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Today
• Introduction 


• Recent results by LHCb, Belle and Belle II

Measurements of CKM phase 


Update on  puzzle


 in  decays to charmless resonances and multi-body final states


• Some prospects

γ ≡ ϕ3

B → Kπ
CP B
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Generalities
• The matter-antimatter asymmetry of the universe requires 

 sources not predicted by the Standard Model


•  manifests due to interference  
of quantum processes

CP
CP
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Where do we observe  phenomena?CP

CP category

decay
mixing

decay/mixing interf .

Hadronic system
K0 K± Λ D0 D± D±

s Λ+
c B0 B± B0

s Λ0
bObserved

Several observations

Not observed (yet)
Not expected

a lot of work  
already done, 
and still to do

Several SM  
consistency checks  

are available!



Testing the SM with : the UTCP
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Updates to the  
Unitary Triangle 

 global fits tomorrow! 
talk by M. Valli from  

the UTFit collaboration

• The SM encodes the  phenomena with 
a single complex phase in the CKM matrix


• The CKM matrix is unitary

CP

(CKM: a quick reminder�) 

* * *

* * *

* * *

1 0 0
0 1 0
0 0 1

ud cd td ud us ub

us cs ts cd cs cb
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1) Matrix to transform weak- and mass-eigenstates: 
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W 
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Weak eigenstates Mass eigenstates 

2) Matrix has imaginary numbers: 

3) Matrix is unitary: 

* * * 0ub ud cb cd tb tdV V V V V V+ + =

Vub
*Vud
Vcb
*Vcd

Vtb
*Vtd

Vcb
*Vcd
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VV(0,0) (1,0) 

β γ 
3 

1 Vuq 

(CKM: a quick reminder�) 

* * *

* * *

* * *

1 0 0
0 1 0
0 0 1

ud cd td ud us ub

us cs ts cd cs cb

ub cb tb td ts tb

V V V V V V
V V V V V V V V

V V V V V V

+

⎛ ⎞⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎜ ⎟= =⎜ ⎟⎜ ⎟ ⎜ ⎟

⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

1) Matrix to transform weak- and mass-eigenstates: 

uI 

dI 

W 
u 

d,s,b 

W 

Weak eigenstates Mass eigenstates 

2) Matrix has imaginary numbers: 

3) Matrix is unitary: 

* * * 0ub ud cb cd tb tdV V V V V V+ + =

Vub
*Vud
Vcb
*Vcd

Vtb
*Vtd

Vcb
*Vcd

1*

*

≡
cdcb

cdcb

VV
VV(0,0) (1,0) 

β γ 
3 

1 Vuq 

α

0

0.2

0.4

0.6

0.8

1

C
L

−1

0 50 100 150 200
]° [γ

+K−sD→0sB
−π+π+K−sD→0sB

+*K0D→+B
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Combined

+K−sD→0sB
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+K0*D→+B
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+K0D→+B

Combined

68.3%

95.5%

HFLAV
PDG 2021

ϕ3 ≡
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Measuring γ
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•  measured in tree-level decays sensitive to interference between  and 
  transition amplitudes


• Golden modes: 


• Various methods according to  final state

‣ GLW:  eigenstates (e.g. , )

‣ ADS: CF or DCS decays (e.g. )

‣ BPGGSZ: 3-body final states (e.g. )


• Time-dependent analyses of  are also used

γ b → cW
b → uW

B± → DK±

D
CP KK ππ

Kπ
K0

s ππ

B0
(s)

B−

D0K−

D0K−

fDK−

rDeiδD

rBei(δB−γ)

•Measured in tree-level decays sensitive to 
interference between the favoured  
and the suppressed  decay amplitudes


•Golden mode: 


• Several time-independent modes

 with  mixture  

of  and  decaying to same 


• Time-dependent (mixing/decay interf.)




 

b → cW
b → uW

B± → DK±

B± → D(*)h(*) D
D0 D0 fD

B0 → D∓π±

B0
s → D∓

s K±

The UT angle γ
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Introduction
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•  standard candle of SM


• Comparison between direct and indirect  determinations is a test of SM


•  measured in tree-level  decays that are theoretically clean


• SM uncertainties negligible 


• New Physics can cause  shift to 


γ

γ

γ B

∼ (10−5)∘

$(10∘) γ

γ ≡ arg (−
VudV*ub

VcdV*cb )

PRD 92 (2015) 033002

JHEP 07 (2020) 177

JHEP 01 (2014) 051

𝒜suppr.(B− → D0K−)
𝒜favor.(B− → D0K−)

= rBei(δB−γ)
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L. Cao,2 D. Červenkov,5 M.-C. Chang,11 V. Chekelian,51 A. Chen,60 B. G. Cheon,17 K. Chilikin,44 H. E. Cho,17

K. Cho,39 S.-J. Cho,95 S.-K. Choi,16 Y. Choi,80 S. Choudhury,25 D. Cinabro,93 S. Cunli↵e,8 S. Das,49 N. Dash,26

G. De Nardo,31, 58 R. Dhamija,25 F. Di Capua,31, 58 Z. Doležal,5 T. V. Dong,12 S. Dubey,18 S. Eidelman,4, 66, 44
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P. Križan,46, 34 R. Kroeger,53 P. Krokovny,4, 66 M. Kumar,49 R. Kumar,72 K. Kumara,93 Y.-J. Kwon,95

K. Lalwani,49 J. S. Lange,13 I. S. Lee,17 S. C. Lee,42 C. H. Li,45 J. Li,42 Y. B. Li,70 L. Li Gioi,51 J. Libby,26

K. Lieret,47 D. Liventsev,93, 19 T. Luo,12 C. MacQueen,52 M. Masuda,87, 73 T. Matsuda,54 D. Matvienko,4, 66, 44

M. Merola,31, 58 F. Metzner,35 K. Miyabayashi,59 R. Mizuk,44, 21 G. B. Mohanty,83 S. Mohanty,83, 91 H. K. Moon,40

R. Mussa,32 M. Nakao,19, 15 Z. Natkaniec,63 A. Natochii,18 L. Nayak,25 M. Nayak,85 M. Niiyama,41 N. K. Nisar,3

S. Nishida,19, 15 H. Ono,64, 65 Y. Onuki,88 P. Oskin,44 P. Pakhlov,44, 55 G. Pakhlova,21, 44 S. Pardi,31 H. Park,42

S.-H. Park,19 S. Paul,84, 51 T. K. Pedlar,48 R. Pestotnik,34 L. E. Piilonen,92 T. Podobnik,46, 34 V. Popov,21

E. Prencipe,22 M. T. Prim,2 M. Ritter,47 A. Rostomyan,8 N. Rout,26 M. Rozanska,63 G. Russo,58 D. Sahoo,83

Y. Sakai,19, 15 S. Sandilya,25 A. Sangal,7 L. Santelj,46, 34 T. Sanuki,86 V. Savinov,71 G. Schnell,1, 23 J. Schueler,18

C. Schwanda,29 A. J. Schwartz,7 Y. Seino,65 K. Senyo,94 M. Shapkin,30 C. Sharma,49 C. P. Shen,12 J.-G. Shiu,62

B. Shwartz,4, 66 F. Simon,51 A. Sokolov,30 E. Solovieva,44 M. Starič,34 Z. S. Stottler,92 J. F. Strube,68
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 using  ( ) by Belle + Belle IIγ B± → Dh+ D → K0
s h+h−

• 


• Joint data sample: 

 from Belle


 from Belle II


• Improvements wrt previous Belle

 selection, bkg. suppression, 

sig. determination, more stat. from 



•Model independent: analysis 
performed in Dalitz bins, using 
(new) inputs from CLEO and BESIII

h ∈ {π, K}

711 fb−1

128 fb−1

K0
s

D0 → K0
s K+K−

6

ɣ from B→DK decays

9

!suppr. (B0 → D0K−)
!favor. (B0 → D0K−)

= rBei(δB+γ)

Phase between b→c and b→u. 
Tree-dominated: precise SM reference.


Access with interfering decays to same 
final states. Direct determination WA:


 


Self-conj. D0 final states KS0ππ, KS0KK. 
D Dalitz plot binning eliminates   
amplitude-model uncertainties.

γ[∘] = 65.9 + 3.3
− 3.5

N±
i = h±

B [Fi + rB2Fi + 2 FiFi(cix± + siy±)]



, : D0-D0 strong phase differences 
(inputs from BES III/CLEO)


: fraction of D decays to -th bin

(x±, y±) = rB (cos(γ + δB), sin(γ + δB))
ci si

Fi i

—

HFLAV

rBei(δB+γ)

JHEP 02, 063 (2022)ɣ from B→DK decays
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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. The dotted line is the expectation without CP violation.

Source �xDK
+

�yDK
+

�xDK
�

�yDK
�

�xD⇡
⇠

�yD⇡
⇠

Input ci, si 0.22 0.55 0.23 0.67 0.73 0.82

PDF parametrisation 0.07 0.08 0.12 0.16 0.12 0.12

PID < 0.01 < 0.01 < 0.01 0.01 < 0.01 < 0.01

Peaking background 0.03 0.05 0.03 0.04 0.02 0.10

Fit bias 0.16 0.06 0.12 0.16 0.49 0.10

Bin migration < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.03

Total 0.18 0.11 0.17 0.23 0.51 0.19

Statistical 3.15 4.20 3.27 4.20 4.75 5.44

Table 3. Systematic uncertainty summary. All values are quoted in units of 10�2.

means the Dalitz plot densities of the two samples are different, which can lead to differing
levels of migration. Therefore, we generate samples of events including CP violation and
fit them with and without the effect of m2

± resolution included. The parameter values shift
less than 10�4 except for yD⇡

⇠ ; the full bias is treated as a systematic uncertainty on yD⇡
⇠ .

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

– 19 –
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fit them with and without the effect of m2

± resolution included. The parameter values shift
less than 10�4 except for yD⇡
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Total 0.18 0.11 0.17 0.23 0.51 0.19

Statistical 3.15 4.20 3.27 4.20 4.75 5.44

Table 3. Systematic uncertainty summary. All values are quoted in units of 10�2.
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L. Cao,2 D. Červenkov,5 M.-C. Chang,11 V. Chekelian,51 A. Chen,60 B. G. Cheon,17 K. Chilikin,44 H. E. Cho,17

K. Cho,39 S.-J. Cho,95 S.-K. Choi,16 Y. Choi,80 S. Choudhury,25 D. Cinabro,93 S. Cunli↵e,8 S. Das,49 N. Dash,26

G. De Nardo,31, 58 R. Dhamija,25 F. Di Capua,31, 58 Z. Doležal,5 T. V. Dong,12 S. Dubey,18 S. Eidelman,4, 66, 44
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The measurement is also performed on the Belle data sample alone and the results
are reported in Appendix B. The statistical uncertainty in �3 is 11�, which is significantly
improved from the 15� reported in the previous Belle analysis with the same data set [20].
The improvements are primarily due to the improved background rejection and K0

S selection,
as well as the addition of B+ ! D(K0

SK
+K�)h+ decays. The inclusion of Belle II data

improves the precision of xDK
± and yDK

± parameters. However, the �3 statistical uncertainty
does not improve despite introducing 17% more data. Belle II data favours a much smaller
value of rDK

B , which results in a central value of 0.129 for the combined fit compared to
0.144 for the Belle data alone. The uncertainty in �3 is inversely proportional to rB, which
explains the lack of improvement in �3 sensitivity when including the Belle II data. The
world average value of rB is 0.0996 ± 0.0026 [5] so it is possible that the value of rB will
decrease and approach this value as additional data is included.

The statistical precision on �3 is worse than the current world-average value [5]. How-
ever, the precision is limited by the size of the data sample, so a future analysis with a
Belle II data set corresponding to 10 ab�1 will provide measurements with a precision of
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γ ≡

 using  ( ) by Belle + Belle IIγ B± → Dh+ D → K0
s h+h−
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Figure 10. p-value as a function of (left) �3 and (right) rDK
B calculated using the methods described

in Ref. [53].

[5]. The results are

�3 = (78.4± 11.4± 0.5± 1.0)� ,

rDK
B = 0.129± 0.024± 0.001± 0.002,

�DK
B = (124.8± 12.9± 0.5± 1.7)� ,

rD⇡
B = 0.017± 0.006± 0.001± 0.001,

�D⇡
B = (341.0± 17.0± 1.2± 2.6)� .

(8.2)

The statistical confidence intervals for �3 and rDK
B are illustrated in Fig. 10, while Fig. 11

shows the two-dimensional statistical confidence regions obtained for the (�3, rDK
B ) and

(�3, �B) parameter combinations. Fig. 12 shows the two-dimensional statistical confidence
region obtained for the (�D⇡

B , rD⇡
B ) parameter combination; the 95% confidence region is

compatible with the most precise values of these parameters reported [54]. The �3 result is
consistent with the previous Belle analysis [20] but the statistical precision on �3 is improved
from 15� due to improved K0

S selection and background suppression. The uncertainty
related to strong-phase inputs has also decreased from 4� because of the new measurements
reported by the BESIII collaboration [16, 17]. Furthermore, the experimental systematic
uncertainty has decreased from 4� primarily from the improved background suppression
and the use of the B+ ! D⇡+ sample to determine the acceptance.

9 Conclusion

The results of the first Belle and Belle II combined model-independent measurement of the
CKM unitarity triangle angle �3 are presented. The analysis uses B+ ! D(K0

Sh
�h+)h+

decays reconstructed from a combined sample of 711 fb�1 of Belle data and 128 fb�1 of
Belle II data. Independently measured strong-phase difference parameters ci and si are
used, which come from a combination of results reported by the CLEO and BESIII collab-
orations [16, 17]. We measure �3 = (78.4± 11.4± 0.5± 1.0)�, where the first uncertainty
is statistical, the second is the total experimental systematic uncertainty and the third is
the systematic uncertainty due to the external ci and si measurements.
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LHCb combination of UT angle γ
•New: combination of results  

from beauty and charm sectors

Correlation between  and  in 


 mixing affects 


• Frequentist approach

151 observables, 52 unknowns

External constraints: see backup

yD δKπ
D D0 → K±π∓
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Figure 3. Two-dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the φ and |q/p| parameters. The blue contours show the current charm world
average from ref. [11]; the brown contours show the result of this combination. Contours are drawn
out from 1 (68.3%) to 5 standard deviations.

moderate tension, 2.2 standard deviations (σ), between the charged and neutral B states.
The uncertainties in the B0 and B0

s modes are considerably larger than in the dominant B+

modes. The sensitivity of the B0 and B0
s modes is expected to improve by approximately

a factor of 2 with the analysis of B0 → DK+π− with D → K0
Sh

+h− and B0
s → D∓

s K
±

decays using the full LHCb data sample. Table 5 presents the confidence intervals for γ
as determined from inputs of time-dependent methods and time-integrated methods only.
Two-dimensional profile likelihood contours in the (x, y) and (|q/p|,φ) planes are shown in
figure 3. The significant improvement, of a factor of two, in the precision to y demonstrates
the advantage of this combination over the current world average in the charm system.
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decays using the full LHCb data sample. Table 5 presents the confidence intervals for γ
as determined from inputs of time-dependent methods and time-integrated methods only.
Two-dimensional profile likelihood contours in the (x, y) and (|q/p|,φ) planes are shown in
figure 3. The significant improvement, of a factor of two, in the precision to y demonstrates
the advantage of this combination over the current world average in the charm system.
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γ = (65.4+3.8
−4.2)

∘

xD = Δm/Γ = (4.00+0.52
−0.53) × 10−3

yD = ΔΓ/Γ = (6.30+0.33
−0.30) × 10−3

|q/p | = 0.997 ± 0.016
ϕ = − 2.4 ± 1.2

MOST PRECISE   
DETERMINATION BY  

A SINGLE EXPERIMENT

factor 2 improvement 
wrt previous W.A.

  tension between  and  results ∼ 2σ B+ B0

agreement with  
indirect global  

CKM fitters
Stat. dominated

https://link.springer.com/article/10.1007/JHEP12(2021)141#citeas


 using   by LHCbγ B± → Dh± (D → h+h′ ±π0)

• Study 8 final states


•Discovery of  
 (  !)


• Simultaneous invariant-mass fit  
to 16 sub-samples

B− → [π−K+π0]DK− 7.8σ

9

� using B± ! Dh±, (D ! h±h0⌥⇡0)
Overview [arXiv:2112.10617]1, submitted to JHEP

Study 8 final states:
Mode (h� = {⇡�,K�}) Analysis type
B� ! [K�⇡+⇡0]Dh� quasi-ADS (fav.)
B� ! [⇡�K+⇡0]Dh� quasi-ADS (sup.)
B� ! [K�K+⇡0]Dh� quasi-GLW
B� ! [⇡�⇡+⇡0]Dh� quasi-GLW

Discovery of B� ! [⇡�K+⇡0]DK�

(7.8�!)
Invariant-mass fit performed to 16
sub-samples
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Dataset: full Run1+Run2 ( )9 fb−1
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 using   by LHCbγ B± → Dh± (D → h+h′ ±π0)

• Fit performed to 11  
observables (ratios  / asym. ) 
with world best precision


• Interpret in terms  
of , ,   


•Global minimum 



• Second solution consistent  
with LHCb  combination

CP
R±

h Ahh′ π0

h

γ rB δB

γ = (145+9
−39)

∘

γ
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� using B± ! Dh±, (D ! h±h0⌥⇡0)
Results [arXiv:2112.10617]1, submitted to JHEP
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BR and  in  decaysCP B → D0π
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•Motivations:

The measured   
is  theory predictions


Large  would be hint of new physics


Control mode for rare charmless  decays


• Full Belle data sample ( )


• Fit to , , BDT output variable


• -flavour tagged by  charge

corrections to 


negligible for 


• Analysis applied also to 
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VIII. CONCLUSIONS

Our measurements of

B(B0 ! D̄0⇡0) = [2.70± 0.06 ± 0.10 ]⇥ 10�4, (13)

B(B+ ! D̄0⇡+) = (4.53± 0.02± 0.15)⇥ 10�3 (14)

are the most precise to date. They agree with our pre-
vious measurements [4][37] within uncertainties, and su-
persede those results. They are also in agreement with
PDG values [22].

Our result

ACP (B
0 ! D̄0⇡0) = (0.42± 2.05± 1.22)% (15)

is the first reported for this mode. Our result

ACP (B
+ ! D̄0⇡+) = (0.19± 0.36± 0.57)% (16)

is the most precisely measured and agrees with our pre-
vious result [38], which it supersedes.
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Results:

All results agree with previous measurements
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FIG. 4. Projections of the B0 ! D̄0⇡0 fit results for Mbc into the signal region (�0.12 < �E < 0.07GeV,�1 < C0
NN < 6 ) for

B0 ! D̄0(K+⇡�)⇡0 (top left), B̄0 ! D0(K�⇡+)⇡0 (top right), B0 ! D̄0(K+⇡�⇡0)⇡0 (bottom left), B̄0 ! D0(K�⇡+⇡0)⇡0

(bottom right). The blue short-dashed curve shows the signal PDF, red dotted curve shows the BB̄ background PDF, green
dash-dotted curve shows the continuum background PDF, pink long-dashed curve shows the (almost negligible) rare background
PDF, black line is the fit result. Also shown underneath each graph is the residual pulls between the data points and fitted
PDF.

the fixed value by ±1� (based on MC statistics of
the simulation). This variation gives changes of
[�0.38,+0.31]% and [�0.08,+0.19]% in B forB0 !
D̄0⇡0 and B+ ! D̄0⇡+ respectively. The uncer-
tainty in ACP is [�0.02,+0.03] for B0 ! D̄0⇡0

and < 0.01 for B+ ! D̄0⇡+.

• C 0
NN calibration factors: we fit with and without

the calibration factors applied to the PDFs. The
di↵erence between the yields and ACP of these fits

is quoted as the uncertainty. The uncertainty in
B is 0.34% and 0.06% for B0 ! D̄0⇡0 and B+ !
D̄0⇡+, respectively. For ACP it is 0.06 and < 0.01,
respectively.

• Modification of the B3d Mbc ⇥ �E KEST PDF:
the uncertainty from the �E modification to the
D̄0 ! K+⇡�⇡0 Mbc⇥�E KEST PDF is evaluated
by comparing the fit results obtained using the cor-
rected and uncorrected PDF. The di↵erence in the

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072007
https://journals-aps-org.ezproxy.unibo.it/prd/pdf/10.1103/PhysRevD.82.074007


• Penguin topology 

• The SM predicts: 
 and 


• Full Belle dataset ( )

Selection with NN (dominant bkg: )

Veto for charmed resonances


• Fit strategy: 
1) fit to , , NN output variable, to get sig. and bkg yields 
2) fit to  for time dependent  parameters

S = − sin(2β) A = 0

711 fb−1

e+e− → qq

Mbc ΔE
Δt CP

3

85Department of Physics, Tohoku University, Sendai 980-8578
86Earthquake Research Institute, University of Tokyo, Tokyo 113-0032

87Department of Physics, University of Tokyo, Tokyo 113-0033
88Tokyo Institute of Technology, Tokyo 152-8550
89Tokyo Metropolitan University, Tokyo 192-0397

90Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
91Wayne State University, Detroit, Michigan 48202

92Yamagata University, Yamagata 990-8560
93Yonsei University, Seoul 03722

We measure the time-dependent CP violation parameters in B0 → K0
SK

0
SK

0
S decays using

772 × 106 BB pairs collected at the Υ(4S) resonance with the Belle detector at the KEKB
asymmetric-energy e+e− collider. The obtained mixing-induced and direct CP asymmetries are
−0.71± 0.23 (stat)± 0.05 (syst) and 0.12± 0.16 (stat)± 0.05 (syst), respectively. These values are
consistent with the Standard Model predictions. The significance of CP violation differs from zero
by 2.5 standard deviations.

PACS numbers: 13.20.He, 14.40.Nd

In the Standard Model (SM), CP violation in the
quark sector is described by an irreducible phase in the
Kobayashi-Maskawa (KM) mechanism [1]. The charm-
less three-body decay B0 → K0

SK
0
SK

0
S is mediated by

the b → sqq quark transition, which is prohibited in the
lowest-order SM interaction. Instead, this CP -even de-
cay occurs via a “penguin” amplitude, as shown in Fig. 1.
Deviations from the SM expectations for CP -violating
parameters provide sensitivity to new physics [2].
Time-dependent CP violation can be caused by inter-

ference between the decay and mixing amplitudes. When
one of the neutral B mesons produced from the Υ(4S) de-
cays into a CP eigenstate, fCP , at time tCP , and the other
into a flavor-distinguishable final state, ftag, at time ttag,
the time-dependent decay rate is given by [3]

P(∆t) =
e−|∆t|/τ

B0

4τB0

×

(1 + q[S sin(∆md∆t) +A cos(∆md∆t)]),

(1)

where ∆t ≡ tCP − ttag, measured in the center-of-mass
(CM) frame, and the CP -violating parameters S and
A are related to mixing-induced and direct CP viola-
tion, respectively. Here the flavor q is +1 (−1) for B0

(B0), τB0 is the B0 lifetime, and ∆md is the mass dif-
ference between the two mass eigenstates of the B0-B0

system. The SM predicts that S = − sin 2φ1 and A = 0
in B0 → K0

SK
0
SK

0
S, where φ1 ≡ arg[−VcdV ∗

cb/VtdV ∗
tb] [4].

Previous measurements of S at Belle and BaBar have
yielded values of −0.30± 0.32 (stat) ± 0.08 (syst) using
535× 106 BB pairs, and −0.94+0.24

−0.21 (stat) ± 0.06 (syst)

using 468 × 106 BB pairs, respectively [5, 6]. To search
for physics beyond the SM containing a new CP -violating
phase, we measure S and A in B0 → K0

SK
0
SK

0
S decays

with the final Belle data set of 772× 106 BB pairs.
The Belle detector is a large-solid-angle magnetic spec-

trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of aero-

0B

b

d

s
d
d
s
s
d

S
0K

S
0K

S
0K

uc t

+W

FIG. 1. Penguin amplitude for the B0 → K0
SK

0
SK

0
S decays.

gel threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI(Tl)
crystals (ECL). These detector components are located
inside a superconducting solenoid coil that provides a
1.5 T magnetic field. An iron flux-return located outside
the magnetic coil is instrumented to detect K0

L mesons
and identify muons (KLM). The detector is described in
detail elsewhere [7]. Two inner detector configurations
were used. A 2.0 cm radius beampipe with a double-wall
beryllium structure and a three-layer SVD were used for
the first sample of 152 × 106 BB pairs, while a 1.5 cm
radius beampipe, a four-layer SVD and a small-inner-cell
CDC were used to record the remaining 620 × 106 BB
pairs [8]. The latter data sample has been reprocessed
with improved software, which incorporates an improved
vertex reconstruction [9, 10].

The Υ(4S) is produced at the KEKB asymmetric-
energy e+e− collider [11] with a Lorentz boost (βγ) of
0.425; it subsequently decays to B and B mesons, which
are nearly at rest in the CM frame. The Lorentz boost
introduces a sufficient distance between the B and B de-
cay vertices to be measurable nearly along with the z
axis, which is antiparallel to the e+ beam direction. The
distance is related to ∆t ≈ (zCP − ztag)/cβγ, where zCP
and ztag are the coordinates of the decay positions of fCP

6

unbinned maximum-likelihood fit in the signal region is
used to determine the CP violation parameters, where
the world average values are used for τB0 and ∆md [16].
The measured S and A are −0.71± 0.23 and 0.12± 0.16,
respectively, where the uncertainties are statistical. The
background-subtracted ∆t and asymmetry distributions
are shown in Fig. 3 [10].
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FIG. 3. Background-subtracted ∆t distribution (top) and
asymmetry distribution (bottom) obtained from data. In the
∆t distribution graph, the red solid line and open circles rep-
resent the fitted curve and data for B0, while the blue dashed
line and filled circles represent the fitted curve and data for
B0, respectively. In the asymmetry distribution graph, the
points represent data and the solid line represents the fitted
curve.

The estimated systematic uncertainties are summa-
rized in Table I. The systematic uncertainty is calculated
by varying the fixed parameters in the fit for S and A,
and all uncertainties are summed in quadrature. For in-
puts obtained from data and MC, we use 1σ and 2σ vari-
ations, respectively.
The systematic uncertainty on the vertex reconstruc-

tion is determined by varying the x-y plane smearing pa-
rameter for the IP profile, charged track requirements for
the Btag vertex reconstruction, criteria to discard poorly
reconstructed vertices for measurement of CP violation,
and correction of helix parameter errors for vertexing.
The systematic uncertainties due to the parameters w
and ∆w are estimated by varying these parameters by
their uncertainties. We vary each resolution function pa-

TABLE I. Systematic uncertainties

Source δS δA

Vertex reconstruction 0.031 0.038
Flavor tagging 0.002 0.004
Resolution function 0.016 0.014
Physics parameters 0.004 0.001
Fit bias 0.012 0.009
Signal fraction 0.024 0.021
Background ∆t shape 0.016 0.001
SVD misalignment 0.004 0.005
∆z bias 0.002 0.004
Tag-side interference 0.001 0.008
Total 0.047 0.047

rameter by its uncertainty. For physics parameters, we
calculate differences in S and A by varying world average
values of τB0 and ∆mB0 . For the systematic uncertainty
on the fit bias, we measure CP violation parameters us-
ing the signal MC events, mixed signal MC with contin-
uum toy MC events, and mixed signal toy MC with con-
tinuum toy MC events at the ratio expected from data.
The larger of the difference between the input S (A) and
the output S (A) and the statistical error on the out-
put S (A) is considered as the uncertainty due to the fit
bias. The systematic uncertainties due to the signal frac-
tion and background ∆t shape are obtained by varying
the parameter f sig

j and Pbkg in Eq. (4), respectively. For
possible SVD misalignment, ∆z bias, and tag-side inter-
ference, we quote the systematic uncertainties obtained
from a study of a large control sample of B → (cc)K0

S
decays [10].
The significance, taking both statistical and system-

atic uncertainties into account, is calculated using a two-
dimensional Feldman-Cousins approach [21]. The signif-
icance of CP violation is determined to be 2.5σ away
from (0, 0) as depicted in Fig. 4, which shows the two-
dimensional confidence contour in the S and A plane.
In summary, we have studied time-dependent CP vi-

olation in B0 → K0
SK

0
SK

0
S decays using the final data

set containing 772 × 106 BB collected at the Belle ex-
periment. The NN methods for K0

S selection and back-
ground suppression and improved vertex reconstruction,
along with increased statistics, result in a more precise
measurement than the previous Belle one. The measured
values of S and A are

S = −0.71± 0.23(stat)± 0.05(syst),

A = 0.12± 0.16(stat)± 0.05(syst).

The results are consistent with the world average value
of − sin 2φ1 (−0.70) [22] as well as with the SM predic-
tion. These result supersede our previous measurements
in Ref. [5].

We thank the KEKB group for the excellent operation
of the accelerator; the KEK cryogenics group for the ef-

Time dependent  in  by BelleCP B → KSKSKS
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unbinned maximum-likelihood fit in the signal region is
used to determine the CP violation parameters, where
the world average values are used for τB0 and ∆md [16].
The measured S and A are −0.71± 0.23 and 0.12± 0.16,
respectively, where the uncertainties are statistical. The
background-subtracted ∆t and asymmetry distributions
are shown in Fig. 3 [10].
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FIG. 3. Background-subtracted ∆t distribution (top) and
asymmetry distribution (bottom) obtained from data. In the
∆t distribution graph, the red solid line and open circles rep-
resent the fitted curve and data for B0, while the blue dashed
line and filled circles represent the fitted curve and data for
B0, respectively. In the asymmetry distribution graph, the
points represent data and the solid line represents the fitted
curve.

The estimated systematic uncertainties are summa-
rized in Table I. The systematic uncertainty is calculated
by varying the fixed parameters in the fit for S and A,
and all uncertainties are summed in quadrature. For in-
puts obtained from data and MC, we use 1σ and 2σ vari-
ations, respectively.
The systematic uncertainty on the vertex reconstruc-

tion is determined by varying the x-y plane smearing pa-
rameter for the IP profile, charged track requirements for
the Btag vertex reconstruction, criteria to discard poorly
reconstructed vertices for measurement of CP violation,
and correction of helix parameter errors for vertexing.
The systematic uncertainties due to the parameters w
and ∆w are estimated by varying these parameters by
their uncertainties. We vary each resolution function pa-

TABLE I. Systematic uncertainties

Source δS δA

Vertex reconstruction 0.031 0.038
Flavor tagging 0.002 0.004
Resolution function 0.016 0.014
Physics parameters 0.004 0.001
Fit bias 0.012 0.009
Signal fraction 0.024 0.021
Background ∆t shape 0.016 0.001
SVD misalignment 0.004 0.005
∆z bias 0.002 0.004
Tag-side interference 0.001 0.008
Total 0.047 0.047

rameter by its uncertainty. For physics parameters, we
calculate differences in S and A by varying world average
values of τB0 and ∆mB0 . For the systematic uncertainty
on the fit bias, we measure CP violation parameters us-
ing the signal MC events, mixed signal MC with contin-
uum toy MC events, and mixed signal toy MC with con-
tinuum toy MC events at the ratio expected from data.
The larger of the difference between the input S (A) and
the output S (A) and the statistical error on the out-
put S (A) is considered as the uncertainty due to the fit
bias. The systematic uncertainties due to the signal frac-
tion and background ∆t shape are obtained by varying
the parameter f sig

j and Pbkg in Eq. (4), respectively. For
possible SVD misalignment, ∆z bias, and tag-side inter-
ference, we quote the systematic uncertainties obtained
from a study of a large control sample of B → (cc)K0

S
decays [10].
The significance, taking both statistical and system-

atic uncertainties into account, is calculated using a two-
dimensional Feldman-Cousins approach [21]. The signif-
icance of CP violation is determined to be 2.5σ away
from (0, 0) as depicted in Fig. 4, which shows the two-
dimensional confidence contour in the S and A plane.
In summary, we have studied time-dependent CP vi-

olation in B0 → K0
SK

0
SK

0
S decays using the final data

set containing 772 × 106 BB collected at the Belle ex-
periment. The NN methods for K0

S selection and back-
ground suppression and improved vertex reconstruction,
along with increased statistics, result in a more precise
measurement than the previous Belle one. The measured
values of S and A are

S = −0.71± 0.23(stat)± 0.05(syst),

A = 0.12± 0.16(stat)± 0.05(syst).

The results are consistent with the world average value
of − sin 2φ1 (−0.70) [22] as well as with the SM predic-
tion. These result supersede our previous measurements
in Ref. [5].

We thank the KEKB group for the excellent operation
of the accelerator; the KEK cryogenics group for the ef-

Results:

Bkg. subtracted

Bkg. subtracted

All results agree with previous measurements 
and SM prediction

 evidence of 2.5σ CP

better than W.A

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032003


• Isospin relations           


•The experimental state of the art is: 



• Is it due to strong phases and amplitudes 
or is new physics emerging from the loops?


• Full  puzzle sum rule [PLB627(2005)82]:

ACP(B+ → K+π0) − ACP(B0 → K+π−) = 0

ACP(B+ → K+π0) − ACP(B0 → K+π−) = (11.5 ± 1.4) %

B → Kπ

The long-standing  puzzle:B → Kπ

13

ACP(B0 → K+π−) + ACP(B+ → K0π+)
B(B+ → K0π+)
B(B0 → K+π−)

τ0

τ+
= ACP(B+ → K+π0)

2B(B+ → K+π0)
B(B0 → K+π−)

τ0

τ+
+ ACP(B0 → K0π0)

2B(B0 → K0π0)
B(B0 → K+π−)

τ0

τ+

any deviation from this  
would be a sign of new physics

INPUT WITH  
HIGHER UNCERTAINTY!

[PRL126(2021)9, 091802]
Recently measured by LHCb Recently measured by LHCb

[JHEP 2021, 75 (2021)]

nonzero  
at 8σ

https://www.sciencedirect.com/science/article/abs/pii/S0370269305013274?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091802
https://link.springer.com/article/10.1007/JHEP03(2021)075


New KSfi0 ACP measurement

Perform 4D fit (including �t and �E )

Use B0 æ J/Â(µ+µ≠
)KS to calibrate �t shapes

Wrong-tag fraction measured from mixing measurement

Constrain SCP using previous measurements to maximise

precision on ACP.

Result:

ACP = ≠0.41
+0.30

≠0.32
(stat.) ± 0.09 (syst.)

B = (11.0 ± 1.2 (stat.) ± 1.0 (syst.)) ◊ 10
≠6

World average: ACP = 0.00 ± 0.13.

�E [GeV]

�t [ps]

13 Moriond EW 2022 Thibaud Humair

New B+ æ fl+fl0
angular analysis

I Large background from e+e≠ æ uu, dd , cc , ss.

∆ Reduced with multavariate algorithm

I 6D template fit taking correlations into account

∆ Templates from MC, calibrated using control channels

I Instrumental asymmetry measured with D+ æ K 0

S fi+
:

∆ Adet = 0.0040 ± 0.0048

Result compatible with previous measurements:

ACP = ≠0.069 ± 0.068 (stat.) ± 0.060 (syst.)

B(B+ æ fl+fl0
) =

!
23.2+2.2

≠2.1 (stat.) ± 2.7 (syst.)
"

◊ 10
≠6

fL = 0.943
+0.035

≠0.033
(stat.) ± 0.027 (syst.)

World average: ACP = ≠0.05 ± 0.05

�E = Eú
B ≠ Eú

beam
[GeV]

cos ◊fl+

6 Moriond EW 2022 Thibaud Humair

 in  decays by Belle IICP B0 → K0
s π0
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Firstly showed at 
Moriond EW 2022, 
preliminary

talk by  
Chunhui Chen  
this morning

• Perform a 4D fit to , , , and continuum-
suppression output 


•  used as a control sample.  
Measured lifetime and ACP  consistent with know values.


• Wrong-tag fraction measured from mixing measurements 
using  decays


• Limited sample size: constrain  using previous 
measurements to maximise precision in 

ΔE Mbc Δt

B0 → J/ψ(μ+μ−)K0
S

B0 → D(*)h
SCP

ACP

ACP(B0 → K0
Sπ0) = − 0.41+0.32

−0.30 (stat.) ± 0.09 (syst.)
B(B0 → K0

Sπ0) = (11.0 ± 1.2 (stat.) ± 1.0 (syst.)) × 10−6

World average: ACP(B0 → K0
Sπ0) = 0.00 ± 0.13

Results:

- Results establish Belle II capabilities. 
- Expect to obtain 0.03 precision on the isospin sum-rule with 50/ab

Charmless B decay measurements at Belle II

Sagar Hazra
(On behalf of the Belle II collaboration)

Tata Institute of Fundamental Research

November 24, 2021 @CKM 2021

Belle

(S.Hazra) November 24, 2021 @CKM 2021 1 / 16

https://moriond.in2p3.fr/2022/EW/slides/5/1/7_THumair-v1.pdf
https://moriond.in2p3.fr/2022/EW/slides/5/1/7_THumair-v1.pdf


• Analysis using Run2 data ( )

Measurement of  in the decay for


phase-space integrated 

depending on the regions of the phase space  

Measurement of CP asymmetry in  decays 

5.9 fb−1

CP

B → PV

Direct  in  by LHCbCP B± → h±h+h−

15
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LHCb-PAPER-2021-050


Preliminary

• Prequels:

Evidence of global direct CPV and high localised CP asymmetries 
across the Dalitz plot in charmless 3-body B decay [PRD90(2014)112004] 

Amplitude analysis of : large  related to S- and P-wave interference 
[PRL124(2020)031801, PRD101(2020)012006]

Amplitude analysis of :  connected to  rescattering [PRL123 (2019) 231802]


B± → π±π+π− CP

B± → π±K+K− CP ππ ↔ KK

B± → π±π+π− B± → K±π+π−

B± → π±K+K− B± → K±K+K−{
[Prog. Part. Nucl. Phys. 114 (2020) 103808]

https://pdf.sciencedirectassets.com/271568/1-s2.0-S0146641020X00044/1-s2.0-S0146641020300557/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20220524T145629Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYQL6S5OHF/20220524/us-east-1/s3/aws4_request&X-Amz-Signature=81627e365b0463faa444f38f10d77fccf4ce39e3f3f156990e88d73bb7dd47d1&hash=eceef23fb0ca6e2220266e866030dfc3110414c79746226e00ca9b0b5dfcabc9&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0146641020300557&tid=spdf-cd43c178-8e28-4291-9d4b-d758f85c6356&sid=49e237a040cd204e72198b95d56529624d1fgxrqb&type=client&ua=575153530b57025b58&rr=7106e0d97a22a32b
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Global  in CP B± → h±h+h−

• Simultaneous  
invariant mass fit to  
to extract raw asymmetries


• Raw asymmetries  
corrected for 


detector efficiency effects  
(simulation & data-driven tech.)

production asymmetries  

B+/B−

AP = AACC
raw (B± → J/ψK±) − ACP(B± → J/ψK±)

16
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Preliminary

Table 2: Individual components and total systematic uncertainties related to the mass fit model,
e�ciency corrections for the integrated phase space and B± production asymmetry. The total is
the sum in quadrature of these components.

Source of uncertainty K±⇡+⇡� K±K+K� ⇡±⇡+⇡� ⇡±K+K�

Signal model 0.0004 0.0007 0.0000 0.0001
Peaking background fraction 0.0005 0.0010 0.0002 0.0004
Peaking background asymmetry 0.0022 0.0001 0.0005 0.0007
Combinatorial model 0.0002 0.0005 0.0015 0.0025
E�ciency correction 0.0014 0.0016 0.0018 0.0019
Production asymmetry 0.0011 0.0011 0.0011 0.0011
Total 0.0029 0.0024 0.0027 0.0035

combinatorial component is estimated by repeating the fit using a second order polynomial210

function.211

The systematic uncertainty related to the e�ciency correction procedure consists of212

two parts: the statistical uncertainty in the detection e�ciency due to the finite size of213

the simulated samples, and the uncertainty due to the finite size of the bins, which is214

evaluated by varying (increasing and decreasing the size) the binning used in the e�ciency215

correction. The former term dominates for all decays.216

The systematic uncertainty due to the B± production asymmetry measurement using217

the B± ! J/ K± control channel is obtained by summing in quadrature the experimental218

statistical and systematic uncertainties of AP.219

The systematic uncertainties are summarised in Table 2, where the total is the sum in220

quadrature of the individual contributions. The results for the integrated CP asymmetries221

are222

ACP (B
± ! K±⇡+⇡�) = +0.011± 0.002± 0.003± 0.003,

ACP (B
± ! K±K+K�) = �0.037± 0.002± 0.002± 0.003,

ACP (B
± ! ⇡±⇡+⇡�) = +0.080± 0.004± 0.003± 0.003,

ACP (B
± ! ⇡±K+K�) = �0.114± 0.007± 0.003± 0.003,

where the first uncertainty is statistical, the second is systematic and the third is due to223

the limited knowledge of the CP asymmetry of the B± ! J/ K± control channel [24].224

The significance of the CP asymmetries is computed by dividing the central values225

by the sum in quadrature of the uncertainties, yielding 8.5 standard deviations (�) for226

B± ! K±K+K� decays, 14.1� for B± ! ⇡±⇡+⇡� decays and 13.6� for B± ! ⇡±K+K�
227

decays. This is the first observation of CP asymmetries in these channels. For the228

B± ! K±⇡+⇡� decays, the significance of the CP asymmetry is 2.4�, consistent with CP229

conservation.230

7 Localised CP asymmetries231

The two-dimensional phase space Dalitz plot, formed by the invariant masses squared of two232

of the three possible particle pairs, reflects directly the dynamics of the decay and allows233

the study of the di↵erent resonant and nonresonant components to inspect CP asymmetry234

7

 obs. ( )1st 8.5σ
 obs. ( )1st 14σ

 obs. ( )1st 14σ

stat. syst. ext.

Results:
( )2.4σ

ext. (PDG)meas. (LHCb data)

Preliminary

Preliminary Preliminary

Preliminary



 asymmetry: phase spaceCP
•Measurement of  in bins of the phase space, using an adaptive 

binning and taking into account acceptance correction
ACP

17

Rich pattern  
of high localised  

asymmetries!
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• Significant  in the  rescattering region  
seen in all four channels

CP ππ ↔ KK
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Figure 5: (a) m2(K+⇡�) projection for the rescattering region with the B± ! K±⇡+⇡� mass
fits for (b) region 1 and (c) 2 (B� on the left). Regions are separated by black vertical lines in
figure (a).
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Figure 6: (a) m2(K+⇡�) projection for the rescattering region with the B± ! ⇡±K+K� mass
fits for (b) region 1 (B� on the left).

Table 4, where the first uncertainty for the ACP results is statistical and the second is the281

experimental systematic.282

8 Partial width di↵erence283

A relation between the CP violation in B± ! K±⇡+⇡� and B± ! ⇡±K+K�, as well as284

that between B± ! K±K+K� and B± ! ⇡±⇡+⇡�, based on U-spin symmetry [7–9], is285

investigated. This symmetry is an SU(2) subgroup of the flavour SU(3) group, under286

which the (d,s) pairs of quarks form a doublet, similar to (u,d) in isospin.287

U-spin symmetry predicts the relationship between the di↵erences of the partial decay288

11

 asymmetry: phase spaceCP
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m2 ∈ [1, 2.25] GeV2/c4

Preliminary

B± → K±π+π−
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 in CP B → PV
• Few  measurements  decays in the literature and huge theoretical interest 


• Large phase space available: different interfering resonant intermediate amplitudes


• Simplified method to extract 

Valid for low-mass resonant amplitudes 
 [PRD94(2016)054028]

B → PV

ACP

19

B ! PV [LHCb-PAPER-2021-049, LHCb-PAPER-2021-050, Preliminary]

Measurement of ACP of quasi two-body B ! PV (B ! h+
3 R(! h�

1 h+
2 )) decays in

three-body final states

Large phase space available: di↵erent interfering resonant intermediate contributions

Simplified method (valid for low-mass resonant amplitudes) to extract ACP [PRD94 (2016)

054028]

|M±|2 = p±0 + p±1 cos ✓(s?,m2
v) + p±2 cos2 ✓(s?,m2

v)

where s? ⌘ m2(h�
1 h+

3 ) and ✓ ⌘ helicity angle

AV
CP =

p�2 �p+2
p�2 �p+2

Significant CP violation observed only for
B± ! K±⇢(770)0(! ⇡+⇡�)

ACP (K±⇢(770)0) = +0.150± 0.019± 0.011

Roberta Cardinale on behalf of the LHCb Collaboration Moriond EW 2022 21

B ! PV [LHCb-PAPER-2021-049, LHCb-PAPER-2021-050, Preliminary]

Measurement of ACP of quasi two-body B ! PV (B ! h+
3 R(! h�

1 h+
2 )) decays in

three-body final states

Large phase space available: di↵erent interfering resonant intermediate contributions

Simplified method (valid for low-mass resonant amplitudes) to extract ACP [PRD94 (2016)

054028]

|M±|2 = p±0 + p±1 cos ✓(s?,m2
v) + p±2 cos2 ✓(s?,m2

v)

where s? ⌘ m2(h�
1 h+

3 ) and ✓ ⌘ helicity angle

AV
CP =

p�2 �p+2
p�2 �p+2

Significant CP violation observed only for
B± ! K±⇢(770)0(! ⇡+⇡�)

ACP (K±⇢(770)0) = +0.150± 0.019± 0.011

Roberta Cardinale on behalf of the LHCb Collaboration Moriond EW 2022 21
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Table 2: Summary of CP -asymmetry measurements for the vector resonance channels and
their associated final-state B± ! h±h0+h0� decays. For comparison purposes, the previous
measurements from other experiments are also included.

Decay channel This work Previous measurements

B± !(⇢(770)0 ! ⇡+⇡�)⇡± �0.004 ± 0.017 ± 0.009 +0.007 ± 0.011 ± 0.016 (LHCb [20,21])

B± !(⇢(770)0 ! ⇡+⇡�)K± +0.150 ± 0.019 ± 0.011 +0.44 ± 0.10 ± 0.04 (BaBar [42])
+0.30 ± 0.11 ± 0.02 (Belle [22])

B± !(
( )

K ⇤(892)0 ! K±⇡⌥)⇡± �0.015 ± 0.021 ± 0.012 +0.032 ± 0.052 ± 0.011 (BaBar [42])
�0.149 ± 0.064 ± 0.020 (Belle [22])

B± !(
( )

K ⇤(892)0 ! K±⇡⌥)K± +0.007 ± 0.054 ± 0.032 +0.123 ± 0.087 ± 0.045 (LHCb [19])

B± !(�(1020) ! K+K�)K± +0.004 ± 0.010 ± 0.007 +0.128 ± 0.044 ± 0.013 (BaBar [26])

around the default values, described in the Sec. 3, considering the ranges 140–160, 45–55233

and 4.5–5.5 MeV/c2 for ⇢(770)0,
( )

K ⇤(892)0 and �(1020), respectively. The di↵erences234

in the results with respect to the default fit are taken as systematic uncertainties in the235

corresponding CP -asymmetry measurements.236

The variation is done in small increments, giving 1000 results for each channel. The237

systematic uncertainties are taken from the root mean square of the resulting asymmetry238

distributions.239

Change of the projected variable: In this case, the fit is performed defining the240

parabola in terms of the helicity angle cos ✓, instead of the m2(h+h0�). The procedure to241

obtain the CP asymmetry is the same and the di↵erence with respect to the default fit is242

taken as systematic uncertainty.243

The need for higher order terms in the fit function is also investigated. These terms244

would account for a possible influence of f2(1270) in the B± ! ⇡±⇡+⇡� final state. Using245

simulations [43] and the known value of B(f2(1270) ! ⇡+⇡�), the contribution of the246

tensor resonance is found to be negligible.247

The total systematic uncertainties are obtained as the sum in quadrature of the three248

contributions. Table 2 summarises the results obtained in this analysis.249

7 Summary and conclusion250

In summary, the CP asymmetry in charmless B ! PV decays is determined using a new251

method, without the need of amplitude analyses. The data set analysed corresponds to252

an integrated luminosity of 5.9 fb�1 of proton-proton collisions collected by the LHCb253

detector in 2015–2018 at a centre-of-mass energy of 13 TeV. Five decay channels are studied,254

namely B± ! �(1020)K±, B± !
( )

K ⇤(892)0⇡±, B± ! ⇢(770)0⇡±, B± !
( )

K ⇤(892)0K±
255

and B± ! ⇢(770)0K±. For the B± ! ⇢(770)0K±, the CP asymmetry is measured to256

be ACP (B± ! ⇢(770)0K±) = +0.150 ± 0.019 ± 0.011, which di↵ers from zero by 6.8�,257

computed with the total uncertainty.258

For the other channels, the measured CP asymmetries are compatible with zero, as259

predicted using the CPT constraint [12]. The CPT symmetry would suppress CP violation260

in B ! PV decays, which nevertheless could still occur through final-state interactions261

8

First observation! 
6.8σ

ACP ± σstat ± σsyst

s⊥ ≡

1 Introduction1

In recent years, the large data sets produced at the LHC have allowed more precise2

measurements of direct CP violation in B meson decays [1]. However, there are still a3

number of decay channels without precise CP asymmetry measurements. Large samples4

of specific decays are required to improve our knowledge of CP asymmetry in charmless5

decays of B mesons, including those with neutral mesons in the final state. The start of6

Belle II [2] operations, the coming data-taking with an upgraded LHCb detector [3], and7

the analyses of the data already collected by the LHCb detector will allow the necessary8

measurements in the near future.9

Theoretical developments using di↵erent approaches have resulted in many predictions10

for CP asymmetries. Many of these studies are focused on charmless two-body and quasi-11

two-body B-meson decays, in particular those to two pseudoscalar mesons (B ! PP )12

and to a pseudoscalar and a vector meson (B ! PV ) [4–14]. These studies are directly13

linked to the long-standing controversy about the role of the short- and long-distance14

contributions to the generation of the strong-phase di↵erences needed for direct CP15

violation to occur [1].16

In this Letter quasi-two-body decays B ! PV , which result in three-body final17

states, are studied. Given the large phase space of these B-meson decays, di↵erent types18

of resonant contributions are allowed. Therefore, in three-body final states the vector19

resonances interfere with other resonant components. The interference has been used to20

estimate the strong phases, as well as the contribution from penguin amplitudes [15–17].21

Furthermore, the three-body environment can a↵ect the amount of the CP violation22

associated with the B ! PV decay amplitude [12].23

The resonant structure of three-body decays is determined by model-dependent24

amplitude analyses, a complex task given the large number of possible intermediate25

states. Recently, the LHCb collaboration presented three CP asymmetry measurements26

of B ! PV decays based on a full Dalitz plot analysis of data collected in 2011 and27

2012 [18–21]. From the amplitude analysis of the B0 ! K0
S⇡

+⇡� decay, the CP asymmetry28

in the B0 ! K⇤(892)+⇡� decay was measured to be ACP = �0.308 ± 0.062 [18]. The29

ACP measurement of the decay B± !
( )

K ⇤(892)0K±, from B± ! K±⇡⌥K± decay was30

0.123± 0.087± 0.045 [19]. Finally, from the analysis of the B� ! ⇡�⇡+⇡� decay, the31

CP asymmetry of B� ! ⇡�⇢(770)0 decay was found to be consistent with zero, ACP32

= 0.007 ± 0.019 [20, 21]. In the same analysis, CP asymmetries were observed in the33

B� ! ⇡�� and B� ! ⇡�f2(1270) decays, ACP = 0.160± 0.028 and ACP = 0.468± 0.077,34

respectively.35

In this Letter, measurements of the CP asymmetry in charmless B ! PV decays are36

presented. The measurements are based on data collected by the LHCb detector between37

2015 and 2018, corresponding to 5.9 fb�1 of proton-proton (pp) collisions at a centre-of-38

mass energy of 13TeV. A new method [12] that does not rely on a full amplitude analysis39

is used. The method is based on three key features of three-body B decays: the large40

phase space; the dominance of scalar and vector resonances with masses below or around41

1GeV/c2, confirmed by amplitude analyses performed by Belle [22,23], BaBar [24–27] and42

LHCb collaborations [19–21]; and the clear signatures of the resonant amplitudes in the43

Dalitz plot. The method used in this analysis is suited for measuring the CP asymmetry44

between the yields of the B+ ! P+V and B� ! P�V decays.45

In the decay B ! R(! h�
1 h

+
2 )h

+
3 , where R is a resonance, the notation sk is used for46

1
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• 6D templates fit taking considering correlations in
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1 Introduction1

Studying CP violation in b-hadron decays is one of the main purposes of the LHCb2

experiment, aimed at testing the validity of the Cabibbo-Kobayashi-Maskawa (CKM)3

mechanism in the Standard Model (SM). New sources of CP violation, beyond the CKM4

mechanism, can provide insights into the matter-antimatter asymmetry observed in5

the universe. Multi-body B-meson decays have proven to be an excellent laboratory for6

studying CP violation thanks to significant interference between the underlying amplitudes.7

Indeed, large CP asymmetries localised in regions of phase space of charmless three-body8

B-meson decays have been reported by the LHCb collaboration [1–4], including the first9

evidence of CP violation in the B+ ! pp̄K+ decay [5]. It is therefore of great interest to10

search for further manifestations of CP violation in baryonic B decays, where asymmetries11

of up to 20% are predicted [6–8].12

In this paper, a search for CP and P violation based on triple-product asymmetries [9]13

in the charmless region of the B0 ! pp̄K+⇡� decay1 is reported using proton-proton14

(pp) collision data collected with the LHCb detector, corresponding to a total integrated15

luminosity of 8.4 fb�1. The data subsample of 3 fb�1 was collected at centre-of-mass16

energies of 7 and 8 TeV during 2011 and 2012 (denoted Run 1) while the data subsample17

of 5.4 fb�1 was collected at 13 TeV from 2016 to 2018 (denoted Run 2).18

The study is performed in the proton-antiproton invariant mass mpp̄ < 2.85GeV/c2,19

corresponding to a region below the charmonium resonances. In this region, the decay is20

governed mainly by tree-level b ! uūs and loop-level b ! sūu transitions. Violation of the21

CP symmetry can arise from the interference of these two amplitudes, whose weak-phase22

di↵erence is given by arg(VubV ⇤
us/VtbV ⇤

ts), and is approximately equal to the CKM angle �23

in the SM [10].24

The three-momenta of the final-state particles in the B0 and B̄0 rest frame are used25

to build the triple-products CT̂ for B0 and C̄T̂ for B̄0, which are odd under the operator26

T̂ that reverses the momentum of the particles, thus acts similarly to P -parity operator.27

These triple products are defined as28

CT̂ = ~pK+ · (~p⇡� ⇥ ~pp), C̄T̂ = ~pK� · (~p⇡+ ⇥ ~pp̄). (1)

where ~p denotes vector momentum of the final-state particle indicated in the subscript.29

Under the CP operator the triple product transforms as CP (CT̂ ) = �C̄T̂ . The two T̂ -odd30

triple product asymmetries are defined as31

AT̂ =
N(CT̂ > 0)�N(CT̂ < 0)

N(CT̂ > 0) +N(CT̂ < 0)
, ĀT̂ =

N̄(�C̄T̂ > 0)� N̄(�C̄T̂ < 0)

N̄(�C̄T̂ > 0) + N̄(�C̄T̂ < 0)
, (2)

where N and N̄ are the numbers of B0 and B̄0 decays satisfying the requirement expressed32

in the corresponding parenthesis. The CP and P -violating observables are then constructed33

as34

aT̂ -odd
CP =

1

2
(AT̂ � ĀT̂ ), aT̂ -odd

P =
1

2
(AT̂ + ĀT̂ ). (3)

A significant deviation from zero in these observables would indicate CP violation and P35

violation, respectively. In contrast to the asymmetry between the phase-space integrated36

rates, triple-product asymmetries are sensitive to the interference of P̂ -even and P̂ -odd37

1Charge-conjugated decays are implicitly considered throughout the text.

1

1 Introduction1

Studying CP violation in b-hadron decays is one of the main purposes of the LHCb2

experiment, aimed at testing the validity of the Cabibbo-Kobayashi-Maskawa (CKM)3

mechanism in the Standard Model (SM). New sources of CP violation, beyond the CKM4

mechanism, can provide insights into the matter-antimatter asymmetry observed in5

the universe. Multi-body B-meson decays have proven to be an excellent laboratory for6

studying CP violation thanks to significant interference between the underlying amplitudes.7

Indeed, large CP asymmetries localised in regions of phase space of charmless three-body8

B-meson decays have been reported by the LHCb collaboration [1–4], including the first9

evidence of CP violation in the B+ ! pp̄K+ decay [5]. It is therefore of great interest to10

search for further manifestations of CP violation in baryonic B decays, where asymmetries11

of up to 20% are predicted [6–8].12

In this paper, a search for CP and P violation based on triple-product asymmetries [9]13

in the charmless region of the B0 ! pp̄K+⇡� decay1 is reported using proton-proton14

(pp) collision data collected with the LHCb detector, corresponding to a total integrated15

luminosity of 8.4 fb�1. The data subsample of 3 fb�1 was collected at centre-of-mass16

energies of 7 and 8 TeV during 2011 and 2012 (denoted Run 1) while the data subsample17

of 5.4 fb�1 was collected at 13 TeV from 2016 to 2018 (denoted Run 2).18

The study is performed in the proton-antiproton invariant mass mpp̄ < 2.85GeV/c2,19

corresponding to a region below the charmonium resonances. In this region, the decay is20
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(AT̂ + ĀT̂ ). (3)

A significant deviation from zero in these observables would indicate CP violation and P35

violation, respectively. In contrast to the asymmetry between the phase-space integrated36

rates, triple-product asymmetries are sensitive to the interference of P̂ -even and P̂ -odd37

1Charge-conjugated decays are implicitly considered throughout the text.

1

1 Introduction1

Studying CP violation in b-hadron decays is one of the main purposes of the LHCb2

experiment, aimed at testing the validity of the Cabibbo-Kobayashi-Maskawa (CKM)3

mechanism in the Standard Model (SM). New sources of CP violation, beyond the CKM4

mechanism, can provide insights into the matter-antimatter asymmetry observed in5

the universe. Multi-body B-meson decays have proven to be an excellent laboratory for6

studying CP violation thanks to significant interference between the underlying amplitudes.7

Indeed, large CP asymmetries localised in regions of phase space of charmless three-body8

B-meson decays have been reported by the LHCb collaboration [1–4], including the first9

evidence of CP violation in the B+ ! pp̄K+ decay [5]. It is therefore of great interest to10

search for further manifestations of CP violation in baryonic B decays, where asymmetries11

of up to 20% are predicted [6–8].12

In this paper, a search for CP and P violation based on triple-product asymmetries [9]13

in the charmless region of the B0 ! pp̄K+⇡� decay1 is reported using proton-proton14

(pp) collision data collected with the LHCb detector, corresponding to a total integrated15

luminosity of 8.4 fb�1. The data subsample of 3 fb�1 was collected at centre-of-mass16

energies of 7 and 8 TeV during 2011 and 2012 (denoted Run 1) while the data subsample17

of 5.4 fb�1 was collected at 13 TeV from 2016 to 2018 (denoted Run 2).18

The study is performed in the proton-antiproton invariant mass mpp̄ < 2.85GeV/c2,19

corresponding to a region below the charmonium resonances. In this region, the decay is20
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(AT̂ + ĀT̂ ). (3)

A significant deviation from zero in these observables would indicate CP violation and P35

violation, respectively. In contrast to the asymmetry between the phase-space integrated36

rates, triple-product asymmetries are sensitive to the interference of P̂ -even and P̂ -odd37

1Charge-conjugated decays are implicitly considered throughout the text.

1

Sensitive to interference of P-even and P-odd amplitudes  
and have different sensitivity to strong phases

Not sensitive to reconstruction efficiency and  
-hadron production asymmetriesb
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Figure 3: The aT̂ -odd
CP (left) and aT̂ -odd

P (right) asymmetry parameters in each region of the phase

space for Run 1 and Run 2 data combined for binning scheme B. The error bars represent the

sum in quadrature of the statistical and systematic uncertainties. The �2
per ndf is calculated

with respect to the null hypothesis.

test, where the �2 is defined as XTV �1X, with X denoting the array of aT̂ -odd
CP (aT̂ -odd

P )
measurements, V �1 is the inverse of the covariance matrix V , defined as the sum of the
statistical and systematic covariance matrices. An average systematic uncertainty, whose
evaluation is discussed in Sec. 5, is assumed for each bin. The statistical uncertainties
are considered uncorrelated among the bins. No significant CP violation is observed with
either of the binning schemes, while some phase-space regions exhibit P -violation.

5 Systematic uncertainties and cross-checks

The sources of systematic uncertainty and their relative contributions expressed as a
percentage of the statistical uncertainty are listed in Table 1. The contributions are
uncorrelated and thus added in quadrature. The systematic uncertainty related to the
detector resolution, which could introduce a migration of signal decays between CT̂ > 0
and CT̂ < 0 (�C̄T̂ > 0 and �C̄T̂ < 0) categories for B0 (B̄0), is estimated from a
simulated sample of B0 ! pp̄K+⇡� decays. The di↵erence between the reconstructed
and generated asymmetry is considered as systematic uncertainty. A relative uncertainty
of 1% is assigned.

To test the baseline fit procedure, pseudoexperiments are generated from the default
fit model using the measured asymmetry values and fitting them with the same model.
Since the observed bias is compatible with zero, the average statistical uncertainty on the
mean of the pull distribution, 5%, is assigned as systematic uncertainty. The systematic
uncertainties related to the choice of model for the signal and background components are
evaluated by using alternative models that have comparable fit quality. A double Crystal
Ball function is used for the signal while the background is described by a linear function.
Since the observed bias is compatible with zero, the average statistical uncertainty on the
mean of the pull distribution, 5%, is assigned as systematic uncertainty. The e↵ect of
fixing the mass and resolutions of the cross-feed background from simulated samples is
assessed by varying their values. A relative contribution of 5% is assigned as systematic
uncertainty.

As a cross-check, a possible experimental bias is tested by measuring the aT̂ -odd
CP

asymmetry using the B0 ! pp̄D0(! K+⇡�) control channel. Since negligible CP violation

6
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evaluated by using alternative models that have comparable fit quality. A double Crystal
Ball function is used for the signal while the background is described by a linear function.
Since the observed bias is compatible with zero, the average statistical uncertainty on the
mean of the pull distribution, 5%, is assigned as systematic uncertainty. The e↵ect of
fixing the mass and resolutions of the cross-feed background from simulated samples is
assessed by varying their values. A relative contribution of 5% is assigned as systematic
uncertainty.

As a cross-check, a possible experimental bias is tested by measuring the aT̂ -odd
CP

asymmetry using the B0 ! pp̄D0(! K+⇡�) control channel. Since negligible CP violation
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CP conservation at 1σ

P violation at 6σ

Scheme B

Scheme B

Table 1: Sources of systematic uncertainty and their relative contributions expressed as a
percentage of the statistical uncertainty.

Contribution �aT̂ -odd
CP [%] �aT̂ -odd

P [%]
Detector resolution 1 1

Nominal fit 5 5
Alternative fit 5 5
Mass resolution 5 5

Total 9 9

B0 ! pp̄D0(! K+⇡�) control sample, aT̂ -odd
CP = (�1.0± 1.5)%, shows no significant bias,201

therefore no systematic uncertainty is assigned. The test was repeated for di↵erent regions202

of phase space, using a weighted control sample according to the kinematic distributions203

of the signal and for di↵erent magnet polarities, and gave consistent results.204

Further cross-checks are made to test the stability of the results with respect to the205

di↵erent magnet polarities, the choice made in the selection of multiple candidates, and206

the e↵ect of the trigger and selection criteria. No systematic uncertainty is assigned since207

all these checks give results compatible with the nominal ones.208

6 Results and conclusion209

In conclusion, a search for P and CP violation in B0 ! pp̄K+⇡� decays has been210

performed both globally and in regions of the phase space. The measured phase-space211

integrated asymmetries are212

aT̂ -odd
P = (1.49± 0.85± 0.08)%

213

aT̂ -odd
CP = (0.51± 0.85± 0.08)%,

where uncertainties are respectively statistical and systematic. Both are consistent with214

P and CP conservation.215

The measurement in regions of the phase space shows results consistent with the216

CP -symmetry hypothesis with a p-value of 0.28 (0.24), according to �2 = 27.4/24 (�2 =217

45.7/40), corresponding to 1.1 � (1.2 �) deviation for scheme A (scheme B). For P -218

symmetry, a p-value of 6.1⇥10�9 (1.1⇥10�9) is found, according to �2 = 86.2/24 (�2 =219

118.5/40), corresponding to 5.8� (6.0�) deviation for scheme A (scheme B). Significant220

P -asymmetries are observed in the region of the pp̄ low-mass and the K⇤(892)0 resonance.221

However, a full amplitude analysis of the B0 ! pp̄K+⇡� decay is needed to associate the222

observed P -parity violation with any underlying resonance amplitude. In conclusion, the223

data are consistent with P -parity violation, but show no evidence for CP violation.224
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Assumptions:

- current central values

- improvements on lattice
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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. The dotted line is the expectation without CP violation.

Source �xDK
+

�yDK
+

�xDK
�

�yDK
�

�xD⇡
⇠

�yD⇡
⇠

Input ci, si 0.22 0.55 0.23 0.67 0.73 0.82

PDF parametrisation 0.07 0.08 0.12 0.16 0.12 0.12

PID < 0.01 < 0.01 < 0.01 0.01 < 0.01 < 0.01

Peaking background 0.03 0.05 0.03 0.04 0.02 0.10

Fit bias 0.16 0.06 0.12 0.16 0.49 0.10

Bin migration < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.03

Total 0.18 0.11 0.17 0.23 0.51 0.19

Statistical 3.15 4.20 3.27 4.20 4.75 5.44

Table 3. Systematic uncertainty summary. All values are quoted in units of 10�2.

means the Dalitz plot densities of the two samples are different, which can lead to differing
levels of migration. Therefore, we generate samples of events including CP violation and
fit them with and without the effect of m2

± resolution included. The parameter values shift
less than 10�4 except for yD⇡

⇠ ; the full bias is treated as a systematic uncertainty on yD⇡
⇠ .

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
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B decay D decay Ref. Dataset Status since
Ref. [17]

B± → Dh± D → h+h− [20] Run 1&2 Updated
B± → Dh± D → h+π−π+π− [21] Run 1 As before
B± → Dh± D → h+h−π0 [22] Run 1 As before
B± → Dh± D → K0

Sh
+h− [19] Run 1&2 Updated

B± → Dh± D → K0
SK

±π∓ [23] Run 1&2 Updated
B± → D∗h± D → h+h− [20] Run 1&2 Updated
B± → DK∗± D → h+h− [24] Run 1&2(*) As before
B± → DK∗± D → h+π−π+π− [24] Run 1&2(*) As before
B± → Dh±π+π− D → h+h− [25] Run 1 As before
B0 → DK∗0 D → h+h− [26] Run 1&2(*) Updated
B0 → DK∗0 D → h+π−π+π− [26] Run 1&2(*) New
B0 → DK∗0 D → K0

Sπ
+π− [27] Run 1 As before

B0 → D∓π± D+ → K−π+π+ [28] Run 1 As before
B0

s → D∓
s K

± D+
s → h+h−π+ [29] Run 1 As before

B0
s → D∓

s K
±π+π− D+

s → h+h−π+ [30] Run 1&2 New
D decay Observable(s) Ref. Dataset Status since

Ref. [17]
D0 → h+h− ∆ACP [31–33] Run 1&2 New
D0 → h+h− yCP [34] Run 1 New
D0 → h+h− ∆Y [35–38] Run 1&2 New
D0 → K+π− (Single Tag) R±, (x′±)2, y′± [39] Run 1 New
D0 → K+π− (Double Tag) R±, (x′±)2, y′± [40] Run 1&2(*) New
D0 → K±π∓π+π− (x2 + y2)/4 [41] Run 1 New
D0 → K0

Sπ
+π− x, y [42] Run 1 New

D0 → K0
Sπ

+π− xCP , yCP , ∆x, ∆y [43] Run 1 New
D0 → K0

Sπ
+π− xCP , yCP , ∆x, ∆y [44] Run 2 New

Table 1. Measurements used in the combination. Inputs from the charm system appear in the lower
part of the table. Those that are new, or that have changed, since the previous combination [17]
are highlighted in bold. Measurements denoted by (*) include only a fraction of the Run 2 sample,
corresponding to data taken in 2015 and 2016. Where multiple references are cited, measured values
are taken from the most recent results, which include information from the others.
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6 Results

The results for the observables, as determined by the fit, are

RKK⇡0
= 1.021 ± 0.079 ± 0.005

R⇡⇡⇡0
= 0.902 ± 0.041 ± 0.004

AK⇡⇡0

K = �0.024 ± 0.013 ± 0.002
AKK⇡0

K = 0.067 ± 0.073 ± 0.003
A⇡⇡⇡0

K = 0.109 ± 0.043 ± 0.003
AKK⇡0

⇡ = �0.001 ± 0.019 ± 0.002
A⇡⇡⇡0

⇡ = 0.001 ± 0.010 ± 0.002
R+

K = 0.0179 ± 0.0024 ± 0.0003
R�

K = 0.0085 ± 0.0020 ± 0.0004
R+

⇡ = 0.00188 ± 0.00027 ± 0.00005
R�

⇡ = 0.00227 ± 0.00028 ± 0.00004,

where the first uncertainties are statistical and the second are systematic. The four R±
h

observables can be used to calculate

RADS(K) = 0.0127 ± 0.0016 ± 0.0002
AADS(K) = �0.38 ± 0.12 ± 0.02
RADS(⇡) = 0.00207 ± 0.00020 ± 0.00003
AADS(⇡) = 0.069 ± 0.094 ± 0.016,

where

RADS(h) =
�(B�

! [⇡�K+⇡0]Dh�) + �(B�
! [⇡�K+⇡0]Dh�)

�(B� ! [K�⇡+⇡0]Dh�) + �(B� ! [K�⇡+⇡0]Dh�)
(11)

and

AADS(h) =
�(B�

! [⇡�K+⇡0]Dh�) � �(B�
! [⇡�K+⇡0]Dh�)

�(B� ! [⇡�K+⇡0]Dh�) + �(B� ! [⇡�K+⇡0]Dh�)
. (12)

The results for the ADS observables are more precise than those obtained by previous
experiments and are compatible with them.

A likelihood-ratio test is used to assess the significance of the suppressed ADS signal
yields [30]. This is performed by calculating the quantity

p
�2 ln(Lb/Ls+b) where Lb

and Ls+b are the maximum-likelihood values of the background-only and signal-plus-
background hypotheses, respectively. Including systematic uncertainties, a significance of
7.8 standard deviations (�) is found for the decay B�

! [⇡�K+⇡0]DK�.

7 Interpretation and conclusions

The results are interpreted in terms of the fundamental �, rB and �B parameters using
Eqs. 1-2 and inputs from Refs [7–12]. Confidence intervals are evaluated using the profile
likelihood method. For this, the �2 function is evaluated at each point in parameter space
to determine a ��2 with respect to the best-fit point. Assuming purely Gaussian behaviour,
the plotted p-value, p ⌘ 1�CL, is given by the probability that ��2 is distributed according
to a �2 distribution with one degree of freedom. Due to trigonometric ambiguities present
in Eq. 1, there are up to four solutions in the range 0 < � < 180�. The global minimum
�2 is found at � = (145+ 9

�39)
� but a second solution, close to the established value [31], is

11
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and Ls+b are the maximum-likelihood values of the background-only and signal-plus-
background hypotheses, respectively. Including systematic uncertainties, a significance of
7.8 standard deviations (�) is found for the decay B�

! [⇡�K+⇡0]DK�.

7 Interpretation and conclusions

The results are interpreted in terms of the fundamental �, rB and �B parameters using
Eqs. 1-2 and inputs from Refs [7–12]. Confidence intervals are evaluated using the profile
likelihood method. For this, the �2 function is evaluated at each point in parameter space
to determine a ��2 with respect to the best-fit point. Assuming purely Gaussian behaviour,
the plotted p-value, p ⌘ 1�CL, is given by the probability that ��2 is distributed according
to a �2 distribution with one degree of freedom. Due to trigonometric ambiguities present
in Eq. 1, there are up to four solutions in the range 0 < � < 180�. The global minimum
�2 is found at � = (145+ 9

�39)
� but a second solution, close to the established value [31], is
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 (3770) resonance [9–11] and at the LHC [12]. The relatively large value of D means
that the dilution is small for this mode. Therefore, an analysis that integrates over the D
decay phase space is still sensitive to �. Incorporating the e↵ect of D meson mixing, up
to first order in x and y [13], the partial rates for the suppressed modes of interest are,

�(B⌥
! [⇡⌥K±⇡0]Dh⌥) / r2D + r2B + 2rDrBD cos(�B + �D ⌥ �)

�↵y(1 + r2B)rDD cos �D � ↵y(1 + r2D)rB cos(�B ⌥ �) (1)
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where x = (0.409+0.048
�0.049)% and y = (0.615+0.056

�0.055)% are the charm mixing parameters [14]
and ↵ is an analysis-specific coe�cient that quantifies the decay-time acceptance of D
mesons. This coe�cient is determined from simulation, detailed below, to be ↵ = 1.0
with negligible uncertainty. For the quasi-GLW modes, rD = 1, �D = 0 and D = 2F f

+ � 1.
The equivalent rate for the favoured mode is,

�(B⌥
! [K⌥⇡±⇡0]Dh⌥) / 1 + r2Dr2B + 2rDrBD cos(�B � �D ⌥ �)
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Here, rD = 0.0441 ± 0.0011 [9] is the ratio of the magnitudes of the doubly Cabibbo-
suppressed and Cabibbo-favoured D decay amplitudes. Three signs change between Eq. 1
and Eq. 2.

Experimentally robust CP observables are formed from ratios of partial decay rates,
the measurements of which are reported in this paper. The four ADS CP observables
correspond to ratios of the rates of the suppressed and favoured decay modes, measured
independently for B� and B+ decays,

R⌥
K ⌘

�(B⌥
! [⇡⌥K±⇡0]DK⌥)

�(B⌥ ! [K⌥⇡±⇡0]DK⌥)
, (3)

R⌥
⇡ ⌘

�(B⌥
! [⇡⌥K±⇡0]D⇡⌥)

�(B⌥ ! [K⌥⇡±⇡0]D⇡⌥)
. (4)

For the quasi-GLW modes two CP asymmetries are measured,

Ahh⇡0

K =
�(B�

! [hh⇡0]DK�) � �(B+
! [hh⇡0]DK+)

�(B� ! [hh⇡0]DK�) + �(B+ ! [hh⇡0]DK+)
, (5)

Ahh⇡0

⇡ =
�(B�

! [hh⇡0]D⇡�) � �(B+
! [hh⇡0]D⇡+)

�(B� ! [hh⇡0]D⇡�) + �(B+ ! [hh⇡0]D⇡+)
(6)

where h is either a kaon or a pion, as well as two double ratios of partial widths,

RKK⇡0
= RKK⇡0

K/⇡ /RK⇡⇡0

K/⇡ , R⇡⇡⇡0
= R⇡⇡⇡0

K/⇡ /RK⇡⇡0

K/⇡ , (7)
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Rhh⇡0

K/⇡ =
�(B�

! [hh⇡0]DK�) + �(B+
! [hh⇡0]DK+)

�(B� ! [hh⇡0]D⇡�) + �(B+ ! [hh⇡0]D⇡+)
(8)

is the ratio of the summed-over-charge partial widths for the B�
! DK� decays over

the B�
! D⇡� decays for a given D meson decay mode. Last, the CP asymmetry in
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the favoured mode is also included, though the expectation from Eq. 2 is that the CP
asymmetry is only O(1%),

AK⇡⇡0

K =
�(B�

! [K�⇡+⇡0]DK�) � �(B+
! [K+⇡�⇡0]DK+)

�(B� ! [K�⇡+⇡0]DK�) + �(B+ ! [K+⇡�⇡0]DK+)
. (9)

To summarise, 11 observables are reported: four ADS ratios R⌥
h , four GLW asymmetries

Ahh⇡0

h , two double ratios Rhh⇡0
and the favoured-mode asymmetry, AK⇡⇡0

K . This work
supersedes an earlier LHCb measurement [15] in which the suppressed mode B�

!

[⇡�K+⇡0]DK� was reported with a significance of 2.8�.
The rest of this paper is organised as follows. Section 2 describes the LHCb detector and

the data set on which the analysis is based. Sections 3 and 4 present the candidate selection
and the signal extraction procedure. Section 5 discusses the systematic uncertainties and
Section 7 concludes with an interpretation in terms of � and other underlying parameters.

2 The LHCb detector and data set

The analysis uses data collected by the LHCb experiment in proton-proton (pp) collisions
at

p
s = 7TeV, 8TeV, and 13TeV, corresponding to integrated luminosities of 1 fb�1,

2 fb�1, and 6 fb�1 respectively.
The LHCb detector [16, 17] is a single-arm forward spectrometer covering the

pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes placed downstream of the
magnet. The tracking system provides a measurement of the momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200GeV/c. The minimum distance of a track to a primary pp collision vertex (PV), the
impact parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT is
the component of the momentum transverse to the beam, in GeV/c. Di↵erent types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
(RICH) detectors. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers. 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 a software stage, which applies a full event reconstruction.

Simulated events of each class of signal decay are used in the analysis. In the simulation
pp collisions are generated using Pythia [18] with a specific LHCb configuration. Decays
of hadrons are described by EvtGen [19], in which final-state radiation is generated
using Photos [20]. The interaction of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [21] as described in Ref. [22].

3

6 Results

The results for the observables, as determined by the fit, are

RKK⇡0
= 1.021 ± 0.079 ± 0.005

R⇡⇡⇡0
= 0.902 ± 0.041 ± 0.004

AK⇡⇡0

K = �0.024 ± 0.013 ± 0.002
AKK⇡0

K = 0.067 ± 0.073 ± 0.003
A⇡⇡⇡0

K = 0.109 ± 0.043 ± 0.003
AKK⇡0

⇡ = �0.001 ± 0.019 ± 0.002
A⇡⇡⇡0

⇡ = 0.001 ± 0.010 ± 0.002
R+

K = 0.0179 ± 0.0024 ± 0.0003
R�

K = 0.0085 ± 0.0020 ± 0.0004
R+

⇡ = 0.00188 ± 0.00027 ± 0.00005
R�

⇡ = 0.00227 ± 0.00028 ± 0.00004,

where the first uncertainties are statistical and the second are systematic. The four R±
h

observables can be used to calculate

RADS(K) = 0.0127 ± 0.0016 ± 0.0002
AADS(K) = �0.38 ± 0.12 ± 0.02
RADS(⇡) = 0.00207 ± 0.00020 ± 0.00003
AADS(⇡) = 0.069 ± 0.094 ± 0.016,

where

RADS(h) =
�(B�

! [⇡�K+⇡0]Dh�) + �(B�
! [⇡�K+⇡0]Dh�)

�(B� ! [K�⇡+⇡0]Dh�) + �(B� ! [K�⇡+⇡0]Dh�)
(11)

and

AADS(h) =
�(B�

! [⇡�K+⇡0]Dh�) � �(B�
! [⇡�K+⇡0]Dh�)

�(B� ! [⇡�K+⇡0]Dh�) + �(B� ! [⇡�K+⇡0]Dh�)
. (12)

The results for the ADS observables are more precise than those obtained by previous
experiments and are compatible with them.

A likelihood-ratio test is used to assess the significance of the suppressed ADS signal
yields [30]. This is performed by calculating the quantity

p
�2 ln(Lb/Ls+b) where Lb

and Ls+b are the maximum-likelihood values of the background-only and signal-plus-
background hypotheses, respectively. Including systematic uncertainties, a significance of
7.8 standard deviations (�) is found for the decay B�

! [⇡�K+⇡0]DK�.

7 Interpretation and conclusions

The results are interpreted in terms of the fundamental �, rB and �B parameters using
Eqs. 1-2 and inputs from Refs [7–12]. Confidence intervals are evaluated using the profile
likelihood method. For this, the �2 function is evaluated at each point in parameter space
to determine a ��2 with respect to the best-fit point. Assuming purely Gaussian behaviour,
the plotted p-value, p ⌘ 1�CL, is given by the probability that ��2 is distributed according
to a �2 distribution with one degree of freedom. Due to trigonometric ambiguities present
in Eq. 1, there are up to four solutions in the range 0 < � < 180�. The global minimum
�2 is found at � = (145+ 9

�39)
� but a second solution, close to the established value [31], is
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The LHCb experiment
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•LHCb is a forward spectrometer, operating at LHC ( )

High geometrical efficiency in collecting  and  quark pairs

Excellent time resolution, momentum resolution, PID performances

s = 13 TeV
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∼20 m

Interaction
Region
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Expected luminosity collection by LHCb
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Planning for Upgrade II
Upgrade IIUpgrade I

Upgrade II

• Lpeak = 1.5x1034 cm-2 s-1

•  Lint = ~300 fb-1 during 
Run 5 & 6 

Upgrade II

2033-

• Fully exploit the HL-LHC 
for flavour physics

 EU Strategy Update 2020

 Framework TDR  approved by LHCC, detector options to deliver the Physics Case

LHCC-2021-012

• Targeting same detector performance as in Run 3, but with pile-up ~40!

•Subdetector TDRs need to be finalised at beginning of LS3

• Technological advances of recent years facilitate the use of precision timing and low-cost 
monolithic pixels, making this experiment also a pathfinder for future projects beyond the LHC

P. Collins, Fri 15:27
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Figure 4.1: Extrapolation of � sensitivity from the ADS/GLW analyses where disfavoured
ambiguities are ignored. The expected Belle II � precision at an integrated luminosity of 50
ab�1 is shown by the horizontal grey lines.

As in the case of B± ! D(⇤)0K± decays, these modes have no limiting systematic and they will
make competitive contributions with the LHCb Upgrade datasets.

Under the assumption that systematic uncertainties decrease in parallel with the statistical
uncertainties, that is / 1/

p
L, the future precision on � is predicted in Fig. 4.1. In isolation,

one ADS/GLW analysis su↵ers from the trigonometric ambiguities in Eq. 4.1, but the multiple
solutions are generally separated and resolved in combination with other B ! DK results. Fig. 4.1
uses central values and uncertainties in the published analyses of B± ! DK±, B± ! DK⇤±

and B0 ! DK⇤0 decays. For B± ! D⇤0K± both the partial and full reconstruction techniques
are used in this study albeit with unpublished central values and uncertainties.

4.1.2 B ! DK GGSZ

Measurements of � in which the D meson is reconstructed using the three-body, self-conjugate
D ! K0

S
⇡+⇡� and D ! K0

S
K+K� final states provide powerful input to the overall determi-

nation of �, as they select a single, narrow solution (see Fig. 4.5). Referred to as the GGSZ
method [149,150], sensitivity to � is obtained by comparing the distributions of D ! K0

S
h+h�

decays across the Dalitz plane for opposite-flavour initial-state B+ and B� mesons. The par-
tial decay rates as a function of Dalitz position depend mainly on the amplitudes of the D0

decay, with only small deviations introduced from interference and CP -violation. These devia-
tions are most conveniently probed through the measurement of the CP -violating observables
x± = rB cos(�B ± �) and y± = rB sin(�B ± �). For this it is necessary to have a good under-
standing of the magnitudes of the D0 and D0 decay amplitudes, as well as the strong-phase
di↵erences between them, �D.

The description of �D has historically been treated in two ways. One approach is to
use an amplitude model determined from flavour-tagged D ! K0

S
h+h� decays. This relies on

assumptions about the nature of the intermediate resonances that contribute to the D ! K0
S
h+h�

final state, and choices made about these contributions to the amplitude model lead to systematic
uncertainties which are not certain to scale with luminosity in the Upgrade II period. An
alternative method divides the data into bins according to the Dalitz plane coordinates, and
can then make use of direct measurements of the strong-phase di↵erences averaged over each
bin [149,150]. One such set of binning definitions for the D ! K0

S
⇡+⇡� decay mode, obtained

by optimising the sensitivity to �, is shown in Fig. 4.2.
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CKM angle potential in near future

272021/06/10

Observable LHCb 2025 Belle II (2025) > 2030

γ/ϕ3 1.5° 1.5° <0.35°
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Figure 4.2: (Left) Bin definitions for D ! K0
S
⇡+⇡� as a function of m2

� and m2
+, the invariant

masses squared of the K0
S
h� and K0

S
h+. Figure from Ref [151]. (Right) Asymmetry between

yields for B± ! DK± decays, with D ! K0
S
⇡+⇡� in bin i (for B+) and �i (for B�). The

data points are obtained from simulation with the expected sample size at 300 fb�1, assuming
the current performance of the LHCb experiment. The black histogram shows the predicted
asymmetry based on the current world average values of � and relevant hadronic parameters, the
red dots show the result of a single pseudoexperiment, while the red bands show the expected
uncertainties from an ensemble. The green bands show the corresponding uncertainties with the
current LHCb data set.

Figure 4.3: Expected evolution of � sensitivity with the GGSZ method with (red crosses) current
CLEO inputs and with (blue ⇥-marks)

p
N improvements on their uncertainty.

Specifically, the values of ci and si, which correspond to amplitude-weighted average values
of cos(�D) and sin(�D) in each Dalitz bin i, are required. These can be measured in a model-
independent manner by using quantum-correlated D0D0 pairs from  (3770) decays, as was done
previously with data taken at the CLEO-c experiment [152]. This allows the determination of �
to also be carried out in a completely model-independent fashion, the price for which is a small
loss in sensitivity from binning the data, and a systematic uncertainty which depends on the
precision with which the strong-phase measurements can be determined.

The model-independent method is therefore expected to be the baseline in Upgrade II ,
and its uncertainty is currently statistically dominated. Although systematic uncertainties will
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Figure 4.2: (Left) Bin definitions for D ! K0
S
⇡+⇡� as a function of m2

� and m2
+, the invariant

masses squared of the K0
S
h� and K0

S
h+. Figure from Ref [151]. (Right) Asymmetry between

yields for B± ! DK± decays, with D ! K0
S
⇡+⇡� in bin i (for B+) and �i (for B�). The

data points are obtained from simulation with the expected sample size at 300 fb�1, assuming
the current performance of the LHCb experiment. The black histogram shows the predicted
asymmetry based on the current world average values of � and relevant hadronic parameters, the
red dots show the result of a single pseudoexperiment, while the red bands show the expected
uncertainties from an ensemble. The green bands show the corresponding uncertainties with the
current LHCb data set.
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of cos(�D) and sin(�D) in each Dalitz bin i, are required. These can be measured in a model-
independent manner by using quantum-correlated D0D0 pairs from  (3770) decays, as was done
previously with data taken at the CLEO-c experiment [152]. This allows the determination of �
to also be carried out in a completely model-independent fashion, the price for which is a small
loss in sensitivity from binning the data, and a systematic uncertainty which depends on the
precision with which the strong-phase measurements can be determined.

The model-independent method is therefore expected to be the baseline in Upgrade II ,
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Figure 4.1: Extrapolation of � sensitivity from the ADS/GLW analyses where disfavoured
ambiguities are ignored. The expected Belle II � precision at an integrated luminosity of 50
ab�1 is shown by the horizontal grey lines.

As in the case of B± ! D(⇤)0K± decays, these modes have no limiting systematic and they will
make competitive contributions with the LHCb Upgrade datasets.

Under the assumption that systematic uncertainties decrease in parallel with the statistical
uncertainties, that is / 1/

p
L, the future precision on � is predicted in Fig. 4.1. In isolation,

one ADS/GLW analysis su↵ers from the trigonometric ambiguities in Eq. 4.1, but the multiple
solutions are generally separated and resolved in combination with other B ! DK results. Fig. 4.1
uses central values and uncertainties in the published analyses of B± ! DK±, B± ! DK⇤±

and B0 ! DK⇤0 decays. For B± ! D⇤0K± both the partial and full reconstruction techniques
are used in this study albeit with unpublished central values and uncertainties.

4.1.2 B ! DK GGSZ

Measurements of � in which the D meson is reconstructed using the three-body, self-conjugate
D ! K0

S
⇡+⇡� and D ! K0

S
K+K� final states provide powerful input to the overall determi-

nation of �, as they select a single, narrow solution (see Fig. 4.5). Referred to as the GGSZ
method [149,150], sensitivity to � is obtained by comparing the distributions of D ! K0

S
h+h�

decays across the Dalitz plane for opposite-flavour initial-state B+ and B� mesons. The par-
tial decay rates as a function of Dalitz position depend mainly on the amplitudes of the D0

decay, with only small deviations introduced from interference and CP -violation. These devia-
tions are most conveniently probed through the measurement of the CP -violating observables
x± = rB cos(�B ± �) and y± = rB sin(�B ± �). For this it is necessary to have a good under-
standing of the magnitudes of the D0 and D0 decay amplitudes, as well as the strong-phase
di↵erences between them, �D.

The description of �D has historically been treated in two ways. One approach is to
use an amplitude model determined from flavour-tagged D ! K0

S
h+h� decays. This relies on

assumptions about the nature of the intermediate resonances that contribute to the D ! K0
S
h+h�

final state, and choices made about these contributions to the amplitude model lead to systematic
uncertainties which are not certain to scale with luminosity in the Upgrade II period. An
alternative method divides the data into bins according to the Dalitz plane coordinates, and
can then make use of direct measurements of the strong-phase di↵erences averaged over each
bin [149,150]. One such set of binning definitions for the D ! K0

S
⇡+⇡� decay mode, obtained

by optimising the sensitivity to �, is shown in Fig. 4.2.
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Table 5.1: Current theoretical and experimental determinations of the semileptonic asymmetries
ad

sl
and as

sl
.

Sample (L) �as
sl
[10�4] �ad

sl
[10�4]

Run 1 (3 fb�1) [210,211] 33 36
Run 1-3 (23 fb�1) 10 8
Run 1-3 (50 fb�1) 7 5
Run 1-5 (300 fb�1) 3 2
Current theory [34,200] 0.03 0.6
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Figure 5.2: Current and future landscape for the semileptonic asymmetries. The grey vertical
band indicates the current B-Factory average for ad

sl
[25]. The blue ellipse represents the current

LHCb Run 1 measurements [210,211]. The red ellipse, which is arbitrarily centred, delineates
the Upgrade II projected precision. The black ellipse shows the SM prediction, the uncertainty
of which is barely visible with these axes.

In summary the Upgrade II dataset should allow both asymmetries to be measured to the level of
a few parts in 10�4, as listed in Table 5.1, which will give unprecedented new physics sensitivity,
and is still far from saturating the current theory uncertainties in the SM predictions. Figure 5.2
shows the prospective Upgrade II measurement, arbitrarily centred at a value that di↵ers from
the SM prediction at the 10�3 level.

5.3 Lepton-flavour universality tests with b ! cl⌫ transitions

5.3.1 R(D) and R(D⇤) with muonic and hadronic ⌧ decays

LHCb has made measurements of R(D(⇤)) using both muonic (⌧+ ! µ+⌫⌫) and hadronic
(⌧+ ! ⇡+⇡�⇡+⌫) decays of the tau lepton [215–217]. Due to the presence of multiple neutrinos
these decays are extremely challenging to measure. The measurements rely on isolation techniques
to suppress partially reconstructed backgrounds, B meson flight information to constrain the
kinematics of the unreconstructed neutrinos, and a multidimensional template fit to determine the
signal yield. Figure 5.3 shows how the absolute uncertainties on the LHCb muonic and hadronic
R(D⇤) measurements are projected to evolve with respect to the current status. The major
uncertainties are the statistical uncertainty from the fit, the uncertainties on the background
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