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Wolfenstein

CP symmetry is broken in the Standard Model.
3x3 quark-mixing matrix has one CP-violating phase.
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Unitarity      6 triangle relations in the complex plane, 
e.g., 

⇒

�2(= �)

�1(= �)

(0, 0)

V �
ubVud + V �

cbVcd + V �
tbVtd = 0

V �
ub Vud

V �
cb Vcd

V �
tb Vtd

(�,�) · A�3 · (1� 1
2�2)

(1, 0) · A�3

¶ Overconstrain by measuring angles and sides.

�1 = arg

✓
�V ⇤

cbVcd

V ⇤
tbVtd

◆

⌘ ��3(= �)
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Is there some room for New Physics here?
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Is there some room for New Physics here?
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There are three distinct ways to measure CP:
• direct CP in decay (charged & neutral) 

!

• CP in mixing (neutral) 

!

• CP in interference between mixing & decay (neutral)

�(B ! f) 6= �(B̄ ! f̄)

�(B ! B̄) 6= �(B̄ ! B)

�(B ! fCP) 6= �(B̄ ! fCP)

Notes:   could be replaced by    .    
       is a CP eigenstate.fCP

B D

|Āf̄/Af | 6= 1

|q/p| 6= 1

arg

�����
q

p

Āf̄

Af

����� 6= 0

|BH,Li = p|B0i± q|B̄0i
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Direct CP Violation
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Direct CPV in B+ →J/ψK+, B+ →J/ψπ+  
No effect expected in b → scc (J/ψK), possible in b → dcc (J/ψπ) 

A(J/ψX) = A(J/ψX)RAW + A(X) 

- Regular reversal of magnetic field 
  minimizes A(π)  
-  A(K) measured in K*0 → K+π- 

Event selection chosen to minimize 
statistical uncertainty on A(J/ψK)RAW   

Raw asym. between 
rec. B+ and B- 

Correction in rec. asym.  
between X+ and X- 

21 PRL 110, 241801 (2013)
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PRL 110, 241801 (2013) 

Direct CPV in B+ →J/ψK+, B+ →J/ψπ+  

A(J/ψK) = [0.59 ±0.36(stat) ±0.07(syst)] % 
        with a 1 % correction due to K+/K- asymmetry  

A(J/ψπ) = [-4.2 ±4.4(stat) ±0.9(syst)] % 

22 PRL 110, 241801 (2013)
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Polarization amplitudes and CP asymmetries in
B0 ! �K ⇤(892)0 - L = 1 fb-1

. [arXiv:1403.2888]
B0 ! �K ⇤(892)0

b ! sss FCNC decay, penguin in SM
=) sensitive to NP contributions in the
loop.

B0 ! K+K-K+⇡- final state studied.

N
sig

= 1655 ± 42

Angular analysis of time-integrated decay rates to
disentangle helicity structure of the P ! VV decay
(L= 0, 1, 2):

P-wave: longitudinal A0 and transverse,
parallel Ak and perpendicular A?;

S-wave: AS(K⇡) (B0 ! �K+⇡-) and
AS(KK) (B0 ! K ⇤(892)0K-K+).

16



Polarization amplitudes and CP asymmetries in
B0 ! �K ⇤(892)0 - L = 1 fb-1

. [arXiv:1403.2888]

ACP
0 = -0.003 ± 0.038 (stat) ± 0.005 (syst)

ACP
? = +0.047 ± 0.072 (stat) ± 0.009 (syst)

ACP
S(K⇡) = +0.073 ± 0.091 (stat) ± 0.035 (syst)

ACP
S(KK) = -0.209 ± 0.105 (stat) ± 0.012 (syst)

B0 and B0 decays are separated according
to the charge of the kaon from the K ⇤0.

CP-asymmetries consistent with zero.

F. Dordei (Heidelberg University)
17



Direct ���CP in B0 ! �K ⇤(892)0 - L = 1 fb-1

. [arXiv:1403.2888]

Final state tagged by K ⇤0 !K+⇡- decay.

Raw asymmetry measured from integrated rates:

A =
N(B0 ! �K ⇤

(892)0)- N(B0 ! �K ⇤(892)0)

N(B0 ! �K ⇤
(892)0) + N(B0 ! �K ⇤(892)0)

Correcting for production and detection asymmetries (determined using the control channel
B0 ! J/ K ⇤(892)0):

ACP(�K ⇤0) = (+1.5 ± 3.2 (stat) ± 0.5 (syst))%

Systematic uncertainty from the difference in kinematic and trigger used to select
B0 ! J/ K ⇤(892)0 events.

No direct��CP in agreement with (and a factor of 2 more precise than):

ACP(�K ⇤0) = (+1 ± 6 (stat) ± 3 (syst))% Babar [Phys.Rev.D 78, 092008(2008)]

ACP(�K ⇤0) = (-0.7 ± 4.8 (stat) ± 2.1 (syst))% Belle [Phys.Rev.D 88, 072004(2013)]

F. Dordei (Heidelberg University)
18



The weak phase      is measured in 
decays by the interference between two amplitudes if 
both           and           decay to a common final state         

�3

D0

u

s
K −

u

B−
cb

W

_

_

B−
b

u

c

K−

D 0

u

su

W

−

−

−

−

including colour suppression

� A�3 � A�3(�� i�)

where

| �D� � |D0�+ rBei(�B��3)|D0�

| �D� � |D0�+ rBei(�B+�3)|D0�

B� � �DK� withThen

and B+ � �DK+ with

Vus Vub

Vcs

Vcb

rB =
����
A(B� ⇥ D0K�)
A(B� ⇥ D0K�)

���� � O(0.1)

B� � D(�)K(�)�

D(�)0 D(�)0

19



Three techniques to measure      use rare decays 
of the form          

�3

✓ GLW: use CP eigenstates
Gronau and London, PLB 253, 483 (1991) 
Gronau and Wyler, PLB 265, 172 (1991) 
Gronau, PRD 58, 037301 (1998) 
Gronau, PLB 557, 198 (2003)

✓ ADS: use              state  (CF for      ; DCS for      )
Atwood, Dunietz and Soni, PRL 78, 3257 (1997)

✓ GGSZ: use Dalitz analysis of                   state

|D�1,2 � |D0�± D0�

|K+��� D0D0

|KS�+���
Giri, Grossman, Soffer and Zupan, PRD 68, 054018 (2003) 
Bondar, Proc BINP Dalitz Analysis Meeting (2002) (unpublished)

B� � D0 K�( )

20



2012: Before 1st LHCb results

2013: After including LHCb results

PLB 726, 151 (2013)

By 2018, expect σγ ~ 4o

Combined ADS, GLW (1 fb-1) 
and GGSZ (3 fb-1)

B� � D0 K�( ) to measure      (=   ): all 3 methods�3 �

� = (67± 12)�

21



● Inclusive method: reduce model uncertainty but has high 
background.

● High energy photon (1.7 – 2.8 GeV) and lepton (e, µ) for tagging
● Mass veto for 

B B
g

Xs+d

l-

X'

Using 
tag-lepton 
charge

Cancellation due to unitarity, 
negligible theory error!

PRL 106, 141801 (2011)

B ! Xs+d �

Expectations:

22



● Wrong tag factors

● Asymmetry in lepton ID, study in 

B→X J/Y (l+l-), tag-and-probe

● Asymmetry in BB bkg: measured in 

data (Eg
*< 1.7 GeV)

● These asymmetries are bias!, must 
correct them

e+
pass

e+
fail

mee (GeV/c
2
)mee (GeV/c

2
)

B
B

g

Xs+d

l
-

X'

p+
/K

+
l
+

B ! Xs+d �

23



B ! Xs+d �

After background subtraction

BELLE

This measurement, 

E
*
g>2.1 GeV

Belle preliminary

x 10
-2

Raw asymmetry is corrected for 
mis-tagging and asymmetry bias 
(see previous page)

preliminary

BELLE
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CP Violation 
in           MixingB0B̄0
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 !
Analyse&Bs⁰→&DsXμν&decays&(2011&data).&
&
&
&
&
&
Bso&produc8on&asymmetry&negligible:&
highly&suppressed&(10C4)&due&to&fast&
oscilla8ons.&
&

Opposite&magnet&polari8es:&&
cancel&most&of&detec8on&asymmetries&&
of&charged&par8cles.&&
&

Using&large&control&samples:&
correct&for&tracking&(0.13%)&and&
background&asymmetries&(0.05%);&
account&for&difference&in&trigger&and&&
PID&efficiencies&for&μ+&and&μC.&

World’s&best&measurement,&
consistent&with&SM&expecta8on&

&

D0&3σ&devia8on&from&SM&
neither&ruled&out&nor&confirmed&

assl=(C0.06&±&0.50&±&0.36)%&

&

608 LHCb Collaboration / Physics Letters B 728 (2014) 607–615

aP ≡ N(B) − N(B)

N(B) + N(B)
, (3)

where aP may in general be different for different species of
b-hadron.

In this Letter we report the measurement of the asymmetry be-
tween D+

s Xµ−ν and D−
s Xµ+ν decays, with X representing pos-

sible associated hadrons. We use the D±
s → φπ± decay. For a

time-integrated measurement we have, to first order in as
sl

Ameas ≡ Γ [D−
s µ+] − Γ [D+

s µ−]
Γ [D−

s µ+] + Γ [D+
s µ−]

= as
sl

2
+

[
aP − as

sl

2

]∫ ∞
t=0 e−Γst cos(%Mst)ϵ(t)dt

∫ ∞
t=0 e−Γst cosh(%Γst

2 )ϵ(t)dt
, (4)

where %Ms and Γs are the mass difference and average decay
width of the B0

s –B0
s meson system, respectively, and ϵ(t) is the

decay time acceptance function for B0
s mesons. Due to the large

value of %Ms , 17.768 ± 0.024 ps−1 [9], the oscillations are rapid
and the integral ratio in Eq. (4) is approximately 0.2%. Since the
production asymmetry within the detector acceptance is expected
to be at most a few percent [10–12], this reduces the effect of ap
to the level of a few 10−4 for B0

s decays. This is well beneath our
target uncertainty of the order of 10−3, and thus can be neglected,
therefore yielding Ameas = 0.5as

sl .
The measurement could be affected by a detection charge-

asymmetry, which may be induced by the event selection, tracking,
and muon selection criteria. The measured asymmetry can be writ-
ten as

Ameas = Ac
µ − Atrack − Abkg, (5)

where Ac
µ is given by

Ac
µ =

N(D−
s µ+) − N(D+

s µ−) × ϵ(µ+)
ϵ(µ−)

N(D−
s µ+) + N(D+

s µ−) × ϵ(µ+)
ϵ(µ−)

. (6)

N(D−
s µ+) and N(D+

s µ−) are the measured yields of Dsµ pairs,
ϵ(µ+) and ϵ(µ−) are efficiency corrections accounting for trigger
and muon identification effects, Atrack is the track-reconstruction
asymmetry of charged particles, and Abkg accounts for asymme-
tries induced by backgrounds.

2. The LHCb detector and trigger

We use a data sample corresponding to an integrated luminos-
ity of 1.0 fb−1 collected in 7 TeV pp collisions with the LHCb
detector [13]. This detector is a single-arm forward spectrome-
ter covering the pseudorapidity range 2 < η < 5, designed for the
study of particles containing b or c quarks. The detector includes
a high precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area
silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift-tubes placed downstream. The combined
tracking system has momentum resolution %p/p that varies from
0.4% at 5 GeV to 0.6% at 100 GeV.2 Charged hadrons are identified
using two ring-imaging Cherenkov (RICH) detectors [14]. Photon,
electron and hadron candidates are identified by a calorimeter sys-
tem consisting of scintillating-pad and pre-shower detectors, an
electromagnetic calorimeter and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of iron and

2 We work in units with c = 1.

multiwire proportional chambers [15]. The LHCb coordinate system
is a right handed Cartesian system with the positive z-axis aligned
with the beam line and pointing away from the interaction point
and the positive x-axis following the ground of the experimental
area, and pointing towards the outside of the LHC ring.

The trigger system [16] consists of a hardware stage, based on
information from the calorimeter and muon systems, followed by
a software stage which applies a full event reconstruction. For the
Dsµ signal samples, the hardware trigger (L0) requires the de-
tection of a muon of either charge with transverse momentum
pT > 1.64 GeV. In the subsequent software trigger, a first selection
algorithm confirms the L0 candidate muon as a fully reconstructed
track, while the second level algorithm includes two possible se-
lections. One is based on the topology of the candidate muon and
one or two additional tracks, requiring them to be detached from
the primary interaction vertex. The second category is specifically
designed to detect inclusive φ → K +K − decays. We consider all
candidates that satisfy either selection algorithm. We also study
two mutually exclusive samples, one composed of candidates that
satisfy the second trigger category, and the other satisfying the
topological selection of events including a muon, but not the in-
clusive φ algorithm. Approximately 40% of the data were taken
with the magnetic field up, oriented along the positive y-axis in
the LHCb coordinate system, and the rest with the opposite down
polarity. We exploit the fact that certain detection asymmetries
cancel if data from different magnet polarities are combined.

3. Selection requirements

Additional selection criteria exploiting the kinematic properties
of semileptonic b-hadron decays [17–19] are used. In order to min-
imize backgrounds associated with misidentified muons, additional
selection criteria on muons are that the momentum, p, be between
6 and 100 GeV, that the pseudorapidity, η, be between 2 and 5,
and that they are inconsistent with being produced at any primary
vertex. Tracks are considered as kaon candidates if they are iden-
tified by the RICH system, have pT > 0.3 GeV and p > 2 GeV. The
impact parameter (IP), defined as the minimum distance of ap-
proach of the track with respect to the primary vertex, is used to
select tracks coming from charm decays. We require that the χ2,
formed by using the hypothesis that each track’s IP is equal to 0,
which measures whether a track is consistent with coming from
the PV, is greater than 9. To be reconstructed as a φ meson can-
didate, a K +K − pair must have invariant mass within ±20 MeV
of the φ meson mass. Candidate φ mesons are combined with
charged pions to make Ds meson candidates. The sum of the pT
of K + , K − and π± candidates must be larger than 2.1 GeV. The
vertex fit χ2 divided by the number of degrees of freedom (ndf)
must be less than 6, and the flight distance χ2, formed by us-
ing the hypothesis that the D+

s flight distance is equal to 0, must
be greater than 100. The B0

s candidate, formed from the Ds and
the muon, must have vertex fit χ2/ndf < 6, be downstream of the
primary vertex, have 2 < η < 5 and have invariant mass between
3.1 and 5.1 GeV. Finally, we include some angular selection criteria
that require that the Bs candidate have a momentum aligned with
the measured fight direction. The cosine of the angle between the
Dsµ momentum direction and the vector from the primary vertex
to the Dsµ origin must be larger than 0.999. The cosine of the an-
gle between the Ds momentum and the vector from the primary
vertex to the Ds decay vertex must be larger than 0.99.

4. Analysis method

Signal yields are determined by fitting the K +K −π+ invariant
mass distributions shown in Fig. 1. We fit both the signal D+

s and

CP in mixing, time-integrated:  assl PLB 728, 607 (2014)
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0 12 12
* *
12 0 122
m M i
M m

H Γ Γ" # " #
= −% & % &Γ Γ' (' (

❑ Mixing due to 2nd order weak transition, M12, Γ12 ¹ 0  
❑ NP could contribute to M12 (m >> mB)  
❑ Imperative to measure amplitude and phase of M12 precisely! 

❑ Theoretical input (lattice) CRUCIAL here to shrink this band 

❑ Measure oscillation frequency 
 Δm ~ 2|M12| µ | Vtd | 
!

❑ Phase of M12 (or Vtd) obtained via TD CPV. 
( ) ( )( ) sin( )
( ) ( )

sin(2 )CP CP

CP CP

f fA t mt
f f

β
Γ −Γ

= ∝ Δ
Γ +Γ

µ |V
td|

β

❑ Vtd and sin(2β) also measure apex using NP-sensitive processes!

CP in mixing with time-dependence:  

27



LHCb Phys.Lett. B719, 318 (2013) 

   
   

   
   

A
(t)

1 fb-1

1 fb-1

117.77 0.10 0.07 sm ps−Δ = ± ±

CDF, PRL 97, 242003 (2006)

(Bs oscillates ~35X faster than B0!)

Amplitude of                time-dependent mixingB0
(s)B̄

0
(s)
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PRD 87, 112010 (2013) 
Bs àJ/ψ φ  (φ à K+K-)

1 fb-1  
27,600 
events

~7400 
events

PLB 713, 378 (2012)

1 fb-1  

❑ Large improvement in precision on φs 
àTight constraints on NP, but O(20%)  
      NP contributions not ruled out. 

Bs→J/ψπ+π−

( ) ( )( ) sin( )
( ) ( )

sinCP CP
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Figure 5: Decay time distribution of (B0
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s ) ! J/ ⇡+⇡� candidates. The signal PDF is
shown with a (red) dashed line, the background with a (black) dotted line, and the (blue) solid
line represents the total.

7 Results188

Several of the model parameters have Gaussian constraints applied in the fit. They are189

the measured values of �ms = 17.768± 0.024 ps�1 [28], �s = 0.663± 0.005± 0.006 ps�1
190

and ��s = 0.100± 0.016± 0.003 ps�1 [4], the tagging parameters, the mass and width of191

the f0(1790) [29], the f 0
2(1525) fit fractions, and the scale factors in the time resolution192

function, multiplied by (1.00 ± 0.05) to take into account the systematic uncertainty193

on the time resolution estimate [5]. Except for �s and |�|, the other free parameters194

are the amplitudes and phases of the ⇡+⇡� states. The fit procedure is checked by195

pseudoexperiments with the same size as data. We use the amplitude model with the196

five final state ⇡+⇡� resonances. The fit reproduces the input �s values with negligible197

bias. For our first fit we do not allow direct CP violation and therefore fix |�| to 1.198

The fit determines �s = 75 ± 67 ± 8mrad. When two uncertainties are quoted, the first199

is statistical and the second the systematic. The systematic uncertainty is discussed in200

Sec. 8. Figure 5 shows the decay time distribution superimposed with the fit projection.201

Projections formhh and ⌦ are shown in Fig. 2. Fit fractions of the contributing resonances202

are consistent with the results from the amplitude analysis [10]. We also perform the fit203

with |�| treated as a free parameter. The fit determines �s = 70 ± 68 ± 8mrad and204

|�| = 0.89 ± 0.05 ± 0.01, consistent with no direct CP violation (|�| = 1), under the205

assumption that we have the same strong phases for all the intermediate ⇡+⇡� states.206

(Note that the correlation between �s and |�| is very small, about 1%.)207

Since the J/ ⇡+⇡� final state is known to be >97.7% CP-odd at a 95% CL [10], we208
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used in the previous analysis. A wrong-tag probability, ⌘, is estimated event-by-event,118

based on the output of a neural network trained on simulations. It is calibrated with data119

using flavour-specific decay modes in order to predict the true wrong-tag probability of120

the event,
(–)

!(⌘) for an initial flavour
(–)

B0
s meson, that has a linear dependence on ⌘. The121

calibration is performed separately for the OS and the SSK taggers. When events are122

tagged by both the OS and the SSK algorithms, a combined tag decision and wrong-tag123

probability are given by the algorithm defined in Ref. [26]. This combination algorithm124

is implemented to be used in the overall fit. The overall e↵ective tagging power obtained125

is characterized by "tagD2 = 3.89%, where D ⌘ (1� 2!avg) is the dilution, !avg being the126

average wrong-tag probability, and "tag = (68.68± 0.33)% is signal tagging e�ciency.127

The flavour tag q takes values of �1, 1, 0, respectively, if the signal meson is tagged
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Figure 2: Projections of (a) m(⇡+⇡�), (b) cos ✓⇡⇡, (c) cos ✓J/ and (d) � [10]. The points with
error bars are data, the signal fits are shown with (red) dashed lines, the background with a
(black) dotted lines, and the (blue) solid lines represent the total fits. The di↵erence between
the data and the fits divided by the uncertainty on the data is shown below.
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The signal
(–)

B0
s mass distribution is described by a double Crystal Ball function [25].101

The background consists of a large combinatorial component whose mass distribution is102

modeled by an exponential function, a 2.3% contribution from the sum of
(–)

B0
s ! J/ ⌘0103

with
(–)

B0
s ! J/ �, � ! ⇡+⇡�⇡0, and 2.0% from B⌥ ! J/ K⌥ + J/ ⇡⌥ decays, both of104

which leak into the
(–)

B0
s signal region. The latter two background mass shapes are obtained105

from the simulation. The parameters of the signal and the combinatorial backgrounds are106

obtained from a fit to the
(–)

B0
s mass distribution in an extended region (see Fig. 1) and are107

subsequently fixed for use in the �s fit.108

As can be seen from Eqs. (1) and (2), knowledge of the B0
s flavour at production greatly109

enhances the sensitivity. The process of determining the initial flavour is called “tagging.”110

We use both opposite-side [26] and same-side tagging information [4]. The opposite-side111

(OS) tag identifies the flavour of another b hadron in the event using information from the112

charges of leptons and kaons from its decay, or the charge of another detached vertex. The113

same-side kaon (SSK) tagger utilizes the hadronization process, where the fragmentation114

of a b (b̄) quark into B0
s (B0

s ) meson can lead to an extra s (s̄) quark being available115

to form a hadron, often leading to a K� (K+) meson. This kaon is correlated to the116

signal
(–)

B0
s in phase space, and the sign of charge identifies its initial flavour. SSK was not117
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Figure 1: Invariant mass of J/ ⇡+⇡� combinations. The data are fitted with double Crystal
Ball signal functions and several background functions. The (red) solid line shows the sum of
B0

s and B0
s signals, the (brown) dotted line shows the exponential combinatorial background, the

(green) short-dashed line shows the B⌥ background, the (magenta) dot-dashed line is the shows
the sum of B0 and B0 signal, the (light blue) dashed line is the sum of

�
B0

s +B0
s

�
! J/ ⌘0,�

B0
s +B0

s

�
! J/ �, � ! ⇡+⇡�⇡0 backgrounds and the ⇤0

b ! J/ K�p plus ⇤0
b ! J/ K+p

reflections, the (black) dot-dashed line is the
�
B0 +B0

�
! J/ K⌥⇡± reflection and the (blue)

solid line is the total.
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CP Violation 
in Mixing & Decay 

Interference
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Time-dependent CP asymmetry 
 in mixing & decay interference:

also denoted �CCP

−
→

B
0

d

−
→

−→

B
0

d

fCP

SCP = +
2Im�CP

1+ |�CP|2

�CP = ⇠fCP
q

p

ĀfCP

AfCP

Mixing & decay interference:

Decay via multiple paths: ACP = �1� |�CP|2

1+ |�CP|2

= �⇠fCP sin(2�1)

= 0 for single 
Feynman 
diagram 
to fCP

Asymmetry(�t) =
�(B̄ ! fCP)� �(B ! fCP)

�(B̄ ! fCP) + �(B ! fCP)

= ACP cos(�m�t) + SCP sin(�m�t)

where
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likelihood fit 
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4 projections shown here
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B0
d ! !K0

S arXiv: 1311.6666 
submitted to PRD
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B
0

d
−
→

B
0

d
−
→

−→
sγ

final state

left-handed photon in SM

right-handed photon in SM

For 100% photon polarization, there is no common 
final state        no time-dependent CP.  In reality, for 
                    , SM expectation is                                         .

New Physics with alternate helicity structure can give 
time-dependent CP without affecting                 .

Atwood, Soni, Gronau: PRL 79, 185 (1997)

Atwood, Gershon, Hazumi, Soni: PRD 71, 076003 (2005) 

s~�

B0 ! KS ⌘ � SCP ⇡ 2(ms/mb) sin(2�1)
)

�(b ! s�)

B0
d ! KS ⌘ �
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BELLE

preliminary

penguin mode 
!
3-dimensional extended maximum-likelihood fit

W −

b s

γ

u,c,t
B0

d ! KS ⌘ �
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BELLE

preliminary

B0
d ! KS ⌘ �

ACP = �0.48± 0.41± 0.07

SCP = �1.32± 0.77± 0.36

… both consistent with 0
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Time dependent ���CP in B0
s ! K+K- - L = 1 fb-1

. [ J. High Energy Phys. 10 (2013) 183]

Time-dependent CP asymmetry:

ACP(t) =
�

B0
s!KK

(t)- �B0
s!KK (t)

�
B0

s!KK
(t) + �B0

s!KK (t)
=

-CKK cos(�mst) + SKK sin(�mst)

cosh
⇣
��s

2 t
⌘
-A��s

KK sinh
⇣
��s

2 t
⌘

where CKK = direct��CP, SKK = mixing-induced��CP and A��s
KK =��CP in interference.

Time-dependent analysis, flavour-tagging to identify initial B0
s flavour: calibrated using flavour-specific

B0 ! K+⇡- events.
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Time dependent ���CP in B0 ! ⇡+⇡- - L = 1 fb-1

. [ J. High Energy Phys. 10 (2013) 183]

Time-dependent CP asymmetry:

ACP(t) =
�

B0!⇡⇡
(t)- �B0!⇡⇡(t)

�
B0!⇡⇡

(t) + �B0!⇡⇡(t)
=

-C⇡⇡ cos(�md t) + S⇡⇡ sin(�md t)

cosh
⇣
��d

2 t
⌘
-A

��d
⇡⇡ sinh

⇣
��d

2 t
⌘

where C⇡⇡ = direct��CP, S⇡⇡ = mixing-induced��CP and A��s
KK =��CP in interference.

Time-dependent analysis, flavour-tagging to identify initial B0 flavour: calibrated using flavour-specific
B0 ! K+⇡- events.
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B0
d ! ⇡+⇡�

tree-dominated mode 
 with penguin pollution 
!
7-dimensional unbinned extended maximum- likelihood fit

8-fold 
ambiguity

BELLE BELLE
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BELLE

B0
d ! ⇡+⇡�

SCP = �0.64± 0.08± 0.03

ACP = +0.33± 0.06± 0.03

PRD 88, 092003 (2013)
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penguin-dominated mode with 
color-suppressed tree 
!
not a pure CP eigenstate; needs angular analysis to extract the 
longitudinal component and isospin analysis to extract  
!
6-dimensional unbinned extended maximum- likelihood fit

B0
d ! ⇢0⇢0

�2
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PRD 88, 092003 (2013)

B0
d ! ⇢0⇢0 B0

d ! ⇡+⇡�and                      : extract     

is excluded @ 1   C.L.�
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TCPV summary for               penguins b ! sqq̄
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sin(2`eff) > sin(2qe
1
ff)  vs  CCP > -ACP

Contours give -26(ln L) = 6r2 = 1, corresponding to 60.7% CL for 2 dof
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TCPV summary for               penguins b ! sqq̄
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Summary 
• Many new CP-asymmetry results emerging from 

Belle, LHCb, … 
• I did not have time to talk about D decays here  
• No significant deviations from Standard Model 

expectations – no New Physics yet 
• Many results are still statistics-limited 
• Many LHCb analyses have used only 1/3 of existing 

data set; more data will arrive in 2015 
• Belle II will take up where Belle left off – physics 

running starts in 2016
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Backup
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KEKB 
collider

BELLE

KEK B Factory and Belle:  1999–2010

8 GeV e–

3.5 GeV e+

cc̄, uū, dd̄, `+`�  e+e� ! ⌥(nS) ! B(⇤)B̄(⇤)
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Integrated luminosity at the B factories

O� resonance/scan:

On resonance:

�(5S) : 121 fb�1

�(4S) : 711 fb�1

�(3S) : 3 fb�1

�(1S) : 6 fb�1

155 fb�1

1.02 ab�1

�(2S) : 25 fb�1
550 fb�1

BELLE

# of B

¯

B @ ⌥(4S) : 772M (Belle) and 475M (BaBar)
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Highlights from LHCb – CP Violation in the B Sector | Julian WishahiHighlights from LHCb – CP Violation in the B Sector | Julian Wishahi

LHCb Detector

 8

Vertex 
Detector 
reconstruct vertices 
decay time resolution: 45 fs 
IP resolution: 20 µm

RICH detectors 
K/π/p separation

Tracking system 
momentum resolution  
Δp/p = 0.4%–0.6%

Calorimeters 
energy measurement 
particle identification

Muon 
System

Dipole Magnet 
normal conducting 
bending power: 4 Tm 
regular polarity switches
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Si detector: 
σIP ~20 µm

Tracking system  
σP/p ~ 0.5%

RICH Systems 
p/K/π separation 

2 – 100 GeV

Calorimeters 
e, γ, π0, ID 

 hadronic, EM triggers

Muon System  
µ ID & µ(µ) 

triggers

❑ Large bb xs in forward region (~50,000 b / sec into LHCb). 
❑ Precision vertexing, excellent PID – crucial for b,c physics 
❑ High BW trigger (~4kHz to tape ~ 10X CMS, ATLAS) 
❑ Fully hadronic b triggers (in addition to µ, µµ, etc) 
❑ LHCb is a GPD: If it’s in our acceptance, we can trigger on it!

LHCb detector: Key aspects
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Highlights from LHCb – CP Violation in the B Sector | Julian WishahiHighlights from LHCb – CP Violation in the B Sector | Julian Wishahi

LHCb Data Taking 2011 & 2012

‣ integrated luminosity 
• 1 fb–1

 @ 7 TeV (2011) 

• 2 fb–1 @ 8 TeV (2012) 

!

‣ data taking efficiency >93% 
• >99% of detector channels 

working 

• >99% of collected data good for 
analysis

 10

Running%Condi?ons%

Leveling%is%obtained%through%ver?cal%

beam%displacements.%

LHCb%luminosity%per%fill%typically%

% %3–4%×10
32
%cm

–2
s
–1%

Recorded"instantaneous"luminosity"Instantaneous"luminosity"leveling"

Design%<L>%

The"average"instantaneous"<L>""is"a"factor"2."above"the"design"value"!%

91%%dataMtaking%efficiency% 6"

Target%of%1.5%r
M1
%recorded%in%2012%

2011%integrated%luminosity%%of%1.1%r
M1%

10
15
%x%75.3%x%10

–6
%~%10

11%%
beauty.%

2011%
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A moving centre of mass is required to measure 
the time-dependent CP in                         etcB0

→ J/ψ K0

tag the flavour as B
by decay product(s)

CP-sensitive decay

∆zlab
≃ c β γ ∆tcm

electron
(8GeV)

positron
(3.5GeV)

Y(4S)
resonance

J/

Ks

+

+

K+

+

z     ~ 200 m

B2

B1
D0

B0

B0
t tag tCP

lab

�� =

8
<

:

0.56 BaBar
0.425 Belle
⇡ 25 LHCb
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Time-dependent CP asymmetry in               is 
typically dominated by one tree diagram 

−
→

B
0

d

−
→

−→

B
0

d

J/ψKS

c

c

s

d

b

d

Vcb

Vcs

*

b ! cc̄s

• limited opportunity for New Physics in tree; 
more likely (?) to appear in         mixing

… but in                                is dominated by 
(or has only one) penguin diagram 

• New Physics may appear in the loop

−
→

B
0

d

−
→

−→

B
0

d

VtsVtb

s

s

s

d

b

d
t

*

φ KS

b ! sūu, sd̄d, ss̄s

B B̄
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ADS method measures      via the interference in rare 
                                  decays

B−
b

u

c

K−

D 0

u

su

W

−

−

−

− K

u

c− −s

u−

d

+

D0

u

s
K −

u

B−
cb

W

_

_
u

s
K +

u
d

W

_

_

c

��

��

B� � [K+��]D K�

Cabibbo 
favoured 
D decay

Vus

Vcb

Vub

Vcs

Vcs

Vud

Vus

Vcd

doubly 
Cabibbo 

suppressed 
D decay

colour 
suppressed

�3
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ADS rate and asymmetry (relative to the common decay):
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K −
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B−
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_
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K
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W
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_

c

− �+Common
RDK =

�([K+��]K�) + �([K��+]K+)
�([K��+]K�) + �([K+��]K+)

ADK =
�([K+��]K�)� �([K��+]K+)
�([K��+]K�) + �([K+��]K+)

where
and      was defined earlier

rD =
����
A(D0 � K+��)
A(D0 � K+��)

���� = 0.0613± 0.0010
rB

= r2
B + r2

D + 2rBrD cos(�B + �D) cos ⇥3

= 2 rBrD sin(�B + �D) sin⇥3 /RDK
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• This	
  is	
  the	
  first	
  ADS-­‐like	
  analysis	
  to	
  use	
  Singly-­‐Cabibbo-­‐Suppressed	
  (SCS)	
  modes.	
  
Label	
  final	
  states	
  as	
  OS	
  or	
  SS	
  comparing	
  K±	
  with	
  B±	
  

• Analysing	
  three-­‐body	
  D	
  final	
  state	
  requires	
  knowledge	
  of	
  how	
  the	
  average	
  
interference	
  amplitude	
  (κKSKπ)	
  and	
  strong	
  phase	
  difference	
  (δKSKπ)	
  vary	
  across	
  the	
  
D	
  Dalitz	
  plot	
  	
  
– This	
  is	
  taken	
  from	
  a	
  CLEO-­‐c	
  measurement,	
  Phys.	
  Rev.	
  D	
  85	
  (2012)	
  092016	
  

• Decay	
  rates	
  for	
  B+→D0K+	
  are:

Observables	
  for	
  B+→D0(→KSKπ)h+	
  

• Measure	
  yield	
  ratios	
  (e.g.	
  RDK/Dπ,	
  SS)	
  and	
  charge	
  
asymmetries	
  (e.g.	
  ASS,DK)	
  between	
  the	
  OS	
  and	
  SS	
  
samples,	
  and	
  between	
  DK	
  and	
  Dπ	
  final	
  states.

• Analysis	
  is	
  done	
  across	
  whole	
  Dalitz	
  plane,	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  
a	
  restricted	
  region	
  around	
  the	
  K*±	
  resonance,	
  	
  	
  	
  	
  	
  where	
  
the	
  coherence	
  factor	
  κKSKπ  is	
  higher	
  (≈1.0	
  vs	
  ≈0.7).

NEW!
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• Measure	
  8	
  yields,	
  with	
  	
  	
  	
  
B+→D0K+	
  and	
  B+→D0π+	
  
separated	
  by	
  OS/SS	
  and	
  
charge	
  of	
  B±	
  

• Charge-­‐summed	
  yields	
  
for	
  OS	
  and	
  SS	
  D0K+	
  are	
  71	
  
and	
  145	
  respectively.

Results	
  for	
  B+→D0(→KSKπ)h+	
  

2σ
1σ

2σ
1σ

• Sensitivity	
  to	
  γ appears	
  to	
  
be	
  improved	
  by	
  taking	
  K*±	
  
region,	
  due	
  to	
  higher	
  
coherence	
  factor.	
  

• Good	
  prospects	
  for	
  future	
  
analysis	
  of	
  K*±	
  region	
  with	
  
more	
  statistics.

K*±	
  regionWhole	
  Dalitz	
  plot

NEW
!

γγ

r B r B
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