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1 Introduction

The study of CP violation in charmless decays of B
0

(s) mesons to charged two-body
final states represents a powerful tool to test the Cabibbo-Kobayashi-Maskawa (CKM)
picture [1, 2] of the quark-flavour mixing in the Standard Model (SM) and to investigate
the presence of physics lying beyond [3–9]. As discussed in Refs. [5, 8, 9], the hadronic
parameters entering the B

0! ⇡
+
⇡
� and B

0

s ! K
+
K

� decay amplitudes are related by
U-spin symmetry, i.e. by the exchange of d and s quarks in the decay diagrams.1 It has
been shown that a combined analysis of the branching fractions and CP asymmetries
in two-body B-meson decays, accounting for U-spin breaking e↵ects, allows stringent
constraints on the CKM angle � and on the CP -violating phase �2�s to be set [10,11].
More recently, it has been proposed to combine the CP asymmetries of the B0! ⇡

+
⇡
� and

B
0

s ! K
+
K

� decays with information provided by the semileptonic decays B0! ⇡
�
`
+
⌫

and B
0

s ! K
�
`
+
⌫, in order to achieve a substantial reduction of the theoretical uncertainty

on the determination of �2�s [12, 13]. The CP asymmetry in the B
0! ⇡

+
⇡
� decay is

also a relevant input to the determination of the CKM angle ↵, when combined with other
measurements from the isospin-related decays B0! ⇡

0
⇡
0 and B

+! ⇡
+
⇡
0 [14–16].

In this paper, measurements of the time-dependent CP asymmetries in B
0! ⇡

+
⇡
�

and B
0

s ! K
+
K

� decays and of the time-integrated CP asymmetries in B
0! K

+
⇡
� and

B
0

s ! ⇡
+
K

� decays are presented. The analysis is based on a data sample of pp collisions
corresponding to an integrated luminosity of 3.0 fb�1, collected with the LHCb detector
at centre-of-mass energies of 7 and 8TeV. The results supersede those from previous
analyses performed with 1.0 fb�1 of integrated luminosity at LHCb [17,18].

Assuming CPT invariance, the CP asymmetry as a function of decay time for B0

(s)

mesons decaying to a CP eigenstate f is given by

ACP (t) =
�B0

(s)!f (t)� �B0
(s)!f (t)

�B0
(s)!f (t) + �B0

(s)!f (t)
=

�Cf cos(�md,st) + Sf sin(�md,st)

cosh
⇣

��d,s

2
t

⌘
+ A

��

f sinh
⇣

��d,s

2
t

⌘ , (1)

where �md,s and ��d,s are the mass and width di↵erences of the mass eigenstates in the
B

0

(s) � B
0

(s) system. The quantities Cf , Sf and A
��

f are defined as

Cf ⌘ 1� |�f |2

1 + |�f |2
, Sf ⌘ 2Im�f

1 + |�f |2
, A

��

f ⌘ � 2Re�f

1 + |�f |2
, (2)

where �f is given by

�f ⌘ q

p

Āf

Af
. (3)

The two mass eigenstates of the e↵ective Hamiltonian in the B
0

(s) � B
0

(s) system are

p|B0

(s)i± q|B0

(s)i, where p and q are complex parameters. The parameter �f is thus related

to B0

(s)�B
0

(s) mixing (via q/p) and to the decay amplitudes of the B0

(s)! f decay (Af ) and

of the B
0

(s)! f decay (Āf ). Assuming negligible CP violation in the mixing (|q/p| = 1),
as expected in the SM and confirmed by current experimental determinations [19–21],
the terms Cf and Sf parameterise CP violation in the decay and in the interference

1Unless stated otherwise, the inclusion of charge-conjugate decay modes is implied throughout this
paper.
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Āf

Af
. (3)

The two mass eigenstates of the e↵ective Hamiltonian in the B
0

(s) � B
0

(s) system are

p|B0

(s)i± q|B0

(s)i, where p and q are complex parameters. The parameter �f is thus related

to B0

(s)�B
0

(s) mixing (via q/p) and to the decay amplitudes of the B0

(s)! f decay (Af ) and

of the B
0
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where p, q relate the flavour and mass eigenstates of B mesons. 

Assuming |p/q|~1: 
- Cf measures direct CPV 
- Sf measures indirect CPV

S. Benson - Beauty TD CPV



Why TD CPV?

�3

Bs XCP

Bs

ϕD

-ϕDϕM

Neutral B meson mixing is an example of a  
FCNC interaction 

=> Forbidden at tree level in the SM 
Gives room for possible BSM contributions 
Phys.Rev. D97 (2018) no.1, 015021

Allows access to measurement of the interference 
between mixing and decay diagrams.

𝜙s = 𝜙M – 2𝜙D

S. Benson - Beauty TD CPV

https://doi.org/10.1103/PhysRevD.97.015021


Why TD CPV (part 2)? 

�4

Talk from Arantza describes in detail anomalies from B->sll transitions 
https://indico.cern.ch/event/698482/contributions/3063959/ 

Theories explaining anomalies have to deal with constraints from precision 
measurements in Bs mixing 
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FIG. 4. Combined constraints on the complex Wilson coef-
ficient CLL

bs . The blue shaded area is the 2� allowed region
from Amix

CP , while the solid (dashed) red curves enclose the 1�
(2�) regions from �MSM, 2017

s .

real CLL

bs
(up to a small imaginary part due to Vts). On

the other hand, a non-zero phase of CLL

bs
allows to re-

lax the bound from �Ms, or even accommodate �Ms at
1� (region between the two solid red curves in Fig. 4),
compatibly with the 2� allowed region from A

mix
CP (blue

shaded area in Fig. 4). For Arg(CLL

bs
) ⇡ ⇡ values of��CLL

bs

�� /Rloop
SM as high as 0.21 are allowed at 2�, relaxing

the bound on the modulus of the Wilson coe�cient by a
factor 15 with respect to the Arg(CLL

bs
) = 0 case. Note,

however, that the limit Arg(CLL

bs
) = ⇡ corresponds to

a nearly imaginary �C
µ

9 = ��C
µ

10 which would presum-
ably spoil the fit of RK(⇤) , since the interference with the
SM contribution would be strongly suppressed. Never-
theless, it would be interesting to perform a global fit of
RK(⇤) , together with �Ms and A

mix
CP while allowing for

non-zero values of the phase, in order to see whether a
better agreement with the data can be obtained. Non-
zero weak phases can potentially reveal themselves also
via their contribution to triple product CP asymmetries
in B ! K

(⇤)
µ
+
µ
� angular distributions [82]. This is

however beyond the scope of the present paper and we
leave it for a future work.

An alternative way to achieve a negative contribution
for �M

NP
s

is to go beyond the simplified models of Sec-
tion IIIA and contemplate generalised chirality struc-
tures. Let us consider for definiteness the case of a Z

0

coupled both to LH and RH down-quark currents

LZ0 � 1

2
M

2
Z0(Z 0

µ
)2 +

⇣
�
Q

ij
d̄
i

L
�
µ
d
j

L
+ �

d

ij
d̄
i

R
�
µ
d
j

R

⌘
Z

0
µ
.

(30)

Upon integrating out the Z
0 one obtains

Le↵
Z0 � � 1

2M2
Z0

h
(�Q

23)
2 (s̄L�µbL)

2 + (�d

23)
2 (s̄R�µbR)

2

+2�Q

23�
d

23(s̄L�µbL)(s̄R�µbR) + h.c.
i
. (31)

The LR vector operator can clearly have any sign, even
for real couplings. Moreover, since it gets strongly en-
hanced by renormalisation-group e↵ects compared to LL
and RR vector operators [121], it can easily dominate
the contribution to �M

NP
s

. Note, however, that �d

23 con-
tributes to RK(⇤) via RH quark currents whose presence
is disfavoured by global fits, since they break the approxi-
mate relation RK ⇡ RK⇤ that is observed experimentally
(see e.g. [22]). Hence, also in this case, a careful study
would be required in order to assess the simultaneous
explanation of RK(⇤) and �Ms.

IV. CONCLUSIONS

In this paper, we have updated the SM prediction for the
Bs-mixing observable �Ms (Eq. (10)) using the most re-
cent values for the input parameters, in particular new
results from the lattice averaging group FLAG. Our up-
date shifts the central value of the SM theory prediction
upwards and away from experiment by 13%, while reduc-
ing the theory uncertainty compared to the previous SM
determination by a factor of two. This implies a 1.8 �

discrepancy from the SM.
We further discussed an important application of the
�Ms update for NP models aimed at explaining the re-
cent anomalies in semi-leptonic Bs decays. The latter
typically predict a positive shift in the NP contribution
to �Ms, thus making the discrepancy with respect to
the experimental value even worse. As a generic result
we have shown that, whenever the NP contribution to
�Ms is positive, the limit on the mass of the NP media-
tors that must be invoked to explain any of the anomalies
is strengthened by a factor of five (for a given size of cou-
plings) compared to using the 2015 SM calculation for
�Ms.
In particular, we considered two representative examples
of NP models featuring purely LH current and real cou-
plings – that of a Z

0 with the minimal couplings needed
to explain RK(⇤) anomalies, and a scalar (SU(2)L triplet)
leptoquark model. For the Z

0 case we get an upper
bound on the Z

0 mass of 2 TeV (for unit Z
0 coupling

to muons, cf. Fig. 2), an energy scale that is already
probed by direct searches at LHC. On the other hand,
the bounds on leptoquark models from Bs-mixing are
generically milder, being the latter loop suppressed. For
instance, taking only the contribution of the couplings
needed to fit RK(⇤) for the evaluation of �Ms we find
that the upper bound on the scalar leptoquark mass is
brought down to about 20 TeV (cf. Fig. 3). This limit
gets however strengthened in flavour models predicting
a hierarchical structure of the leptoquark couplings to

Di Lucio, Kirk & Lenz -  
Phys. Rev. D 97, 095035 (2018)

Example here for scalar leptoquark

S. Benson - Beauty TD CPV
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A typical example where  > 0 is that of a purely LH
vector-current operator, which arises from the exchange
of a single mediator featuring real couplings, cf. Sec-
tion IIIA.2 In such a case, the short-distance contribution
to Bs-mixing is described by the e↵ective Lagrangian

LNP
�B=2 = �4GFp

2
(VtbV

⇤
ts
)2
h
C

LL

bs
(s̄L�µbL)

2 + h.c.
i
,

(14)
where C

LL

bs
is a Wilson coe�cient to be matched with

ultraviolet (UV) models, and which enters Eq. (11) as

�M
Exp
s

�MSM
s

=

�����1 +
C

LL

bs

R
loop
SM

����� , (15)

where

R
loop
SM =

p
2GFM

2
W
⌘̂BS0(xt)

16⇡2
= 1.3397⇥ 10�3

. (16)

In the following, we will show how the updated bound
from �Ms impacts the parameter space of simplified
models (with  > 0) put forth for the explanation of
the recent discrepancies in semi-leptonic B-physics data
(Section IIIA) and then discuss some model-building di-
rections in order to achieve  < 0 (Section III B).

A. Impact of Bs-mixing on NP models for
B-anomalies

A useful application of the refined SM prediction in
Eq. (10) is in the context of the recent hints of LFU vio-
lation in semi-leptonic B-meson decays, both in neutral
and charged currents. Focussing first on neutral current
anomalies, the main observables are the LFU violating
ratios RK(⇤) ⌘ B(B ! K

(⇤)
µ
+
µ
�)/B(B ! K

(⇤)
e
+
e
�)

[33, 34], together with the angular distributions of B !
K

(⇤)
µ
+
µ
� [2–11] and the branching ratios of hadronic

b ! sµ
+
µ
� decays [1–3]. As hinted by various recent

global fits [18–23], and in order to simplify a bit the dis-
cussion, we assume NP contributions only in purely LH
vector currents involving muons. The generalisation to
di↵erent type of operators is straightforward. The e↵ec-
tive Lagrangian for semi-leptonic b ! sµ

+
µ
� transitions

contains the terms

LNP
b!sµµ

� 4GFp
2
VtbV

⇤
ts
(�Cµ

9O
µ

9 + �C
µ

10O
µ

10) + h.c. , (17)

with

O
µ

9 =
↵

4⇡
(s̄L�µbL)(µ̄�

µ
µ) , (18)

O
µ

10 =
↵

4⇡
(s̄L�µbL)(µ̄�

µ
�5µ) . (19)

2
Similar scenarios leading to  > 0 were considered in 2016 by

Blanke and Buras [73] in the context of CMFV models.

Assuming purely LH currents and real Wilson co-
e�cients the best-fit of RK and RK⇤ yields (from
e.g. [21]): Re (�Cµ

9 ) = �Re (�Cµ

10) 2 [�0.81,�0.48]
([�1.00,�0.32]) at 1� (2�). Adding also the data on
B ! K

(⇤)
µ
+
µ
� angular distributions and other b !

sµ
+
µ
� observables3 improves the statistical significance

of the fit, but does not necessarily imply larger deviations
of Re (�Cµ

9 ) from zero (see e.g. [20]). In the following we
will stick only to the RK and RK⇤ observables and denote
this benchmark as “RK(⇤)”.

1. Z’

A paradigmatic NP model for explaining theB-anomalies
in neutral currents is that of a Z

0 dominantly coupled
via LH currents. Here, we focus only on the part of the
Lagrangian relevant for b ! sµ

+
µ
� transitions and Bs-

mixing, namely

LZ0 =
1

2
M

2
Z0(Z 0

µ
)2 +

⇣
�
Q

ij
d̄
i

L
�
µ
d
j

L
+ �

L

↵�
¯̀↵
L
�
µ
`
�

L

⌘
Z

0
µ
,

(20)
where d

i and `
↵ denote down-quark and charged-lepton

mass eigenstates, and �
Q,L are hermitian matrices in

flavour space. Of course, any full-fledged (i.e. SU(2)L ⇥
U(1)Y gauge invariant and anomaly free) Z

0 model at-
tempting an explanation of RK(⇤) via LH currents can
be mapped into Eq. (20). After integrating out the Z 0 at
tree level, we obtain the e↵ective Lagrangian

Le↵
Z0 = � 1

2M2
Z0

⇣
�
Q

ij
d̄
i

L
�µd

j

L
+ �

L

↵�
¯̀↵
L
�µ`

�

L

⌘2
(21)

� � 1

2M2
Z0

h
(�Q

23)
2 (s̄L�µbL)

2

+2�Q

23�
L

22(s̄L�µbL)(µ̄L�
µ
µL) + h.c.

i
.

Matching with Eq. (17) and (14) we get

�C
µ

9 = ��C
µ

10 = � ⇡p
2GFM

2
Z0↵

 
�
Q

23�
L

22

VtbV
⇤
ts

!
, (22)

and

C
LL

bs
=

⌘
LL(MZ0)

4
p
2GFM

2
Z0

 
�
Q

23

VtbV
⇤
ts

!2

, (23)

where ⌘
LL(MZ0) encodes the running down to the bot-

tom mass scale using NLO anomalous dimensions [80,
81]. E.g. for MZ0 2 [1, 10] TeV we find ⌘

LL(MZ0) 2
[0.79, 0.75].

3
These include for instance B(Bs ! µ+µ�

) which is particularly

constraining in the case of pseudo-scalar mediated quark transi-

tions (see e.g. [79]).

4

Here we consider the case of a real coupling �
Q

23, so that
C

LL

bs
> 0 and �C

µ

9 = ��C
µ

10 is also real. This assumption
is consistent with the fact that nearly all the groups per-
forming global fits [12–23] (see however [82] for an excep-
tion) assumed so far real Wilson coe�cients in Eq. (17)
and also follows the standard approach adopted in the
literature for the Z

0 models aiming at an explanation of
the b ! sµ

+
µ
� anomalies (for an incomplete list, see [35–

64]). In fact, complex Z
0 couplings can arise via fermion

mixing, but are subject to additional constraints from
CP-violating observables (cf. Section III B).

FIG. 2. Bounds from Bs-mixing on the parameter space of
the simplified Z0 model of Eq. (20), for real �Q

23 and �L
22 = 1.

The blue and red shaded areas correspond respectively to the
2� exclusions from �MSM, 2015

s and �MSM, 2017
s , while the

solid (dashed) black curves encompass the 1� (2�) best-fit
region from RK(⇤) .

The impact of the improved SM calculation of Bs-mixing
on the parameter space of the Z

0 explanation of RK(⇤) is
displayed in Fig. 2, for the reference value �L

22 = 1.4 Note
that the old SM determination, �M

SM, 2015
s

, allowed for
M

0
Z

as heavy as ⇡ 10 TeV in order to explain RK(⇤) at
1�. In contrast, �M

SM, 2017
s

implies now M
0
Z
. 2 TeV.

Remarkably, even for �
L

22 =
p
4⇡, which saturates the

perturbative unitarity bound [85, 86], we find that the
updated limit from Bs-mixing requires M 0

Z
. 8 TeV for

the 1� explanation of RK(⇤) . Whether a few TeV Z
0

is ruled out or not by direct searches at LHC depends
however on the details of the Z

0 model. For instance,
the stringent constraints from di-lepton searches [87] are

4
For mZ0 . 1 TeV the coupling �L

22 is bounded by the Z ! 4µ
measurement at LHC and by neutrino trident production [83].

See for instance Fig. 1 in [84] for a recent analysis.

tamed in models where the Z 0 couples mainly third gener-
ation fermions (as e.g. in [63]). This notwithstanding, the
updated limit from Bs-mixing cuts dramatically into the
parameter space of the Z 0 explanation of the b ! sµ

+
µ
�

anomalies, with important implications for LHC direct
searches and future colliders [88].

2. Leptoquarks

Another popular class of simplified models which has
been proposed in order to address the b ! sµ

+
µ
� anoma-

lies consists in leptoquark mediators (see e.g. [89–106]).
Although Bs-mixing is generated at one loop [107, 108],5

and hence the constraints are expected to be milder com-
pared to the Z

0 case, the connection with the anomalies
is more direct due to the structure of the leptoquark cou-
plings. For instance, let us consider the scalar leptoquark
S3 ⇠ (3̄, 3, 1/3),6 with the Lagrangian
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while that to Bs–mixing in Eq. (14) is induced at one
loop [110]
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where the sum over the leptonic index ↵ = 1, 2, 3 is un-
derstood. In order to compare the two observables we
consider in Fig. 3 the case in which only the couplings
y
QL

32 y
QL⇤
22 (namely those directly connected to RK(⇤)) con-

tribute to Bs-mixing and further assume real couplings,
so that we can use the results of global fits which apply
to real �Cµ

9 = ��C
µ

10.
The bound on MS3 from Bs-mixing is strengthened by a
factor 5 thanks to the new determination of �Ms, which
yields MS3 . 22 TeV, in order to explain RK(⇤) at 1�
(cf. Fig. 3). On the other hand, in flavour models predict-
ing a hierarchical structure for the leptoquark couplings

5
The scalar leptoquark model proposed in Ref. [101] is a notable

exception.
6
Similar considerations apply to the vector leptoquarks Uµ

1 ⇠
(3, 1, 2/3) and Uµ

3 ⇠ (3, 3, 2/3), which also provide a good fit

for RK(⇤) . The case of massive vectors is however subtler, since

the calculability of loop observables depends upon the UV com-

pletion (for a recent discussion, see e.g. [109]).

4

Here we consider the case of a real coupling �
Q

23, so that
C

LL

bs
> 0 and �C

µ

9 = ��C
µ
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the b ! sµ

+
µ
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64]). In fact, complex Z
0 couplings can arise via fermion

mixing, but are subject to additional constraints from
CP-violating observables (cf. Section III B).

FIG. 2. Bounds from Bs-mixing on the parameter space of
the simplified Z0 model of Eq. (20), for real �Q

23 and �L
22 = 1.

The blue and red shaded areas correspond respectively to the
2� exclusions from �MSM, 2015

s and �MSM, 2017
s , while the

solid (dashed) black curves encompass the 1� (2�) best-fit
region from RK(⇤) .
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however on the details of the Z

0 model. For instance,
the stringent constraints from di-lepton searches [87] are
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where the sum over the leptonic index ↵ = 1, 2, 3 is un-
derstood. In order to compare the two observables we
consider in Fig. 3 the case in which only the couplings
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tribute to Bs-mixing and further assume real couplings,
so that we can use the results of global fits which apply
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The bound on MS3 from Bs-mixing is strengthened by a
factor 5 thanks to the new determination of �Ms, which
yields MS3 . 22 TeV, in order to explain RK(⇤) at 1�
(cf. Fig. 3). On the other hand, in flavour models predict-
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Challenges of TD CPV
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Below is a typical term in a TD analysis

Flavour(tagging-

Bs-decay-rates-

The interference term =(Ak(t)
⇤
A?(t)) is found through equation A.36 to be530
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�1

2
cos �1(e

��Ht � e
��Lt) sin �s} (A.43)

where �1 = �? � �k. The form of <(Ak(t)
⇤
A0(t)) is the same as that of equation A.2, with only531

the prefactor changing, i.e.532

<(Ak(t)
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2
|Ak||A0| cos(�2 � �1)[(1 + cos �s)e

��Lt + (1 � cos �s)e
��Ht

±2e
��st sin(�mst) sin �s], (A.44)

where �2 = �? � �0. The interference term =(A0(t)⇤
A?(t)) is of the same form as that of533

equation A.43, with prefactor and strong phase changes, i.e.534
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The CP -odd S-wave polarization |AS(t)|2 term is evaluated as535
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2
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��Lt + (1 + cos �s)e
��Ht

⌥2e
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and the CP -even S-wave polarization |ASS(t)|2 term is evaluated as536
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The interference between the two types of S-wave term yields a time-dependent term537
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(A.48)

The interference between the CP -even S-wave and the P-wave takes the same form as K5(t)538

with only modifications of the prefactor required, i.e.539
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The interference between the CP -even S-wave and the CP -odd P-wave yields a term of the same540

form as equation A.43, i.e.541

=(A?(t)ASS(t)⇤) = |A?||ASS |{±e
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(A.51)

The interference between the CP -odd S-wave and the CP -even P-wave terms is of the same542
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TD measurements require: 
• Accurate decay time resolution 
• Good understanding of acceptances 
• Flavour tagging…

S. Benson - Beauty TD CPV



Challenges of flavour tagging

�6

proton proton 

Same side 

Opposite side 

K+ 

K- 

Signal Bs 

Primary vertex 

Opposite kaon 
tagger 

Opposite B 

Negative lepton 
taggers (e-,µ-) 
from b-quark 

Positive leptons 
from b-c-l cascade 

Vertex-charge 
tagger from 
inclusive vertex 

Requires reconstruction of other decays in the event. 
• B factories ~30% 
• LHCb ~4-6%

S. Benson - Beauty TD CPV



Note on conventions…

�7
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contours hold 68%, 95% CL

HFLAV
Moriond 2018

γ β

α

φ1

φ2

φ3

Difference between 
LHCb/BaBar and Belle 

angle names

Note that for the case of FCNC Bs decays, the CP-violating phase is denoted as 
φssqqbar where sqqbar is the final state of the quark level transition.

S. Benson - Beauty TD CPV



Bs mixing

�8

• An important measurement for LHCb is that of CP violation in Bs mixing, tested with tree-
dominated b➝ccs decays. 

• Experimentally very complex due to mixture  
of CP eigenstates in the Bs➝J/ψKK  
transition 

• CP eigenstates disentangled with an  
angular analysis 

• Require excellent knowledge of the  
initial B meson flavour and B decay  
time resolution.
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b
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J/ψc

b u, c, t
c
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Figure 1: Feynman diagrams contributing to the decay B0
s → J/ψh+h− (where h = π, K)

within the SM. Left: tree diagrams; right: penguin diagrams.
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Figure 2: Feynman diagrams responsible for B0
s–B

0
s mixing, within the SM.

diagrams responsible for B0
s → J/ψφ decays are indicated in Fig. 1. The effects induced41

by the sub-leading penguin contributions are discussed, for example, in Ref. [14]. The42

B0
s–B

0
s mixing box diagrams are shown in Fig. 2.43

The B0
s → J/ψφ mode proceeds via two intermediate spin-1 particles (i.e., with the44

K+K− pair in a P-wave). The final state is a superposition of CP -even and CP -odd states45

depending upon the relative orbital angular momentum between the J/ψ and the φ. The46

same final state can also be produced with K+K− pairs with zero relative orbital angular47

momentum (S-wave) [15]. This S-wave final state is CP -odd. In order to measure φs it48

is necessary to disentangle the CP -even and CP -odd components. This is achieved by49

analysing the distribution of the reconstructed decay angles in the helicity basis.50

The helicity angles are denoted by Ω = (cos θK , cos θµ,ϕh) and their definition is shown51

in Fig. 3. The polar angle θK is the angle between the K+ and the axis in the direction52

opposite to the B0
s in the K+K− centre-of-mass system. Similarly, θµ is defined in the53

µ+µ− centre-of-mass system with the direction of the µ+. The relative orientation of the54

K+K− and µ+µ− systems is given by ϕh, the azimuthal angle between the two decay55

planes. This angle is defined by a rotation from the K− side of the K+K− plane to the56
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1+ λ f

2

CP violation in mixing & decay 
Interference between mixing and decay  

 

 

introduces a phase 

 

that leads to CP violation  
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CP violation in b ! ccs(d) decays + mixing
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Introduction - B0
q mesons oscillations

B0
d - B̄0

d mixing ! �md B0
s - B̄0

s mixing ! �ms
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Oscillations of neutral B0
q (q=d,s) mesons through box diagrams

The oscillation frequency corresponds to �mq = mH - mL

It represents an important ingredient for the time-dependent CP
asymmetry measurements

B0 and B0
s mixing frequencies at LHCb 4/24 Giulia Tellarini
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0 Measurement of �ms in B0
s ! D�

s ⇡+

New J. Phys. 15 (2013) 053021, LHCb-PAPER-2013-006

In the mass range around the
B0
s mass peak

5320 < mB0
s
< 5550 MeV:

A(t)meas = Nunmix (t) � Nmix (t)
Nunmix (t) + Nmix (t)

) �ms = 17.768± 0.023(stat) ± 0.006(syst) ps�1

Systematic dominated by the knowledge of the decay time:
length scale ) 0.004 ps�1

momentum scale ) 0.004 ps�1

World Average �ms = 17.761± 0.022 ps�1 by CDF and LHCb (from HFAG)

LHCb most precise measurement to date
B0 and B0

s mixing frequencies at LHCb 10/24 Giulia Tellarini

Introduction - B0
q mesons oscillations

B0
d - B̄0

d mixing ! �md B0
s - B̄0

s mixing ! �ms

B0 B0

u, c, t

W± W±

u, c, t

d b

b d

B0
s B0

s

u, c, t

W± W±

u, c, t

s b

b s

Oscillations of neutral B0
q (q=d,s) mesons through box diagrams

The oscillation frequency corresponds to �mq = mH - mL

It represents an important ingredient for the time-dependent CP
asymmetry measurements

B0 and B0
s mixing frequencies at LHCb 4/24 Giulia Tellarini

B mixing 

17th Sep 2015 Physics in Collision 2015, V.Gibson 18 

€ 

i ∂
∂t

a
b
# 

$ 
% 
& 

' 
( = H

a
b
# 

$ 
% 
& 

' 
( =

M11 −
i
2
Γ11 M12 −

i
2
Γ12

M12
* −

i
2
Γ12
* M22 −

i
2
Γ22

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

a
b
# 

$ 
% 
& 

' 
( 

BL,H = p B0 ± q B0
Δm =mH −mL ≈ 2 M12

ΔΓ = ΓL −ΓH ≈ 2 Γ12 cosφ12
φ12 = arg −M12 Γ12( )

Matter-antimatter oscillations are governed by 

 

 

 

 

Measurements of Δm require 
-  excellent decay time resolution  
     LHCb ~ 40 fs 

-  flavour tagging 
 LHCb, εD2 ~ 3-5.4% (2015) 

decay time [ps] 

LHCb New J Phys 15 (2013) 053021 

LHCb Eur Phys J C72 (2012) 2022. 
LHCb arXiv: 1507.07892 

Bs
0 →Ds

−π +

Δms = 17.768± 0.023± 0.006( ) ps−1

See talk of K. Gizdov

S. Benson - Beauty TD CPV
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Figure 1: (a) Background-subtracted invariant mass distributions of the K+K� system in
the selected B0

s ! J/ K+K� candidates (black points). The vertical red lines denote the
boundaries of the six bins used in the maximum likelihood fit. (b) Distribution of m(J/ K+K�)
for the data sample (black points) and projection of the maximum likelihood fit (blue line). The
B0

s signal component is shown by the red dashed line and the combinatorial background by
the green long-dashed line. Background from misidentified B0 and ⇤0

b decays is subtracted, as
described in the text.

show contributions from approximately 1700 B0 ! J/ K+⇡� (4800 ⇤0

b ! J/ pK�)
decays where the pion (proton) is misidentified as a kaon. These background events have
complicated correlations between the angular variables and m(J/ K+K�). In order to
avoid the need to describe explicitly such correlations in the analysis, the contributions
from these backgrounds are statistically subtracted by adding to the data simulated events
of these decays with negative weight. Prior to injection, the simulated events are weighted
such that the distributions of the relevant variables used in the fit, and their correlations,
match those of data.

The principal physics parameters of interest are �s, ��s, �s, |�|, the B0

s mass
di↵erence, �ms, and the polarisation amplitudes Ak = |Ak|e�i�k , where the indices
k 2 {0, k,?, S} refer to the di↵erent polarisation states of the K+K� system. The
sum |Ak|2 + |A0|2 + |A?|2 equals unity and by convention �0 is zero. The parameter
� describes CP violation in the interference between mixing and decay and is defined
by ⌘k(q/p)(Āk/Ak), where it is assumed to be the same for all polarisation states. The
complex parameters p = hB0

s |BLi and q = hB0

s|BLi describe the relation between mass
and flavour eigenstates and ⌘k is the CP eigenvalue of the polarisation state k. The
CP -violating phase is defined by �s ⌘ � arg �. In the absence of CP violation in de-
cay, |�| = 1. CP violation in B0

s -meson mixing is negligible, following measurements in
Ref. [16]. Measurements of the above parameters are obtained from a weighted maxi-
mum likelihood fit [17] to the decay-time and helicity angle distributions of the data as
described in Ref. [6].

The B0

s decay-time distribution is distorted by the trigger selection requirements and

2
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Figure 3: Definition of helicity angles.

µ+ side of the µ+µ− plane. The rotation is positive in the µ+µ− direction in the B0
s rest57

frame. A description in terms of momenta is given in Appendix A.58

The distribution of the signal decay time and angles is described by a sum of ten terms,59

corresponding to the four polarization amplitudes and their interference terms. Each of60

these is given by the product of a time-dependent function and an angular function [12]61

d4Γ(B0
s → J/ψK+K−)

dt dΩ
∝

10
∑

k=1

hk(t) fk(Ω) . (1)

The time-dependent functions hk(t) can be written as62

hk(t) = Nke
−Γst [ak cosh

(

1
2∆Γst

)

+ bk sinh
(

1
2∆Γst

)

+ ck cos(∆mst) + dk sin(∆mst)], (2)

where ∆ms is the mass difference between the heavy and light B0
s -mass eigenstates. The63

coefficientsNk and ak, . . . , dk can be expressed in terms of φs and four complex transversity64

amplitudes Af at t = 0. The label f takes the values {⊥, ∥, 0} for the three P-wave65

amplitudes and S for the S-wave amplitude. In this analysis each Af (0) is parameterised66

by |Af (0)|2eiδf with the the convention δ0 = 0, |A⊥(0)|2+|A0(0)|2+|A∥(0)|2 = 1 and FS =67

|As(0)|2/(|As(0)|2+ |A⊥(0)|2+ |A0(0)|2+ |A∥(0)|2) = |As(0)|2/(|As(0)|2+1). For a particle68

produced in a B0
s flavour eigenstate the coefficients in Eq. 2 and the angular functions69

fk(Ω) are then given in Table 1 [16, 17], where S = − 2|λ|
1+|λ|2 sinφs, D = − 2|λ|

1+|λ|2 cosφs70

and C = 1−|λ|2
1+|λ|2 . The possibility CP -violation in mixing and in the decay amplitudes is71

accounted for through the inclusion of the parameter λ which is defined as (−1)L q
p
Āf

Af
,72

where q and p are the complex coefficients connecting the mass and flavour eigenstates:73

|BL,H⟩ = p|B0
s ⟩±q|B0

s⟩, Āf is the analogue of Af for B0
s-mesons and L is the relative orbital74

angular momentum between J/ψ andK+K− pair. With these conventions, φs = − arg(λ).75

It is assumed that the value of λ does not depend on the final state polarization f .76

The differential decay rates for a B0
s-meson produced at time t = 0 are obtained by77

changing the sign of φs, A⊥(0) and AS(0), or, equivalently, the sign of ck and dk in the78

expressions above, and multiplying them by an overall |p/q|2 factor. These expressions are79
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Figure 2: Decay-time and helicity-angle distributions for B0
s ! J/ K+K� decays (data points)

with the one-dimensional fit projections overlaid. The solid blue line shows the total signal
contribution, which is composed of CP -even (long-dashed red), CP -odd (short-dashed green)
and S-wave (dotted-dashed purple) contributions.

The e↵ect due to the b-hadron background contributions is evaluated by varying the
proportion of simulated background events included in the fit by one standard deviation
of their measured fractions. In addition, a further systematic uncertainty is assigned as
the di↵erence between the results of the fit to weighted or non-weighted data.

A small fraction of B0

s ! J/ K+K� decays come from the decays of B+

c mesons [23].
The e↵ect of ignoring this component in the fit is evaluated using simulated pseudoexper-
iments where a 0.8% contribution [23,24] of B0

s -from-B+

c decays is added from a simulated
sample of B+

c ! B0

s (! J/ �)⇡+ decays. Neglecting the B+

c component leads to a bias
on �s of 0.0005 ps�1, which is added as a systematic uncertainty. Other parameters are
una↵ected.

The decay angle resolution is found to be of the order of 20 mrad in simulated events.
The result of pseudoexperiments shows that ignoring this e↵ect in the fit only leads to
small biases in the polarisation amplitudes, which are assigned as systematic uncertainties.

The angular e�ciency correction is determined from simulated signal events weighted
as in Ref. [6] such that the kinematic distributions of the final state particles match those

5
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Bs mixing

�10

• LHCb measurement of -10±39 mrad  
dominates the global fit 

• Constraining power of the measurement  
will increase as LHC accumulates more  
data. 

• Attention turns more to control of penguin  
pollution (and of course Run 2 data)…
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Figure 2: Illustration of additional decay topologies contributing to some of the
B ! J/ X channels: exchange (left), penguin annihilation (middle) and annihilation
(right).

the B
0

s ! J/ ⇡
0 decay (and B

0

s ! J/ ⇢
0 for B

0

d ! J/ ⇢
0) [13]. First measurements of

CP violation in B
0

d ! J/ ⇡
0 were reported by the BaBar and Belle collaborations:

A
dir

CP
(Bd ! J/ ⇡

0) =

(
�0.08 ± 0.16 ± 0.05 (Belle [33])

�0.20 ± 0.19 ± 0.03 (BaBar [34])
(38)

A
mix

CP
(Bd ! J/ ⇡

0) =

(
0.65 ± 0.21 ± 0.05 (Belle [33])

1.23 ± 0.21 ± 0.04 (BaBar [34]) .
(39)

The results for the mixing-induced CP asymmetry are not in good agreement with each
other, with the BaBar result lying outside the physical region. The Heavy Flavour
Averaging Group (HFAG) has refrained from inflating the uncertainties in their average,
giving A

mix

CP
(Bd ! J/ ⇡

0) = 0.93 ± 0.15 [27]. The Belle II experiment will hopefully
clarify this unsatisfactory situation.

The charged counterpart B
+

! J/ ⇡
+ of B

0

d ! J/ ⇡
0 also has dynamics similar

to B
0

s ! J/ K
0

S
but — as it is the decay of a charged B meson — does not exhibit

mixing-induced CP violation. It receives additional contributions from an annihilation
topology, illustrated in Fig. 2, which arises with the same CKM factor VudV

⇤
ub as the

penguin topologies with internal up-quark exchanges, contributing similarly to the pen-
guin parameter ace

i✓c (defined in analogy to Eq. (16)). If this parameter is determined
from the charged B

+
! J/ ⇡

+, B
+

! J/ K
+ decays and compared with the other

penguin parameters, footprints of the annihilation topology could be detected. In view
of the present uncertainties, we neglect the annihilation topology, like the contributions
from the exchange and penguin annihilation topologies in B

0

d ! J/ ⇡
0. In Appendix A,

we give a more detailed discussion of the annihilation contribution and its importance
based on constraints from current data, which do not indicate any enhancement.

We shall also add data for the B
+

! J/ K
+ (neglecting again the corresponding

annihilation contribution) and B
0

d ! J/ K
0 modes to the global analysis, although the

penguin contributions are doubly Cabibbo-suppressed in these decays.
Using the SU(3) flavour symmetry and assuming both vanishing non-factorisable

corrections and vanishing exchange and annihilation topologies, the decays listed above
are characterised by a universal set of penguin parameters (a, ✓), which can be extracted
from the input data through a global �2 fit. The resulting picture extends and updates
the previous analyses of Refs. [12, 13].

A first consistency check is provided by the ratios

⌅(Bq ! J/ X, Bq0 ! J/ Y ) ⌘
PhSp (Bq0 ! J/ Y )

PhSp (Bq ! J/ X)

⌧Bq0

⌧Bq

B (Bq ! J/ X)
theo

B (Bq0 ! J/ Y )
theo

, (40)

8

De Bruyn & Fleischer, arXiv:1412.6834

PRL 114 (2015) 041801
Global fit: -21±31 mrad

The Hi observables are constructed in terms of the theoretical branching fractions
defined at zero decay time, which di↵er from the measured time-integrated branching
fractions [51] due to the non-zero decay-width di↵erence ��s of the B

0
s
meson system [7].

The conversion factor between the two branching fraction definitions [51] is taken to be

B(B ! f)theo
B(B ! f)

=
1 � y

2
s

1 � ys⌘i cos(�SM
s

)
, (29)

where ⌘i is the CP eigenvalue of the final state, and ys = ��s/2�s. Taking values for �s,
��s and �SM

s
from Refs. [6,7], the conversion factor is 1.0608± 0.0045 (0.9392± 0.0045) for

the CP -even (-odd) states. For the flavour-specific B
0
s

! J/ K
⇤0 decay ⌘i = 0, resulting

in a conversion factor of 0.9963 ± 0.0006. The ratios of hadronic amplitudes |A
0
i
/Ai| are

calculated in Ref. [52] following the method described in Ref. [53] and using the latest
results on form factors from Light Cone QCD Sum Rules (LCSR) [54]. This leads to

H0 = 0.98 ± 0.07 (stat) ± 0.06 (syst) ± 0.26 (|A0
i
/Ai|) ,

Hk = 0.90 ± 0.14 (stat) ± 0.08 (syst) ± 0.21 (|A0
i
/Ai|) ,

H? = 1.46 ± 0.14 (stat) ± 0.11 (syst) ± 0.28 (|A0
i
/Ai|) .

Assuming Eq. 28 and external input on the Unitarity Triangle angle � =
�
73.2+6.3

�7.0

��
[6],

the penguin parameters ai and ✓i are obtained from a modified least-squares fit to {A
CP

i
, Hi}

in Eq. 24 and Eq. 25. The information on � is included as a Gaussian constraint in the fit.
The values obtained for the penguin parameters are

a0 = 0.04+0.95
�0.04 , ✓0 =

�
40+140

�220

��
,

ak = 0.32+0.57
�0.32 , ✓k = �

�
15+148

�14

��
,

a? = 0.44+0.21
�0.27 , ✓? =

�
175+11

�10

��
.

For the longitudinal polarisation state the phase ✓ is unconstrained. Correlations between
the experimental inputs are ignored, but the e↵ect of including them is small. The
two-dimensional confidence level contours are given in Fig. 6. This figure also shows,
as di↵erent (coloured) bands, the constraints on the penguin parameters derived from
the individual observables entering the �2 fit. The thick inner darker line represents the
contour associated with the central value of the input quantity, while the outer darker
lines represent the contours associated with the one standard deviation changes. For
the parallel polarisation the central value of the H observable does not lead to physical
solutions in the ✓k–ak plane, and the thick inner line is thus absent.

When decomposed into its di↵erent sources, the angle �s takes the form

�s,i = �2�s + �
BSM
s

+��J/ �

s,i
(a0

i
, ✓

0
i
) , (30)

where �2�s is the SM contribution, �BSM
s

is a possible BSM phase, and ��J/ �

s,i
is a shift

introduced by the presence of penguin pollution in the decay B
0
s

! J/ �. In terms of the

20

See talk of K. Gizdov
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Bd mixing

�11

• CP-violating phase in Bd mixing, defined as 

• Measured through Bd➝KsJ/ψ 

• LHCb measurement of  
S=sin2β=0.760±0.034  
is approaching the precision of the B-
factories

Sf ≡
2sinφ
1+ λ f

2 , Cf ≡
1− λ f

2

1+ λ f
2

AΔΓ ≡ −
2cosφ
1+ λ f

2

CP violation in mixing & decay 
Interference between mixing and decay  

 

 

introduces a phase 

 

that leads to CP violation  

17th Sep 2015 Physics in Collision 2015, V.Gibson 13/39 

CP violation in b ! ccs(d) decays + mixing

|�f | ⌘

��� qp
Af

Af

��� ⇡ 1

�mix = 2arg(VtbV⇤
ts)

�dec = arg(VcbV⇤
cs)

CP violation in interference between

mixing and decay:

�s ⌘ �arg(�f ) ⌘ �arg

✓
q
p

Af

Af

◆
6= 0

�s
SM
= �2 arg

⇣
�VcbV

⇤
cs

VtbV
⇤
ts

⌘
⌘ �2�s

�s
SM
= �0.0365 ± 0.0012 rad [CKMFitter]

(†) Assuming we ignore sub-leading

penguin contributions - more later

ACP (t) ⌘
�B0!f � �

B0!f

�B0!f + �
B0!f

=
Sf sin(�m t) � Cf cos(�m t)

cosh(�� t/2) + A�� sinh(�� t/2)

Cf ⌘ 1�|�f |2

1+|�f |2

Sf ⌘ 2 sin�d,s

1+|�f |2

A�� ⌘ � 2 cos�d,s

1+|�f |2 3 / 18

Introduction - B0
q mesons oscillations

B0
d - B̄0

d mixing ! �md B0
s - B̄0

s mixing ! �ms

B0 B0

u, c, t

W± W±

u, c, t

d b

b d

B0
s B0

s

u, c, t

W± W±

u, c, t

s b

b s

Oscillations of neutral B0
q (q=d,s) mesons through box diagrams

The oscillation frequency corresponds to �mq = mH - mL

It represents an important ingredient for the time-dependent CP
asymmetry measurements

B0 and B0
s mixing frequencies at LHCb 4/24 Giulia Tellarini
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q
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A f
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Figure 3: Signal yield asymmetries (NB0 � NB0)/(NB0 + NB0) versus the decay time for
(left) B0 ! J/ K0

S and (right) B0 !  (2S)K0
S decays. The symbol NB0 (NB0) is the number of

decays with a B0 (B0) flavour tag. The solid curves are the projections of the PDF with the
combined flavour tagging decision.
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Figure 4: Two-dimensional likelihood scans for the combination of the (left) B0 ! J/ K0
S modes

and (right) all B0 ! [cc]K0
S modes. The confidence level for the inner (outer) contour is 39%

(87%).

modes, i.e. B0 ! J/ K0

S , where the J/ is either reconstructed from two muons or two
electrons, and B0 !  (2S)K0

S , the CP -violation observables are determined to be

C(B0 ! [cc]K0

S ) = �0.017 ± 0.029 ,

S(B0 ! [cc]K0

S ) = 0.760 ± 0.034 ,

with a correlation coe�cient of 0.42. These results are consistent with indirect mea-
surements by the CKMfitter group [9] and the UTfit collaboration [10]. Furthermore,
they improve the precision of sin 2� at LHCb by 20 %, and are expected to improve the
precision of the world average.
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Fit model
CP asymmetries obtained by a simultaneous unbinned maximum likelihood fit to 
the distributions of candidates reconstructed in the  π+π−, K+K−, K±π∓ samples.

Fit observables 

• invariant mass m 
• decay time t 
• predicted decay time error δt 
• flavour tagging assignment ξ 
• predicted mistag probability η 
• final state (for Kπ)  ψ

Parameter Value
�md 0.5065± 0.0019 ps�1

�d 0.6579± 0.0017 ps�1

��d 0
�ms 17.757± 0.021 ps�1

�s 0.6654± 0.0022 ps�1

��s 0.083± 0.007 ps�1

⇢(�s,��s) � 0.292

Fixed parameters (HFLAV values)

N(B0 → π+ π−) = 28650 ± 230
N(B0

s → K+ K−) = 36840 ± 220

N(B0 → K+ π−) = 94220 ± 340
N(B0

s → π+ K−) = 7030 ± 120

Signal yields

Emilie Bertholet (LPNHE, Paris) FPCP 2018eberthol@cern.ch �6

Event selection

Background rejection 
• 3-body partially reconstructed decays 
→ separated peaks from signal. 

• cross-feed (misID) → PID requirement 
optimised to reduce the amount of cross-
feed to approximately 10% of the signal 
yields. 

• combinatorial → Boosted Decision Tree 
algorithm (BDT):  
• kinematic and topological variables  
• trained with B0 → π+π− simulated events for 

signal and high mass side band for 
background (5.6 to 5.8 GeV/c2).

Candidate selection 
• Online selection by the trigger. 
• Offline filtering to reduce the amount of combinatorial background. 

• Classified into mutually exclusive samples: π+π−, K+K−, K±π∓ 
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Figure 6: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSK for candidates in the K+K� sample.
The result of the simultaneous fit is overlaid. The individual components are also shown.
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cross feeds chosen with PID to be ~10% of signal yields

combinatorial reduced with BDT 
- Trained with upper mass sideband 
- Topological and kinematic information

3fb-1 from Run I

arXiv:1805.06759 (submitted to PRD)
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Final results and conclusion

• Results in good agreement with previous measurements (and SM). 

• The significance for (CKK, SKK, AKK) ≠ (0, 0, -1) is estimated to be 4.0 standard deviations 
→ strongest evidence of CPV in the B0s meson sector to date. 

• This analysis was performed with 3fb-1 of run 1 data, with additional data (run 2) we  will 
be able to improve the sensitivity and maybe have an discovery.

Most precise results from a 
single experiment to date

Measured for 
the 1st time

Q distribution is found to be 
gaussian, mean 0.83 and width 0.12

AB0

CP = �0.084± 0.004± 0.003

A
B0

S
CP = 0.213± 0.015± 0.007

C⇡+⇡� = �0.34 ± 0.06 ± 0.01

S⇡+⇡� = �0.63 ± 0.05 ± 0.01

CK+K� = 0.20 ± 0.06 ± 0.02

SK+K� = 0.18 ± 0.06 ± 0.02

A��
K+K� = �0.79 ± 0.07 ± 0.10
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Q2 = (CK+ K−)2 + (SK+ K−)2 + (AΔΓ
K+ K−)2

HFLAV averages (not including these results): 

(AB0
CP, AB0

s
CP) = (−0.082 ± 0.006, 0.26 ± 0.04)

(Cπ+ π−, Sπ+ π−) = (−0.31 ± 0.05, − 0.66 ± 0.06)

Fit observables  
invariant mass m 
decay time t 
predicted decay time error δt  
flavour tagging assignment ξ  
predicted mistag probability η  
final state (for Kπ) ψ 

Emilie Bertholet (LPNHE, Paris) FPCP 2018eberthol@cern.ch �7

Fit model
CP asymmetries obtained by a simultaneous unbinned maximum likelihood fit to 
the distributions of candidates reconstructed in the  π+π−, K+K−, K±π∓ samples.

Fit observables 

• invariant mass m 
• decay time t 
• predicted decay time error δt 
• flavour tagging assignment ξ 
• predicted mistag probability η 
• final state (for Kπ)  ψ

Parameter Value
�md 0.5065± 0.0019 ps�1

�d 0.6579± 0.0017 ps�1

��d 0
�ms 17.757± 0.021 ps�1

�s 0.6654± 0.0022 ps�1

��s 0.083± 0.007 ps�1

⇢(�s,��s) � 0.292

Fixed parameters (HFLAV values)

N(B0 → π+ π−) = 28650 ± 230
N(B0

s → K+ K−) = 36840 ± 220

N(B0 → K+ π−) = 94220 ± 340
N(B0

s → π+ K−) = 7030 ± 120

Signal yields

1st measurement

Most accurate measurement from a 
single experiment
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‣ Signal model: Crystal Ball + Student-T distribution with shared mean 
‣ Background model: Exponential 
‣ B0→ϕK*0   (π–K misidentification) 

‣ Vetoed via mass window cuts in K+π- and K+K-K+π- 

‣ Λb→ϕK–p   (p–K misidentification) 
‣ Yield estimated from data, shape from MC 

‣ Yields after unbinned extended  
maximum likelihood fit: 
‣ nsig: ~8500 
‣ nbkg,comb: ~3500 
‣ nΛb: ~200 

Mass fit description

�7
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20 CP Violation and the Phenomenology of B0
s mesons
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Figure 1.6.: Feynman diagrams contributing to the B0
s ! �� decay, consisting of a gluonic

penguin (top-left), electroweak penguin (top-right), and a 2-loop gluonic penguin
(bottom).

The B
0
s
! �� decay is an example of a pseudo-scalar to vector vector (P ! V V )

process. This means that there is a mixture of polarisation amplitudes in the final

state. These are the CP -even longitudinal (A0), the CP -odd transverse (A?) and the

CP -even transverse (Ak) polarisations. In order to measure CP violation in this decay,

the polarisations, along with their associated interferences must be disentangled by

measuring decay angle distributions. A popular choice for the B
0
s
! �� decay is the

helicity basis (explained in detail in Figure 1.7). The need for the measurement of the

decay angles complicates the determination of the CP -violating phase in the interference

between mixing and decay and therefore results in a more complex expression than

that given in equation 1.48. The derivation of the form is explained in greater detail in

Appendix A.
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The B
0
s
! �� decay is an example of a pseudo-scalar to vector vector (P ! V V )

process. This means that there is a mixture of polarisation amplitudes in the final

state. These are the CP -even longitudinal (A0), the CP -odd transverse (A?) and the

CP -even transverse (Ak) polarisations. In order to measure CP violation in this decay,

the polarisations, along with their associated interferences must be disentangled by

measuring decay angle distributions. A popular choice for the B
0
s
! �� decay is the

helicity basis (explained in detail in Figure 1.7). The need for the measurement of the

decay angles complicates the determination of the CP -violating phase in the interference

between mixing and decay and therefore results in a more complex expression than

that given in equation 1.48. The derivation of the form is explained in greater detail in

Appendix A.

Electroweak and gluons penguin contributions 
(gluonic expected to dominate) ~8500 candidates from 5fb-1 

taken between 2011-2016

Timon Schmelzer | FPCP 2018 | CPV in Bs→ϕϕ @ LHCb

‣ Loose preselection (aka Stripping in LHCb) 
‣ Combine two oppositely charged K to ϕ mesons 
‣ Combine two phi mesons to Bs mesons 
‣ Combination must satisfy certain conditions:  
‣ Track qualities, mass windows, vertex qualities… 

‣ To remove combinatorial background:  
Use MVA method (MLP) with topological features 
‣ Signal proxy: Signal MC of Bs→ϕϕ 
‣ Background proxy: Upper and lower mass sideband 

‣ Afterwards: Cut point optimisation based on 
significance figure of merit

Selection

�6

FoM = S
S+ B

S = Number of signal candidates
B = Expected number of background  
candidates in signal region
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MLP used to separate signal 
from background 
- trained using B sidebands 

and MC 
- Kinematic + topological 

information

LHCb-CONF-2018-001
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‣ Bs→ϕϕ is P→VV decay 
‣ Selection is unable to differentiate between ϕ and f0(980)  

or non-resonant pair of ϕ 
‣ Total decay amplitude A(t, Θ1, Θ1, Φ) contains P→VS decays (and even P→SS) 
‣ Ai(t): time–dependent decay amplitudes  
 
 
 

‣ Differential decay rate:

Time-dependent angular description

�9

Timon Schmelzer | FPCP 2018 | CPV in Bs→ϕϕ @ LHCb

Decay angle definitions

�8

‣ Θ1,2: angle between  
K+ momentum in ϕ1,2 meson rest frame and  
parent ϕ1,2 in Bs rest frame 

‣ Φ: angle between 
two ϕ meson decay planes 

‣ n1,2: normalization vectors to the  
decay planes of the ϕ mesons
^

15 angular terms to fit all amplitudes and interferences 
- 3 P-wave Bs->φφ terms 
- Single spin-0 kaon pair (As) 
- Double spin-0 pair (Ass)

�15S. Benson - Beauty TD CPV

https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/
https://indico.cern.ch/event/698482/contributions/3065019/


Bs->φφ CPV
See talk of T. Schmelzer

Timon Schmelzer | FPCP 2018 | CPV in Bs→ϕϕ @ LHCb

Summary & Conclusion

�15

‣ Measuring CPV in Bs→ϕϕ is challenging 
‣ Presented the CPV measurement of Bs→ϕϕ  

on 5fb-1 @ LHCb 
‣ Omitted some important parts of this analysis 
‣ Decay time acceptance/resolution 
‣ Flavour tagging calibration 
‣ Systematics… 

‣ No evidence of CPV is found 
‣ Most parameter uncertainties are statistically  

dominated 
‣ Stay tuned!
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Table 5: Correlation matrix associated with the result of the time-dependent fit and relate to
the statistical uncertainties.

�k |A?|2 �? |A0|2 |�| �sss
s

�k 1.00 0.14 0.13 �0.03 0.02 0.01
|A?|2 1.00 0.01 �0.45 0.00 �0.03
�? 1.00 0.00 �0.26 �0.15
|A0|2 1.00 �0.01 0.01
|�| 1.00 �0.05
�sss
s 1.00

Figure 5: One-dimensional projections of the B0
s ! �� fit for (top-left) decay time with binned

acceptance, (top-right) helicity angle � and (bottom-left and bottom-right) cosine of the helicity
angles ✓1 and ✓2. The background-subtracted data are marked as black points, while the blue
solid lines represent the projections of the best fit. The CP -even P -wave, the CP -odd P -wave
and S-wave combined with double S-wave components are shown by the red long dashed, green
short dashed and purple dot-dashed lines, respectively. Fitted components are plotted taking in
to account e�ciencies in the time and angular observables.

Figure 5 shows the distributions of the B0

s decay time and the three helicity angles.346

Superimposed are the projections of the fit result. The projections are weighted to yield347

the signal distribution and include corrections for acceptance e↵ects.348

14

Timon Schmelzer | FPCP 2018 | CPV in Bs→ϕϕ @ LHCb

‣ Assumption: CPV is 
polarisation independent

Fit results

�14

Complete model 
CP-even P-wave 
CP-odd P-wave 
S-wave
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Bs -> KπKπ - pure penguins
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1 Introduction

The CP -violating weak phases �s arise in the interference between the amplitudes of
B0

s mesons directly decaying to CP eigenstates and those decaying to the same final
state after B0

s–B
0
s oscillation. The B0

s ! K⇤0K⇤0 decay,1 which in the Standard Model
(SM) is dominated by the gluonic loop diagram shown in Fig. 1, has been discussed
extensively in the literature as a benchmark test for the SM and as an excellent probe
for physics beyond the SM [1–7]. New heavy particles entering the loop would introduce
additional amplitudes and modify properties of the decay from their SM values. In general,
the weak phase �s depends on the B0

s decay channel under consideration, and can be
di↵erent between channels as it depends on the contributions from tree- and loop-level
processes. The notation �dd

s is used when referring to the weak phase measured in b ! dds
transitions. For b ! ccs transitions, e.g. B0

s ! J/ K+K� and B0
s ! J/ ⇡+⇡� decays,

the weak phase �cc
s has been measured by several experiments [8–11]. The world average

reported by HFLAV, �cc
s = �0.021±0.031 rad [8], is dominated by the LHCb measurement

�cc
s = �0.010± 0.039 rad [9]. The LHCb collaboration has also measured the �ss

s phase
in B0

s ! �� transitions [12], reporting a value of �ss
s = �0.17 ± 0.15 rad. The decay

B0
s ! K⇤0K⇤0, with K⇤0

! K+⇡� and K⇤0
! K�⇡+, was first observed by the LHCb

collaboration, based on pp collision data corresponding to an integrated luminosity of
35 pb�1 at a centre-of-mass energy

p
s = 7TeV [13]. A branching fraction and a final-state

polarisation analysis were reported. An updated analysis of the B0
s ! (K+⇡�)(K�⇡+)

decay was performed by LHCb using 1.0 fb�1 of data at
p
s = 7TeV [14]. In both analyses,

the invariant mass of the two K⇡ pairs2 was restricted to a window of ±150MeV/c2

around the known K⇤0 mass. This publication reports the first decay-time-dependent
amplitude analysis of B0

s ! (K+⇡�)(K�⇡+) decays using a K⇡ mass window that extends
from 750 to 1600MeV/c2, approximately corresponding to the region between the K⇡
production threshold and the D0

! K�⇡+ resonance. At the current level of sensitivity,
the assumption of common CP -violating parameters for the contributing amplitudes

B0
s

b̄

s

s̄

d

d̄

s

K⇤0

K̄⇤0

ū, c̄, t̄

Figure 1: Leading-order SM Feynman diagram of the B0
s ! K⇤0K⇤0 decay.

1Throughout this article, charge conjugation is implied and K⇤0 refers to the K⇤(892)0 resonance,
unless otherwise stated.

2Hereafter the notation K⇡ will stand for both K+⇡� and K�⇡+ pairs.
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Figure 3: Four-body invariant mass distribution on a (left) linear and (right) logarithmic scale
superimposed with the mass fit model.
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Figure 4: Distribution of the two (K⇡) pair invariant masses, with the signal weights applied,
after all of the selection requirements.

quark hadronises and decays independently. Taking advantage of this e↵ect, two types
of tagging algorithms aimed at identifying the b-quark flavour at production time are
used in this analysis: same-side (SS) taggers, based on information from accompanying
particles associated with the signal B0

s hadronisation process; and opposite-side (OS)
taggers, based on particles produced in the decay of the other b quark. This analysis
uses the neural-network-based SS-kaon tagging algorithm presented in Ref. [35]; and the
combination of OS tagging algorithms explained in Ref. [36], based on information from
b-hadron decays to electrons, muons or kaons and the total charge of tracks that form a
vertex. Both the SS and OS tagging algorithms provide for each event a tagging decision,
q, and an estimated mistag probability, ⌘tag. The tagging decision takes the value 1 for B0

s ,
�1 for B0

s and 0 for untagged. To obtain the calibrated mistag probability for a B0
s (B0

s)
meson, ! (!̄), the estimated probability is calibrated on several flavour-specific control
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Figure 7: One-dimensional projections of the decay-time-dependent, flavour-tagged fit to (black
points) the sPlot weighted data for (top row) the two (K⇡) invariant masses, (middle row) the
two (K⇡) decay plane angles, (bottom left) the angle between the two (K,⇡) decay planes and
(bottom right) the decay-time. The solid gray line represents the total fit model along with the
CP -averaged components for each contributing decay.

1 and 2. The longitudinal polarisation fraction for the B0
s ! K⇤0K⇤0 vector-vector decay

is determined to be fV V
L = 0.208± 0.032± 0.046, where the first uncertainty is statistical

and the second one systematic. This confirms, with improved precision, the relatively low
value reported previously by LHCb [14]. The first determination of the CP asymmetry
of the (K+⇡�)(K�⇡+) final state and the best, sometimes the first, measurements of
19 CP -averaged amplitude parameters corresponding to scalar, vector and tensor final
states, are also reported. This analysis determines for the first time the mixing-induced
CP -violating phase �s using a b ! dds transition. The value of this phase is measured to
be �dd

s = �0.10± 0.13± 0.14 rad, which is consistent with both the SM expectation [7]

18

Table 5: Results of the decay-time-dependent amplitude fit to data. The first uncertainty is
statistical and the second uncertainty is systematic.

Parameter Value

Common parameters

�dd
s [rad] �0.10 ± 0.13 ± 0.14

|�| 1.035± 0.034± 0.089

Vector/Vector (VV)

fV V 0.067± 0.004± 0.024

fV V
L 0.208± 0.032± 0.046

fV V
k 0.297± 0.029± 0.042

�V V
k [rad] 2.40 ± 0.11 ± 0.33

�V V
? [rad] 2.62 ± 0.26 ± 0.64

Scalar/Vector (SV and VS)

fSV 0.329± 0.015± 0.071

fV S 0.133± 0.013± 0.065

�SV [rad] �1.31 ± 0.10 ± 0.35

�V S [rad] 1.86 ± 0.11 ± 0.41

Scalar/Scalar (SS)

fSS 0.225± 0.010± 0.069

�SS [rad] 1.07 ± 0.10 ± 0.40

Scalar/Tensor (ST and TS)

fST 0.014± 0.006± 0.031

fTS 0.025± 0.007± 0.033

�ST [rad] �2.3 ± 0.4 ± 1.7

�TS [rad] �0.10 ± 0.26 ± 0.82

Parameter Value

Vector/Tensor (VT and TV)

fV T 0.160± 0.016± 0.049

fV T
L 0.911± 0.020± 0.165

fV T
k 0.012± 0.008± 0.053

fTV 0.036± 0.014± 0.048

fTV
L 0.62 ± 0.16 ± 0.25

fTV
k 0.24 ± 0.10 ± 0.14

�V T
0 [rad] �2.06 ± 0.19 ± 1.17

�V T
k [rad] �1.8 ± 0.4 ± 1.0

�V T
? [rad] �3.2 ± 0.3 ± 1.2

�TV
0 [rad] 1.91 ± 0.30 ± 0.80

�TV
k [rad] 1.09 ± 0.19 ± 0.55

�TV
? [rad] 0.2 ± 0.4 ± 1.1

Tensor/Tensor (TT)

fTT 0.011± 0.003± 0.007

fTT
L 0.25 ± 0.14 ± 0.18

fTT
k1 0.17 ± 0.11 ± 0.14

fTT
?1

0.30 ± 0.18 ± 0.21

fTT
k2 0.015± 0.033± 0.107

�TT
0 [rad] 1.3 ± 0.5 ± 1.8

�TT
k1 [rad] 3.00 ± 0.29 ± 0.57

�TT
?1

[rad] 2.6 ± 0.4 ± 1.5

�TT
k2 [rad] 2.3 ± 0.8 ± 1.7

�TT
?2

[rad] 0.7 ± 0.6 ± 1.3

and the corresponding LHCb result of �ss
s = �0.17 ± 0.15 ± 0.03 rad measured using

B0
s ! �� decays [12]. The statistical uncertainty of the two measurements is at a similar

level although the systematic uncertainty of this measurement is larger, which is mainly
due to the treatment of the multi-dimensional acceptance. It is expected that this can be
reduced by increasing the size of the simulation sample used to determine the acceptance
e↵ects. Most other sources of systematic uncertainty are expected to scale with larger
data samples.
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Very complex analyses, Run II updates 
will shed more light

3fb-1 from Run I
JHEP 03 (2018) 140
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Analysis of time-dependent CP violation

アルバトリオン

e- e+ B0

B0
Υ(4S)

K0K
π
μ

μ+
μ-Δz~βγΔt

8x3.5GeV@KEKB, 
9x3.1GeV@PEP-II

Signal side B

Tag side B

・Δt is measured by vertex positions  
　of B and B.

_

・Signal B is reconstructed and selected 
　using kinematic variables (mass, energy) 
・Continuum background is rejected 
   using event shape variables from all  
　observables.

  

                    analysis 

●  To obtain signal yield we perform 3D fit to data distribution in 
     

         - likelihood ratio from 
       event shape variables 

Beside new data,  about 25% improvement in 
reconstruction efficiency 5

To separate signal and  
main background, from 

Beam constraint mass: 
Mbc =√(Ebeam/2)2 - prec2 

・Tag side 
 Remaining observables in an event is 
 used for flavor determination
B0→D*+l−ν, B0→D*±→D0π+, D0→ K−l+ν
_

CP violation parameters are obtained by the fit to Δt.

AcosΔmΔt + SsinΔmΔtq(                                  )(1-2w) ⊗R(Δt)
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We present a precise measurement of the CP violation parameter sin2!1 and the direct CP violation

parameter Af using the final data sample of 772! 106 B !B pairs collected at the "ð4SÞ resonance with
the Belle detector at the KEKB asymmetric-energy eþe% collider. One neutral B meson is reconstructed

in a J=cK0
S, c ð2SÞK0

S, "c1K
0
S, or J=cK0

L CP eigenstate and its flavor is identified from the decay products

of the accompanying B meson. From the distribution of proper-time intervals between the two B decays,

we obtain the following CP violation parameters: sin2!1 ¼ 0:667' 0:023ðstatÞ ' 0:012ðsystÞ andAf ¼
0:006' 0:016ðstatÞ ' 0:012ðsystÞ.

DOI: 10.1103/PhysRevLett.108.171802 PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

In the standard model (SM), CP violation in the quark
sector is described by the Kobayashi-Maskawa (KM) the-
ory [1] in which the quark-mixing matrix has a single
irreducible complex phase that gives rise to all
CP-violating asymmetries. In the decay chain "ð4SÞ !
B0 !B0 ! fCPftag, where one of the Bmesons decays at time
tCP to a CP eigenstate fCP, and the other B meson decays
at time ttag to a final state ftag that distinguishes between B

0

and !B0, the decay rate has a time dependence in the "ð4SÞ
rest frame [2] given by

P ð#tÞ ¼ e%j#tj=#
B0

4#B0

f1þ q½Sf sinð#md#tÞ

þAf cosð#md#tÞ)g: (1)

Here Sf andAf are CP violation parameters, #B0 is the B0

lifetime, #md is the mass difference between the two
neutral B mass eigenstates, #t * tCP % ttag, and the
b-flavor charge q ¼ þ1ð%1Þ when the tagging B meson

is a B0 ( !B0). With very small theoretical uncertainty [2],
the SM predicts Sf ¼ %$f sin2!1 and Af ¼ 0 for the
b ! c !cs transition, where $f ¼ þ1ð%1Þ corresponds to
CP-even (-odd) final states and !1 is an interior angle of
the KM unitarity triangle, defined as !1 *
arg½%VcdV

+
cb=VtdV

+
tb) [3]. The BABAR and Belle

Collaborations have published several determinations of
sin2!1 since the first observation [4,5]; previous results
used 465! 106 [6] and 535! 106 [7] B !B pairs,
respectively.
With recently available experimental results, not only

sin2!1 but also other measurements of the sides of the
unitarity triangle and other CP violation measurements
make it possible to test the consistency of the KM scheme.
The indirect determination of the angle !1 deviates by
2:7% from the current world average for the direct deter-
mination of sin2!1 [8]. Equivalently, the B' ! #'&#

branching fraction and the resulting value of jVubj differ
by 2:8% from the prediction of the global fit [8], where the

PRL 108, 171802 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 APRIL 2012

171802-2

Signal PDF with imperfectness of flavor tagging w and resolution function R(Δt)

  

                    analysis 

●  To obtain signal yield we perform 3D fit to data distribution in 
     

         - likelihood ratio from 
       event shape variables 

Beside new data,  about 25% improvement in 
reconstruction efficiency 5

To separate signal and  
main background, from 

qq suppression (Likelihood)

Eenergy difference:  
ΔE = ErecCM -Ebeam/2 

Extra variables available from an 
electron-positron collider - well 

known collision energy

Fox-Wolfram moments: Σ|pi||pj|P(cos(θij)) 
used to separate qq topologies from BB
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General time dependent form then becomes:

INTRODUCTION

The radiative b → sγ decay proceeds dominantly via one-loop electromagnetic penguin
diagrams at lowest order in the standard model (SM). Since heavy unobserved particles might
enter in the loop, such decays are sensitive to new physics (NP). Precision measurements
of the branching fraction for B → Xsγ by CLEO [1], BaBar [2–4] and Belle [5, 6] are
consistent with SM predictions [7, 8] and give a strong constraint to NP models [9]. Another
important observable that is sensitive to NP signatures in the b → sγ process is the photon
polarization. Within the SM, the photon is mostly produced with left-handed polarization;
the right-handed contribution is suppressed by ms/mb at leading order, where ms (mb) is
the strange (bottom) quark mass. Various NP models, such as supersymmetry [10–15],
left-right symmetric models [16] and extra-dimensions [17–22], allow right-handed currents
in the loops and hence can enhance the right-handed photon contribution [23–27]. Thus, a
measurement of the photon polarization in the b → sγ process is an important tool to search
for NP.

Several methods have been proposed to measure the photon polarization in the b → sγ
process. A measurement of time-dependent CP violation in B0 → P 0

1P
0
2 γ is the most

promising one, where P 0
1 and P 0

2 are scalar or pseudoscalar mesons and the P 0
1P

0
2 sys-

tem is a CP eigenstate [28, 29]. As the left- (right-)handed photon contributions are
suppressed in B0 (B̄0) decays in the SM, an interference between B̄0 → P 0

1P
0
2 γL(R) and

B0 → P 0
1P

0
2 γL(R) can generate a small mixing-induced CP violation parameterized by

S ∼ −2ξCP (ms/mb) sin 2φ1 ∼ −0.02ξCP . Here, ξCP is the CP eigenvalue of the P 0
1P

0
2

system, and φ1 is an interior angle of the Cabibbo-Kobayashi-Maskawa unitarity trian-
gle [30, 31], defined as φ1 ≡ arg[−VcdV ∗

cb/VtdV ∗
tb]. Potential contributions from NP-associated

right-handed currents could enhance the value of S in the B0 → P 0
1P

0
2 γ process [28, 32–41].

At Belle and BaBar, the CP violation parameters for the b → sγ transition were mea-
sured in the decays of B0 → K0

Sπ
0γ including K∗0 → K0

Sπ
0 [42, 43], B0 → K0

Sηγ [44],
B0 → K0

Sρ
0γ [45, 46], and B0 → K0

Sφγ [47]. All results are consistent with the SM pre-
diction within the uncertainties [48–53]. In this paper, we report the first measurement of
time-dependent CP violation in B0 → K0

Sηγ at Belle. The study is based on the full data
sample of 711 fb−1 containing 772× 106BB̄ pairs recorded at the Υ(4S) resonance with the
Belle detector [54] at the KEKB e+e− collider [55].

TIME-DEPENDENT CP VIOLATION

At the KEKB asymmetric-energy collider (3.5 GeV e+ on 8.0 GeV e−), the Υ(4S) is
produced with a Lorentz boost of βγ = 0.425 nearly along the z axis, which is antiparallel
to the e+ beam direction. In the decay chain Υ(4S) → B0B̄0 → frecftag, one of the B mesons
decays at proper time trec to a final state frec (our signal mode), and the other (Btag) decays
at proper time ttag to a final state ftag that is used to determine the flavor of the signal B
meson. The distribution of the proper time difference ∆t = trec − ttag is given by

P(∆t) =
e−|∆t|/τ

B0

4τB0

{1 + q [S sin(∆md∆t) + A cos(∆md∆t)]} , (1)

where S (A) is the mixing-induced (direct) CP violation parameter, τB0 is the B0 lifetime,
∆md is the mass difference between the two B0 mass eigenstates, and q = +1 (−1) is

5

S. Benson - Beauty TD CPV



φ1eff measurement using B->π0π0KS
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3-body decay from B0： CP-even eigenstates with K0S. 
BABAR 227M BB  PRD 76 071101 (2007) 
sin2φ1eff = ‒0.72±0.71±0.08  →  2.2σ deviation from sin2φ1

φ1eff measurement in B0→π0π0K0S 3

background shape introduced by ARGUS [18] and sec-156

ond order polynomial functions, respectively. Binned157

histogram from the MC is used for the qq̄ background158

PDF of Rs/b. From the 43225 events in the fit re-159

gion of 5.2 GeV/c2 < Mbc < 5.3 GeV/c2, −0.25 GeV160

< ∆E < 0.25 GeV and Rs/b > 0.5, yield of signal, qq̄161

and BB̄ are extracted to be 335.4±37.1, 38599.4±262.0162

and 4290.1± 189.8, respectively. Figure 3 shows the dis-163

tributions of variables used for the signal extraction in164

the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3165

GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9166

together with the fit result.167
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FIG. 3. Mbc, ∆E and Rs/b distributions (points with errors)
in the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3
GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9
together with the fit result (red curve).
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To measure the CP violation parameters, unbinned170

maximum likelihood fit is performed for the ∆t and q171

using signal fraction evaluated from signal extraction fit.172

PDF for the signal is set to be Eq. 1 convoluted with173

a resolution function determined using a large number174

of null CP violating control sample of semi-leptonic and175

hadronic B decays. The resolution function consists of176

components of detector resolution for zCP and ztag, ver-177

tices, shift of ztag due to secondary tracks from long-lived178

particles and kinematic approximation in ∆t calculation179

from vertex positions. For the background which includes180

both qq̄ and BB̄, PDF is modeled as combination of two181

Gaussian functions and δ-function determined using data182

sample in the sideband region of Mbc < 5.26 GeV/c2,183

−1.0 GeV < ∆E < −0.4 GeV and 0.2 GeV < ∆E < 0.5184

GeV. In the PDF, τB0 and ∆md is fixed to the world185

average value [19] and including modifications to take186

the effect of an incorrect flavor assignment. In addition187

to the signal and background, broad Gaussian function188

which represents a small outlier component. From the189

fit to 964 events in the fit region, S = −0.92+0.31
−0.27 and190

A = 0.28 ± 0.21 are obtained, where the error compo-191

nent is statistical only.Ə Figures 4 and 5 shows the ∆t192

distribution together with fit result and raw asymmetry,193

respectively.194
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FIG. 4. ∆t distribution (top) shown with points with errors
and the fit result are shown with curves: filled circles and solid
line shows q = +1 and open circles with broken line shows
q = −1. Background contribution is illustrated by dotted
line. Events with good flavor tagging quality are shown.
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Systematic uncertainty originated from vertexing ex-197

cept for CP side, flavor tagging and fixed physics pa-198

rameters are estimated from the study of large statis-199

3

background shape introduced by ARGUS [18] and sec-156

ond order polynomial functions, respectively. Binned157

histogram from the MC is used for the qq̄ background158

PDF of Rs/b. From the 43225 events in the fit re-159

gion of 5.2 GeV/c2 < Mbc < 5.3 GeV/c2, −0.25 GeV160

< ∆E < 0.25 GeV and Rs/b > 0.5, yield of signal, qq̄161

and BB̄ are extracted to be 335.4±37.1, 38599.4±262.0162

and 4290.1± 189.8, respectively. Figure 3 shows the dis-163

tributions of variables used for the signal extraction in164

the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3165

GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9166

together with the fit result.167

)2 (GeV/cbcM
5.2 5.22 5.24 5.26 5.28 5.3

2
co

u
n

ts
 /

 2
 M

e
V

/c

0

50

100

150

 E (GeV)Δ
0.2− 0.1− 0 0.1 0.2

co
u

n
ts

 /
 1

0
 M

e
V

0

20

40

contR
0.5 0.6 0.7 0.8 0.9 1

co
u

n
ts

/ 
0

.0
5

0

100

200

300

FIG. 3. Mbc, ∆E and Rs/b distributions (points with errors)
in the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3
GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9
together with the fit result (red curve).

168

169

To measure the CP violation parameters, unbinned170

maximum likelihood fit is performed for the ∆t and q171

using signal fraction evaluated from signal extraction fit.172

PDF for the signal is set to be Eq. 1 convoluted with173

a resolution function determined using a large number174

of null CP violating control sample of semi-leptonic and175

hadronic B decays. The resolution function consists of176

components of detector resolution for zCP and ztag, ver-177

tices, shift of ztag due to secondary tracks from long-lived178

particles and kinematic approximation in ∆t calculation179

from vertex positions. For the background which includes180

both qq̄ and BB̄, PDF is modeled as combination of two181

Gaussian functions and δ-function determined using data182

sample in the sideband region of Mbc < 5.26 GeV/c2,183

−1.0 GeV < ∆E < −0.4 GeV and 0.2 GeV < ∆E < 0.5184

GeV. In the PDF, τB0 and ∆md is fixed to the world185

average value [19] and including modifications to take186

the effect of an incorrect flavor assignment. In addition187

to the signal and background, broad Gaussian function188

which represents a small outlier component. From the189

fit to 964 events in the fit region, S = −0.92+0.31
−0.27 and190

A = 0.28 ± 0.21 are obtained, where the error compo-191

nent is statistical only.Ə Figures 4 and 5 shows the ∆t192

distribution together with fit result and raw asymmetry,193

respectively.194

 t (ps)Δ
6− 4− 2− 0 2 4 6

co
u

n
ts

 /
 1

.5
 p

s

0

10

20

30

40

50

FIG. 4. ∆t distribution (top) shown with points with errors
and the fit result are shown with curves: filled circles and solid
line shows q = +1 and open circles with broken line shows
q = −1. Background contribution is illustrated by dotted
line. Events with good flavor tagging quality are shown.

195

196

 t (ps)Δ
6− 4− 2− 0 2 4 6

R
a

w
 a

sy
m

m
e

tr
y

1−

0.5−

0

0.5

1

FIG. 5. Raw asymmetry plot together with fit result for the
good flavor tagging quality events.

Systematic uncertainty originated from vertexing ex-197

cept for CP side, flavor tagging and fixed physics pa-198

rameters are estimated from the study of large statis-199

3

background shape introduced by ARGUS [18] and sec-156

ond order polynomial functions, respectively. Binned157

histogram from the MC is used for the qq̄ background158

PDF of Rs/b. From the 43225 events in the fit re-159

gion of 5.2 GeV/c2 < Mbc < 5.3 GeV/c2, −0.25 GeV160

< ∆E < 0.25 GeV and Rs/b > 0.5, yield of signal, qq̄161

and BB̄ are extracted to be 335.4±37.1, 38599.4±262.0162

and 4290.1± 189.8, respectively. Figure 3 shows the dis-163

tributions of variables used for the signal extraction in164

the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3165

GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9166

together with the fit result.167

)2 (GeV/cbcM
5.2 5.22 5.24 5.26 5.28 5.3

2
co

u
n

ts
 /

 2
 M

e
V

/c

0

50

100

150

 E (GeV)Δ
0.2− 0.1− 0 0.1 0.2

co
u

n
ts

 /
 1

0
 M

e
V

0

20

40

contR
0.5 0.6 0.7 0.8 0.9 1

co
u

n
ts

/ 
0

.0
5

0

100

200

300

FIG. 3. Mbc, ∆E and Rs/b distributions (points with errors)
in the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3
GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9
together with the fit result (red curve).

168

169

To measure the CP violation parameters, unbinned170

maximum likelihood fit is performed for the ∆t and q171

using signal fraction evaluated from signal extraction fit.172

PDF for the signal is set to be Eq. 1 convoluted with173

a resolution function determined using a large number174

of null CP violating control sample of semi-leptonic and175

hadronic B decays. The resolution function consists of176

components of detector resolution for zCP and ztag, ver-177

tices, shift of ztag due to secondary tracks from long-lived178

particles and kinematic approximation in ∆t calculation179

from vertex positions. For the background which includes180

both qq̄ and BB̄, PDF is modeled as combination of two181

Gaussian functions and δ-function determined using data182

sample in the sideband region of Mbc < 5.26 GeV/c2,183

−1.0 GeV < ∆E < −0.4 GeV and 0.2 GeV < ∆E < 0.5184

GeV. In the PDF, τB0 and ∆md is fixed to the world185

average value [19] and including modifications to take186

the effect of an incorrect flavor assignment. In addition187

to the signal and background, broad Gaussian function188

which represents a small outlier component. From the189

fit to 964 events in the fit region, S = −0.92+0.31
−0.27 and190

A = 0.28 ± 0.21 are obtained, where the error compo-191

nent is statistical only.Ə Figures 4 and 5 shows the ∆t192

distribution together with fit result and raw asymmetry,193

respectively.194

 t (ps)Δ
6− 4− 2− 0 2 4 6

co
u
n
ts

 /
 1

.5
 p

s

0

10

20

30

40

50

FIG. 4. ∆t distribution (top) shown with points with errors
and the fit result are shown with curves: filled circles and solid
line shows q = +1 and open circles with broken line shows
q = −1. Background contribution is illustrated by dotted
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4

tic signal. [20]. Uncertainty from vertex reconstruction200

using K0
S including resolution function is estimated us-201

ing a large number of CP violating control sample of202

B0 → J/ψK0
S decay. Fit bias is estimated by generat-203

ing a large number of signal MC sample and evaluated204

as deviation from the input. For the PDF shape, the205

uncertainty is estimated using smeared distribution. For206

the parameters determined from the fit to the data such207

as signal fraction, background ∆t, uncertainties are esti-208

mated by varying them within the range of fit errors. All209

of the systematic errors are summarized in Table I.210

TABLE I. Systematic errors

∆S ∆A

Vertexing ±0.02 ±0.01
Flavor tagging ±0.004 ±0.003
Resolution function +0.06

−0.05
+0.004
−0.003

Physics parameter ±0.002 > 0.001
Fit bias ±0.03 ±0.02
Background fraction ±0.02 ±0.02
Background ∆t +0.08

−0.07 ±0.02

Total +0.11
−0.10 ±0.04

211

212

In summary, we present the measurement of CP vio-213

lation parameters in the decay of B0 → π0π0K0
S using214

772× 106BB̄ pairs in the Belle experiment,215

sin 2φeff1 = 0.92+0.27
−0.31 (stat.) +0.10

−0.11 (syst.),

A = 0.28± 0.21 (stat.) ± 0.04 (syst.).

These are consistent with the SM prediction. Deviation216

of the time-dependent CP violation parameter from that217

from the decays induced by b → cc̄s transition seen in the218

BABAR measurements becomes smaller in this analysis.219

We thank the KEKB group for the excellent opera-220

tion of the accelerator; the KEK cryogenics group for221

the efficient operation of the solenoid; and the KEK222

computer group, the National Institute of Informatics,223

and the Pacific Northwest National Laboratory (PNNL)224

Environmental Molecular Sciences Laboratory (EMSL)225

computing group for valuable computing and Science In-226

formation NETwork 5 (SINET5) network support. We227

acknowledge support from the Ministry of Education,228

Culture, Sports, Science, and Technology (MEXT) of229

Japan, the Japan Society for the Promotion of Science230

(JSPS), and the Tau-Lepton Physics Research Center231

of Nagoya University; the Australian Research Council;232

Austrian Science Fund under Grant No. P 26794-N20;233

the National Natural Science Foundation of China under234

Contracts No. 11435013, No. 11475187, No. 11521505,235

No. 11575017, No. 11675166, No. 11705209; Key236

Research Program of Frontier Sciences, Chinese237

Academy of Sciences (CAS), Grant No. QYZDJ-238

SSW-SLH011; the CAS Center for Excellence in239

Particle Physics (CCEPP); Fudan University Grant240

No. JIH5913023, No. IDH5913011/003, No. JIH5913024,241

No. IDH5913011/002; the Ministry of Education, Youth242

and Sports of the Czech Republic under Contract243

No. LTT17020; the Carl Zeiss Foundation, the Deutsche244

Forschungsgemeinschaft, the Excellence Cluster Uni-245

verse, and the VolkswagenStiftung; the Department of246

Science and Technology of India; the Istituto Nazionale247

di Fisica Nucleare of Italy; National Research Foundation248

(NRF) of Korea Grants No. 2014R1A2A2A01005286,249

No.2015R1A2A2A01003280, No. 2015H1A2A1033649,250

No. 2016R1D1A1B01010135, No. 2016K1A3A7A09005251

603, No. 2016R1D1A1B02012900; Radiation Science Re-252

search Institute, Foreign Large-size Research Facility Ap-253

plication Supporting project and the Global Science Ex-254

perimental Data Hub Center of the Korea Institute of255

Science and Technology Information; the Polish Ministry256

of Science and Higher Education and the National Sci-257

ence Center; the Ministry of Education and Science of258

the Russian Federation and the Russian Foundation for259

Basic Research; the Slovenian Research Agency; Iker-260

basque, Basque Foundation for Science, Basque Govern-261

ment (No. IT956-16) and Ministry of Economy and Com-262

petitiveness (MINECO) (Juan de la Cierva), Spain; the263

Swiss National Science Foundation; the Ministry of Ed-264

ucation and the Ministry of Science and Technology of265

Taiwan; and the United States Department of Energy266

and the National Science Foundation.267

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,268

652 (1973).269

[2] A. B. Carter and A. I. Sanda, Phys. Rev. Lett. 45, 952270

(1980); A. B. Carter and A. I. Sanda, Phys. Rev. D23,271

1567 (1981); I. I. Bigi and A. I. Sanda, Nucl. Phys. 193,272

85 (1981).273

[3] A general review of the formalism is given in I.I. Bigi,274

V.A. Khoze, N.G. Uraltsev, and A.I. Sanda, “CP Viola-275

tion” page 175, ed. C. Jarlskog, World Scientific, Singa-276

pore (1989).277

[4] Another naming convention, β (= φ1) is also used in the278

literature.279

[5] H-. Y. Cheng, arXiv:0702252v1 [hep-ph] (2007).280

[6] B. Aubert, et. al., Phys. Rev. D76 071101 (2007).281

[7] T. Gershon and M. Hazumi, Phys. Lett. B 596 163282

(2004).283

[8] A. Abashian et al. (Belle Collaboration), Nucl. Instr. and284

Meth. A 479, 117 (2002).285

[9] S. Kurokawa and E. Kikutani, Nucl. Instr. and. Meth.286

A499, 1 (2003), and other papers included in this volume.287

[10] Z.Natkaniec et al. (Belle SVD2 Group), Nucl. Instr. and288

Meth. A 560, 1(2006).289

[11] D. J. Lange et al., Nucl. Instr. and Meth. A462, 152290

(2001).291

[12] R. Brun et al., CERN DD/EE/84-1 (1984).292

[13] M. Feindt and U. Kerzel, The NEUROBAYES neural293

network package, Nucl. Instr.. Meth. A 559, 190 (2006).294

[14] The Fox-Wolfram moments were introduced in G. C. Fox295

and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978). The296

Fisher discriminant used by Belle, based on modified Fox-297

Signal yield with  
vertex information： 
146.7±23.6 events

First result from Belle. 
Consistent with SM expectation.

K0S decays a point apart from B0 decay vertex and π0 is reconstructed using 
photon hit on ECL.  
→ Reconstruct signal side vertex using flight direction of K0S with constraint  
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tic signal. [20]. Uncertainty from vertex reconstruction200

using K0
S including resolution function is estimated us-201

ing a large number of CP violating control sample of202

B0 → J/ψK0
S decay. Fit bias is estimated by generat-203

ing a large number of signal MC sample and evaluated204

as deviation from the input. For the PDF shape, the205

uncertainty is estimated using smeared distribution. For206

the parameters determined from the fit to the data such207

as signal fraction, background ∆t, uncertainties are esti-208

mated by varying them within the range of fit errors. All209

of the systematic errors are summarized in Table I.210

TABLE I. Systematic errors

∆S ∆A

Vertexing ±0.02 ±0.01
Flavor tagging ±0.004 ±0.003
Resolution function +0.06

−0.05
+0.004
−0.003

Physics parameter ±0.002 > 0.001
Fit bias ±0.03 ±0.02
Background fraction ±0.02 ±0.02
Background ∆t +0.08

−0.07 ±0.02

Total +0.11
−0.10 ±0.04

211

212

In summary, we present the measurement of CP vio-213

lation parameters in the decay of B0 → π0π0K0
S using214

772× 106BB̄ pairs in the Belle experiment,215

sin 2φeff1 = 0.92+0.27
−0.31 (stat.) +0.10

−0.11 (syst.),

A = 0.28± 0.21 (stat.) ± 0.04 (syst.).

These are consistent with the SM prediction. Deviation216

of the time-dependent CP violation parameter from that217

from the decays induced by b → cc̄s transition seen in the218

BABAR measurements becomes smaller in this analysis.219
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tic signal. [20]. Uncertainty from vertex reconstruction200

using K0
S including resolution function is estimated us-201

ing a large number of CP violating control sample of202

B0 → J/ψK0
S decay. Fit bias is estimated by generat-203

ing a large number of signal MC sample and evaluated204

as deviation from the input. For the PDF shape, the205

uncertainty is estimated using smeared distribution. For206

the parameters determined from the fit to the data such207

as signal fraction, background ∆t, uncertainties are esti-208

mated by varying them within the range of fit errors. All209

of the systematic errors are summarized in Table I.210

TABLE I. Systematic errors

∆S ∆A

Vertexing ±0.02 ±0.01
Flavor tagging ±0.004 ±0.003
Resolution function +0.06

−0.05
+0.004
−0.003

Physics parameter ±0.002 > 0.001
Fit bias ±0.03 ±0.02
Background fraction ±0.02 ±0.02
Background ∆t +0.08

−0.07 ±0.02

Total +0.11
−0.10 ±0.04

211

212

In summary, we present the measurement of CP vio-213

lation parameters in the decay of B0 → π0π0K0
S using214

772× 106BB̄ pairs in the Belle experiment,215

sin 2φeff1 = 0.92+0.27
−0.31 (stat.) +0.10

−0.11 (syst.),

A = 0.28± 0.21 (stat.) ± 0.04 (syst.).

These are consistent with the SM prediction. Deviation216

of the time-dependent CP violation parameter from that217

from the decays induced by b → cc̄s transition seen in the218

BABAR measurements becomes smaller in this analysis.219
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Signal yield with  
vertex information： 
146.7±23.6 events

First result from Belle. 
Consistent with SM expectation.

K0S decays a point apart from B0 decay vertex and π0 is reconstructed using 
photon hit on ECL.  
→ Reconstruct signal side vertex using flight direction of K0S with constraint  
    of e+e– interaction point.

_

Total fit+ Data Background

KS decays a point apart from the B decay vertex and π0 is reconstructed from the 
photon hit in the ECL 

-> Reconstruct signal side vertex using flight direction of K0 with constraint  

of e+e– interaction point.  
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FIG. 3. Projections of the three-dimensional fit onto: (a) ∆E in the Mbc signal region, (b) Mbc

in the ∆E signal region and (c) O′
NB in the ∆E and Mbc signal regions. The solid red curves

show the fit results, the dotted green curves represent BB̄ background, and the dashed blue curves
describe the total background.

The total effective tagging efficiency, Σ[fl × (1− 2wl)2], where fl is the fraction of events in
category l, is determined to be (29.8± 0.4)%.

VERTEX RECONSTRUCTION

The vertex positions of signal-side decays of B0 → K0
Sη3πγ and B0 → K0

Sη2γγ is deter-
mined from the charged tracks. For B0 → K0

Sη3πγ decays, we require at least one of the
charged pions from η3π decays, which originate from the B decay position, to have at least
one (two) hit in the SVD r-φ (z) layers. To improve the B-vertex resolution, we use an
additional constraint from the transverse-plane beam profile at the IP (σbeam

x ∼ 100 µm,
σbeam
y ∼ 5 µm) smeared with the finite flight length of the B0 meson in the x-y plane. The

10

the two track helices at their closest approach, (3) the flight length in the x-y plane, (4) the
angle between the K0

S momentum and the vector joining its decay vertex to the nominal IP,
(5) the angle between the π momentum and the laboratory-frame direction of the K0

S in its
rest frame, (6) the distances of closest approach in the x-y plane between the IP and the
pion helices, (7) the numbers of hits for axial and stereo wires in the CDC for each pion, and
(8) the presence or absence of associated hits in the SVD for each pion. The second set of
variables, which identifies Λ → pπ− background that has a similar long-lived topology, are:
(1) particle identification information, momentum, and polar angles of the two daughter
tracks in the laboratory frame, and (2) the invariant mass calculated with the proton- and
pion-mass hypotheses for the two tracks. In total, the first and second sets comprise 13 and
7 input variables, respectively. The selected K0

S candidates are required to have an invariant
mass within ±10 MeV/c2 of the nominal value, corresponding to a ±3σ interval in mass
resolution.

We reconstruct η candidates from the γγ and π+π−π0 final states, denoted as η2γ and
η3π, respectively. For the η2γ mode, we require that the photon energy in the CM system be
greater than 150 MeV. The candidates satisfying the di-photon invariant mass requirement
of 510 MeV/c2 < Mγγ < 575 MeV/c2 are retained. For the η3π mode, the invariant mass of
the three-pion system is required to be in the range 537 MeV/c2 < Mπππ < 556 MeV/c2.
These requirements correspond to about ±2σ windows in mass resolution.

We reconstruct B candidates by combining a K0
S with an η and a γ candidate. We

form two kinematic variables to select B mesons: the energy difference ∆E ≡ ECM
B −ECM

beam

and the beam-energy constrained mass Mbc ≡
√

(ECM
beam/c

2)2 − (pCM
B /c)2, where ECM

beam is
the beam energy, and ECM

B and pCM
B are the energy and momentum, respectively, of the B

candidate in the CM system. We define the signal region in∆E andMbc for the measurement
of CP violation as −0.15 GeV < ∆E < 0.08 GeV and 5.27 GeV/c2 < Mbc < 5.29 GeV/c2.
To determine the signal fraction, a larger fitting region, |∆E| < 0.5 GeV and 5.20 GeV/c2

< Mbc < 5.29 GeV/c2, is employed. The average number of B candidates in an event with
at least one candidate is 1.47; this is primarily due to multiple η candidates. If there is more
than one B candidate in the fitting region, the candidate whose η daughter’s mass is closest
to the nominal value is selected. If still necessary, the B candidate with the K0

S daughter’s
mass closest to the nominal value is retained.

BACKGROUND SUPPRESSION

To suppress the dominant e+e− → qq̄ (q ∈ {u, d, s, c}) continuum background, we use a
neural network based on four input variables calculated in the CM frame: (1) the cosine
of the angle between the B momentum and the z axis, (2) the likelihood ratio of modified
Fox-Wolfram moments [61, 62] that gives the strongest separation power, (3) the cosine of
the angle between the third sphericity axes [63] calculated from the B candidate and all
other particles in the rest of the event (ROE), and (4) the cosine of the angle between the
first sphericity axis in the ROE and the z axis. The network is trained with a GEANT3-
based Monte Carlo (MC) simulation [64]. The output variable, ONB, in the range [−1, 1], is
used as one of the variables to determine the signal fraction. To enable a simple analytical
modeling, ONB is transformed into

O′
NB = ln

ONB −Omin
NB

Omax
NB −ONB

, (2)

7

Transformed output of 
neural network: 

- Trained on MC 
- Uses: 

- qq suppression (see earlier) 
- B momentum 
- Angles wrt sphericity axes

Total of ~90 signal events 
(combining 2 decay modes 
of the η)
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TABLE I. Systematic uncertainties of S and A.

Source S A

Resolution parameters ±0.257 ±0.049

Vertex reconstruction ±0.232 ±0.022

Background ∆t PDF ±0.051 ±0.006

Flavor tagging ±0.015 ±0.019

Physics parameters ±0.004 ±0.002

PDF for 3D fit ±0.096 ±0.024

CP violation in background ±0.024 ±0.022

Possible fit bias ±0.016 ±0.015

Tag-side interference ±0.006 ±0.010

Total ±0.364 ±0.068
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FIG. 5. The solid red, dashed blue and dotted green curves show the 1σ, 2σ and 3σ confidence
contours, respectively. The red dot shows the fit result. The physical boundary S2 + A2 = 1 is
drawn with a thin solid black curve. Our result is consistent with a null asymmetry within 2σ.

CONCLUSION

In summary, we have measured CP violation parameters in B0 → K0
Sηγ decays using a

data sample of 772× 106BB̄ pairs. The obtained parameters

S = −1.32± 0.77(stat.)± 0.36(syst.),

A = −0.48± 0.41(stat.)± 0.07(syst.)
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FIG. 4. ∆t distribution (top) and raw asymmetry (bottom) for events in the 0.5 < r ≤ 1.0 region.
(Top) The filled blue dots show the distribution of B̄0 tagged events and the open red dots show
the distribution for B0 tagged events. The solid blue and dotted red curves show the total PDF for

B̄0 and B0 tagged events, respectively. The dashed blue and dot-dashed red curves represent the
background PDF for B̄0 and B0 tagged events, respectively. (Bottom) The solid red curve shows
the result of the extended unbinned maximum-likelihood fit.

displacing the SVD sensors in a random manner. Effects of tag-side interference [78] are es-
timated with a control sample of B → D∗ℓν events. A detailed description of the evaluation
of the systematic uncertainties is found in Ref. [79]. The dominant systematic contributions
for S arise from the uncertainties in the resolution function and vertex reconstruction. The
systematic uncertainty in A is dominated by the resolution function. These contributions
are added in quadrature and summarized in Table I.

CONFIDENCE LEVEL CONTOURS

Figure 5 shows confidence intervals calculated using the Feldman-Cousins frequentist
approach [80], incorporating a smearing by additional Gaussian functions to represent the
systematic uncertainties discussed above. Our result is less than 2σ away from zero, and
is consistent with the BaBar result [44] as well as the SM predictions [48–53] with the
assumption that time-dependent CP asymmetries in B0 → K∗0γ and B0 → K0

Sηγ are the
same.
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cos(2β) measurement using B->D(*)h0
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signal events

signal events
Belle:

:

Red: Signal

Extract signal by 3D fit of beam-constrained mass M’bc, energy-difference ΔE, and NN’out.

Perform measurement by maximising the combined log-likelihood function 
Physics PDFs are convoluted with specific resolution functions: 
Apply BaBar and Belle specific resolution models and flavour tagging algorithms

common signal model
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cos(2β) measurement using B->D(*)h0
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FIG. 2. (color online). Data distributions for a) M 0
bc, b) �E, and c) C0

NNout
(points with error bars) for the BABAR and Belle

data samples combined. The solid black lines represent projections of the total fit function, and the colored dotted lines show
the signal and background components of the fit as indicated in the legend. In plotting the M 0

bc, �E, and C0
NNout

distributions,
each of the other two observables are required to satisfy M 0

bc > 5.272 GeV/c2, |�E| < 100 MeV, or 0 < C0
NNout

< 8 to select
signal-enhanced regions.

and cos 2�, and the results are

sin 2� = 0.80 ± 0.14 (stat.) ± 0.06 (syst.) ± 0.03 (model),

cos 2� = 0.91 ± 0.22 (stat.) ± 0.09 (syst.) ± 0.07 (model).
(4)

The second quoted uncertainty is the experimental sys-
tematic error, and the third is due to the D0

! K0
S⇡

+⇡�

decay amplitude model. The evaluation of these uncer-
tainties is described in detail in Ref. [20]. The linear
correlation between sin 2� and cos 2� is 5.1%. The re-
sult deviates less than 1.0 standard deviations from the
trigonometric constraint given by sin2 2� + cos2 2� = 1.

An alternative fit is performed to measure directly the
angle � using the signal p.d.f. constructed from Eq. (1),
and the result is

� = (22.5 ± 4.4 (stat.) ± 1.2 (syst.) ± 0.6 (model))� . (5)

The proper-time interval distributions and projections
of the fit for sin 2� and cos 2� are shown in Fig. 3 for
two di↵erent regions of the D0

! K0
S⇡

+⇡� phase space.
Figure 3a shows a region predominantly populated by

CP eigenstates, B0
!

⇥
K0

S⇢(770)
0
⇤(⇤)
D

h0. For these de-
cays, interference emerges between the amplitude for di-
rect decays of neutral B mesons into these final states
and those following B0-B0 oscillations. The time evolu-
tion exhibits mixing-induced CP violation governed by
the CP -violating weak phase 2�, which manifests as a
sinusoidal oscillation in the CP asymmetry. Figure 3b
shows a region predominantly populated by quasi-flavor-

specific decays, B0
! [K⇤(892)±⇡⌥]

(⇤)
D h0. For these de-

cays, the time evolution exhibits B0-B0 oscillations gov-
erned by the oscillation frequency, �md, which appears
as an oscillation proportional to cos(�md�t) in the cor-
responding asymmetry.
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FIG. 3. (color online). Distributions of the proper-time
interval (data points with error bars) and the correspond-
ing asymmetries for B0 ! D(⇤)h0 candidates associated
with high-quality flavor tags for two di↵erent regions of the
D ! K0

S⇡+⇡� phase space and for the BABAR and Belle data
samples combined. The background has been subtracted us-
ing the sPlot technique [49], with weights obtained from the
fit presented in Fig. 2.

The measurement procedure is validated by various
cross-checks. The B0

! D(⇤)0h0 decays with the CKM-
favored D0

! K+⇡� decay have very similar kinemat-
ics and background composition as B0

! D(⇤)h0 with
D ! K0

S⇡
+⇡� decays and provide a high-statistics con-

trol sample. Using the same analysis approach, the
time-dependent CP violation measurement of the con-
trol sample results in mixing-induced and direct CP

+Belle with 1.1 ab-1:

CP eigenstate
final states

CP eigenstate 
final states

Flavour specific 
final states

BaBar + Belle 1.1ab-1

First evidence that 
cos(2β)>0 

(3.7σ)
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Prospects for the future

�25

All LHCb results presented here can be updated with more Run 2 data

Mode Presented σ Projected σ 
end Run 2

Bs->J/ψφ 0.05 rad 0.03 rad
Bs->φφ 0.13 rad 0.10 rad

Bs->Κ*Κ* 0.11 rad 0.07 rad
Bs->KK 0.06 0.04

And after this the future gets even brighter…

S. Benson - Beauty TD CPV



The LHCb Upgrade

The LHCb Upgrade  
1) Full software trigger  

• Allows effective operation at higher luminosity  
• Improved efficiency in hadronic modes  

2) Raise operational luminosity to 2 x 1033 cm-2 s-1 

• Necessitates redesign of several sub-detectors 
• overhaul of readout 

Upgrade + run 2 yield in hadronic modes  
~ 60x that of run 1

Implications and Future Prospects 1383.1. LOW LEVEL TRIGGER (LLT) 43

Figure 3.2: LLT e�ciency for Bs ! ��, B0 ! µµK⇤ and Bs ! �� as a function of the LLT trigger
rate at a luminosity of 1033 cm�2s�1. For each signal the e�ciency and rate are for a single LLT type,
i.e. ��, µµK⇤ and �� are triggered by respectively LLT-hadron, LLT-µ and LLT-electromagnetic.

be present, hence the momentum will be determined by M2 and M3.
Figure 3.2 shows the performance of LLT for three selected signal channels. At a luminosity

of 1033 cm�2s�1 the rate of crossings with at least one visible pp interaction is 26 MHz. For
Bs ! �� the LLT e�ciency rises almost linearly with increasing LLT output rate for the LLT-
hadron trigger, clearly showing the limitations of the present L0 1.1 MHz output rate limit. The
trigger based on electromagnetic clusters exhibits a sharp rise for Bs ! �� decays, and plateaus
at lower output rates due to the o✏ine requirement1 that the photon has an E

�

T > 2.4 GeV.
Channels with muons in the final state reach their LLT�µ e�ciency plateau at about 1 MHz
output rate. Table 3.1 gives an indication of the improvement which can be achieved with
the upgraded trigger. It assumes a luminosity of 1033 cm�2s�1, and the thresholds in the LLT

Table 3.1: Signal e�ciencies for three LLT-accept rates.

LLT-rate (MHz) 1 5 10
Bs ! �� 0.12 0.51 0.82
B

0 ! K
⇤
µµ 0.36 0.89 0.97

Bs ! �� 0.39 0.92 1.00

have been chosen to give the relative rates of the three LLT triggers in the ratios LLT-µ: LLT-
hadron: LLT-e/� = 1:3:1. It shows the e�ciency for signal channels for three di↵erent LLT

1All trigger e�ciencies are quoted relative to events which have been accepted after o✏ine cuts have been
applied, to assure a su�cient signal-to-background ratio.

Figure 7.4.: LLT e�ciency as a function of LLT accept rate for the case of B0
s ! ��, B0

s ! ��
and B0 ! K⇤0µµ decays in upgrade conditions [78].

It is foreseen in the upgraded High Level Trigger (HLT), the output of the first level

of the HLT, will be stored in a bu↵er that will allow for the full event reconstruction in

the second level to be performed at a later time. This will then allow for a reconstruction

to be performed that is very similar to that used in the final analyses, as improved

calibrations of the particle identification and tracking can be incorporated.

The upgraded LHCb trigger is expected to use an EFF that is ten times the size of

the current EFF. Initially, the EFF will be increased in size by a factor of five. Assuming

an average HLT processing time of 20 ms per event, this would allow the output rate of

the LLT to increase to 5 MHz. However, as the luminosity will also increase by a factor

of five to 2 ⇥ 1033 cm�2s�1, the selection requirements present in the LLT will remain

roughly the same as 2011 conditions, which will mean a similar total trigger e�ciency in

the B
0
s
! �� decay of ⇠ 29 % [78]. When the size of the EFF is then doubled so that

there is a factor ten increase with respect to 2011 conditions, the trigger selections will

be able to be loosened, providing a trigger e�ciency of ⇠ 50 % [78].
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LHCb LoI 
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Targeted 
improvements 
w.r.t. Belle
• Improved

KS efficiency

• Improved IP
and vertex 
efficiency

• Improved K/π
separation

• Improved π0

efficiency

• Hadron & muon
ID in endcaps

Belle II detector

Improvements wrt Belle I: KS /π0 efficiency, IP and vertex efficiency, K/π 
separation, Hadron & muon ID in endcaps 
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Future physics improvements

Key take-away facts:

Belle II: 
~50x more than BaBar + Belle, plus benefit from several detector 
improvements.  

LHCb Upgrade (+ run 2):  
~60x more than LHCb run 1 in hadronic modes ~30x more than LHCb 
run 1 in muonic modes,  
where the difference is driven by the use of a full software trigger. 
Order of magnitude improvement in precision expected

�28S. Benson - Beauty TD CPV



Summary

• I have been privileged to give a review of TD CPV in B decays on behalf of LHCb, 
BaBar, and Belle. 

• TD CPV in B decays is important as it places strong constraints on BSM models 
describing, in addition to potentially revealing BSM physics when going to high 
precision. 

• Results shown at this conference demonstrate we are on the way there. 
• Indeed the new analyses with BaBar and Belle datasets show the immense 

value of such data. 

• Upgrades of experiments will prove very valuable.
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Backup



VELO%
primary%and%

secondary%ver3ces%%

RICH%
par3cle%ID%%

Tracking%
sta3ons%

momentum%resolu3on%%

Muon%chambers%
trigger,%μDID%

E/HCAL%
trigger,%p,e,γDπ0DID%

New pixel VELO 
detector

New PMTs & readout 
electronics

New stations based 
on SciFi technology

More shielding and  
upgraded readout 

electronics

Reduced PMT gain 
and new electronics
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will take data at luminosity of 2x1033 cm-2s-1  
although LHCb currently runs at 2x the design luminosity anyway…

The LHCb Upgrade



Why a B factory?
B physics at the Υ(4S) presents several advantages 
over the hadronic environment at the LHC  
• Can reconstruct full event, which is beneficial for 

missing energy modes and also inclusive 
measurements (lower theory uncertainties).  

• Low multiplicity environment permits excellent 
performance for final states with π0s, η’s, photons. 
Also, good efficiency for long-lived particles KS and 
KL.  

• Coherent B0B0bar production at Υ(4S) makes 
flavour tagging easier and compensates for lower 
sample sizes in time-dependent CP measurements  
• B factories had a x5 better FT power than 

LHCb 
e.g. in sin2β measurement with B0→J/ψKS  

ε (tag effective) BaBar ~ 31 % [PRD 79 (2009) 072009]  
ε (tag effective) LHCb ~ 3 % [PRL 115 (2015) 031601] 
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Why Belle II ?
B production at the Υ(4S) presents several 
advantages over hadron environment.
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[PRD 79 (2009) 072009] 

ε (tag effective) LHCb ~ 3 %
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• Coherent B0B0bar production at Υ(4S) makes flavour tagging easier and 
compensates for lower sample sizes in time-dependent CP measurements
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SuperKEKB goals:  luminosity of 8 x 1035 cm-2s-1 and 50 ab-1 by 2024

An ambitious 40-fold increase in luminosity on KEKB, to be achieved
by squeezing the beams by ~1/20 and doubling the currents.

• Beams circulating already;
• Collisions planned for this year;
• First collisions with full detector late next year.

Timeline: 
Now: beams circulating 
2018: First collisions 
2019: Target collisions with full detector 
2024: luminosity of 8 x 1035cm-2s-1 and 50 ab-1 

40x increase on KEKB 
1/20 beam size 
2x beam current

DRAFT
2/

2/
20

18

Data taking at SuperKEKB will be performed in two main phases.328

� In the first collision data taking phase (called “phase II” as “phase I” denoted the329

accelerator commissioning phase in 2016 without the final focus and Belle II detector),330

commencing February 2018 and running until July 2018, SuperKEKB and the inter-331

action region will be commissioned before the installation of the sensitive silicon inner332

detectors. This data set will be mostly at low luminosity, and will be run mostly at the333

⌥ (4S) resonance. A small amount of data, of the order of 20 fb�1 may be collected at334

special E/rmCM values for studies of bottomonium and bottomonium-like resonances.335

This phase will also be used for searches of dark sectors that were previously limited336

by a lack of e�cient triggers. These studies are discussed further in the chapters on337

quarkonium, and low-multiplicity, tau decay and dark sector physics respectively.338

� The second phase will see the full detector and will allow for the full flavour program to339

commence, expected to start in early 2019. The expected projected peak instantaneous,340

and integrated luminosities at SuperKEKB through to 2025 are shown in Fig. 2. The full341

data taking program for samples at the di↵erent centre of mass energies is under devel-342

opment, and a subject of many working group chapters. It is clear that well motivated343

studies with non ⌥ (4S) data taking could have substantial statistical gains even in early344

data taking. The physics program at ⌥ (4S) is covered in most chapters. The program345

at ⌥ (5S) is covered over several chapters: Bs decays are covered in the semileptonic B346

and hadronic B chapters, while bottomonium is covered in the quarkonium chapter.347 SuperKEKB luminosity projection


Goal of Be!e II/SuperKEKB
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Fig. 2: The projected peak instantaneous, and integrated luminosities at SuperKEKB

through to 2025 assuming nine months operation per year.

2.8. Overview of this book348

Belle II Detector, Simulation, Reconstruction, AlgorithmsIn the first few chapters, we cover349

the detector design, detector simulation, beam induced background, particle reconstruction350

and analysis algorithms of Belle II. The performance of Belle II for particle reconstruction351

and robustness against higher beam background is shown, which are critical in assessing352

18/662
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Future physics improvements
Predictions exist for the expected accuracy in the form of the implications workshop 
document
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How will the next generation of 
flavour experiments perform ?
Projections exist, but the numbers are, IMHO, merely indicative, e.g. LHCb Upgrade
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