in both unitarity-triangle
relations CKM matrix elements related to the top quark
appear; in particular Vtd and Vts can be accessed only
indirectly via FCNC decays of bottom quarks.

V   Vud      ub
*

V   Vcd      cb
*

V   Vtd      tb
*

V   Vcd      cb
*

� = �� = �

� = �

 1,0)( 0,0)(

( �,�)

1

2

_ _

3

 

Figure 16.5.1. The Unitarity Triangle.

The angles of the Unitarity Triangle are defined as

�1 = � ⌘ arg [�VcdV
⇤

cb/VtdV
⇤

tb] , (16.5.3)

�2 = ↵ ⌘ arg [�VtdV
⇤

tb/VudV
⇤

ub] , (16.5.4)

�3 = � ⌘ arg [�VudV
⇤

ub/VcdV
⇤

cb] , (16.5.5)

where this definition is independent of the specific phase
choice expressed in Eq. (16.4.3). Di↵erent notation con-
ventions have been used in the literature for these angles.
In particular the BABAR experiment has used ↵, �, and
�, whereas the Belle experiment has reported results in
terms of �2, �1, and �3, respectively. We use the latter for
brevity when discussing results in later sections.

The presence of CP violation in the CKM matrix im-
plies non-trivial values for these angles (�i 6= 0�, 180�),
corresponding to a non-vanishing area for the Unitarity
Triangle. In fact, all the triangles that can be formed from
the unitarity relation have the same area, which is propor-
tional to the quantity

� = ImV ⇤

csVusVcdV
⇤

ud (16.5.6)

which is independent of the phase convention. Note that
all other, rephasing invariant fourth order combinations of
CKM matrix elements, which cannot be reduced to prod-
ucts of second order invariants, can be related to �, which
is thus unique.

Furthermore, the phase in the CKM matrix could also
be removed, if the masses of either two up-type quarks or
two down-type quarks were degenerate. In summary, the
presence of CP violation is equivalent to (Jarlskog, 1985)

J = det[Mu , Md]

= 2i� ⇥ (mu � mc)(mu � mt)(mc � mt)

⇥ (md � ms)(md � mb)(ms � mb) (16.5.7)

Belle

BELLE2-CONF-PH-2021-008
September 11, 2021

Study of B ! D(⇤)h decays using 62.8 fb�1 of Belle II data

F. Abudinén,49 I. Adachi,25, 22 R. Adak,19 K. Adamczyk,75 P. Ahlburg,110 J. K. Ahn,57
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• Long-standing significant difference in the direct CP 
asymmetries in                         and                         decays: 

- At tree level, only the spectator quark differs (but loop diagrams do 
contribute) 

- Large hadronic uncertainties 
- …which can be strongly reduced with suitable combinations of BF 

and CPV asymmetries 

• This isospin sum rule provides a stringent null test sensitive to 
potential NP effects.

15

Charmless 2-body decays and the K-π puzzle
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Expected Impact of Belle II on the Longstanding “Kp’’ Puzzle
A significant difference is seen between direct CP asymmetry in B0/K+p– and B+/K+p0 decays:  
∆ACP = 0.124 ± 0.021
An Isospin sum rule has been proposed which provides a sensitive null-test:  PLB 627, 82 (2005) 

�

- a violation of the sum rule would be evidence for New Physics 
- precision on AK0p0 is the most limiting input for test of sum rule
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each r-bin interval, the wrong tag fractions (wr) and tagging e�ciencies (✏r) are determined
in control samples reconstructed in 2019 Belle II data [16] and constrained using Gaussian
likelihoods in our fit. Systematic uncertainties are associated by varying the parameters from
the control decay mode in the fit to the signal decay. The asymmetry AK

0
⇡

0 is determined
from a simultaneous maximum-likelihood fit to the unbinned Mbc-�E-q distributions with
signal-to-background fractions constrained by the yield fit of Sec. 5. The signal probability
density function (PDF) of q is the integral of the known B0 ! K0⇡0 decay-time evolution [17]

Psig(q) =
1

2
(1 + q · (1 � 2wr) · (1 � 2�d)AK

0
⇡

0)
(4)

with the time-integrated mixing parameter �d set to its known value �d = 0.1858 ±
0.0011 [10]. We assume the background from charmless B decays to be flavor symmet-
ric as well as the continuum sample. The resulting asymmetry is AK

0
⇡

0 = �0.40+0.46
�0.44, where

the uncertainty includes only the statistical contribution. In Fig. 3, the results of the fit on
well-tagged events are displayed separately in Mbc and �E projections.
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FIG. 3. Flavor-specific (Mbc, �E) projections on 2019-2020 Belle II data. The top panel shows
candidates where Btag is tagged as a B̄0 (signal-side: B0) and the bottom panel for candidates
where Btag is tagged as a B0 (signal-side: B0). The distribution and fit are integrated over r-bin
in the good tag region 0.25  r  1 and in the signal region (left panel: �0.16 < �E < 0.08 GeV,
right panel: Mbc > 5.27 GeV/c2).
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is consistent with zero with a 7% uncertainty. We assign as a systematic uncertainty the
observed shift on AK

0
⇡

0 from this alternative fit.

TABLE II. Summary of the (fractional) systematic uncertainties of the branching fraction mea-
surement.

Source �B(%)

Tracking e�ciency 1.8

K0
S reconstruction e�ciency 3.8

⇡0 reconstruction e�ciency 13.0

Continuum-suppression e�ciency 2.4

N(BB̄) (as written in Eq. 3) 1.4

Signal model <0.1

Continuum background model 1.4

Total 14.0

TABLE III. Summary of (absolute) systematic uncertainties in the A
K

0
⇡

0 measurement.

Source �AK
0
⇡
0

Flavor tagging modelling 0.03

B0 mixing parameter �d <0.01

B-decay background asymmetry 0.03

Continuum background asymmetry 0.01

Total 0.04

8. RESULT AND FUTURE IMPACT

We report a measurement of the direct CP asymmetry of the B0 ! K0⇡0 decay and an
update of its branching fraction that supersedes the value measured in Ref. [5]. We use data
collected by Belle II experiment in 2019 and 2020, corresponding to 62.8 fb�1 of integrated
luminosity, collected at the ⌥ (4S) resonance. We used simulation to devise and optimize
the candidate selection. We reconstruct and select 45+9

�8 signal candidates, from which we
determine the CP asymmetry and the branching fraction to be

AK
0
⇡

0 = �0.40+0.46
�0.44(stat) ± 0.04(syst), and

B(B0 ! K0⇡0) = [8.5+1.7
�1.6(stat) ± 1.2(syst)] ⇥ 10�6.

The value of the branching fraction is in agreement with known determinations. The direct
CP asymmetry AK

0
⇡

0 is measured for the first time at Belle II, paving the way for a precise
test of the isospin sum rule with larger Belle II datasets.

Belle II plays a crucial role in updating the isospin sum rule results, as it is the only run-
ning experiment that reports measurements of branching fraction and CP -violating asymme-
tries of B0 ! K0⇡0 decays. We investigate the impact that these and future measurements

15

FIG. 4. The projected uncertainty on IK⇡ with and without Belle II inputs. The inputs for IK⇡

are averages of the estimated updates from ongoing LHCb and Belle II experiments with current
world averages [10]. The red curve shows a projection when updates on the complete set of K⇡
measurements are considered, and the grey curve is the case if only A

K
+

⇡
� , A

K
+

⇡
0 , A

K
0
⇡

+ are
updated by LHCb. The projection corresponds to the luminosity plans from LHCb and Belle II.

Nucléaire et de Physique des Particules (IN2P3) du CNRS (France); BMBF, DFG, HGF,
MPG, and AvH Foundation (Germany); Department of Atomic Energy under Project
Identification No. RTI 4002 and Department of Science and Technology (India); Israel
Science Foundation grant No. 2476/17, United States-Israel Binational Science Foundation
grant No. 2016113, and Israel Ministry of Science grant No. 3-16543; Istituto Nazionale
di Fisica Nucleare and the research grants BELLE2; Japan Society for the Promotion of
Science, Grant-in-Aid for Scientific Research grant Nos. 16H03968, 16H03993, 16H06492,
16K05323, 17H01133, 17H05405, 18K03621, 18H03710, 18H05226, 19H00682, 26220706,
and 26400255, the National Institute of Informatics, and Science Information NETwork
5 (SINET5), and the Ministry of Education, Culture, Sports, Science, and Technology
(MEXT) of Japan; National Research Foundation (NRF) of Korea Grant Nos. 2016R1-
D1A1B01010135, 2016R1D1A1B02012900, 2018R1A2B3003643, 2018R1A6A1A06024970,
2018R1D1A1B07047294, 2019K1A3A7A09033840, and 2019R1I1A3A01058933, Radiation
Science Research Institute, Foreign Large-size Research Facility Application Supporting
project, the Global Science Experimental Data Hub Center of the Korea Institute of
Science and Technology Information and KREONET/GLORIAD; Universiti Malaya RU
grant, Akademi Sains Malaysia and Ministry of Education Malaysia; Frontiers of Science
Program contracts FOINS-296, CB-221329, CB-236394, CB-254409, and CB-180023, and
SEP-CINVESTAV research grant 237 (Mexico); the Polish Ministry of Science and Higher
Education and the National Science Center; the Ministry of Science and Higher Education

17

arXiv:2104.14871

B.Wach: Measurements of B→D(*)h	and charmless B-decays at Belle II 

B0 tag

B0 tag

<latexit sha1_base64="Z+VpEAMFBWZpzb/MxBVnNwiG5Zw="></latexit>

B0 ! h0⇡0, B0 ! h+⇡�, B+ ! h+⇡0, B+ ! h0⇡+ h = K,⇡

B+ ! K0⇡+

�ACP = 0.124± 0.021

M. Gronau, Phys.Lett. B627 (2005) 82



20/10/2021                                                           G. Finocchiaro - CPV experimental review                                                                       / 2616

LH
C

b-
C

O
N

F-
20

21
-0

01
05

/0
8/

20
21

LHCb-CONF-2021-001
July 25, 2021

Simultaneous determination of CKM
angle � and charm mixing

parameters

LHCb collaboration†

Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.

c� 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†EPS-HEP Conference 2021, Online, 26–30 July 2021. Contact authors: Mark Whitehead,
mark.peter.whitehead@cern.ch and Matthew Kenzie, matthew.william.kenzie@cern.ch.

Measurement of CP violation in                    decays
PRL 126 (2021) 0918026 fb−1

• Small CPV predicted by SM 
• Effects of loop diagrams potentially larger 
• Challenging measurement at a hadron 

collider

Most precise measurement to date

and the Kþ candidates, and the momentum of the π0

candidate as inputs. These variables are chosen to provide
discriminatory power between signal and background
without biasing the mðKþπ0Þ distribution.
Two pairs of BDTs are trained and tested using data to

represent background and simulated Bþ → Kþπ0 decays,
corrected as described above, to represent signal. One pair
of BDTs is trained on background data with candidate
invariant mass mðKþπ0Þ < 4860 MeV=c2, which is domi-
nated by partially reconstructed b-hadron decays. Another
pair of BDTs is trained on background data with
mðKþπ0Þ > 5700 MeV=c2, which are primarily random
Kþ π0 combinations (combinatorial background). In each
of these categories, a cross-validation is performed. The
data sample is split randomly, a BDT classifier is trained
and tested on each half, and then used to assign a score to
the candidates in the other half [34,35]. This avoids biases
due to artifacts in the training samples, while taking
advantage of the full set of data available. The optimal
requirements on the two final classifier response variables
are found for the data set simultaneously by maximizing
ϵ=

ffiffiffiffi
N

p
, where ϵ is the signal selection efficiency, evaluated

on simulated events, and N is the total number of
candidates observed in a region of approximately 3 times
the observed Bþ → Kþπ0 resolution around the expected
Bþ mass.
Kaon candidates with pT > 17 GeV=c or p >

250 GeV=c are removed from the sample after BDT
selection because of insufficient coverage in the
Bþ → J=ψKþ control sample described below. They
account for only 3% of the candidates after final selection.
The mðKþπ0Þ distribution of the selected Bþ → Kþπ0

candidates, separated by the charge of the B meson, is
shown in Fig. 1 along with the results of a fit to the data. In
the fit, the signal is modeled by the sum of a Crystal Ball
function [36] and a Gaussian function with an exponential
tail describing the high-mass region. The Crystal Ball and
the Gaussian functions share a common mean and width

that varies freely in the fit, and their tail shape parameters
are fixed from simulation. Combinatorial background is
modeled by an exponential function, with the exponent
parameter allowed to vary freely in the fit. The tail of a
Gaussian function is used to model the partially recon-
structed background in the low-mass region, with mean and
width allowed to vary freely in the fit. The rate of πþ → Kþ

misidentification is measured in D0 → K−πþ decays as a
function of pion momentum and pseudorapidity, with the
same particle identification requirements as signal events
[37]. The contribution of the misidentified Bþ → πþπ0

background is inferred from its branching fraction [38] and
the misidentification rate to be 2.4% of the Bþ → Kþπ0

yield. The Bþ → πþπ0 background component is modeled
by a Gaussian with mean and resolution fixed to values
determined from simulated events and a yield fixed to the
expectation. There is assumed to be no asymmetry in this
background.
An additional class of background candidates

arises from decays such as Bþ→ ðK$þ→Kþπ0Þπ0,
B0→ ðK$0→Kþπ−Þπ0, and B0 → Kþðρ− → π−π0Þ where
a pion from the K$ or ρ− decay is not reconstructed. The
polarization of the K$ or ρ− meson results in a double
peaked mðKþπ0Þ distribution, where the higher-mass peak
is close to the expected B mass. This type of background is
modeled with a parabolic function convolved with a
Gaussian resolution function following the method
described in Ref. [39]. The width of the resolution function
is fixed to that of the signal resolution and the end points
are fixed to the kinematic end points, allowing for a shift
between the fitted and the known Bþ masses[38]. The
lower-mass peak contributes below the mðKþπ0Þ range
considered, and so its relative height is fixed to a value
determined from simulation.
Other background sources include Bþ → ðK$þ →

Kþπ0Þγ decays where the γ is misidentified as a π0;
Bþ → ðf0ð980Þ → π0π0ÞKþ decays where one π0

is not reconstructed; and B0 → ðD̄0 → Kþπ−Þπ0,
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FIG. 1. Invariant-mass distribution of the selected candidates with fit projections overlayed. The data set is divided by the charge of the
B meson, with Bþ → Kþπ0 shown on the left and B− → K−π0 on the right.
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The ACPðBþ → J=ψKþÞ precision of 0.003 is considered
separately as an external-input uncertainty.
In conclusion, the direct CP asymmetry of the decay

Bþ → Kþπ0 has been measured with the LHCb detector
using a data sample corresponding to a luminosity of
5.4 fb−1. It is found to be

ACPðBþ → Kþπ0Þ ¼ 0.025% 0.015% 0.006% 0.003;

where the first uncertainty is statistical, the second is
systematic, and the third due to external inputs, exceeding
the precision of the current world average [22]. This result
is consistent with the world average and consistent with
zero at approximately 1.5 σ. TheCP asymmetry difference,
ΔACPðKπÞ≡ ACPðBþ → Kþπ0Þ − ACPðB0 → Kþπ−Þ, is
found to be 0.108% 0.017, where ACPðB0 → Kþπ−Þ is
taken from Ref. [22] (The world average includes the
LHCb measurement, and a small correlation between the
LHCb measurements of ACPðB0 → Kþπ−Þ and ACPðBþ →
Kþπ0Þ due to the charged kaon detection asymmetry has
been neglected.). Including the result presented in this
Letter, the new world average of ACPðBþ → Kþπ0Þ is
found to be 0.031% 0.013. This corresponds to
ΔACPðKπÞ ¼ 0.115% 0.014, which is nonzero with a
significance of more than 8 standard deviations, substan-
tially enhanced over the results prior to this measurement.
The updated sum rule prediction for ACPðB0 → K0π0Þ,
shown in Eq. (1), is found to be −0.138% 0.025, departing
from zero with a significance of approximately 5:5 σ.
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�ACP = 0.124± 0.021

each r-bin interval, the wrong tag fractions (wr) and tagging e�ciencies (✏r) are determined
in control samples reconstructed in 2019 Belle II data [16] and constrained using Gaussian
likelihoods in our fit. Systematic uncertainties are associated by varying the parameters from
the control decay mode in the fit to the signal decay. The asymmetry AK

0
⇡

0 is determined
from a simultaneous maximum-likelihood fit to the unbinned Mbc-�E-q distributions with
signal-to-background fractions constrained by the yield fit of Sec. 5. The signal probability
density function (PDF) of q is the integral of the known B0 ! K0⇡0 decay-time evolution [17]

Psig(q) =
1

2
(1 + q · (1 � 2wr) · (1 � 2�d)AK

0
⇡

0)
(4)

with the time-integrated mixing parameter �d set to its known value �d = 0.1858 ±
0.0011 [10]. We assume the background from charmless B decays to be flavor symmet-
ric as well as the continuum sample. The resulting asymmetry is AK

0
⇡

0 = �0.40+0.46
�0.44, where

the uncertainty includes only the statistical contribution. In Fig. 3, the results of the fit on
well-tagged events are displayed separately in Mbc and �E projections.
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FIG. 3. Flavor-specific (Mbc, �E) projections on 2019-2020 Belle II data. The top panel shows
candidates where Btag is tagged as a B̄0 (signal-side: B0) and the bottom panel for candidates
where Btag is tagged as a B0 (signal-side: B0). The distribution and fit are integrated over r-bin
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is consistent with zero with a 7% uncertainty. We assign as a systematic uncertainty the
observed shift on AK

0
⇡

0 from this alternative fit.

TABLE II. Summary of the (fractional) systematic uncertainties of the branching fraction mea-
surement.

Source �B(%)

Tracking e�ciency 1.8

K0
S reconstruction e�ciency 3.8

⇡0 reconstruction e�ciency 13.0

Continuum-suppression e�ciency 2.4

N(BB̄) (as written in Eq. 3) 1.4

Signal model <0.1

Continuum background model 1.4

Total 14.0

TABLE III. Summary of (absolute) systematic uncertainties in the A
K

0
⇡

0 measurement.

Source �AK
0
⇡
0

Flavor tagging modelling 0.03

B0 mixing parameter �d <0.01

B-decay background asymmetry 0.03

Continuum background asymmetry 0.01

Total 0.04

8. RESULT AND FUTURE IMPACT

We report a measurement of the direct CP asymmetry of the B0 ! K0⇡0 decay and an
update of its branching fraction that supersedes the value measured in Ref. [5]. We use data
collected by Belle II experiment in 2019 and 2020, corresponding to 62.8 fb�1 of integrated
luminosity, collected at the ⌥ (4S) resonance. We used simulation to devise and optimize
the candidate selection. We reconstruct and select 45+9

�8 signal candidates, from which we
determine the CP asymmetry and the branching fraction to be

AK
0
⇡

0 = �0.40+0.46
�0.44(stat) ± 0.04(syst), and

B(B0 ! K0⇡0) = [8.5+1.7
�1.6(stat) ± 1.2(syst)] ⇥ 10�6.

The value of the branching fraction is in agreement with known determinations. The direct
CP asymmetry AK

0
⇡

0 is measured for the first time at Belle II, paving the way for a precise
test of the isospin sum rule with larger Belle II datasets.

Belle II plays a crucial role in updating the isospin sum rule results, as it is the only run-
ning experiment that reports measurements of branching fraction and CP -violating asymme-
tries of B0 ! K0⇡0 decays. We investigate the impact that these and future measurements
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• Precision of the Isospin sum rule is limited by 
• Channel unique to Belle II

EPS-HEP 2021:   Belle II Highlights and Flavour Physics in e+e-

Expected Impact of Belle II on the Longstanding “Kp’’ Puzzle
A significant difference is seen between direct CP asymmetry in B0/K+p– and B+/K+p0 decays:  
∆ACP = 0.124 ± 0.021
An Isospin sum rule has been proposed which provides a sensitive null-test:  PLB 627, 82 (2005) 

�

- a violation of the sum rule would be evidence for New Physics 
- precision on AK0p0 is the most limiting input for test of sum rule
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each r-bin interval, the wrong tag fractions (wr) and tagging e�ciencies (✏r) are determined
in control samples reconstructed in 2019 Belle II data [16] and constrained using Gaussian
likelihoods in our fit. Systematic uncertainties are associated by varying the parameters from
the control decay mode in the fit to the signal decay. The asymmetry AK

0
⇡

0 is determined
from a simultaneous maximum-likelihood fit to the unbinned Mbc-�E-q distributions with
signal-to-background fractions constrained by the yield fit of Sec. 5. The signal probability
density function (PDF) of q is the integral of the known B0 ! K0⇡0 decay-time evolution [17]

Psig(q) =
1

2
(1 + q · (1 � 2wr) · (1 � 2�d)AK

0
⇡

0)
(4)

with the time-integrated mixing parameter �d set to its known value �d = 0.1858 ±
0.0011 [10]. We assume the background from charmless B decays to be flavor symmet-
ric as well as the continuum sample. The resulting asymmetry is AK

0
⇡

0 = �0.40+0.46
�0.44, where

the uncertainty includes only the statistical contribution. In Fig. 3, the results of the fit on
well-tagged events are displayed separately in Mbc and �E projections.
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FIG. 3. Flavor-specific (Mbc, �E) projections on 2019-2020 Belle II data. The top panel shows
candidates where Btag is tagged as a B̄0 (signal-side: B0) and the bottom panel for candidates
where Btag is tagged as a B0 (signal-side: B0). The distribution and fit are integrated over r-bin
in the good tag region 0.25  r  1 and in the signal region (left panel: �0.16 < �E < 0.08 GeV,
right panel: Mbc > 5.27 GeV/c2).
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is consistent with zero with a 7% uncertainty. We assign as a systematic uncertainty the
observed shift on AK

0
⇡

0 from this alternative fit.

TABLE II. Summary of the (fractional) systematic uncertainties of the branching fraction mea-
surement.

Source �B(%)

Tracking e�ciency 1.8

K0
S reconstruction e�ciency 3.8

⇡0 reconstruction e�ciency 13.0

Continuum-suppression e�ciency 2.4

N(BB̄) (as written in Eq. 3) 1.4

Signal model <0.1

Continuum background model 1.4

Total 14.0

TABLE III. Summary of (absolute) systematic uncertainties in the A
K

0
⇡

0 measurement.

Source �AK
0
⇡
0

Flavor tagging modelling 0.03

B0 mixing parameter �d <0.01

B-decay background asymmetry 0.03

Continuum background asymmetry 0.01

Total 0.04

8. RESULT AND FUTURE IMPACT

We report a measurement of the direct CP asymmetry of the B0 ! K0⇡0 decay and an
update of its branching fraction that supersedes the value measured in Ref. [5]. We use data
collected by Belle II experiment in 2019 and 2020, corresponding to 62.8 fb�1 of integrated
luminosity, collected at the ⌥ (4S) resonance. We used simulation to devise and optimize
the candidate selection. We reconstruct and select 45+9

�8 signal candidates, from which we
determine the CP asymmetry and the branching fraction to be

AK
0
⇡

0 = �0.40+0.46
�0.44(stat) ± 0.04(syst), and

B(B0 ! K0⇡0) = [8.5+1.7
�1.6(stat) ± 1.2(syst)] ⇥ 10�6.

The value of the branching fraction is in agreement with known determinations. The direct
CP asymmetry AK

0
⇡

0 is measured for the first time at Belle II, paving the way for a precise
test of the isospin sum rule with larger Belle II datasets.

Belle II plays a crucial role in updating the isospin sum rule results, as it is the only run-
ning experiment that reports measurements of branching fraction and CP -violating asymme-
tries of B0 ! K0⇡0 decays. We investigate the impact that these and future measurements

15

FIG. 4. The projected uncertainty on IK⇡ with and without Belle II inputs. The inputs for IK⇡

are averages of the estimated updates from ongoing LHCb and Belle II experiments with current
world averages [10]. The red curve shows a projection when updates on the complete set of K⇡
measurements are considered, and the grey curve is the case if only A

K
+

⇡
� , A

K
+

⇡
0 , A

K
0
⇡

+ are
updated by LHCb. The projection corresponds to the luminosity plans from LHCb and Belle II.
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Measurement of CKM angle                        
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• Only CKM angle originated to very good extent by tree diagrams  
- Precisely calculable in the SM 
- benchmark for NP searches 

• Present status: 

Most precise      measurements obtained with Dalitz plot method 

From UT constraints ckmfitter.in2p3.fr

Direct measurement
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�3 ⌘ arg[�VudV ⇤
ub/VcdV ⇤

cb]

B+ ! D[K0
S⇡

+⇡�]h+

�3 = (66.4+3.4
�3.6)

�

�3 = (65.6+0.9
�2.5)

�

hflav.web.cern.ch

CKM angle �3

Direct measurement
Only angle easily accessible at tree level.

Tree level measurements are “SM” benchmark
values - no interference from New Physics.

E↵ectively no theory uncertainties [O(10�7)];
which is only due to second-order electroweak
corrections. [J. Brod, J. Zupan, arxiv:1308.5663]

(�3)
combined = (66.2+3.4

�3.6)
� [hflav.web.cern.ch]

Large experimental uncertainties.

Significant progress possible in next few years.

Indirect extrapolation
Assume the triangle is closed. Measurements of
the other sides and angles are used to infer the
value of �3.

New Physics can contribute - potential for
di↵erent central value.

(�3)combined = (65.6+0.9
�2.5)

� [ckmfitter.in2p3.fr]

The uncertainty is already 1�

Can expect reduction in time.
Niharika Rout Determination of CKM angle �3 3 3 / 35
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• Interference of self-conjugate multi-body final states:  
• Sensitivity to      from different Dalitz plot distributions of B+ and  B− 

• Dalitz structure contains strong phases of D decays

[Phys Rev D 68, 054018]

BPGGSZ method

Uses self-conjugate multi-body D(K 0
Sh

�
h
+) final states. [Phys. Rev. D 68, 054018]

Sensitivity to �3 by comparing D Dalitz distributions for B+ and B
�

Fit D Dalitz plot with full amplitude model.

AB+ = AD̄(m
2
�,m

2
+) + rBe

i(�B��3)AD(m
2
�,m

2
+)

AD̄

�
m

2
�,m

2
+

� ⇥
AD

�
m

2
�,m

2
+

�⇤
is the D̄

0
! K

0
Sh

+
h
� ⇥

D
0
! K

0
Sh

+
h
�⇤ decay amplitude.

m
2
± = squared invariant masses of K 0

Sh
±: D Dalitz plot variables.

In presence of CP-violation, expect
di↵erences between the B

+ and B
�

distributions.

The magnitude and position of the
di↵erences is driven by the values of rB ,
�B , �3 and the physics of the D decay.

But, model-dependent analyses have
model uncertainty up-to 3� � 9�

Niharika Rout Determination of CKM angle �3 5 5 / 35

<latexit sha1_base64="xZ3FnXqlKL4GzgduvewQe8JHuX4="></latexit>

�3 ⌘ arg[�VudV ⇤
ub/VcdV ⇤

cb]

B+
! D[K0

S⇡
+⇡�]h+

�3 = (66.4+3.4
�3.6)

�

�3 = (65.6+0.9
�2.5)

�

O(10�7)

<latexit sha1_base64="xZ3FnXqlKL4GzgduvewQe8JHuX4="></latexit>

�3 ⌘ arg[�VudV ⇤
ub/VcdV ⇤

cb]

B+
! D[K0

S⇡
+⇡�]h+

�3 = (66.4+3.4
�3.6)

�

�3 = (65.6+0.9
�2.5)

�

O(10�7)

Physics highlights � from Time-integrated B ! DK

� from B⌥
! D(! K0

S⇡
+⇡�)K± [LHCb�CONF�2020�001]

“BPGGSZ00 method

SM benchmark: � accessible in tree decays. Vub ⇠ e�i� .
� = (72.1+4.1

�4.5)
� from trees [HFLAV]; (65.7+0.1

�2.7)
� from loops [CKMFitter].

Model-independent method (inputs from BESIII on D decay).

B ! D⇡ as control mode. � = (69± 5)�. Most
precise single measurement.

Combined �|LHCb precision at 4� level on
target. ) see Anton’s talk on Wed

Biplab Dey LHCb status, highlights, prospects 21st Sept, 2020 16 / 28
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extension to higher orders becomes non-trivial, and one
has to consider redefining the parameters accordingly; this
has been studied by Ahn, Cheng, and Oh (2011).

One can obtain an exact parameterization of the CKM
matrix in terms of A, �, ⇢, and ⌘, for example, by following
the convention of Buras, Lautenbacher, and Ostermaier
(1994), where

� = s12, (16.4.5)

A = s23/�2, (16.4.6)

A�3(⇢ � i⌘) = s13e
�i�, (16.4.7)

and by substituting Eqs (16.4.5) through (16.4.7) into
Eq. (16.4.3), while noting that sin2 ✓ = 1 � cos2 ✓. Such a
parameterization is described in Section 19.2.1.3 to illus-
trate CP violation in the charm sector.

Sometimes a slightly di↵erent convention for the Wolfen-
stein parameters is used, with parameters denoted ⇢ and
⌘. These parameters were defined at fixed order by Buras,
Lautenbacher, and Ostermaier (1994); the modern defini-
tion (Charles et al., 2005),

⇢ + i⌘ = �VudV ⇤

ub

VcdV ⇤

cb

, (16.4.8)

holds to all orders. The di↵erence with the parameteriza-
tion defined above appears only at higher orders in the
Wolfenstein expansion; the relation between this scheme
and the one defined in (16.4.5–16.4.7) is given by

⇢ + i⌘ = (⇢ + i⌘)

p
1 � A2�4

p
1 � �2[1 � A2�4(⇢ + i⌘)]

. (16.4.9)

16.5 The Unitarity Triangle

The unitarity relations VCKM · V †

CKM = 1 and V †

CKM ·
VCKM = 1 yield six independent relations corresponding
to the o↵-diagonal zeros in the unit matrix. They can be
represented as triangles in the complex plane; each trian-
gle has the same area, reflecting the fact that (with three
families) there is only one irreducible phase. A non-trivial
triangle — one with angles other than 0 or ⇡ — indicates
CP violation, proportional to the triangles’ common area.
Bigi and Sanda (2000) provide a detailed discussion of the
various triangles, their interpretation, and the possibilities
to probe them. Only two triangles have sides of compara-
ble length, which means that they are of the same order in
the Wolfenstein parameter �. The corresponding relations
are

VudV
⇤

ub + VcdV
⇤

cb + VtdV
⇤

tb = 0 (16.5.1)

VudV
⇤

td + VusV
⇤

ts + VubV
⇤

tb = 0. (16.5.2)

Inserting the Wolfenstein parameterization, both relations
turn out to be identical, up to terms of order �5; the
apex of the Unitarity Triangle is given by the coordi-
nate (⇢, ⌘). The three sides of this triangle (Fig. 16.5.1) —
usually referred to as “the” Unitarity Triangle— control

semi-leptonic and non-leptonic Bd transitions, including
Bd �Bd oscillations. In order to obtain the triangle shown
in Fig 16.5.1, Eq. (16.5.1) is divided by VcdV ⇤

cb so that the
base of the triangle is of unit length. Due to the sizable
angles, one expects large CP asymmetries in B decays in
the SM; this was actually realized before the discovery of
“long” B lifetimes. Note that in both unitarity-triangle
relations CKM matrix elements related to the top quark
appear; in particular Vtd and Vts can be accessed only
indirectly via FCNC decays of bottom quarks.

V   Vud      ub
*

V   Vcd      cb
*

V   Vtd      tb
*

V   Vcd      cb
*

� = �� = �

� = �

 1,0)( 0,0)(

( �,�)

1

2

_ _

3

 

Figure 16.5.1. The Unitarity Triangle.

The angles of the Unitarity Triangle are defined as

�1 = � ⌘ arg [�VcdV
⇤

cb/VtdV
⇤

tb] , (16.5.3)

�2 = ↵ ⌘ arg [�VtdV
⇤

tb/VudV
⇤

ub] , (16.5.4)

�3 = � ⌘ arg [�VudV
⇤

ub/VcdV
⇤

cb] , (16.5.5)

where this definition is independent of the specific phase
choice expressed in Eq. (16.4.3). Di↵erent notation con-
ventions have been used in the literature for these angles.
In particular the BABAR experiment has used ↵, �, and
�, whereas the Belle experiment has reported results in
terms of �2, �1, and �3, respectively. We use the latter for
brevity when discussing results in later sections.

The presence of CP violation in the CKM matrix im-
plies non-trivial values for these angles (�i 6= 0�, 180�),
corresponding to a non-vanishing area for the Unitarity
Triangle. In fact, all the triangles that can be formed from
the unitarity relation have the same area, which is propor-
tional to the quantity

� = ImV ⇤

csVusVcdV
⇤

ud (16.5.6)

which is independent of the phase convention. Note that
all other, rephasing invariant fourth order combinations of
CKM matrix elements, which cannot be reduced to prod-
ucts of second order invariants, can be related to �, which
is thus unique.

Furthermore, the phase in the CKM matrix could also
be removed, if the masses of either two up-type quarks or
two down-type quarks were degenerate. In summary, the
presence of CP violation is equivalent to (Jarlskog, 1985)

J = det[Mu , Md]

= 2i� ⇥ (mu � mc)(mu � mt)(mc � mt)

⇥ (md � ms)(md � mb)(ms � mb) (16.5.7)
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LHCb-CONF-2021-001
July 25, 2021

Simultaneous determination of CKM
angle � and charm mixing

parameters

LHCb collaboration†

Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.

c� 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†EPS-HEP Conference 2021, Online, 26–30 July 2021. Contact authors: Mark Whitehead,
mark.peter.whitehead@cern.ch and Matthew Kenzie, matthew.william.kenzie@cern.ch.

Measurement of CKM angle        with               decays
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Figure 1: Binning schemes for (left) D ! K0
S⇡

+⇡� decays and (right) D ! K0
SK

+K� decays.
The diagonal line separates the positive and negative bins, where the positive bins are in the
region in which m2

� > m2
+ is satisfied.

A small disadvantage is that the measurement of � will incorporate information from
both B± ! DK± and B± ! D⇡± decay modes and the contribution of each cannot be
disentangled. However, since the size of contribution from the B± ! D⇡± decay to the
precision is expected to be negligible in comparison to that from the B± ! DK± decay,
this is considered an acceptable compromise.

The measurements of ci and si are available in four di↵erent 2 ⇥ 8 binning schemes
for the D ! K0

S⇡
+⇡� decay. This analysis uses the scheme called the optimal binning,

where the bins have been chosen to optimise the statistical sensitivity to �, as described in
Ref. [27]. The optimisation was performed assuming a strong-phase di↵erence distribution
as predicted by the BaBar model presented in Ref. [45]. For the K0

SK
+K� final state,

three choices of binning schemes are available, containing 2 ⇥ 2, 2 ⇥ 3, and 2 ⇥ 4 bins.
The guiding model used to determine the bin boundaries is taken from the BaBar study
described in Ref. [46]. The D ! K0

SK
+K� decay mode is dominated by the intermediate

K0
S� and K0

Sa(980) states which are CP -odd and CP -even, respectively, and the narrow
K0

S� resonance is encapsulated within the second bin of the 2⇥ 2 scheme. Therefore, most
of the sensitivity is encompassed by this scheme, and the additional small gains from the
more detailed schemes are o↵set by low yields and fit instabilities that arise when these
bins are used. Therefore, the 2⇥2 bin is used for the analysis of the D ! K0

SK
+K� decay

mode. The measurements of ci and si are not biased by the use of a specific amplitude
model in defining the bin boundaries. The choice of the model only a↵ects this analysis
to the extent that a poor model description of the underlying decay would result in a
reduced statistical sensitivity of the � measurement. The binning choices for the two
decay modes are shown in Fig. 1.

Measurements of the ci and si parameters in the optimal binning scheme for the
D ! K0

S⇡
+⇡� decay and in the 2 ⇥ 2 binning scheme for the D ! K0

SK
+K� decay are

available from both the CLEO and BESIII collaborations. A combination of results from
both collaborations is presented in Ref. [29] and Ref. [30] for the D ! K0

S⇡
+⇡� and

D ! K0
SK

+K� decays, respectively. The combinations are used within this analysis.
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Figure 3: Invariant mass distributions for the (left) B± ! DK± channel and (right) B± ! D⇡±

channel with D ! K0
S⇡

+⇡�. The top (bottom) plots show data where the K0
S candidate is long

(downstream). Square brackets in the legend denote a particle that has not been reconstructed.

the mass range 5080 to 5800 MeV/c2 is performed, with no partition of the D phase space.
This fit is referred to as the global fit. The global fit is used to determine the signal and
background component parameterisations, which are subsequently used in a second stage
where the data are split by B charge and partitioned into the Dalitz plot bins to determine
the CP observables.

The invariant mass distributions of the selected B± candidates are shown for
D ! K0

S⇡
+⇡� and D ! K0

SK
+K� candidates in Figs. 3 and 4, respectively, together with

the results of the global fit superimposed. The invariant mass is kinematically constrained
through a fit imposed on the full B± decay chain [61]. The D and K0

S candidates are
constrained to their known masses [58] and the B± candidate momentum vector is required
to point towards the associated PV. The data sample is split into 8 categories depending
on the reconstructed B decay, D decay mode, and K0

S category, since the latter exhibits
slightly di↵erent mass resolutions. The fit is performed simultaneously for all categories
in order to allow parameters to be shared.

The peaks centered around 5280MeV/c2 correspond to the signal B± ! DK± and
B± ! D⇡± candidates. The parameterisation for the signal invariant-mass shape is
determined from simulation; the invariant-mass distribution is modelled with a sum of
the probability density function (PDF) for a Gaussian distribution, fG(m|mB, �), and
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Figure 6: The bin-by-bin asymmetries (N�
�i �N+

+i)/(N�
�i +N+

+i) for each Dalitz-plot bin number
for (left) B± ! DK± decays and (right) B± ! D⇡± decays. The prediction from the central
values of the CP -violation observables is shown with a solid line and the asymmetries obtained
in fits with independent bin yields are shown with the error bars. The predicted asymmetries in
a fit that does not allow for CP violation are shown with a dotted line. The vertical dashed line
separates the K0

S⇡
+⇡� and K0

SK
+K� bins on the horizontal axis.

selections applied to the data. Of particular interest are the alternative selections that
significantly a↵ect the presence of specific backgrounds: the fits where the value of the
BDT threshold is varied to decrease the level of combinatorial background and those
where the choice of PID selection is changed to result in a substantially lower level of
misidentified B± ! D⇡± decays and misidentified partially reconstructed background in
the B± ! DK± candidates. The variations in the central values for the CP observables
are consistent within the statistical uncertainty associated with the change in the data
sample.

In order to assess the goodness of fit and to demonstrate that the equations involving
the CP parameters provide a good description of the signal yields in data, an alternative fit
is performed where the signal yield in each B± ! DK± and B± ! D⇡± bin is measured
independently. The alternate fit is performed simultaneously in all categories in order
to correctly determine the yield of misidentified candidates. These yields are compared
with those predicted from the values of (xDK

± , yDK
± ) in the default fit and a high level

of agreement is found. In order to visualise the observed CP violation, the asymmetry,
(N�

�i � N+
+i)/(N

�
�i + N+

+i), is computed for e↵ective bin pairs, defined to comprise bin i
for a B+ decay and bin �i for a B� decay. Figure 6 shows the obtained asymmetries
and those predicted by the values of the CP observables obtained in the fit. A further
fit that does not allow for CP violation is carried out by imposing the conditions xDK

+

= xDK
� , yDK

+ = yDK
� . This determines the predicted asymmetry arising from detector

and production e↵ects. In the B± ! DK± sample the CP violation is clearly visible as
the data are inconsistent with the CP -conserved hypothesis. The observed asymmetries
correspond to a ⇠ 10� deviation given the expectation in the CP -conserving scenario.
The predicted asymmetries in the B± ! D⇡± decay are an order of magnitude smaller.
The data in this analysis cannot distinguish between the CP -violating and CP -conserving
predictions for B± ! D⇡± due to the relatively large statistical uncertainties.
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uncertainties. There is no dominant source of systematic uncertainty for all CP observables,
however the description of backgrounds, either those not modelled or the modelling of
the partially reconstructed backgrounds are some of the larger sources. The uncertainty
attributed to the precision of the strong-phase measurements is of similar size to the total
LHCb-related systematic uncertainty.

8 Interpretation

The CP observables are measured to be

xDK
� = ( 5.68 ± 0.96 ± 0.20 ± 0.23) ⇥ 10�2,

yDK
� = ( 6.55 ± 1.14 ± 0.25 ± 0.35) ⇥ 10�2,

xDK
+ = (�9.30 ± 0.98 ± 0.24 ± 0.18) ⇥ 10�2,

yDK
+ = (�1.25 ± 1.23 ± 0.26 ± 0.28) ⇥ 10�2,

xD⇡
⇠ = (�5.47 ± 1.99 ± 0.32 ± 0.14) ⇥ 10�2,

yD⇡
⇠ = ( 0.71 ± 2.33 ± 0.54 ± 0.18) ⇥ 10�2,

(11)

where the first uncertainty is statistical, the second arises from systematic e↵ects in the
method or detector considerations, and the third from external inputs of strong-phase
measurements from the combination of CLEO and BESIII [27,29] results. The correlation
matrices for each source of uncertainty are available in the appendices in Tables 3-5.

The CP observables are interpreted in terms of the underlying physics parameters
�, and rB and �B for each B± decay mode. The interpretation is done via a maximum
likelihood fit using a frequentist treatment as described in Ref. [44]. The solution for the
physics parameters has a two-fold ambiguity as the equations are invariant under the
simultaneous substitutions � ! � + 180� and �B ! �B + 180�. The solution that satisfies
0 < � < 180� is chosen, and leads to

� = (68.7+5.2
�5.1)

�,

rDK±

B = 0.0904+0.0077
�0.0075,

�DK±

B = (118.3+5.5
�5.6)

�,

rD⇡±

B = 0.0050 ± 0.0017,

�D⇡±

B = (291+24
�26)

�.

(12)

Pseudoexperiments are carried out to confirm that the value of � is extracted without
bias. This is the most precise single measurement of � to date. The result is consistent
with the indirect determination � =

�
65.66+0.90

�2.65

��
[6]. The confidence limits for � are

illustrated in Fig. 7, while Fig. 8 shows the two-dimensional confidence regions obtained
for the (�, rB) and (rB, �B) parameter combinations. The results for �, rDK

B ,and �DK
B

are consistent with their current world averages [5, 6] which include the LHCb results
obtained with the 2011–2016 data. The knowledge of rD⇡

B and �D⇡
B from other sources

is limited, with the combination of many observables presented in Ref. [44] providing
two possible solutions. The results here have a single solution, and favour a central
value that is consistent with the expectation for rD⇡

B , given the value of rDK
B and CKM
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Figure 7: Confidence limits for the CKM angle � obtained using the method described in
Ref. [44].

elements [41]. This is likely to remove the two-solution aspect in future combinations
of � and associated hadronic parameters. The low value of rD⇡

B means that the direct
contribution to � from B± ! D⇡± decays in this measurement is minimal. However the
ability to use this decay mode to determine the e�ciency has approximately halved the
total LHCb related experimental systematic uncertainty in comparison to Ref. [10]. The
new inputs from the BESIII collaboration have led to the strong-phase related uncertainty
on � to be approximately 1�, which is a significant reduction compared to the propagated
uncertainty when only CLEO measurements were available.

9 Conclusions

In summary, the decays B± ! DK± and B± ! D⇡± with D ! K0
S⇡

+⇡� or
D ! K0

SK
+K� obtained from the full LHCb dataset collected to date, corresponding

to an integrated luminosity of 9 fb�1, have been analysed to determine the CKM angle
�. The sensitivity to � comes almost entirely from B± ! DK± decays where the sig-
nal yields of reconstructed events are approximately 13600 (1900) in the D ! K0

S⇡
+⇡�

(D ! K0
SK

+K�) decay modes. The B± ! D⇡± data is primarily used to control e↵ects
due to selection and reconstruction of the data, which leads to small experimental sys-
tematic uncertainties. The analysis is performed in bins of the D-decay Dalitz plot and
a combination of measurements performed by the CLEO and BESIII collaborations pre-
sented in Refs. [29, 30] are used to provide input on the D-decay strong-phase parameters
(ci,si). Such an approach allows the analysis to be free from model-dependent assumptions
on the strong-phase variation across the Dalitz plot. The analysis also determines the
hadronic parameters rB and �B for each B± decay mode. Those of the B± ! DK± decay
are consistent with current averages, and those of the B± ! D⇡± decay are obtained with
the best precision to date, and have not previously been measured using these D-decay
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Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.
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Figure 1: Binning schemes for (left) D ! K0
S⇡

+⇡� decays and (right) D ! K0
SK

+K� decays.
The diagonal line separates the positive and negative bins, where the positive bins are in the
region in which m2

� > m2
+ is satisfied.

A small disadvantage is that the measurement of � will incorporate information from
both B± ! DK± and B± ! D⇡± decay modes and the contribution of each cannot be
disentangled. However, since the size of contribution from the B± ! D⇡± decay to the
precision is expected to be negligible in comparison to that from the B± ! DK± decay,
this is considered an acceptable compromise.

The measurements of ci and si are available in four di↵erent 2 ⇥ 8 binning schemes
for the D ! K0

S⇡
+⇡� decay. This analysis uses the scheme called the optimal binning,

where the bins have been chosen to optimise the statistical sensitivity to �, as described in
Ref. [27]. The optimisation was performed assuming a strong-phase di↵erence distribution
as predicted by the BaBar model presented in Ref. [45]. For the K0

SK
+K� final state,

three choices of binning schemes are available, containing 2 ⇥ 2, 2 ⇥ 3, and 2 ⇥ 4 bins.
The guiding model used to determine the bin boundaries is taken from the BaBar study
described in Ref. [46]. The D ! K0

SK
+K� decay mode is dominated by the intermediate

K0
S� and K0

Sa(980) states which are CP -odd and CP -even, respectively, and the narrow
K0

S� resonance is encapsulated within the second bin of the 2⇥ 2 scheme. Therefore, most
of the sensitivity is encompassed by this scheme, and the additional small gains from the
more detailed schemes are o↵set by low yields and fit instabilities that arise when these
bins are used. Therefore, the 2⇥2 bin is used for the analysis of the D ! K0

SK
+K� decay

mode. The measurements of ci and si are not biased by the use of a specific amplitude
model in defining the bin boundaries. The choice of the model only a↵ects this analysis
to the extent that a poor model description of the underlying decay would result in a
reduced statistical sensitivity of the � measurement. The binning choices for the two
decay modes are shown in Fig. 1.

Measurements of the ci and si parameters in the optimal binning scheme for the
D ! K0

S⇡
+⇡� decay and in the 2 ⇥ 2 binning scheme for the D ! K0

SK
+K� decay are

available from both the CLEO and BESIII collaborations. A combination of results from
both collaborations is presented in Ref. [29] and Ref. [30] for the D ! K0

S⇡
+⇡� and

D ! K0
SK

+K� decays, respectively. The combinations are used within this analysis.
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Figure 3: Invariant mass distributions for the (left) B± ! DK± channel and (right) B± ! D⇡±

channel with D ! K0
S⇡

+⇡�. The top (bottom) plots show data where the K0
S candidate is long

(downstream). Square brackets in the legend denote a particle that has not been reconstructed.

the mass range 5080 to 5800 MeV/c2 is performed, with no partition of the D phase space.
This fit is referred to as the global fit. The global fit is used to determine the signal and
background component parameterisations, which are subsequently used in a second stage
where the data are split by B charge and partitioned into the Dalitz plot bins to determine
the CP observables.

The invariant mass distributions of the selected B± candidates are shown for
D ! K0

S⇡
+⇡� and D ! K0

SK
+K� candidates in Figs. 3 and 4, respectively, together with

the results of the global fit superimposed. The invariant mass is kinematically constrained
through a fit imposed on the full B± decay chain [61]. The D and K0

S candidates are
constrained to their known masses [58] and the B± candidate momentum vector is required
to point towards the associated PV. The data sample is split into 8 categories depending
on the reconstructed B decay, D decay mode, and K0

S category, since the latter exhibits
slightly di↵erent mass resolutions. The fit is performed simultaneously for all categories
in order to allow parameters to be shared.

The peaks centered around 5280MeV/c2 correspond to the signal B± ! DK± and
B± ! D⇡± candidates. The parameterisation for the signal invariant-mass shape is
determined from simulation; the invariant-mass distribution is modelled with a sum of
the probability density function (PDF) for a Gaussian distribution, fG(m|mB, �), and
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Figure 6: The bin-by-bin asymmetries (N�
�i �N+

+i)/(N�
�i +N+

+i) for each Dalitz-plot bin number
for (left) B± ! DK± decays and (right) B± ! D⇡± decays. The prediction from the central
values of the CP -violation observables is shown with a solid line and the asymmetries obtained
in fits with independent bin yields are shown with the error bars. The predicted asymmetries in
a fit that does not allow for CP violation are shown with a dotted line. The vertical dashed line
separates the K0

S⇡
+⇡� and K0

SK
+K� bins on the horizontal axis.

selections applied to the data. Of particular interest are the alternative selections that
significantly a↵ect the presence of specific backgrounds: the fits where the value of the
BDT threshold is varied to decrease the level of combinatorial background and those
where the choice of PID selection is changed to result in a substantially lower level of
misidentified B± ! D⇡± decays and misidentified partially reconstructed background in
the B± ! DK± candidates. The variations in the central values for the CP observables
are consistent within the statistical uncertainty associated with the change in the data
sample.

In order to assess the goodness of fit and to demonstrate that the equations involving
the CP parameters provide a good description of the signal yields in data, an alternative fit
is performed where the signal yield in each B± ! DK± and B± ! D⇡± bin is measured
independently. The alternate fit is performed simultaneously in all categories in order
to correctly determine the yield of misidentified candidates. These yields are compared
with those predicted from the values of (xDK

± , yDK
± ) in the default fit and a high level

of agreement is found. In order to visualise the observed CP violation, the asymmetry,
(N�

�i � N+
+i)/(N

�
�i + N+

+i), is computed for e↵ective bin pairs, defined to comprise bin i
for a B+ decay and bin �i for a B� decay. Figure 6 shows the obtained asymmetries
and those predicted by the values of the CP observables obtained in the fit. A further
fit that does not allow for CP violation is carried out by imposing the conditions xDK

+

= xDK
� , yDK

+ = yDK
� . This determines the predicted asymmetry arising from detector

and production e↵ects. In the B± ! DK± sample the CP violation is clearly visible as
the data are inconsistent with the CP -conserved hypothesis. The observed asymmetries
correspond to a ⇠ 10� deviation given the expectation in the CP -conserving scenario.
The predicted asymmetries in the B± ! D⇡± decay are an order of magnitude smaller.
The data in this analysis cannot distinguish between the CP -violating and CP -conserving
predictions for B± ! D⇡± due to the relatively large statistical uncertainties.
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uncertainties. There is no dominant source of systematic uncertainty for all CP observables,
however the description of backgrounds, either those not modelled or the modelling of
the partially reconstructed backgrounds are some of the larger sources. The uncertainty
attributed to the precision of the strong-phase measurements is of similar size to the total
LHCb-related systematic uncertainty.

8 Interpretation

The CP observables are measured to be

xDK
� = ( 5.68 ± 0.96 ± 0.20 ± 0.23) ⇥ 10�2,

yDK
� = ( 6.55 ± 1.14 ± 0.25 ± 0.35) ⇥ 10�2,

xDK
+ = (�9.30 ± 0.98 ± 0.24 ± 0.18) ⇥ 10�2,

yDK
+ = (�1.25 ± 1.23 ± 0.26 ± 0.28) ⇥ 10�2,

xD⇡
⇠ = (�5.47 ± 1.99 ± 0.32 ± 0.14) ⇥ 10�2,

yD⇡
⇠ = ( 0.71 ± 2.33 ± 0.54 ± 0.18) ⇥ 10�2,

(11)

where the first uncertainty is statistical, the second arises from systematic e↵ects in the
method or detector considerations, and the third from external inputs of strong-phase
measurements from the combination of CLEO and BESIII [27,29] results. The correlation
matrices for each source of uncertainty are available in the appendices in Tables 3-5.

The CP observables are interpreted in terms of the underlying physics parameters
�, and rB and �B for each B± decay mode. The interpretation is done via a maximum
likelihood fit using a frequentist treatment as described in Ref. [44]. The solution for the
physics parameters has a two-fold ambiguity as the equations are invariant under the
simultaneous substitutions � ! � + 180� and �B ! �B + 180�. The solution that satisfies
0 < � < 180� is chosen, and leads to

� = (68.7+5.2
�5.1)

�,

rDK±

B = 0.0904+0.0077
�0.0075,

�DK±

B = (118.3+5.5
�5.6)

�,

rD⇡±

B = 0.0050 ± 0.0017,

�D⇡±

B = (291+24
�26)

�.

(12)

Pseudoexperiments are carried out to confirm that the value of � is extracted without
bias. This is the most precise single measurement of � to date. The result is consistent
with the indirect determination � =

�
65.66+0.90

�2.65

��
[6]. The confidence limits for � are

illustrated in Fig. 7, while Fig. 8 shows the two-dimensional confidence regions obtained
for the (�, rB) and (rB, �B) parameter combinations. The results for �, rDK

B ,and �DK
B

are consistent with their current world averages [5, 6] which include the LHCb results
obtained with the 2011–2016 data. The knowledge of rD⇡

B and �D⇡
B from other sources

is limited, with the combination of many observables presented in Ref. [44] providing
two possible solutions. The results here have a single solution, and favour a central
value that is consistent with the expectation for rD⇡

B , given the value of rDK
B and CKM
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Figure 7: Confidence limits for the CKM angle � obtained using the method described in
Ref. [44].

elements [41]. This is likely to remove the two-solution aspect in future combinations
of � and associated hadronic parameters. The low value of rD⇡

B means that the direct
contribution to � from B± ! D⇡± decays in this measurement is minimal. However the
ability to use this decay mode to determine the e�ciency has approximately halved the
total LHCb related experimental systematic uncertainty in comparison to Ref. [10]. The
new inputs from the BESIII collaboration have led to the strong-phase related uncertainty
on � to be approximately 1�, which is a significant reduction compared to the propagated
uncertainty when only CLEO measurements were available.

9 Conclusions

In summary, the decays B± ! DK± and B± ! D⇡± with D ! K0
S⇡

+⇡� or
D ! K0

SK
+K� obtained from the full LHCb dataset collected to date, corresponding

to an integrated luminosity of 9 fb�1, have been analysed to determine the CKM angle
�. The sensitivity to � comes almost entirely from B± ! DK± decays where the sig-
nal yields of reconstructed events are approximately 13600 (1900) in the D ! K0

S⇡
+⇡�

(D ! K0
SK

+K�) decay modes. The B± ! D⇡± data is primarily used to control e↵ects
due to selection and reconstruction of the data, which leads to small experimental sys-
tematic uncertainties. The analysis is performed in bins of the D-decay Dalitz plot and
a combination of measurements performed by the CLEO and BESIII collaborations pre-
sented in Refs. [29, 30] are used to provide input on the D-decay strong-phase parameters
(ci,si). Such an approach allows the analysis to be free from model-dependent assumptions
on the strong-phase variation across the Dalitz plot. The analysis also determines the
hadronic parameters rB and �B for each B± decay mode. Those of the B± ! DK± decay
are consistent with current averages, and those of the B± ! D⇡± decay are obtained with
the best precision to date, and have not previously been measured using these D-decay
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Auvergne-Rhône-Alpes (France); Key Research Program of Frontier Sciences of CAS, CAS296

PIFI, CAS CCEPP, Fundamental Research Funds for the Central Universities, and Sci.297

& Tech. Program of Guangzhou (China); RFBR, RSF and Yandex LLC (Russia); GVA,298

XuntaGal and GENCAT (Spain); the Leverhulme Trust, the Royal Society and UKRI299

(United Kingdom).300

13

LHCb-CONF-2021-001

• New method to combine gamma 
and measurements of charm-mixing 
parameters (in LHCb) 

• 151 observables, 52 parameters 

• Most precise determination from a 
single experiment

LH
C

b-
C

O
N

F-
20

21
-0

01
05

/0
8/

20
21

LHCb-CONF-2021-001
July 25, 2021

Simultaneous determination of CKM
angle � and charm mixing
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Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.

c� 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†EPS-HEP Conference 2021, Online, 26–30 July 2021. Contact authors: Mark Whitehead,
mark.peter.whitehead@cern.ch and Matthew Kenzie, matthew.william.kenzie@cern.ch.
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Figure 4. Signal enhanced fit projections of �E (left) and C 0 (right) of the channels B+ !
D(K0

S⇡
�⇡+)⇡+ (top) and B+ ! D(K0

S⇡
�⇡+)K+ (bottom) in Belle II dataset. The black points

with error bars represent data, and the solid blue line is the total fit. The large-dotted magenta, long-
dashed red, small-dotted blue, and short-dashed green curves represent B+ ! D⇡+, B+ ! DK+

continuum and combinatorial BB̄ background components, respectively. The pull between the data
and the fit are shown for all the projections.

uncertainties, which takes the correlation into account. This approach is used to compute416

the contributions of the external inputs ci and si and any correlated fixed parameters used to
describe the PDFs. The correlations of the external inputs are taken from the Refs. [15, 16],418

and for the fixed parameters, are considered from the individual component fits to the
simulated samples. The results are listed in Table 3. The corresponding uncertainties are420

less than 20% and 5% of the total statistical uncertainty for the external inputs and the fixed
parameters, respectively. The systematic uncertainties related to PID are also calculated422

using this same strategy, where the efficiency and misidentification rates are varied within
their uncertainty, independently for Belle and Belle II.424

The peaking background from charmless decays is studied by performing the analysis
on the sidebands of the D candidate invariant mass distribution. Studies of the simulated426

samples indicate that the main contributions arise from B+ ! K⇤+⇡�⇡+, B+ ! K⇤+⇢0

and B+ ! K⇤+J/ decays. The yields are obtained from fits to sideband data and then the428

peaking background yields are fixed in a fit to data; the peaking background is modelled
using the same PDF distributions as the signal component. The resulting bias in the430

central values of the physics parameters, which is two orders of magnitude smaller than the
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• LHCb dominates the scene, but Belle II can contribute, particularly                     
in modes with neutrals in the final state 

• Good         separation is important to suppress the dominant                 decays 
• First analysis using the combined Belle and Belle II data sets 
• Model-independent method 
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Results

�B(�) 124.8 ± 12.9 (stat.) ± 0.5 (syst.) ± 1.7 (ext. input)

rDK
B 0.129 ± 0.024 (stat.) ± 0.001 (syst.) ± 0.002 (ext. input)

�3(�) 78.4 ± 11.4 (stat.) ± 0.5 (syst.) ± 1.0 (ext. input)

0

0.2

0.4

0.6

0.8

1

C
L

−1

0 50 100 150
]° [

3
φ

68.3%

95.5%

Belle + Belle II

0.05 0.1 0.15 0.2 0.25 0.3
DK
Br

0

0.2

0.4

0.6

0.8

1

C
L

−1

68.3%

95.5%

Belle + Belle II

0 50 100 150
]° [

3
φ

0.05

0.1

0.15

0.2

0.25

D
K

Br

Cartesian

Belle + Belle II

0 50 100 150
]° [

3
φ

80

100

120

140

160

180]° [
D

K
Bδ

Cartesian

Belle + Belle II

Niharika Rout Determination of CKM angle �3 31 31 / 35

Belle

BELLE2-CONF-PH-2021-008
September 11, 2021

Study of B ! D(⇤)h decays using 62.8 fb�1 of Belle II data

F. Abudinén,49 I. Adachi,25, 22 R. Adak,19 K. Adamczyk,75 P. Ahlburg,110 J. K. Ahn,57

H. Aihara,128 N. Akopov,134 A. Aloisio,99, 42 F. Ameli,46 L. Andricek,66 N. Anh Ky,39, 14

D. M. Asner,3 H. Atmacan,112 V. Aulchenko,4, 77 T. Aushev,27 V. Aushev,90

T. Aziz,91 V. Babu,12 S. Bacher,75 S. Baehr,53 S. Bahinipati,29 A. M. Bakich,127

P. Bambade,107 Sw. Banerjee,117 S. Bansal,82 M. Barrett,25 G. Batignani,102, 45

J. Baudot,108 A. Beaulieu,130 J. Becker,53 P. K. Behera,32 M. Bender,62 J. V. Bennett,121

E. Bernieri,47 F. U. Bernlochner,110 M. Bertemes,35 E. Bertholet,93 M. Bessner,114

S. Bettarini,102, 45 V. Bhardwaj,28 B. Bhuyan,30 F. Bianchi,104, 48 T. Bilka,7 S. Bilokin,62

D. Biswas,117 A. Bobrov,4, 77 A. Bondar,4, 77 G. Bonvicini,132 A. Bozek,75 M. Bračko,119, 89
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Figure 9. Per-bin yield asymmetries
�
N�

�i �N+
+i

�
/
�
N�

�i +N+
+i

�
in each Dalitz plot bin i for

B+ ! DK+ (top) and B+ ! D⇡+ (bottom) for the Belle (left) and Belle II (right) data sets. The
asymmetries produced in fits with independent bin yields are given with statistical error bars, and
the prediction from the best-combined-fit values of the (x, y) parameters is displayed with a solid
line. A dotted line depicts the anticipated asymmetries in a fit that does not allow for CP violation.

is negligible compared to the current statistical precision. Hence, we neglect this source of
systematic uncertainty.498

We assume that the values of Fi are the same for B+ ! D
�
K0

Sh
+h�

�
K+ and B� !�

K0
Sh

+h�
�
⇡+ decays. In principle a small difference exists due to the altered kinematics500

induced by the differing pion and kaon masses. We investigated the validity of our as-
sumption in large simulated samples. No significant difference is observed in the values of502

Fi so no related systematic uncertainty is assigned. We also consider how the Belle and
Belle II Dalitz plot acceptance might distort the effective values of ci and si, which are504

measured assuming a uniform acceptance. The values are calculated with and without the
Belle (Belle II) acceptance included. The deviations in the values of ci and si are at most506

an order of magnitude smaller than the reported uncertainties [16, 17], which are already
considered in our measurement. Therefore, this potential source of systematic uncertainty508

is ignored.
As a further check of the fit performance, we generate 1000 simplified-simulated ex-510

periments with mean signal yields that correspond to our measured values of CP-violating
parameters. These samples are then fit in an identical manner to the data. The results512

verify that the fit is stable and unbiased with the current sample size, as well as providing

– 19 –

Results

�B(�) 124.8 ± 12.9 (stat.) ± 0.5 (syst.) ± 1.7 (ext. input)

rDK
B 0.129 ± 0.024 (stat.) ± 0.001 (syst.) ± 0.002 (ext. input)

�3(�) 78.4 ± 11.4 (stat.) ± 0.5 (syst.) ± 1.0 (ext. input)
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Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.

c� 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†EPS-HEP Conference 2021, Online, 26–30 July 2021. Contact authors: Mark Whitehead,
mark.peter.whitehead@cern.ch and Matthew Kenzie, matthew.william.kenzie@cern.ch.
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Figure 1: Leading-order Feynman diagrams for (left)B0
s and (right)B0

s decays to theD
�
s K

+⇡+⇡�

final state, where the ⇡+⇡� subsystem exemplarily hadronises in conjunction with the kaon.

2 Phenomenology of the decay

Assuming tree-level processes are dominant, transitions from B0

s
and B0

s
flavour eigenstates

to the final state f = D�
s
K+⇡+⇡� are described by decay amplitudes

hf |B0

s
i ⌘ Ac(x), hf |B0

s
i ⌘ r ei(���)Au(x), (1)

with a relative magnitude r and (constant) strong- and weak-phase di↵erences � and
�, respectively. A set of five independent kinematic observables (e.g. invariant-mass
combinations of the final state particles or helicity angles) fully describes the phase space
x of the decay. The hadronic amplitudes Ac(x) and Au(x), where the superscript c (u)
refers to a b ! c (b ! u) quark-level transition, contain the strong-interaction dynamics
and are given by a coherent sum over intermediate-state amplitudes, Ai(x):

Ac(x) =
X

i

ac
i
Ai(x), Au(x) =

X

i

au
i
Ai(x). (2)

The complex amplitude coe�cients ac
i
and au

i
need to be determined from data. Since

the hadronisation process is di↵erent for B0

s
! f and B0

s
! f decays, their respective

amplitude coe�cients are distinct (ac
i
6= au

i
). To ensure that the parameters r and � do

not depend on the convention employed for the amplitude coe�cients, the magnitude
squared of the hadronic amplitudes is normalised to unity when integrated over the phase
space (with four-body phase-space element d�4) and the overall strong-phase di↵erence
between Ac(x) and Au(x) is set to zero, i.e.

R
|Ac(x)|2 d�4(x) =

R
|Au(x)|2 d�4(x) = 1

and arg
�R

Ac(x)⇤ Au(x) d�4(x)
�
= 0. Within this convention, the decay fractions and

interference fractions for b ! c (b ! u) transitions are defined as

F c(u)

i
⌘

Z ���ac(u)i
Ai(x)

���
2

d�4, Ic(u)
ij

⌘

Z
2Re[ac(u)

i
ac(u)⇤
j

Ai(x)A
⇤
j
(x)] d�4. (3)

2.1 Amplitude formalism

The isobar model is used to construct the intermediate-state amplitudes Ai(x) [19–21].
Within this model, the four-body decay B0

s
! h1 h2 h3 h4 proceeds via two isobar states R1

and R2 (typically associated to intermediate resonances), which gives rise to two distinct
decay topologies; quasi-two-body decays B0

s
! (R1 ! h1 h2) (R2 ! h3 h4) or cascade

2
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B0
s ! D⌥

s h
±⇡±⇡⌥

B0
s ! Dsh⇡⇡

B+
! D[K0

S⇡
+⇡�]h+

�3 = (66.4+3.4
�3.6)

�

�3 = (65.6+0.9
�2.5)

�

O(10�7)

�

the BDT classifier is chosen to optimise the significance of the B0

s
! D⌥

s
K±⇡±⇡⌥ signal.

3.2 Data sample composition

Irreducible background contributions to the selected B0

s
! D�

s
⇡+⇡+⇡� and

B0

s
! D⌥

s
K±⇡±⇡⌥ data samples are disentangled from signal decays on a statistical basis

by means of an extended maximum likelihood fit to the reconstructed m(D⌥
s
h±⇡±⇡⌥)

invariant mass, where h is either a pion or a kaon. A Johnson’s SU function [61] is used as
probability density function (PDF) for the signal component. The shape parameters are ini-
tially determined from simulation. To account for small di↵erences between simulation and
data, scale factors for the mean and standard deviation of the signal PDF are introduced.
These are determined from a fit to the B0

s
! D�

s
⇡+⇡+⇡� calibration sample and thereafter

fixed when fitting B0

s
! D⌥

s
K±⇡±⇡⌥ candidates. Background decays of B0 mesons are

described by the same PDF shifted by the known mass di↵erence between B0

s
and B0

mesons [2]. The combinatorial background is modelled with a second-order polynomial
function. The shapes for partially reconstructed B0

s
! D⇤�

s
⇡+⇡+⇡�, B0

s
! D⇤�

s
K+⇡+⇡�

and B0
! D⇤�

s
K+⇡+⇡� decays, where the D⇤�

s
meson decays to D�

s
� or D�

s
⇡0, are derived

from simulated decays. The same applies to the shape for misidentified B0

s
! D�

s
⇡+⇡+⇡�

and B0

s
! D⇤�

s
⇡+⇡+⇡� decays contributing to the B0

s
! D⌥

s
K±⇡±⇡⌥ sample. The

expected yields of these cross-feed background contributions are estimated by determining
the probability of a pion to pass the PID requirement imposed on the kaon candidate from
a control sample of D⇤+

! (D0
! K�⇡+) ⇡+ decays [62]. All other yields are determined

from the fit.
Figure 2 displays the invariant mass distributions of B0

s
! D�

s
⇡+⇡+⇡� and

B0

s
! D⌥

s
K±⇡±⇡⌥ candidates with fit projections overlaid. A signal yield of 148 000± 400

(7500±100) is obtained for B0

s
! D�

s
⇡+⇡+⇡� (B0

s
! D⌥

s
K±⇡±⇡⌥) decays. The results are

used to assign weights to the candidates to statistically subtract the background with the
sPlot technique [63]. Here, the m(D⌥

s
h±⇡±⇡⌥) invariant mass is used as discriminating

variable when performing fits to the decay-time and phase-space distributions [64].
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7

 [ps]t

2 4 6 8 10

Y
ie

ld
 /

 (
0

.2
 p

s
)

100

200

300

400

500

600

700

800

LHCb

±

π
±

π
±

K

±

s
D→

s

0
B

) [ps]
s

m∆/π2 modulo (t

0 0.1 0.2 0.3

 
m

ix
A 

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5

LHCb
−

π
+

π
+

K
−

s
=Df

+
π

−
π

−
K

+

s
=Df
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(lines). The decay-time acceptance (left) is overlaid in an arbitrary scale (dashed line).

Table 3: Decay fractions of the intermediate-state amplitudes contributing to decays via b ! c
and b ! u quark-level transitions. The uncertainties are statistical, systematic and due to
alternative amplitude models considered.

Decay channel F c

i
[%] F u

i
[%]

B0

s
! D⌥

s
(K1(1270)± ! K⇤(892)0 ⇡±) 13.0± 2.4± 2.7± 3.4 4.1± 2.2± 2.9 ± 2.6

B0

s
! D⌥

s
(K1(1270)± ! K± ⇢(770)0) 16.0± 1.4± 1.8± 2.1 5.1± 2.2± 3.5 ± 2.0

B0

s
! D⌥

s
(K1(1270)± ! K⇤

0
(1430)0 ⇡±) 3.4± 0.5± 1.0± 0.4 1.1± 0.5± 0.6 ± 0.5

B0

s
! D⌥

s
(K1(1400)± ! K⇤(892)0 ⇡±) 63.9± 5.1± 7.4± 13.5 19.3± 5.2± 8.3 ± 7.8

B0

s
! D⌥

s
(K⇤(1410)± ! K⇤(892)0 ⇡±) 12.8± 0.8± 1.5± 3.2 12.6± 2.0± 2.6 ± 4.1

B0

s
! D⌥

s
(K⇤(1410)± ! K± ⇢(770)0) 5.6± 0.4± 0.6± 0.7 5.6± 1.0± 1.2 ± 1.8

B0

s
! D⌥

s
(K(1460)± ! K⇤(892)0 ⇡±) 11.9± 2.5± 2.9 ± 3.1

B0

s
! (D⌥

s
⇡±)P K⇤(892)0 10.2± 1.6± 1.8± 4.5 28.4± 5.6± 6.4 ± 15.3

B0

s
! (D⌥

s
K±)P ⇢(770)0 0.9± 0.4± 0.5± 1.0

Sum 125.7± 6.4± 6.9± 19.9 88.1± 7.0± 10.0± 20.9

spectator-quark interaction. Here, no clear hierarchy is observed. There are sizeable contri-
butions from the axial-vector resonances but also from the pseudoscalar stateK(1460)+ and
from the quasi-two-body process B0

s
! (D⌥

s
⇡±)P K⇤(892)0, where (D⌥

s
⇡±)P denotes a

non-resonant two-particle system in a P -wave (L = 1) configuration. Interference fractions
of the b ! c and b ! u intermediate-state amplitudes are given in Tables B.6 and B.7. Size-
able interference e↵ects between the decay modes B0

s
! D⌥

s
(K1(1270)± ! K⇤(892)0 ⇡±),

B0

s
! D⌥

s
(K1(1400)± ! K⇤(892)0 ⇡±) and B0

s
! (D⌥

s
⇡±)P K⇤(892)0 are observed since

the overlap of their phase-space distributions is significant. A net constructive (destructive)
interference e↵ect of all amplitude components of around +26% (�12%) remains for b ! c
(b ! u) quark-level transitions when integrated over the phase space.

The mass and width of the K1(1400)+ and K⇤(1410)+ resonances are determined from
the fit to be

mK1(1400) = (1406± 7± 6± 11)MeV, �K1(1400) = (195± 11± 12± 16)MeV,

mK⇤(1410) = (1433± 10± 23± 8)MeV, �K⇤(1410) = (402± 24± 47± 22)MeV,

14

• Interference of mixing and decay to the same final state 

• Several final states contributing: complicated model-independent 5D amplitude analysis

• The fit measures                    ; use LHCb measurement of       as external input to extract   

• Alternative model-dependent analysis integrating over the 5D phase space. Results in excellent agreement 

• 4.4/4.6 sigma evidence for mixing-induced CPV, and (dis)agree with the       WA by 2.2/1.6 sigma.
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�

cross-check, pseudoexperiments are performed to study the distribution of the test statis-
tic Q2 =

P
i
(⇤MI

i
� ⇤MD

i
)2/(�stat(⇤MI

i
)2 � �stat(⇤MD

i
)2), where ⇤MI

i
(⇤MD

i
) and �stat(⇤MI

i
)

(�stat(⇤MD

i
)) denote the measured value of the physical observable ⇤i and its statistical

uncertainty obtained with the model-independent (model-dependent) method. It is found
that p = 33% of the pseudoexperiments have a larger Q2 value than observed on data,
considering only the statistical uncertainty. The p-value increases to p = 49% when the
uncertainty due to the amplitude modelling is included.

The measured ratio of the b ! u and b ! c decay amplitudes is qualitatively consistent
with the naive expectation based on the involved CKM elements (r ⇡ 0.4). Note that the
parameters r, and � are determined in a limited phase-space region (cf. Sec. 3.1) and
might di↵er when the full phase space is considered.
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Figure 8: The 1�CL contours for the physical observables r,, � and � � 2�s obtained with the
model-independent fit.

Table 6: Parameters determined from the model-independent and model-dependent fits to
the B0

s ! D⌥
s K

±⇡±⇡⌥ signal candidates. The uncertainties are statistical, systematic and (if
applicable) due to alternative amplitude models considered. The angles are given modulo 180�.

Parameter Model-independent Model-dependent

r 0.47+0.08

� 0.08

+0.02

� 0.03
0.56± 0.05± 0.04± 0.07

 0.88+0.12

� 0.19

+0.04

� 0.07
0.72± 0.04± 0.06± 0.04

� [�] �6 +10

� 12

+2

� 4
�14± 10 ± 4 ± 5

� � 2�s [�] 42 +19

� 13

+6

� 2
42± 10 ± 4 ± 5
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Flavour tagging

• Look at the charge of the 
accompanying particle
• Prompt charm: !∗± → !%&±

o!% points to PV
oDecay time acceptance

• Semileptonic charm: ' → !%(±)
o!% does not point to PV
oAccess all !% decay times
oLower yield

10Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna
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Observation of CP violation in D0 decays
PRL 122, 211803 (2019) 

5.9 fb−1 (13 TeV)

Flavour tagging

• Look at the charge of the 
accompanying particle
• Prompt charm: !∗± → !%&±

o!% points to PV
oDecay time acceptance

• Semileptonic charm: ' → !%(±)
o!% does not point to PV
oAccess all !% decay times
oLower yield

10Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna

Flavour tagging

• Look at the charge of the 
accompanying particle
• Prompt charm: !∗± → !%&±

o!% points to PV
oDecay time acceptance

• Semileptonic charm: ' → !%(±)
o!% does not point to PV
oAccess all !% decay times
oLower yield

10Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna

Two possible flavour tags:

Flavour tagging

• Look at the charge of the 
accompanying particle
• Prompt charm: !∗± → !%&±

o!% points to PV
oDecay time acceptance

• Semileptonic charm: ' → !%(±)
o!% does not point to PV
oAccess all !% decay times
oLower yield

10Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 39Angelo$Carbone

Time%integrated,CP,asymmetry

with,! = #$#% and, ! = &$&%
CP,asymmetry,is,defined,as

The,flavour,of,the,initial,state,('0 or,)'* ),is,tagged,by,the,
charge,of,the,slow,pion,from,'∗± → '0&% or,muon,from,
. → '* → ! /$0

The,raw,asymmetry,for,tagged,'0 decays,to,a,final,state,f,is,
given,by

where,N,refers,to,,the,number,of,reconstructed,,events,of,decay,
after,background,subtraction

� 

ACP f( ) =
Γ(D0 → f ) −Γ(D0

→ f )
Γ(D0 → f ) +Γ(D0

→ f )

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 39Angelo$Carbone

Time%integrated,CP,asymmetry

with,! = #$#% and, ! = &$&%
CP,asymmetry,is,defined,as

The,flavour,of,the,initial,state,('0 or,)'* ),is,tagged,by,the,
charge,of,the,slow,pion,from,'∗± → '0&% or,muon,from,
. → '* → ! /$0

The,raw,asymmetry,for,tagged,'0 decays,to,a,final,state,f,is,
given,by

where,N,refers,to,,the,number,of,reconstructed,,events,of,decay,
after,background,subtraction

� 

ACP f( ) =
Γ(D0 → f ) −Γ(D0

→ f )
Γ(D0 → f ) +Γ(D0

→ f )

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 53Angelo$Carbone

!"#$ measurements))[%+tagged]
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Results'with'Run,2'[6'fb,1]

Compatible'with'previous'LHCb'results'and'the'WA

!,tagged Run 1'(3'fb,1)

",tagged Run 1'(3'fb,1)

LHCb,PAPER,2019,006

Δ$%& = +14 ± 16 stat ± 8 (syst) ×1067

Δ$%& = −10 ± 8 stat ± 3 (syst) ×1067

Phys.'Rev.'Lett.'116'(2016)

JHEP'07'041'(2014)
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Results'with'full'LHCb data'sample'[9'fb61]

!"#$ = −'(. * ± ,. - ×'/0*

This'is'the'first'observation of'CP
violation'in'the'decay'of'charm hadrons

5.3 standard'deviations'from'zero

LHCb6PAPER620196006
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Results'with'Run,2'[6'fb,1]

Compatible'with'previous'LHCb'results'and'the'WA

!,tagged Run 1'(3'fb,1)

",tagged Run 1'(3'fb,1)

LHCb,PAPER,2019,006

Δ$%& = +14 ± 16 stat ± 8 (syst) ×1067

Δ$%& = −10 ± 8 stat ± 3 (syst) ×1067

Phys.'Rev.'Lett.'116'(2016)

JHEP'07'041'(2014)

5.3σ significance for direct CPV!

Combination (including Run1+Run2) 
of prompt and semileptonic events:
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Δ"#$ %!tagged
What)we)measure)is)the)physical)asymmetry)plus)asymmetries)due)

both)to)production)and)detector)effects

• No)detection)asymmetry)for)D0 decays)to))K!K+ or)π!π+
• …)if)we)take)the)raw)asymmetry)difference)

• the)D*+ production)and)the)slow)pion)detection)asymmetries)will)
cancel

CP)asymmetry
Any)charge!dependent)
asymmetry)in)slow)pion)

reconstruction

D*± production)
asymmetry

� 

∆ACP ≡ Araw (KK) − Araw (ππ) = ACP (KK) − ACP (ππ)

In          production and reconstruction asymmetries cancel out
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A time-integrated asymmetry, ACPðfÞ, can be deter-
mined, and its value will exhibit a dependence on the
variation of the reconstruction efficiency as a function of
the decay time. To first order in the D0-D̄0 mixing
parameters, it can be written as [38,45]

ACPðfÞ ≈ adirCPðfÞ −
htðfÞi
τðD0Þ

AΓðfÞ; ð2Þ

where htðfÞi denotes the mean decay time of D0 → f
decays in the reconstructed sample, incorporating the
effects of the time-dependent experimental efficiency,
adirCPðfÞ is the direct CP asymmetry, τðD0Þ the D0 lifetime
and AΓðfÞ the asymmetry between the D0 → f and D̄0 →
f effective decay widths [46,47]. In the limit of U-spin
symmetry, the direct CP asymmetry is equal in magnitude
and opposite in sign for K−Kþ and π−πþ, though the
size of U-spin-breaking effects at play is uncertain [19].
Taking AΓ to be independent of final state [19,48,49], the
difference in CP asymmetries between D0 → K−Kþ and
D0 → π−πþ decays is

ΔACP ≡ ACPðK−KþÞ − ACPðπ−πþÞ

≈ ΔadirCP −
Δhti
τðD0Þ

AΓ; ð3Þ

where ΔadirCP ≡ adirCPðK−KþÞ − adirCPðπ−πþÞ and Δhti is
the difference of the mean decay times htðK−KþÞi and
htðπ−πþÞi.
The D0 mesons considered in this analysis are produced

either promptly at a pp collision point (primary vertex, PV)
in the strong decay of D$ð2010Þþ mesons (hereafter
referred to as D$þ) to a D0πþ pair or at a vertex displaced
from any PV in semileptonic B̄ → D0μ−ν̄μX decays, where
B̄ denotes a hadron containing a b quark, and X stands for
potential additional particles. The flavor at production of
D0 mesons fromD$þ decays is determined from the charge
of the accompanying pion (π tagged), whereas that of D0

mesons from semileptonic b-hadron decays is obtained
from the charge of the accompanying muon (μ tagged). The
raw asymmetries measured for π-tagged and μ-tagged D0

decays are defined as

Aπ−tagged
raw ðfÞ≡ N(D$þ → D0ðfÞπþ) − N(D$− → D̄0ðfÞπ−)

N(D$þ → D0ðfÞπþ)þ N(D$− → D̄0ðfÞπ−)
;

Aμ−tagged
raw ðfÞ≡ N(B̄ → D0ðfÞμ−ν̄μX) − N(B → D̄0ðfÞμþνμX)

N(B̄ → D0ðfÞμ−ν̄μX)þ N(B → D̄0ðfÞμþνμX)
; ð4Þ

where N is the measured signal yield for the given decay.
These can be approximated as

Aπ−tagged
raw ðfÞ ≈ ACPðfÞ þ ADðπÞ þ APðD$Þ;

Aμ−tagged
raw ðfÞ ≈ ACPðfÞ þ ADðμÞ þ APðBÞ; ð5Þ

where ADðπÞ and ADðμÞ are detection asymmetries due to
different reconstruction efficiencies between positive and
negative tagging pions and muons, whereas APðD$Þ and
APðBÞ are the production asymmetries of D$ mesons and b
hadrons, arising from the hadronization of charm and
beauty quarks in pp collisions [50]. Owing to the smallness
of the involved terms, which averaged over phase space for
selected events are Oð10−2Þ or less [50–53], the approx-
imations in Eq. (5) are valid up to corrections of Oð10−6Þ.
The values of ADðπÞ and APðD$Þ, as well as those of ADðμÞ
and APðBÞ, are independent of the final state f and, thus,
cancel in the difference, resulting in

ΔACP ¼ ArawðK−KþÞ − Arawðπ−πþÞ: ð6Þ

This simple relation betweenΔACP and the measurable raw
asymmetries in K−Kþ and π−πþ makes the determination
of ΔACP largely insensitive to systematic uncertainties.

The LHCb detector is a single-arm forward spectrometer
designed for the study of particles containing b or c quarks,
as described in detail in Refs. [54,55]. The LHCb tracking
system exploits a dipole magnet to measure the momentum
of charged particles. Although the analysis presented in
this Letter is expected to be insensitive to such effects, the
magnetic-field polarity is reversed periodically during data
taking to mitigate the differences of reconstruction efficien-
cies of particles with opposite charges. Data sets correspond-
ing to about one half of the total integrated luminosity are
recorded with each magnetic-field configuration.
The online event selection is performed by a trigger,

which consists of a hardware stage based on information
from the calorimeter and muon systems, followed by two
software stages. In the first software stage, events used in
this analysis are selected if at least one track has large
transverse momentum and is incompatible with originating
from any PV, or if any two-track combination forming a
secondary vertex, consistent with that of a D0 decay, is
found in the event by a multivariate algorithm [56,57]. In
between the first and second software stages, detector
alignment and calibration are performed, and updated
constants are made available to the software trigger [58].
In the second stage, D0 candidates are fully reconstructed
using kinematic, topological and particle-identification
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imations in Eq. (5) are valid up to corrections of Oð10−6Þ.
The values of ADðπÞ and APðD$Þ, as well as those of ADðμÞ
and APðBÞ, are independent of the final state f and, thus,
cancel in the difference, resulting in

ΔACP ¼ ArawðK−KþÞ − Arawðπ−πþÞ: ð6Þ

This simple relation betweenΔACP and the measurable raw
asymmetries in K−Kþ and π−πþ makes the determination
of ΔACP largely insensitive to systematic uncertainties.

The LHCb detector is a single-arm forward spectrometer
designed for the study of particles containing b or c quarks,
as described in detail in Refs. [54,55]. The LHCb tracking
system exploits a dipole magnet to measure the momentum
of charged particles. Although the analysis presented in
this Letter is expected to be insensitive to such effects, the
magnetic-field polarity is reversed periodically during data
taking to mitigate the differences of reconstruction efficien-
cies of particles with opposite charges. Data sets correspond-
ing to about one half of the total integrated luminosity are
recorded with each magnetic-field configuration.
The online event selection is performed by a trigger,

which consists of a hardware stage based on information
from the calorimeter and muon systems, followed by two
software stages. In the first software stage, events used in
this analysis are selected if at least one track has large
transverse momentum and is incompatible with originating
from any PV, or if any two-track combination forming a
secondary vertex, consistent with that of a D0 decay, is
found in the event by a multivariate algorithm [56,57]. In
between the first and second software stages, detector
alignment and calibration are performed, and updated
constants are made available to the software trigger [58].
In the second stage, D0 candidates are fully reconstructed
using kinematic, topological and particle-identification

PHYSICAL REVIEW LETTERS 122, 211803 (2019)

211803-2
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Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.
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Measurement of CP violation in                 decays
PR D 104, L031102 (2021)  6 fb−1

Measurement of CP asymmetry in D0 → K0
SK

0
S decays

R. Aaij et al.*

(LHCb Collaboration)

(Received 17 May 2021; accepted 1 July 2021; published 27 August 2021)

A measurement of the CP asymmetry in D0 → K0
SK

0
S decays is reported, based on a data sample of

proton-proton collisions collected by the LHCb experiment from 2015 to 2018, corresponding to an
integrated luminosity of 6 fb−1. The flavor of the D0 candidate is determined using the charge of the D!"

meson, from which the decay is required to originate. The D0 → KþK− decay is used as a calibration
channel. The time-integrated CP asymmetry for the D0 → K0

SK
0
S mode is measured to be

ACPðD0 → K0
SK

0
SÞ ¼ ð−3.1" 1.2" 0.4" 0.2Þ, where the first uncertainty is statistical, the second is

systematic, and the third is due to the uncertainty on the CP asymmetry of the calibration channel. This is
the most precise determination of this quantity to date.

DOI: 10.1103/PhysRevD.104.L031102

The existence of charge-parity violation (CPV) effects in
charm hadrons has recently been established [1], which
constitutes the only evidence of CPV in the up-quark (u, c,
or t) sector. However, current experimental evidence is
limited to a single observable, ΔACP, the difference
between the CP asymmetry in D0 → KþK− and D0 →
πþπ− decays. Given the uncertainties in the theoretical
predictions on CPV in the charm-quark sector within the
Standard Model (SM), it is currently not possible to reach a
definitive conclusion about their ability to explain the data
[2,3]. Further measurements in charm-hadron decays are
crucial to shed light on CPV phenomenology. This could
involve dynamics beyond the SM, which is not constrained
to be the same as in the down-quark (d, s, or b) sector and
could enter the amplitudes via loop contributions, affecting
observables in a detectable way.
Among many charm-hadron decay modes in which CPV

could manifest, theD0 → K0
SK

0
S mode is a promising target

because of the expected size of the effect. Its CP asym-
metry is defined by

ACPðK0
SK

0
SÞ ¼

ΓðD0 → K0
SK

0
SÞ − ΓðD̄0 → K0

SK
0
SÞ

ΓðD0 → K0
SK

0
SÞ þ ΓðD̄0 → K0

SK
0
SÞ
; ð1Þ

where Γ is the decay width of theD0 (D̄0) meson, and it can
be larger than in other channels, up to the percent level
in the SM [4–8]. In fact, only amplitudes proceeding via

loop-suppressed and tree-level exchange diagrams, which
vanish in the flavor–SU(3) limit, contribute to this decay,
and they are similar in size. Their interference could
therefore result in a detectable CP asymmetry. In addition,
the CP asymmetry in the D0 → K0

SK
0
S decay is sensitive to

a different mix of amplitudes compared to D0 → KþK−

and D0 → πþπ− decays. Therefore, measuring ACP (K0
S

K0
S) provides independent information which can help to

elucidate the mechanisms of CPV in charm hadron decays.
The current world average for the time-integrated CP

asymmetry is ACPðK0
SK

0
SÞ ¼ ð0.4" 1.4Þ% [9], the preci-

sion of which is still insufficient for detecting an effect. In
this work, a new measurement of this quantity, performed
with proton-proton (pp) collisions collected from 2015 to
2018 (Run 2) by the LHCb experiment at the LHC at
CERN, is reported. Data collected at a center-of-mass
energy of 13 TeV, corresponding to an integrated lumi-
nosity of 6 fb−1, are used. The subsample of data collected
during 2015 and 2016 has been analyzed previously [10].
In the present work, a number of improvements in the
analysis leads to a more efficient selection and a sizeable
improvement in sensitivity.
The measurement of ACPðK0

SK
0
SÞ requires knowledge of

the D0 flavor at production. A sample of flavor-tagged
D0 → K0

SK
0
S decays is obtained by selecting only D0

mesons that originate from D!þ → D0πþ decays [11].
The charge of the pion (tagging pion) in this decay
identifies the flavor of the accompanying D0 meson.
While D0 oscillations may cause some of them to change
flavor before decaying, this is a small effect in comparison
to the resolution of the current measurement and is not
considered further.
The decay widths Γ in Eq. (1) are related to the number

of observed candidates N by

*Full author list given at the end of the article.
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• Need to study CPV in additional D0 decay channels 
• No tree-level amplitude in SM (only annihilation & 

penguin) 
• Effects of non-SM loop diagrams potentially large 

• Flavour tag from the soft pion charge in           
decays.
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D⇤± ! D0⇡±
s

mass. In addition, only candidates in a!1.5 MeV=c2 range
around the Δm peak are used.
To compute weights, each D0 → KþK− subsample is

classified in categories of observed charge asymmetry, by a
kNN classifier based on the space of kinematic parameters
of the D0 candidate. The detector and production asym-
metries observed in the calibration sample are independent
of the D0 decay mode, being charge symmetric, and can be
used to correct the signal sample for the same effects. This
is achieved by weighting each signal candidate in the global
fit by a charge-dependent factor,

w!ðp⃗0Þ ¼
nþCðp⃗0Þ þ n−Cðp⃗0Þ

2n!Cðp⃗0Þ
½1!ACPðKþK−Þ'; ð3Þ

where p⃗0 is the D0 3-momentum and n!Cðp⃗0Þ is the density
of calibration D(! decays in the p⃗0 space [22].
To account for a possible dependence of the detection

asymmetry on magnet polarity, weights are separately
calculated for MagUp and MagDown configurations.
Their distributions are shown in Fig. 2, where their
difference is clearly visible. To avoid weights affected
by large uncertainties, a negligible fraction of candidates
having very large weights (greater than 10) are dropped at
this stage. The weighting procedure described above is a
better alternative to the procedure of binning the D0

kinematic space and weighting the two samples to have
the same distribution. The advantage is a reduction of
dimensionality to the single variable of actual relevance,
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that is the charge asymmetry to be corrected. This reduces
the loss in statistical power that occurs when weighting bins
of very different populations in the two samples under
comparison. In addition, it holds exactly even when the
involved asymmetries are not small. This is helpful in the
case of the LHCb detector, where some kinematic regions
are characterized by sizeable detection asymmetries for
charged pions [10]. This affects the tagging pion in 30% of
our events.
This weighting method has been extensively checked

with both data and simulation. One of the checks is to apply
the weighting procedure to half of theD0 → KþK− sample,
using the second half to calculate weights. This has the
expected effect of canceling the asymmetry of the sample,
that was initially highly significant, ð1.3# 0.1Þ%, due to a
combination of physics and detector effects.
The systematic uncertainty associated to the limited size

of the calibration mode is determined by a bootstrap
sampling of the data and is found to be negligible. The
uncertainty due to the presence of residual background in
theD0 → KþK− sample has also been evaluated and found
to be a minor effect.
Another important source of systematic uncertainty is

due to the limited knowledge of the shape of the mass
distributions, as the fit function used is purely empirical.
Any potential bias in the procedure is evaluated by fitting
the model to simulated samples of pseudoexperiments from
alternative models. The number and type of peaking
components and the behavior of the background at the
kinematic threshold are varied, and the largest observed
variations are taken as the systematic uncertainty, ranging
between 0.4% and 5.6%, depending on the subsample.
A systematic uncertainty is also assessed for possible

residual differences in secondary decay fractions between
signal and calibration samples. The largest discrepancy
between the two samples is the presence of slightly
different trigger requirements on the proper decay time
of the D0 candidate. This has been corrected for by
increasing the weight of candidates close to the threshold,
to emulate the effect of those that have been lost. An
uncertainty of this correction is conservatively assessed,
that is between 0.1% and 0.2%. Finally, an uncertainty of
0.15% in the input value ofACPðKþK−Þ is separately taken
into account, measured by the LHCb experiment as
ACPðKþK−Þ ¼ ð0.04# 0.12# 0.10Þ% [12].
The results obtained in each subsample are summarized

in Table I. The subsamples corresponding to different kNN
classifier ranges are fitted simultaneously with common
parameters, so they do not produce separate results. As a
check of goodness of fit, a χ2 has been calculated for each
one-dimensional projection of the fit (Fig. 1). All p-values
are found to be greater than 0.2.
All partial results in Table I are statistically compatible

with each other. The weighted average of all measurements
using 2015–2016 data is

ACPðK0
SK

0
SÞ ¼ ð−1.1# 2.3# 0.5# 0.2Þ%;

where the first uncertainty is statistical; the second is
systematic, obtained by taking the individual contributions
as uncorrelated; and the third is from the uncertainty on
ACPðKþK−Þ. This result is compatible with the previously
published value based on the same data sample [10] but has
a better precision by about 30%, corresponding to an
effective doubling of the yields. The sensitivity increase
is due to the combined effect of several improvements in
the analysis, most notably the new weighting technique, the
inclusion of secondary decays, an appropriate categoriza-
tion of the sample, and the multidimensional likelihood fit.
The asymmetry for the 2017–2018 data is measured

to be

ACPðK0
SK

0
SÞ ¼ ð−4.0# 1.5# 0.3# 0.2Þ%:

Treating the systematic uncertainties as uncorrelated
between the data taking periods, except for the shape of
the fit functions that is considered to be fully correlated, the
asymmetry combining the results from the full Run 2 data
sample is obtained as

ACPðK0
SK

0
SÞ ¼ ð−3.1# 1.2# 0.4# 0.2Þ%:

This measurement supersedes the previous LHCb result
[10] and is in agreement with all previous determinations
[26–28]. It is the most precise measurement of this quantity
to date, and it is compatible with no CP asymmetry at the
level of 2.4 standard deviations.
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• Most precise measurement to date — an 
essential step to find CPV in the charm 
mixing 

• Belle II will have also a good handle on this 
decay
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compared with the one presented in this document, along with their aver-
age. The quoted uncertainty is including both statistical and systematic

contributions. On the bottom, a zoom between -0.1 and 0.05 is shown.

9.2 Future prospects
This measurement is based on 5.7 fb≠1 of data collected by the LHCb experiment from
2015 to 2018 at a centre of mass energy of 13 TeV. LHCb is currently being upgraded and
in 2022 will start to acquire data with an almost completely new detector and trigger
system; it will likely collect additional 14 fb≠1 of data before 2025. Assuming the same
e�ciency of Run 2, the expected statistical sensitivity that will be reached in Run 3 is:

‡stat(Run 3) ƒ ‡stat(Run 2)
Û

1
2.5 ƒ 0.8%,

which is still smaller that the current systematic uncertainty. It is worth noting that the
dominant sources to the current systematic uncertainty, i.e. the fit model and the weight-
ing procedure, are expected to scale with the increased statistics. Additional 27 fb≠1 of
data will be collected during Run 4, that will allow to reach a total of 50 fb≠1 of data
collected by LHCb. Assuming again the same e�ciency of Run 2, the expected statistical
sensitivity at the end of Run 4 (2030) is therefore

‡stat(Run 1 ≠ 4) ƒ ‡stat(Run 2)
Û

1
8 ƒ 0.4%.

(−1.9 ± 1.0) %

ACP(D0 → K0
SK0

S) = (−3.1 ± 1.2(stat) ± 0.4(sys) ± 0.2) %

LHCb-PAPER-2020-047

compatible with zero

within 2.4 σ

World best measurement 
Previous was Belle (0.0 ± 1.5 ± 0.2) %

Sys. mainly from

choice of fit model

LHCb preliminary

resampling of the data, and is found to be negligible. The uncertainty due to the presence191

of residual background in the D0 !K+K� sample has also been evaluated and found to192

be a minor e↵ect, never exceeding 0.5%.193

Another important source of systematic uncertainty is due to the knowledge of the194

shape of the fitted distribution, as the fit function used is purely empirical. Potential195

bias in the fitting procedure is evaluated by fitting our model to simulated samples of196

pseudo-experiments generated from alternative models. The number and type of peaking197

components and the behavior of the background at the kinematic threshold are varied,198

and the largest observed variations taken as the systematic uncertainty, ranging between199

0.4% and 5.6%, depending on subsample.200

A systematic uncertainty is also assessed for possible residual di↵erences in secondary201

decays fractions between signal and calibration samples. This is estimated by varying, up202

to a factor 2, the fraction of secondary decays in the D0 ! K+K� sample and observing203

the shift in the value of ACP , resulting in an uncertainty of 0.1%–0.2% in all subsamples.204

Finally, a 0.15% uncertainty in the input value of ACP (K+K�) is separately taken into205

account, coming from the Run 1 LHCb measurement ACP (K+K�) = (0.04±0.12±0.10)%206

[7].207

The results obtained in each subsample are summarized in Table 1. The subsamples208

corresponding to di↵erent kNN classifier ranges are fitted simultaneously with common209

parameters, so they do not produce separate results. As a check of goodness of fit, a �2
210

has been calculated for each 1-d projection (Fig. 1). All p-values are found to be > 0.2.211

Table 1: Measurements of ACP (D0 ! K0
SK

0
S) and yields in individual subsamples. For asymme-

tries, the first uncertainty is statistical and the second is systematic.

Sample 2017 + 2018 2015 + 2016
ACP [%] Yield ACP [%] Yield

LL PV-comp. � 4.3± 1.6± 0.4 4056± 77 0.3± 2.5± 0.6 1388± 41
LL PV-inc. � 3.0± 7.9± 1.1 430± 41 � 11 ± 17 ± 2 178± 31
LD PV-comp. � 2.9± 3.8± 0.7 1145± 49 � 7.2± 5.8± 1.1 411± 25
LD PV-inc. � 5 ± 17 ± 2 349± 64 � 10 ± 31 ± 4 58± 18
DD � 35 ± 47 ± 6 87± 28 � �

All partial results in Tab. 1 are statistically compatible with each other. The mean
of all 2015-2016 measurements, weighed with the squared inverse of their statistical
uncertainty, is

ACP (K0
SK

0
S)2015/16 = (�1.1± 2.3± 0.5± 0.2)%,

where the first uncertainty is statistical, the second is the systematic obtained by taking212

the individual contributions as uncorrelated, and the third is from the uncertainty on213

ACP (K+K�). This result is compatible with the previously published value based214

on the same data sample [6], but has a ' 30% better precision, corresponding to an215

e↵ective doubling of statistics. The sensitivity increase is due to the combined e↵ect of216

several improvements in the analysis, mostly the new weighing technique, the inclusion of217

secondaries, appropriate segmentation of the sample, and multi-dimensional likelihood fit.218
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Abstract

A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.
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Observation of mass difference in                    decays
PRL 127, 111801 (2021)  5.4 fb−1
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later such that track segments of the pions cannot be formed
in the vertex detector, which surrounds the pp interaction
(primary vertex) region, resulting in a worse momentum
resolution. The latter category contains more candidates but
has slightly worse mass and decay-time resolution as well
as larger efficiency variations.
The online event selection consists of a hardware stage,

selecting events based on calorimeter and muon detector
information, followed by two software stages. In the first
software stage, the pion pair from the D0 decay is required
to satisfy criteria on momenta and final-state charged-
particle displacements from any primary vertex for at
least one pion (one-track) or both together with a vertex
quality requirement (two-track). The second software stage
fully reconstructsD!þ → D0πþ,D0 → K0

Sπ
þπ− candidates

using further requirements on particle identification,
momenta, and track and vertex quality. Specific ranges
of displacement and invariant mass are imposed on the
reconstructed D0 and K0

S candidates. Because of differing
efficiencies, the sample is split into four categories, depend-
ing on whether or not the K0

S meson is reconstructed in the
VELO and whether or not they satisfy the one-track
requirement.
Offline, a kinematic fit constrains the tracks to form

vertices according to the decay topology, the K0
S candidate

mass to the known value [5], and the D!þ candidate to a
primary vertex [26]. In the reconstruction of the Dalitz-plot
coordinates, an additional constraint on the D0 candidate
mass to the known value improves the resolution. Charm
mesons originating from the decays of b hadrons are
suppressed by requiring that the D0 and soft pion candi-
dates originate from a primary vertex. Candidates are
rejected if two of the reconstructed tracks use the same
hits in the vertex detector. About 6% of the candidates are
from collision events in which multiple candidates are
reconstructed, usually by pairing the same D0 candidate
with different soft pions. When this occurs, one candidate is
chosen randomly, and the rest are removed from the
sample.
Signal yields are determined by fitting the distribution of

the mass difference between the D!þ and D0 candidates,
denoted as Δm. The signal probability density function is
empirically described by a combination of a Johnson SU
distribution [27] and two Gaussian functions, one of
which shares a mean with the Johnson SU. The background
is dominated by real D0 decays incorrectly combined
with a charged particle not associated with a D!þ decay,
and is modeled with a smooth phase space–like model,
θðΔm −mπÞe−cðΔm−mπÞðΔm −mπÞα, where θðxÞ is the
Heaviside step function, mπ is the charged-pion mass
[5], and α and c are free parameters. Figure 3 shows the
Δm distribution of the entire sample, from which the fit
identifies ð30.585% 0.011Þ × 106 signal decays. This rep-
resents a factor of 15 larger yield compared to the previous
measurement.

To determine the yields used to form the ratios R%
bj,

separate fits are performed for each set of Dalitz-plot and
decay-time bins bj. The signal model assumes the same
parameters for each pair of positive and negative Dalitz-plot
bins and fixes some parameters from a fit integrated over
decay time. Fits are performed independently for D0 and
D̄0 candidates, as well as for each of the four data
subsamples. The measured signal yields are then corrected
for two effects that do not cancel in the ratio: experimen-
tally induced correlations between the phase space and
decay time and charge-dependent efficiencies (detection
asymmetries).
Online requirements on the displacement and momenta

of the D0 decay products introduce efficiency variations
that are correlated between the phase-space coordinates and
the D0 decay time. The effect depends predominantly on
the invariant mass of two pions from theD0 decay, with the
efficiency to reconstruct the candidates at low values
decreasing significantly at low D0 decay times. This can
bias the measured yield ratios and produce mixing-like
trends. To remove this bias, an approach that estimates the
relative efficiencies using data is developed. The Dalitz plot
is divided into small, rectangular-like regions formed
symmetrically across the bisector. Note that these include
the portions above and below the bisector, unlike the bins
shown in Fig. 2. In the limit of CP symmetry, the
contribution of mixing to such symmetric regions depends
only on yCP and the hadronic parameters of the D0 decay
[21]. As oscillations result in a migration of decays from
one side of the Dalitz plot to the other, and the regions are
symmetric with respect to the bisector, there is no effect
from xCP. Given a set of inputs for yCP and the hadronic
parameters, the contribution of mixing to the decay-time
distributions of these regions can be accounted for, such
that the remaining differences between regions come from
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Errors on x, y φ improved a factor 2 
wrt previous HFLAV World Average!

• Flavour tag is given by the soft pion charge of  
• Bin flip technique used in the Dalitz plot  
• Simultaneous decay-time and Dalitz plot analysis 
• Key point in the analysis is control of detector 

acceptance and efficiency
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+⇡�

D⇤± ! D0⇡±
s

Phys. Rev. D 99, 012007

decays contributes 0.20 × 10−3 (0.15 × 10−3) to the xCP
(yCP) uncertainty. Potential mismodeling in the signal yield
fits contributes 0.36 × 10−3 to the yCP uncertainty. Time-
dependent detection asymmetries are present mainly in bins
that give the best sensitivity to Δy, resulting in a systematic
uncertainty of 0.12 × 10−3.
The consistency of the results is tested by repeating the

analysis in subsets of the data, divided according to magnet
polarity, trigger and K0

S category, data-taking period, D!þ

meson kinematics, and other categories. The largest varia-
tion occurs for the value of xCP as a function ofD!þ meson
pseudorapidity, where the compatibility, considering stat-
istical uncertainties only, amounts to a p-value of 1.5%,
depending on the details of the sample split, whereas the
overall p-value for all xCP observed variations is above 8%.
The observed variations of the observables xCP, yCP, Δx,
and Δy are all consistent with statistical fluctuations.
The mixing and CP violation parameters are measured

to be

xCP ¼ ð3.97% 0.46% 0.29Þ × 10−3;

yCP ¼ ð4.59% 1.20% 0.85Þ × 10−3;

Δx ¼ ð−0.27% 0.18% 0.01Þ × 10−3;

Δy ¼ ð0.20% 0.36% 0.13Þ × 10−3;

where the first uncertainty is statistical and the second
systematic [30]. The statistical uncertainty contains a
subleading component due to the limited precision of
the external measurements of the strong phases and control
samples used for the detection asymmetry. This amounts to
approximately ð0.23; 0.66; 0.04; and 0.08Þ × 10−3 for xCP,
yCP, Δx, and Δy, respectively. The measurements are
statistically limited, though the systematic uncertainty on
yCP is comparable to the statistical uncertainty. The results
are used to form a likelihood function of x, y, jq=pj, and ϕ
using a likelihood-ratio ordering that assumes the observed
correlations to be independent of the true parameter values
[30,31]. The best fit point is

x ¼ ð3.98þ0.56
−0.54Þ × 10−3;

y ¼ ð4.6þ1.5
−1.4Þ × 10−3;

jq=pj ¼ 0.996% 0.052;

ϕ ¼ 0.056þ0.047
−0.051 :

In summary, a measurement of mixing and CP violation
in D0 → K0

Sπ
þπ− decays has been performed with the bin-

flip method, using pp collision data collected by the LHCb
experiment and corresponding to an integrated luminosity
of 5.4 fb−1. This resulted in the first observation of a
nonzero value of the mass difference x of neutral charm
meson mass eigenstates with a significance of more than

seven standard deviations, and significantly improves limits
on mixing-induced CP violation in the charm sector.
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Summary and outlook

• A plethora of interesting new CPV results published recently 

• LHCb plays the leading role now with its excellent performance 

• ATLAS and CMS are contributing as well. More will come with the 
increased Run3 luminosity 

• SuperKEKB and Belle II are picking up pace, with the unique features of 
an e+e- collider 

• Expect a new exciting era of new discoveries in a friendly competition 
and complementarity among  ATLAS, Belle II, CMS, and LHCb
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Additional material
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What we know, what we don’t know
• SM supported by all experimental evidence at the current level of precision and 

energies 
– although discrepancies, or “tensions” do exist  

• However, the SM does not explain several fundamental questions 
– hierarchy of fermion masses, n. of generations, neutrino masses, matter-antimatter asymmetry, 

hierarchy of CKM matrix elements 

Several (NP) scenarios, with new particles and interactions, which can be investigated at the 
“energy” or at the “intensity” frontier.

28

3.4 New HFLAV average

The HFLAV group produced new averages for all measure-
ments of R(D) and R(D⇤) including the latest result from
Belle [25] . The current averages are

R(D) = 0.349 ± 0.027 (stat) ± 0.015 (syst) ,
R(D⇤) = 0.298 ± 0.011 (stat) ± 0.007 (syst) .

The combination of all measurements of R(D) and R(D⇤),
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Figure 4: HFLAV average of all measurements ofR(D) andR(D⇤),
updated with the latest result of the Belle collaboration presented
in these proceedings. The red ellipse shows the combined average
and the data point is the SM prediction, showing a discrepancy of
3.1�. This plot is retrieved from the HFLAV website [26].

which is shown in figure 4, yields a 3.1� discrepancy with
the SM [26].

4 Searches of LFV decays

The observation of neutrino oscillations has provided the
first evidence for Lepton Flavour Violating in neutral lep-
tons. By contrast, LFV processes in the charged sector
are extremely suppressed. LFV in heavy hadrons decays
may occur within the SM via one-loop diagrams with neu-
trino oscillations with expected branching fractions of order
10�54 [27], well beyond current and future experimental
sensitivities. However, many theoretical models proposed
to explain the possible experimental tensions observed in B

meson decays, discussed in the previous sections 2 and 3,
naturally allow for branching fractions that are within the
current sensitivity.

This section reports about few recent searches of LFV
B meson decays performed by the LHCb and Belle colla-
borations.

4.1 Search of Bd,s! eµ at LHCb

NP models with a new gauge Z
0 boson [28] or lepto-

quarks [29, 30] predict significantly enhanced branching
fractions of the B

0
s
!e

±µ⌥ and B
0
!e

±µ⌥ decays, up to
10�11. The most stringent published limits are currently
BR(B0

s
! e

±µ⌥) < 1.4 ⇥ 10�8 and BR(B0
! e

±µ⌥) <
3.7 ⇥ 10�9 at 95% confidence level (CL) from the LHCb
collaboration using data corresponding to 1 fb�1 of inte-
grated luminosity [31].

Recently a new analysis [32] has been performed on a
larger data sample, corresponding to an integrated lumino-
sity of 3 fb�1 of pp collisions collected at centre-of-mass
energies of 7 and 8 TeV by the LHCb experiment in 2011
and 2012. In addition to a larger data sample, this analy-
sis benefits from an improved selection and in particular
a better performing multivariate classifier for signal and
background separation. Two normalisation channels are
used: the B

0
! K

+⇡� decay which has a similar topology
to that of the signal, and the B

+
! J/ K

+ decay, with
J/ ! µ�µ+, which has an abundant yield and a similar
trigger selection.

The Bd,s ! eµ candidates in the events passing the
trigger selection are reconstructed by combining pairs of
tracks identified as an electrons and a muons, and producing
good quality secondary vertices well separated from any
Primary Vertex (PV). The measured momentum of electron
candidates is corrected for the loss of momentum due to
bremsstrahlung [9] (see section 2.1). Since bremsstrahlung
can a↵ect the evaluation of selection e�ciencies and mass
shapes, the selected sample is split into two categories:
Bd,s! eµ candidates in which no photon is associated with
the electron and candidates for which one or more photons
are recovered.
Simulated samples are used to evaluate geometrical, re-
construction and selection e�ciencies for both signal and
backgrounds, to train multivariate classifiers and to deter-
mine the shapes of invariant mass distributions, meµ, of
both signal and backgrounds. Trigger and particle identi-
fication e�ciencies are evaluated directly on high-purity
data control samples. The main background components
that a↵ect the selection are:

• combinatorial background rejected by means of a
Boosted Decision Tree classifier based on the topological
properties of the signal events;

• B! h
+
h
0� decays where both hadrons are misidentified

as an electron-muon pair;

• semileptonic B
0 and ⇤0

b
decays with a pion misidentified

as an electron.

The expected number of events from each possible back-
ground source that pass the signal selection is evaluated
using the simulation.

The B
0
!e

±µ⌥ and B
0
s
!e

±µ⌥ yields are obtained from
a single unbinned extended maximum likelihood fit per-
formed simultaneously to the meµ distributions in the two
bremsstrahlung categories, which are further divided into
seven bins of the BDT classifier. No excesses are observed
for these two modes and upper limits on the branching
fractions are set to

BR(B0
s
! e

±µ⌥) < 6.3 (5.4) ⇥ 10�9 at 95% (90%) CL,
BR(B0

! e
±µ⌥) < 1.3 (1.0) ⇥ 10�9 at 95% (90%) CL,

where only a contribution from the heavy eigenstate is as-
sumed for the B

0
s

meson. If the B
0
s

amplitude is completely
dominated by the light eigenstate, the upper limit on the
branching fraction becomes

BR(B0
s
! e

±µ⌥) < 7.2 (6.0) ⇥ 10�9 at 95% (90%) CL.

5

EPJ Web of Conferences 234, 01004 (2020) https://doi.org/10.1051/epjconf/202023401004
FCCP2019
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Planck 2021, 30.06.2021Thomas Kuhr Page 9

Complementarity with LHCb

goal ~50 (phase I)

30%
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Belle II performance: neutral reconstruction 

30
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FIG. 1: Invariant mass of �� for data phase III. The functions superimposed are the result of a
binned ML fit to the data using as signal a Crystal Ball plus a Gauss (with the same mean) and
a first order polynomial for background. A clear peak for the decay ⇡0 ! �� is visible. Data
corresponds to an integrated luminosity of 2.62 fb�1 (proc9 hadron skim). The selection criteria
are E� > 120MeV, E9/E21 > 0.9, Nhits > 1.5.
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5.18 fb�1. A clear peak corresponding to the decay ⌘ ! �� is visible. A fit with a Crystal Ball
function for signal plus a linear function for background is superimposed. The selection requires
E� > 400GeV. The decay chain is fitted using TreeFitter algorithm. The uncertainties on fit
parameters are statistical only. Further details can be found in internal note belle2-note-ph-
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double Gaussian function with common mean for signal plus a linear function for background is
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for all three pions. The decay chain is fitted using TreeFitter algorithm, constraining the mass
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Belle II performance: vertex reconstruction 

31

G. Casarosa @ ICHEP 2020

charm @ Belle II ICHEP2020

Improved Proper Time Resolution
impact on time-dependent measurements

11

estimated

error on

current
HFLAV

Belle scaled
to 50/ab

Toy MC 
50/ab, CPV

x’ (%) – (*) 0.45 0.15
x’2 (%) – 0.009 –
y’ (%) – 0.16 0.10
|q/p| ~ 0.09 – 0.051
Φ (º) ~ 9 – 5.7

➡ Proper time resolution at Belle II is a factor 2 better than Belle & BABAR thanks to a better-
performing vertex detector
• improved precision on mixing and CPV 

observables in time dependent analysis


• Toy MC to estimate the impact on WS D0 → Kπ 
analysis (almost systematically free):

BABAR

Belle II

Belle

• resolution improvement visible at :t < 0

(*) measurement NOT sensitive to x’, the error is computed from the error on x’2

D0 → Kπ
D*+ → D0π+

s

• Incidentally, the best determination of the D0 and D+ lifetimes, consistent with the previous WA 

• A demonstration of the vertex capabilities and understanding of systematics, key ingredients 
toward future time-dependent measurements

7

nearly linearly on the candidate mass and may not aver-
age out when the mass range is restricted. Varying the
boundaries of the signal region shows that such a correla-
tion has a negligible e↵ect upon the measured lifetimes.

The D0 ! K�⇡+ signal region contains per-mille-level
background, which is neglected in the lifetime fit and
could result in a systematic bias on the measured life-
time. To estimate the size of the bias, we fit our model
that neglects the background to 500 resampled sets of
simulated e+e� collisions, each having the same size and
signal-to-background proportion as the data. The mea-
sured lifetimes are corrected by subtracting the bias due
to the neglected t vs. �t correlations. The average abso-
lute di↵erence between the resulting value and the simu-
lated lifetime, 0.24 fs, is assigned as a systematic uncer-
tainty due to the neglected background contamination in
the D0 ! K�⇡+ fit.

The background contamination under the
D+ ! K�⇡+⇡+ peak is already accounted for in
the fit of the D+ lifetime using sideband data. In
simulation, the sideband (t,�t) distribution describes
the background (t,�t) distribution in the signal region
well. The same might not hold in data given that some
disagreement is observed between data and simulation in
the t distribution of the candidates populating the side-
band. We fit to one thousand samples of simulated data
obtained by sampling the fit PDF for the signal region
and by resampling from the simulated e+e� collisions
for the sideband. The resulting samples feature sideband
data that di↵er from the background in the signal region
with the same level of disagreement as observed between
data and simulation. The absolute average di↵erence
between the measured and simulated lifetimes, 2.52 fs, is
assigned as a systematic uncertainty due to the modeling
of the background (t,�t) distribution. In the lifetime
fit, the fraction of background candidates in the signal
region is constrained from the fit to the m(K�⇡+⇡+)
distribution. When we change this background fraction
to values obtained from fitting to the m(K�⇡+⇡+)
distribution with alternative signal and background
PDFs, the change in the measured lifetime is negligible.

During data-taking, a periodic calibration determines
the alignments and surface deformations of the inter-
nal components of the PXD and SVD and the relative
alignments of the PXD, SVD, and CDC using e+e�-
collision, beam-background, and cosmic-ray events [24].
Unaccounted-for misalignment can bias the measurement
of the charmed decay lengths and hence their decay
times. Two sources of uncertainties associated with the
alignment procedure are considered: the statistical preci-
sion and a possible systematic bias. Their e↵ects are eval-
uated using simulated signal-only decays reconstructed
with a misaligned detector. For the statistical contribu-
tion, we consider configurations derived from comparison
of alignment parameters determined from data acquired
on two consecutive days. These configurations have mag-

nitudes of misalignment comparable to the alignment
precision as observed in data averaged over a typical
alignment period. For the systematic contribution, we
consider configurations derived from simulation studies
in which coherent global deformations of the vertex de-
tectors (e.g., radial expansion) are introduced [25]. These
deformations have magnitudes, determined by the most
misaligned sensors, ranging from about 50µm to 700µm.
The alignment procedure determines the magnitude of
these deformations within 4µm accuracy. We consider
configurations in which the CDC is perfectly aligned and
configurations in which it is misaligned. Possible e↵ects
on the determination of the IR are also introduced by us-
ing parameters measured on misaligned samples of simu-
lated e+e� ! µ+µ� events, to fully mimic the procedure
used for real data. For each misalignment configuration,
we fit to the reconstructed signal candidates and esti-
mate the lifetime bias. We estimate the systematic un-
certainty due to imperfect detector alignment as the sum
in quadrature of the largest biases observed in each of
the statistical and systematic contributions. The result-
ing uncertainties are 0.72 fs and 1.70 fs for D0 ! K�⇡+

and D+ ! K�⇡+⇡+ decays, respectively. The absolute
length scale of the vertex detector is determined with a
precision significantly better than 0.01% and contributes
negligibly to the systematic uncertainty.

The measurement of momenta is calibrated using high-
yield charmed-, strange-, and bottom-hadron decays.
Uncertainty in the scaling of the momenta results in a
systematic uncertainty in the lifetimes of 0.19 fs for D0

and 0.48 fs for D+. Uncertainties in the world averages
of the D0 and D+ masses [7] contribute negligibly to the
systematic uncertainty.

As a cross-check, a statistically independent measure-
ment of the D0 lifetime is performed using approximately
146 ⇥ 103 D⇤+ ! D0(! K�⇡+⇡�⇡+)⇡+ decays recon-
structed in data with criteria similar to those used for
the D0 ! K�⇡+ mode and a signal purity greater than
99%. The resulting lifetime, 408.8 ± 1.2 (stat) fs, agrees
with the value determined from the D0 ! K�⇡+ mode.
Finally, the internal consistency of the measurement is

tested by repeating the full analysis on various subsets
of the data, i.e., running periods and running conditions,
charmed-meson momentum and flight direction, andD⇤+

or D⇤� candidates. We have also studied di↵erent selec-
tion criteria and sideband definitions. In all cases, the
resulting changes in the lifetimes are insignificant and
consistent with statistical fluctuations.

In conclusion, the D0 and D+ lifetimes are measured
using e+e� ! cc data collected by Belle II corresponding
to an integrated luminosity of 72 fb�1. The results,

⌧(D0) = 410.5± 1.1 (stat)± 0.8 (syst) fs and (1)

⌧(D+) = 1030.4± 4.7 (stat)± 3.1 (syst) fs , (2)

are the world’s most precise to date and are consis-
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We report a measurement of the D0 and D+ lifetimes using D0 ! K�⇡+ and D+ ! K�⇡+⇡+

decays reconstructed in e+e� ! cc data recorded by the Belle II experiment at the SuperKEKB
asymmetric-energy e+e� collider. The data correspond to an integrated luminosity of 72 fb�1. The

In spite of the reduced boost, 
resolution is better than Belle 
and BABAR



20/10/2021                                                           G. Finocchiaro - CPV experimental review                                                                       / 26

Belle II performance: tagging 

32

arXiv:2110.00790[hep-ex],
submitted to EPJC

0

500

1000

1500

2000

2500

C
an

di
da

te
s 

pe
r 0

.0
5

Belle II
-1 = 62.8 fbt dL ∫ Data

MC

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
 

FBDT
r ⋅ q

6−
2−
2
6

 R
es

id
ua

ls
N

or
m

al
iz

ed

0

500

1000

1500

2000

2500

3000

3500

4000

C
an

di
da

te
s 

pe
r 0

.0
5

Belle II
-1 = 62.8 fbt dL ∫ Data

MC

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
 

FBDT
r ⋅ q

6−
2−
2
6

 R
es

id
ua

ls
N

or
m

al
iz

ed

(a) B0 ! D (⇤)�h+.
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(b) B+ ! D
(⇤)0

h+.

FIG. 5. Normalized q · r distributions obtained with the category-based tagger in data and
MC simulation. The contribution (left) from the signal component in data is compared with cor-
rectly associated signal MC events and (right) from the background component in data is compared
with sideband MC events for (top) neutral and (bottom) charged B ! D (⇤)h+ candidates.
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�s from B0
s ! J/ �! µ+µ�K+K� decays

J/ ! µ+µ�

|m(µ+µ�)�mJ/ | < 50MeV/c2

�s, �ms, ��s,

B0 ! D(⇤)�h+
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FIG. 12. Performance of the Belle II category-based (FBDT) and deep-learning (DNN) flavor
taggers in 2019-2020 Belle II data and of the Belle flavor tagger in 2003-2010 Belle data [33] taken
with the second silicon-vertex detector configuration (SVD2).
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FIG. 9. Normalized output distributions of the Maximum p⇤ category in data and MC simulation
for B0 ! D (⇤)�h+ candidates. The contribution from the signal component in data is compared
with correctly associated signal MC events.

X. RESULTS

We obtain the partial tagging e�ciencies "i, the wrong-tag fractions wi, the asymmetries
µi and �wi and the correlation coe�cients between them from the maximum-likelihood fit of
the full model to data. To evaluate the tagging performance, we calculate the total e↵ective
e�ciency as

"e↵ =
X

i

"e↵,i =
X

i

"i · (1� 2wi)
2,

where "e↵,i is the partial e↵ective e�ciency in the i-th r bin. The e↵ective tagging e�ciency
is a measure for the e↵ective reduction of events due to the flavor dilution r. In CP vio-
lation analyses, the statistical uncertainty of measured CP asymmetries is approximately
proportional to 1/

p
Ne↵ = 1/

p
N · "e↵ , where Ne↵ is the number of e↵ectively tagged events.

Thus, one would obtain the same statistical precision for Ne↵ perfectly tagged events or for
N events tagged with an e↵ective e�ciency "e↵ .

Tables V and VI show the fit results for the category-based and the DNN flavor taggers.
The respective e↵ective e�ciencies for both flavor taggers are shown in Tables VII and VIII.
Figure 10 shows the Pearson correlation coe�cients obtained from the Hessian matrix de-
termined by the fit. We observe considerable dependencies among the "i e�ciencies for
both charged and neutral B candidates, and among the asymmetries �wi and µi for neutral
B candidates.

A. Systematic uncertainties

We consider the systematic uncertainties associated with the �E PDF parametrization,
the flavor mixing of the background, the fit bias, and the eventual bias introduced by model
assumptions.
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TABLE IX. Partial e�ciencies "i, wrong-tag fractions wi, total e↵ective e�ciencies "e↵,i, tagging
e�ciency asymmetries µ = �"/(2"), and wrong-tag fraction asymmetries �w obtained with the
Belle II category-based (FBDT) and deep-learning (DNN) flavor taggers in 2019-2020 Belle II
data and with the Belle flavor tagger in 2003-2010 Belle data [33] taken with the second silicon-
vertex detector configuration (SVD2). There are no available Belle results for µ. Statistical and
systematical uncertainties are added in quadrature. All values are given in percent.

"i ± �"i wi ± �wi

r- Interval FBDT DNN Belle FBDT DNN Belle

0.000� 0.100 19.0± 0.3 14.3± 0.3 22.2± 0.4 47.1± 1.7 48.2± 2.0 50.0

0.100� 0.250 17.1± 0.3 17.9± 0.3 14.5± 0.3 41.3± 1.8 43.6± 1.7 41.9± 0.4

0.250� 0.500 21.3± 0.3 22.5± 0.4 17.7± 0.4 30.3± 1.5 33.9± 1.5 31.9± 0.3

0.500� 0.625 11.3± 0.3 11.0± 0.3 11.5± 0.3 22.9± 2.0 19.3± 2.0 22.3± 0.4

0.625� 0.750 10.7± 0.3 10.4± 0.3 10.2± 0.3 12.4± 1.9 19.7± 2.0 16.3± 0.4

0.750� 0.875 8.2± 0.2 9.6± 0.2 8.7± 0.3 9.4± 2.0 10.8± 1.9 10.4± 0.4

0.875� 1.000 12.4± 0.2 14.2± 0.3 15.3± 0.3 2.3± 1.4 3.5± 1.4 2.5± 0.3

"e↵,i ± �"e↵,i

r- Interval FBDT DNN Belle

0.000� 0.100 0.1± 0.1 0.0± 0.1 0.0

0.100� 0.250 0.5± 0.2 0.3± 0.1 0.4± 0.1

0.250� 0.500 3.3± 0.5 2.3± 0.4 2.3± 0.1

0.500� 0.625 3.3± 0.5 4.2± 0.5 3.5± 0.1

0.625� 0.750 6.1± 0.6 3.8± 0.5 4.6± 0.2

0.750� 0.875 5.4± 0.5 5.9± 0.6 5.5± 0.1

0.875� 1.000 11.3± 0.6 12.3± 0.7 13.8± 0.3

Total 30.0± 1.3 28.8± 1.3 30.1± 0.4

µi ± �µi �wi ± ��wi

r- Interval FBDT DNN Belle FBDT DNN Belle

0.000� 0.100 4.4± 3.4 3.7± 3.9 - 8.8± 2.1 -1.1± 2.4 0.0

0.100� 0.250 3.9± 3.4 7.3± 3.4 - 6.1± 2.2 5.6± 2.2 -0.9± 0.4

0.250� 0.500 6.8± 3.0 4.6± 3.0 - 2.7± 2.0 7.1± 2.0 1.0± 0.4

0.500� 0.625 3.2± 4.1 2.2± 4.2 - 5.5± 2.8 4.5± 2.9 -1.1± 0.4

0.625� 0.750 -0.5± 4.2 7.4± 4.2 - 0.7± 3.0 7.9± 2.9 -1.9± 0.5

0.750� 0.875 10.8± 4.4 1.5± 4.2 - 7.7± 3.3 5.7± 3.1 1.7± 0.4

0.875� 1.000 -3.7± 3.4 -2.5± 4.2 - 0.6± 2.5 3.4± 2.5 -0.4± 0.2
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TABLE IX. Partial e�ciencies "i, wrong-tag fractions wi, total e↵ective e�ciencies "e↵,i, tagging
e�ciency asymmetries µ = �"/(2"), and wrong-tag fraction asymmetries �w obtained with the
Belle II category-based (FBDT) and deep-learning (DNN) flavor taggers in 2019-2020 Belle II
data and with the Belle flavor tagger in 2003-2010 Belle data [33] taken with the second silicon-
vertex detector configuration (SVD2). There are no available Belle results for µ. Statistical and
systematical uncertainties are added in quadrature. All values are given in percent.

"i ± �"i wi ± �wi

r- Interval FBDT DNN Belle FBDT DNN Belle

0.000� 0.100 19.0± 0.3 14.3± 0.3 22.2± 0.4 47.1± 1.7 48.2± 2.0 50.0

0.100� 0.250 17.1± 0.3 17.9± 0.3 14.5± 0.3 41.3± 1.8 43.6± 1.7 41.9± 0.4

0.250� 0.500 21.3± 0.3 22.5± 0.4 17.7± 0.4 30.3± 1.5 33.9± 1.5 31.9± 0.3

0.500� 0.625 11.3± 0.3 11.0± 0.3 11.5± 0.3 22.9± 2.0 19.3± 2.0 22.3± 0.4

0.625� 0.750 10.7± 0.3 10.4± 0.3 10.2± 0.3 12.4± 1.9 19.7± 2.0 16.3± 0.4

0.750� 0.875 8.2± 0.2 9.6± 0.2 8.7± 0.3 9.4± 2.0 10.8± 1.9 10.4± 0.4

0.875� 1.000 12.4± 0.2 14.2± 0.3 15.3± 0.3 2.3± 1.4 3.5± 1.4 2.5± 0.3

"e↵,i ± �"e↵,i

r- Interval FBDT DNN Belle

0.000� 0.100 0.1± 0.1 0.0± 0.1 0.0

0.100� 0.250 0.5± 0.2 0.3± 0.1 0.4± 0.1

0.250� 0.500 3.3± 0.5 2.3± 0.4 2.3± 0.1

0.500� 0.625 3.3± 0.5 4.2± 0.5 3.5± 0.1

0.625� 0.750 6.1± 0.6 3.8± 0.5 4.6± 0.2

0.750� 0.875 5.4± 0.5 5.9± 0.6 5.5± 0.1

0.875� 1.000 11.3± 0.6 12.3± 0.7 13.8± 0.3

Total 30.0± 1.3 28.8± 1.3 30.1± 0.4

µi ± �µi �wi ± ��wi

r- Interval FBDT DNN Belle FBDT DNN Belle

0.000� 0.100 4.4± 3.4 3.7± 3.9 - 8.8± 2.1 -1.1± 2.4 0.0

0.100� 0.250 3.9± 3.4 7.3± 3.4 - 6.1± 2.2 5.6± 2.2 -0.9± 0.4

0.250� 0.500 6.8± 3.0 4.6± 3.0 - 2.7± 2.0 7.1± 2.0 1.0± 0.4

0.500� 0.625 3.2± 4.1 2.2± 4.2 - 5.5± 2.8 4.5± 2.9 -1.1± 0.4

0.625� 0.750 -0.5± 4.2 7.4± 4.2 - 0.7± 3.0 7.9± 2.9 -1.9± 0.5

0.750� 0.875 10.8± 4.4 1.5± 4.2 - 7.7± 3.3 5.7± 3.1 1.7± 0.4

0.875� 1.000 -3.7± 3.4 -2.5± 4.2 - 0.6± 2.5 3.4± 2.5 -0.4± 0.2
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�s from B0
s ! J/ �! µ+µ�K+K� decays

J/ ! µ+µ�

|m(µ+µ�)�mJ/ | < 50MeV/c2

�s, �ms, ��s,

B0 ! D(⇤)�h+

B ! D(⇤)h+

• Key ingredient to time-dependent CPV analyses 

• One of the two B mesons is fully reconstructed, the other (“tag”) is built with the remaining tracks/neutral 
objects. Two multivariate algorithms are used to determine the event flavour, combining information from 
charged leptons, charged kaons/pions, KS, Λ… 
− Category-based FBDT 
− Deep-learning Neural Network 

− 7 categories, with different efficiencies (ε) and purities (ω). 

• Calibrated with                          events


