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mixingTime-dependent CPV as discovery tool
• Measurements of sin2ɸ1 in b->qqs transitions 

as a probe of beyond SM physics

‣ Clean theory prediction (~few %)

‣ Loop-suppressed, potentially affected by 

competing BSM amplitudes


• Experimentally challenging, due to

‣ Small BF (~10-6) and neutrals in the final 

state (Ks, π0)

‣ Sophisticated analysis techniques (tagging 

and Δt resolution)


• Validated with benchmark mixing and CPV 
analyses (B->D(*)π and B->J/ψKs) 
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Belle II at SuperKEKB
• Asymmetric e+e- collisions at the SuperKEKB 

accelerator complex in Japan

‣ Recorded world’s highest instantaneous luminosity 

(4.7x1034 cm-2s-1)

‣ Collected 362 fb-1 dataset at the Y(4s) in 2019-22, 

corresponding to 387M BB̅ pairs


• Brand new detector, especially important for time-
dependent measurements

‣ Excellent vertex resolution from pixel and silicon 

vertex detectors

‣ Efficient neutrals reconstruction (π0, Ks) and K/π 

separation

3

Belle II

e+e- collision
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B-factory analysis 101

4

Fit variables

Perform Mbc ⇥�E fit to extract signal yields

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

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

Beam-constrained mass [GeV/c2] Energy difference [GeV]

Challenges

Suppress 105⇥ larger qq̄ (continuum) background

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

qq̄ background rejection:
⇡ 99%

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

Event shape

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


• Several event shape variables exploiting the correlations in e+e- collision
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Time measurement

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


• Improved vertex resolution from pixel in spite of lower boost

‣ Belle: βγ=0.43, Δz≈200μm —> Belle II: βγ=0.29, Δz≈130μm


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

5

Time-dependent CP-violation at the B factories
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�z ¥ 200 µm ≠æ �z ¥ 130 µm

∆ added a pixel detector directly around the beam pipe

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

Use beam spot profile to increase precision on vertex fit

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

Pixel detector radius ≈ 1.4 cm

Time-dependent analyses at Belle II: flavour oscillations
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Δm and sin2ɸ1
Energy difference

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


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

Energy difference~33k B->D(*)π ~2.8k B->J/ψKs

arXiv:2302.12791

arXiv:2302.12898

https://arxiv.org/abs/2302.12791
https://arxiv.org/abs/2302.12898
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R. Tiwary , D. Tonelli , E. Torassa , K. Trabelsi , I. Tsaklidis , M. Uchida , I. Ueda , Y. Uematsu ,
T. Uglov , K. Unger , Y. Unno , K. Uno , S. Uno , P. Urquijo , Y. Ushiroda , S. E. Vahsen ,

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

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

(The Belle II Collaboration)

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

⌧
B

0 = (1.499± 0.013± 0.008) ps

�md = (0.516± 0.008± 0.005) ps�1,

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

Knowledge of the B0 lifetime ⌧
B

0 , and the flavor-

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

B
0 and �md to comparable

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

B
0 to similar preci-

sion [7–10]. LHCb’s measurements, ⌧
B

0 = (1.524±0.006±

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

Here we report a new measurement of ⌧
B

0 and �md

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

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

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

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

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

P (�t, qf |⌧B0 ,�md ) =
e
�|�t|/⌧

B
0

4⌧
B

0

⇥
1 + qf cos(�md�t)

⇤
.

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

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

the “signal-side” B (B
sig
) via B0

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

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

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

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

tag
when it decays iden-

tifies (or tags) the flavor of B
sig

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

sig
and B

tag
. Equation 1

also applies when B
sig

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

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

sig
and B

tag
decay positions of the order of 100µm

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

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

to account for the B
tag

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

cylindrically around the interaction region [23]. The z

Δm and sin2ɸ1

are reconstructed. The results are

SCP = 0.720±0.062(stat)±0.016(syst),

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

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

These results are consistent with the world-average results. The statistical uncertainty is
twice that of the current most precise determination, consistent with a four-times smaller data
set. The systematic uncertainties are comparable.
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~ SCP

~ π/Δm

B->D(*)π (flavor specific) B->J/ψKs (CP eigenstate)

HFLAV: 𝜏 =1.519±0.004 ps, 

Δm= 0.5065±0.0019 ps-1

HFLAV: S = 0.699±0.017, 

A = 0.005±0.015

https://arxiv.org/abs/2302.12791
https://arxiv.org/abs/2302.12898
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B->ψKs

8

162±17 B->ψKs signal 
events with 387M BB̅ pairs

NEW FOR MORIOND
Beam-constrained 

mass
Cosine of the 
helicity angle• Clean experimental signature with 

similar Δt resolution as B->J/ψKs


• Main challenge: dilution from non-
resonant decays with opposite CP


• Quasi-two body analysis of 
resonant B->ψKs decays

‣ Non-resonant B->K+K-Ks 

component disentangled in cosθ

‣ Effect of neglecting interference 

estimated with inputs from 
previous Dalitz measurements
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B->ψKs

• Simultaneous Δt fit to extract the 
CP asymmetries

‣ B->K+K-Ks fixed from HFLAV

‣ Validated on the B+ control 

sample (null asymmetry)

• Mostly unique to Belle II

‣ On par with most precise 

determinations of ACP 


‣ 10-20% improvement on SCP 
for the same signal yield wrt 
Belle/BaBar determinations

9

B->ψKs B+->ψK+

<latexit sha1_base64="FTTGivv9P0EKiCon5GBgoKIegxg="></latexit>

ACP = 0.31± 0.20+0.05
�0.06

SCP = 0.54± 0.26+0.06
�0.08

HFLAV: S = 0.74+0.11-0.13, A = -0.01±0.14

(background subtracted)
Signal channel Control channel

NEW FOR MORIOND

<latexit sha1_base64="z0HNB08MweU3Q71D+vgcw7e3EiA="></latexit>

ACP = 0.12± 0.10 (stat.)

SCP = �0.09± 0.12 (stat.)
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B->KsKsKs
• Same underlying quark transition as B->ψKs, w/o 

contributions from opposite-CP backgrounds


• Main challenge: no prompt tracks to form a vertex

‣ Decay vertex reconstruction relies on the Ks 

trajectory and profile of the interaction point 

‣ Dataset divided into events with (TD) and 

without (TI) information from the vertex detector


• 2 BDTs to suppress fake Ks (kinematic/hits π± 
tracks) and continuum (event shape variables)

10

158+14-13 (TD) + 62±9 (TI) B->KsKsKs 
signal events with 387M BB̅ pairs

Beam-constrained mass
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Decay lengths 

(not to scale)

B ~ 0.1 mm

 Ks ~ 10 cm

NEW FOR MORIOND
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B->KsKsKs
• Simultaneous fit to TI, TD events and B+->KsKsK+

‣ TD events used in the Δt fit for the 

determination of ACP and SCP 

‣ TI events used only to constrain the time-

integrated asymmetry ACP 

‣ B+->KsKsK+ control sample to constrain 

background shapes and Δt resolution function


• On par with most precise determination of ACP 
and unique to Belle II

11

<latexit sha1_base64="Ff+W80jV5SjSOijWzdC4KoAI4dY="></latexit>

ACP = 0.07+0.15
�0.20 ± 0.02

SCP = �1.37+0.35
�0.45 ± 0.03

HFLAV: S = -0.83±0.17, A = 0.15±0.12

(background subtracted)
NEW FOR MORIOND
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B->Ksπ0

• Sensitive to effective value of 
sin2ɸ1  and providing inputs to 
isospin sum-rule 

‣ See Sagar’s talk this afternoon


• Needs excellent capabilities with 
neutrals, unique to Belle II

‣ Validated on B->J/ψKs events 

reconstructed w/o J/ψ vertex

‣ Simultaneous TI/TD fit to 

maximize the sensitivity on ACP

• Competitive with world’s best 

results with much less luminosity

12
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<latexit sha1_base64="+H6QOL1iTSBU0w2nKr6GXWTyL78="></latexit>

ACP = 0.04± 0.15± 0.05

SCP = 0.75+0.20
�0.23 ± 0.04

HFLAV: S = 0.57±0.17, A = -0.01±0.10

NEW FOR MORIOND
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Summary
• 3 new results on time-dependent CP 

observables with penguins for Moriond


‣ Precision on par with world’s best 
determinations in spite of much less 
luminosity


• These measurements are essential to 
probe generic BSM physics in loops


‣ Belle II is in a unique position to 
improve our current experimental 
knowledge on these modes

13



Backup

14
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Collected luminosity

15

Jan. 2019 Jul. 2022

• Collected 424 fb-1 in 2019-2022


• 362 fb-1 at 4S (387x106 BB̅ pairs)


• 42.3 fb-1 at 4S off-resonance


• 78 pb-1 at 4S scan 


• 19.7 fb-1 at energy scan



M. Veronesi | Moriond EW 2023 16
21

Long-shutdown activity and plans 
Belle II stopped taking data in Summer 2022 for a long shutdown for 

- replacement of beam-pipe 
- replacement of photomultipliers of the central PID detector (TOP)  
- installation of 2-layered pixel vertex detector 
- improved data-quality monitoring and alarm system 
- complete transition to new DAQ boards (PCIe40) 
- replacing of ageing components  
- additional shielding and increased resilience against beam background 

Currently working on pixel detector installation:  
- shipping to KEK in mid March 
- final test in KEK scheduled in April 

On track to resume data taking next Winter with new pixel detector.
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7

√
s = 1.96TeV using 360 pb−1 of data collected by the CDF II detector at the

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

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

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

s → J/ψφ) =

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

PACS numbers: 13.25.Hw

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

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

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

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

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

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

s → J/ψφ has

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

1993 [4].

b

u, d, s

c

c

s
+W

u, d, s

s
0, Bd

0, Bu
+B

(2s)ψ, ψJ/

φ, *0, K+K

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

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

states.

Decay channel Value Reference

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

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

B(B0→ψ(2S)K0)
B(B0→J/ψK0)

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

2.4.2 CP Asymmetries in Flavor-Changing Neutral Current B0

Decays

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

CP Asymmetries in b → s Transitions

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

called penguin diagram, as shown in Fig. 2.7 and is considered to be the ”golden mode” of
b → s transitions due to its small theoretical uncertainty [8].
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Figure 2.7: Feynman diagram in the B0 → φK0
S decay. If only Standard Model particles

appear in this diagram, the CP -violating phase in the mixing and this decay is φ1.
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Table 27: Results and averages for Sb!ccs and Cb!ccs. The averages are given from a combina-
tion of the most precise results only, and also including less precise measurements.

Experiment Sample size �⌘Sb!ccs Cb!ccs

Most precise
BABAR b ! ccs [324] N(BB) = 465M 0.687± 0.028± 0.012 0.024± 0.020± 0.016

Belle b ! ccs [325] N(BB) = 772M 0.667± 0.023± 0.012 �0.006± 0.016± 0.012

LHCb J/ K0
S [326,327]

R
L dt = 3 fb�1 0.75± 0.04 �0.014± 0.030

LHCb  (2S)K0
S [327]

R
L dt = 3 fb�1 0.84± 0.10± 0.01 �0.05± 0.10± 0.01

Average 0.698± 0.017 �0.005± 0.015

Confidence level 0.09 (1.7�) 0.54 (0.6�)

Less precise
BABAR �c0K0

S [265] N(BB) = 383M 0.69± 0.52± 0.04± 0.07 �0.29 +0.53
�0.44 ± 0.03± 0.05

BABAR J/ K0
S (⇤) [328] N(BB) = 88M 1.56± 0.42± 0.21 –

ALEPH [329] N(Z ! hadrons) = 4M 0.84 +0.82
�1.04 ± 0.16 –

OPAL [330] N(Z ! hadrons) = 4.4M 3.2 +1.8
�2.0 ± 0.5 –

CDF [331]
R
L dt = 110 pb�1 0.79 +0.41

�0.44 –
Belle ⌥ (5S) [332]

R
L dt = 121 fb�1 0.57± 0.58± 0.06 –

Average of all 0.699± 0.017 �0.005± 0.015

(⇤) This result uses “hadronic and previously unused muonic decays of the J/ ”. We neglect a small possible correlation of this result
with the main BABAR result [324] that could be caused by reprocessing of the data.

6.4.3 Time-dependent transversity analysis of B
0 ! J/ K

⇤0 decays

B meson decays to the vector-vector final state J/ K⇤0 are also mediated by the b ! ccs
transition. When a final state that is not flavour-specific (K⇤0

! K0
S⇡

0) is used, a time-
dependent transversity analysis can be performed, yielding sensitivity to both sin(2�) and
cos(2�) [337]. Such analyses have been performed by both B factory experiments. In principle,
the strong phases between the transversity amplitudes are not uniquely determined by such
an analysis, leading to a discrete ambiguity in the sign of cos(2�). The BABAR collaboration
resolves this ambiguity using the known variation [338] of the P-wave phase (fast) relative to
that of the S-wave phase (slow) with the invariant mass of the K⇡ system in the vicinity of
the K⇤(892) resonance. The result is in agreement with the prediction from s-quark helicity
conservation, and corresponds to Solution II defined by Suzuki [339]. We include only the
solutions consistent with this phase variation in Table 29 and Fig. 12.

At present, the results are dominated by large and non-Gaussian statistical uncertainties,
and exhibit significant correlations. We perform uncorrelated averages, which necessitates care
in the interpretation of these averages. Nonetheless, it is clear that cos(2�) > 0 is preferred
by the experimental data in J/ K⇤0 (for example, BABAR [340] finds a confidence level for
cos(2�) > 0 of 89%).

6.4.4 Time-dependent CP asymmetries in B
0 ! D

⇤+
D

⇤�
K

0
S

decays

Both BABAR [256] and Belle [257] have performed time-dependent analyses of the B0
!

D⇤+D⇤�K0
S decay, to obtain information on the sign of cos(2�). More information can be

found in Sec. 6.2.5. The results are given in Table 30, and shown in Fig. 13. From their re-
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Belle II (200M BB pairs)

[arXiv:2302.12898]

0.720 ± 0.062 ± 0.016 −0.094 ± 0.044+0.042
−0.017

https://arxiv.org/abs/2302.12898
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Table 36: Averages of �⌘Sb!qqs and Cb!qqs. Where a third source of uncertainty is given, it is
due to model uncertainties arising in Dalitz plot analyses.

Experiment N(BB) �⌘Sb!qqs Cb!qqs Correlation
�K0

BABAR [262] 470M 0.66± 0.17± 0.07 0.05± 0.18± 0.05 –
Belle [261] 657M 0.90 +0.09

�0.19 �0.04± 0.20± 0.10± 0.02 –
Average 0.74 +0.11

�0.13 0.01± 0.14 uncorrelated averages
⌘0K0

BABAR [381] 467M 0.57± 0.08± 0.02 �0.08± 0.06± 0.02 0.03

Belle [382] 772M 0.68± 0.07± 0.03 �0.03± 0.05± 0.03 0.03

Average 0.63± 0.06 �0.05± 0.04 0.02

Confidence level 0.53 (0.6�)

K0
SK

0
SK

0
S

BABAR [383] 468M 0.94 +0.21
�0.24 ± 0.06 �0.17± 0.18± 0.04 0.16

Belle [384] 722M 0.71± 0.23± 0.05 �0.12± 0.16± 0.05 –
Average 0.83± 0.17 �0.15± 0.12 0.07

Confidence level 0.76 (0.3�)

⇡0K0

BABAR [381] 467M 0.55± 0.20± 0.03 0.13± 0.13± 0.03 0.06

Belle [378] 657M 0.67± 0.31± 0.08 �0.14± 0.13± 0.06 �0.04

Average 0.57± 0.17 0.01± 0.10 0.02

Confidence level 0.37 (0.9�)

⇢0K0
S

BABAR [265] 383M 0.35 +0.26
�0.31 ± 0.06± 0.03 �0.05± 0.26± 0.10± 0.03 –

Belle [266] 657M 0.64 +0.19
�0.25 ± 0.09± 0.10 �0.03 +0.24

�0.23 ± 0.11± 0.10 –
Average 0.54 +0.18

�0.21 �0.06± 0.20 uncorrelated averages
!K0

S

BABAR [381] 467M 0.55 +0.26
�0.29 ± 0.02 �0.52 +0.22

�0.20 ± 0.03 0.03

Belle [385] 772M 0.91± 0.32± 0.05 0.36± 0.19± 0.05 �0.00

Average 0.71± 0.21 �0.04± 0.14 0.01

Confidence level 0.007 (2.7�)

f0K0

BABAR [262,265] – 0.74 +0.12
�0.15 0.15± 0.16 –

Belle [261,266] – 0.63 +0.16
�0.19 0.13± 0.17 –

Average 0.69 +0.10
�0.12 0.14± 0.12 uncorrelated averages

f2K0
S

BABAR [265] 383M 0.48± 0.52± 0.06± 0.10 0.28 +0.35
�0.40 ± 0.08± 0.07 –

fXK0
S

BABAR [265] 383M 0.20± 0.52± 0.07± 0.07 0.13 +0.33
�0.35 ± 0.04± 0.09 –

those presented as "solution 1" in all cases. Results on flavour-specific amplitudes that may
contribute to these Dalitz plots (such as K⇤+⇡�) are given in Chapter 9.

For the B0
! K+K�K0 decay, both BABAR and Belle measure the CP violation parameters

for the �K0, f0K0 and “other K+K�K0” amplitudes, where the latter includes all remaining
resonant and nonresonant contributions to the charmless three-body decay. For the B0

!

⇡+⇡�K0
S decay, BABAR reports CP violation parameters for all of the CP eigenstate components
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B->D(*)π B->J/ψKs
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FIG. 2. Top: Distribution of �t in simulated data (points)
and distribution modeled by the response function from the
fit to the simulated data (curves) and from the fit to the
experimental data (shaded). The shaded area accounts for
the statistical and systematic uncertainties on the parameters
of the response function. Bottom: distribution of the pull,
defined as the di↵erence between the event count in each bin
and its value predicted by the fit, divided by the Poisson
uncertainty.

fit for ⌧
B

0 and �md by maximizing

X

i

si lnP (�ti`,�
i
�t` , q

i
f , r

i
|⌧
B

0 ,�md ), (8)

where the sum runs over all B
sig
B

tag
candidate pairs and

si is the sWeight of a pair. Fourteen parameters are free
in the fit: ⌧

B
0 and �md ; seven values of w, one for each

r interval; and the five free parameters of the response
function.

We calculate the statistical uncertainties using 1000
bootstrapped [45] samples obtained from the data. For
each sample, we repeat the determination of the sWeights
and the fit for ⌧

B
0 and �md . In this way, the spread

of fitted ⌧
B

0 and �md values account for the statisti-

cal fluctuations of the signal and background fractions.
We test this analysis method with independent simu-
lated data. When tested on simulated data, our fitting
procedure determines ⌧

B
0 with a small systematic bias

of (0.004± 0.002) ps and �md with no significant bias,

(0.000± 0.001) ps�1. We assign the central value of the
bias on ⌧

B
0 as a systematic uncertainty. We assign the

uncertainty on the bias on �md , arising from the size of
the simulated data, as a systematic uncertainty.

The �t` distributions of both opposite-flavor and
same-flavor B -meson pairs are shown in Fig. 3 for all
r intervals combined, along with projections of the fit re-
sult. We also check that the fit quality is good in each in-
dividual r interval. The figure shows the �t`-dependent
yield asymmetry between the two samples, defined as the

di↵erence between the number of opposite-flavor pairs
and same-flavor pairs divided by their sum. The fit re-
sults and statistical uncertainties for ⌧

B
0 and �md are

(1.499± 0.013) ps and (0.516± 0.008) ps�1, with a �29%
statistical correlation factor between them.

FIG. 3. Distribution of �t` in data (points) and the fit
model (lines) for opposite-flavor candidate pairs (red) and
same-flavor pairs (blue) and their asymmetry (black).

There are several sources of systematic uncertainty;
these are listed in Tab. I and described below. The dom-
inant systematic uncertainty is due to potential discrep-
ancies between the assumed values (fixed in the fit) of the
response-function parameters and the true values in the
data. For each fixed parameter, we repeat the fit with
the parameter allowed to vary. We add all the resulting
changes in the result in quadrature and include this value
as a systematic uncertainty.

TABLE I. Systematic uncertainties.

Source ⌧
B

0 [ps] �md [ps�1]

Fixed response-function parameters 0.006 0.003
Analysis bias 0.004 0.001
Detector alignment 0.003 0.002
Interaction-region precision 0.002 0.001
C-Distribution modeling 0.000 0.001
��t`

-Distribution modeling 0.001 0.001
Correlations of �E or C and �t` 0.001 0.000
Total systematic uncertainty 0.008 0.005
Statistical uncertainty 0.013 0.008

Possible misalignment of the tracking detector can bias
our results [46]. To estimate this e↵ect, we reconstruct
simulated signal events with several misalignment scenar-
ios. Two scenarios are extracted from collision data using

⌧B+ = 1.647 ± 0.012 ps, and ⌧B+ = 1.673 ± 0.019 ps, respectively. The uncertainties are
statistical only. To check for a potential bias that would originate from correlations between
�E and �t, the data are divided into several subsamples corresponding to disjoint intervals of
�t. The �E fit is repeated and the sWeights computed in each subsample. The fit results are
equal to those from the central fit, indicating that potential correlations between �E and �t
have a negligible impact on the final result.

VII. SYSTEMATIC UNCERTAINTIES

The statistical uncertainties computed using bootstrap are reported in Tab. II, together with
the breakdown of the individual sources of systematic uncertainty.

TABLE II. Summary of the individual sources of uncertainties.

Source �(SCP ) �(ACP )

Statistical 0.0622 0.0439

Calibration with B0 ! D(⇤)�⇡+decays
B0 ! D(⇤)�⇡+sample size 0.0111 0.0093
Signal charge-asymmetry 0.0027 0.0126
w+

6
= 0 limit 0.0014 0.0001

Fit model
Analysis bias 0.0080 0.0020
Fixed resolution parameters 0.0039 0.0008
��t binning 0.0050 0.0051
⌧B0 , �md 0.0007 0.0002

�t measurement
Alignment 0.0020 0.0042
Beam spot 0.0024 0.0020
Momentum scale 0.0005 0.0013

B0 ! J/ K0

S �E background shape 0.0037 0.0015
Multiple candidates 0.0005 0.0008
CP violation in B0

tag decays 0.0020 +0.0380
�0.0000

Total systematic 0.0163 +0.0418
�0.0174

Several systematic uncertainties are related to the calibration of the resolution function
and flavor-tagger parameters with B0 ! D(⇤)�⇡+decays. The statistical uncertainties due
to the size of the B0 ! D(⇤)�⇡+ sample are the dominant systematic uncertainty on SCP .
The statistical uncertainties on the flavor-tagging parameters have a larger impact on the
precision than the statistical uncertainties on the resolution-function parameters. Another
source of systematic uncertainty related to the calibration of detector e↵ects is the signal
charge-asymmetry, reflecting the fact that the reconstruction and selection e�ciencies for B0 !
D(⇤)�⇡+ and the charge-conjugated B̄0 ! D(⇤)+⇡� channels di↵er by 2.6%. In the nominal
configuration of the fit, these e�ciencies are assumed to be equal, which induces a bias on the
B0

tag
detection asymmetries µ. To evaluate the impact on SCP and ACP , the measurement of

the flavor-tagging parameters is repeated after weighing the B0 ! D(⇤)�⇡+data such that the
event yields for B0 and B̄0 decays are identical. The di↵erence between the SCP and ACP values
obtained with and without this correction is assigned as a systematic uncertainty. In the �t
fit to the calibration modes, the wrong-tag fraction wB0 in the highest r bin is evaluated to be
at the lower limit wB0 = 0 in 30% of the resampled (bootstrapped) replicas obtained from the
data. To estimate the possible bias, we perform an alternative fit where wB0 is not determined
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B->Ksπ0 B->KsKsKs
<latexit sha1_base64="YD+ADAT8552KeVMK4D7u7VuhIKE="></latexit>

Source �(ACP ) �(SCP )
Calibration with B0 ! D(⇤)�⇡+ decays

Calibration sample size 0.010 0.009
Calibration sample systematic 0.010 0.012
Portability to B0 ! �K0

S

+0.000
�0.005

+0.021
�0.000

Analysis model
Fit bias +0.017

�0.028
+0.033
�0.062

Correlations between observables +0.000
�0.030

+0.002
�0.000

B0 ! K+K�K0
S backgrounds +0.000

�0.020
+0.000
�0.011

Fixed fit shapes 0.009 0.022
⌧d and �md 0.006 0.022

AK+K�K
CP and SK+K�K

CP 0.014 0.013
BB backgrounds +0.030

�0.019
+0.017
�0.031

Tag-side interference +0.000
�0.000

+0.012
�0.000

Multiple candidates +0.032
�0.000

+0.000
�0.003

�t measurement
Detector misalignment +0.002

�0.000
+0.000
�0.002

Momentum scale 0.001 0.001
Beam spot 0.002 0.002
�t approximation +0.000

�0.000
+0.000
�0.018

Total systematic +0.052
�0.055

+0.058
�0.082

Statistical 0.201 0.256
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Figure 3: (left) background-subtracted �t distribution for B+
! K0

SK
0
SK

+ candidates,
(center) background-subtracted�t distributions for B0

! K0
SK

0
SK

0
S TD candidates shown

separately for q = ±1, and (right) their asymmetry. In the center plot, the red solid curve
and filled circles represent the fit result and data for q = +1, while the blue dashed curve
and open circles represent the fit result and data for q = �1, respectively. The asymmetry
is defined as N+(�t)�N�(�t)

N+(�t)+N�(�t) , where N±(�t) represent the number of entries with q = ±1
in the corresponding �t bin. In the asymmetry graph, the points represent data and the
solid curve represents the result of the fit.

Table 1: Systematic uncertainties

Source �S �A
Signal probability 0.014 0.008
Fit bias 0.014 0.004
Flavor tagging 0.013 0.012
Resolution function 0.013 0.008
Tag-side interference 0.011 0.006
Vertex reconstruction 0.011 0.004
Physics parameters 0.009 0.000
Detector misalignment 0.008 0.007
Background �t shape 0.004 0.002
Total 0.032 0.020

7 Systematic uncertainties238

We consider various sources of systematic uncertainties and summarize them in Table 1.239

To evaluate the systematic uncertainties in S and A related to assumptions made on pa-240

rameters of the fit model, we repeat the fit on data using alternative values of the param-241

eters randomly sampled based on auxiliary knowledge. This approach is used for w and242

�w (referred to as flavor tagging in the table), the parameters describing the resolution243

function, ⌧B0 and �md (physics parameters), the parameters for the Mbc, M(K0
SK

0
SK

0
S),244

and O
0
CS shapes (signal probability), and the parameters for the background �t shape.245

The widths of the resulting distributions of S and A are taken as contributions to the246

systematic uncertainty. We use the world-average values and uncertainties of the B0 and247

B+ lifetimes and �md [1]. The systematic uncertainty due to the vertex reconstruction248

is determined by varying the parameters for the IP profile and boost vector, track re-249

quirements for the Btag vertex reconstruction, and criteria to select TD events. We use250

8
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Fig. 7 Normalized q ·r distributions obtained with the category-based
tagger in data and MC simulation. The contribution (left) from the sig-
nal component in data is compared with correctly associated signal MC

events and (right) from the background component in data is com-
pared with sideband MC events for (top) neutral and (bottom) charged
B → D(∗)h+ candidates

where χd and δχd are the central value and the uncertainty
of the world average. For charged B mesons, χd is zero since
there is no flavor mixing.

9 Comparison of performance in data and simulation

We check the agreement between data and MC distributions
of the flavor-tagger output by performing an sPlot [59] anal-
ysis using ∆E as the control variable. We determine sPlot
weights using the ∆E fit model introduced in the previous
section. We weight the data with the sPlot weights to obtain
the individual distributions of the signal and background
components in data and compare them with MC simula-

tion. We normalize the simulated samples by scaling the total
number of events to those observed in data. The procedure is
validated by performing the sPlot analysis using MC simu-
lation and verifying that the obtained signal and background
distributions correspond to the distributions obtained using
the MC truth.

Figures 7 and 8 show the q ·r distributions provided by the
FBDT and by the DNN flavor tagger; the signal and back-
ground distributions for neutral and charged B → D(∗)h+

candidates are shown separately. We compare the distribu-
tion of the signal component in data with the distribution of
correctly associated MC events, and the distribution of the
background component in data with the distribution of side-
band MC events (Mbc < 5.27 GeV/c2 and same fit range

123
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