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Outline  
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•  Bs ϕϕ   

•  Polarization amplitudes 

•  Triple product asymmetries 

•  Prospects + outlook   
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Introduction  

  

Open issues 
 
•  sin2β in penguin decays (e.g. Bd  ϕKs) versus tree (e.g. Bd  J/ψKs  ) 

•  Polarization puzzle:  Expect from V-A nature of the weak interaction, 
     that fL >> fT, but observe (e.g. in Bd  ϕK*) fL ~ fT 
 

Hadronic trigger capability at  
LHCb allows to continue this  
program + extend to the Bs sector 

Bd hadronic penguin decays studied in several modes at the B-factories 



4 

Observation of Bs  K*0K*0  

  

LHCB-PAPER-2011-012  
(arXiv: 1111.4183) 35 pb-1 of data taken in 2010 

 
 
candidates 
 
Dominated by  
 
Longitudinal polarization fraction 
 
 
 
 
Branching ratio measured to be 

fL = 0.31± 0.12(stat)± 0.04(syst)

49.8± 7.5 Bs → K+π−K−π+

Bs → K∗0K
∗0

BR(Bs → K∗0K
∗0) = (2.81± 0.46(stat)± 0.45(syst)± 0.34(fs/fd))× 10−5
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Bs  ϕϕ  

  

Measuring the weak phase in the decay B0
s → φφ at the LHCb experiment Ref: LHCb-PUB-2009-025

Public Note Issue: 1

1 Introduction Date: March 21, 2010

1 Introduction

1.1 B0
s → φφ in the Standard Model

B0
s → φφ is a flavour-changing neutral current (FCNC) decay, and hence is forbidden at tree level in

the Standard Model. It proceeds via loop diagrams, with the gluonic penguin shown in figure 1(a)

expected to be the dominant contribution.

(a) gluonic penguin (b) colour-allowed electroweak penguin

(c) colour-suppressed electroweak penguin (d) singlet penguin

Figure 1 Possible diagrams for for B0
s → φφ

CP violation in this channel is expected to occur primarily through interference, due to a phase dif-

ference between the contributions from decays with and without mixing, while direct and mixing CP

violation are expected to be negligible. We can express this in terms of the complex parameter λf :

|λf | � 1, arg (λf ) �= 0 (1)

where λf has the definition

λf ≡
q

p

Af

Af
(2)

Here q, p, Af and Af have their usual meanings , as in [14]. The phase of λf is an observable, and

represents the total weak phase for the decay. In this channel, the B0
s meson decays to a CP eigenstate,

CP|f� = ±|f� (3)

and consequently,

λf ≡ (ηCP )
q

p

Af

Af
(4)

Where ηCP can take values ±1 depending on whether the final state is CP-even or CP-odd. Since CP

violation arising from B0
s −B

0
s mixing is assumed to be small,

����
q

p

���� ≈ 1 (5)

page 4

Bs 

ϕ 

ϕ 

•  Golden mode for measurement of ‘ϕs’ in hadronic penguin decays (e.g. see 
Raidal, arXiv, hep-ph/0209091) 

•  In Standard Model cancellation between decay + mixing phases  
‘ϕs’  is negligible. Non zero measurement  New Physics  

  
•   Long term goal time dependent angular fit to measure ‘ϕs’  

•  First studies: untagged time integrated angular analysis to extract  
     polarization amplitudes and triple product asymmetries 
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Bs  ϕϕ  
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•  Full 2011 dataset (~1 fb-1) 
 
•  801 ± 29 candidates with excellent signal to background ratio 

•  S- wave component in +/- 25 MeV window around ϕ mass ~ 1.3 %  

LHCb-PAPER-2012-004 
arXiv:1204.1620 

P wave BW 
+ S-wave 
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Polarization Amplitudes  

  

1 Introduction

In the Standard Model the flavour-changing neutral current (FCNC) decay B0
s → φφ

proceeds via a b̄ → s̄ss̄ penguin decay. The decay was first observed by the CDF col-

laboration in 2005 [1]. This mode provides an excellent probe of possible New Physics

contributions entering the FCNC decay or B0
s − B̄0

s mixing diagrams. One possible way

to study CP violation in this mode is to measure observable quantities related to triple

product asymmetries. Scalar triple products of three momentum or spin vectors are odd

under time reversal T . Triple product asymmetries can either be due to a T -violating
phase or a CP -conserving phase and final-state interactions. The former case (a true

asymmetry) implies, assuming CPT conservation, that CP is violated. A detailed review

of the phenomenology of triple product asymmetries is given in Ref [2].

B0
s

Φ

θ2θ1

K−

K+

K−

K+

φ φ

Figure 1: Decay angles defined in the helicity frame for the B0
s → φφ mode.

The decay rate as function of time, t, is given by [3]:

d4Γ

dtdΩ
∝|A0(t)|2 · f1(Ω) + |A�(t)|2 · f2(Ω) + |A⊥(t)|2 · f3(Ω)+

�(A∗
�(t)A⊥(t)) · f4(Ω) + �(A∗

0(t)A�(t)) · f5(Ω)+
�(A∗

0(t)A⊥(t)) · f6(Ω), (1)

where fi are the angular distribution functions, and Ω = (θ1, θ2,Φ) as defined in Fig. 1.

For the B0
s → φφ decay mode there are two observable triple products, U = sin 2Φ and

V = sin(±Φ) where the positive sign is taken if cos θ1 cos θ2 ≥ 0 and the negative sign

otherwise. These variables correspond to the interference terms f4 ∝ sin
2 θ1 sin

2 θ2 sin 2Φ
and f6 ∝ sin 2θ1 sin 2θ2 sinΦ in Equation 1. In the Standard Model the terms related to f4
and f6 vanish in the untagged decay rate for any value of t. A measurement of significant

asymmetries would be an unambigous signal for New Physics [2, 4].

Experimentally, extraction of the triple product asymmetries is a simple counting

exercise that does not require either flavour tagging or a time dependent analysis. The

1

•  Three polarization amplitudes A0, A// (CP-even), A⊥ (CP-odd) 
•  Measure using untagged time-integrated angular fit to helicity angles: 

kaon decay angles (θ1,θ2) and the angle between the two decay planes (ϕ)  

•  Assume ϕs = 0 is zero 

•  Γs and ΔΓs from LHCb Bs J/ψϕ  measurement  (PRL.108 101803 2012)  
input as Gaussian constraints    
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Polarization Amplitudes  

  
|A0|2 = 0.365 ± 0.022 (stat) ± 0.012 (syst)

|A⊥|2 = 0.291 ± 0.024 (stat) ± 0.010 (syst)

δ� ≡ δ2 − δ1 = arg(A�/A0)

cos(δ�) = −0.844± 0.068 (stat)± 0.029 (syst)

Untagged, time integrated angular fit to helicity angles (Φ, cosθ1, cosθ2 )  
to extract polarization amplitudes + strong phase  

+ strong phase  
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Polarization Amplitudes  

  

Good agreement with CDF measurements and  
Latest pQCD predictions 

fL ∼ |A0|2
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Triple Product Asymmetries  

  

functions Ki(t) integrate to

K1 = A2
0τL

K2 = A2
�τL

K3 = A2
⊥τH

K4 = 0

K5 = |A0||A⊥| cos(δ�)τL

K6 = 0 (5)

where τL and τH are the lifetimes of the light and heavy mass eigenstates and δ� ≡24

δ2 − δ1 = arg(A�/A0).25

Using the time-integrated differential cross section given in Eqs. 3 and 5, an analysis
to measure the amplitudes and strong phase δ� is made. In addition, a study of the triple
product asymmetries in this decay is performed[1]. Non-zero values of these quantities can
be due either to T -violation or final-state interactions. Assuming CPT conservation, the
former case implies that CP is violated. This approach has the advantage that no tagging
of the flavour of the initially produced b-meson is required. There are two observable triple
products, U = sin 2Φ and V = sin(±Φ), where the positive sign is taken if cos θ1 cos θ2 ≥ 0
and the negative sign otherwise. These variables correspond to the T -odd triple products

sin Φ = (n̂V1 × n̂V2) · p̂V1

sin 2Φ = 2(n̂V1 · n̂V2)(n̂V1 × n̂V2) · p̂V1 (6)

where n̂Vi (i = 1, 2) is a unit vector perpendicular to the Vi decay plane and p̂V1 is a unit26

vector in the direction of V1 in the B0
s

rest frame. These are proportional to the f4 and27

f6 angular functions. In the Standard Model the terms related to f4 and f6 vanish in the28

untagged decay rate for any value of t. This would not be the case in the presence of new29

physics processes that cause the polarization amplitudes to have different weak phases [1].30

Therefore, a measurement of significant asymmetries would be an unambiguous signal for31

the effects of new physics [1, 11].32

Experimentally, extraction of the triple product asymmetries is a simple counting
exercise that does not require either flavour tagging or a time dependent analysis. The
asymmetry, AU , is defined as

AU =
N+ −N−

N+ + N−
, (7)

where N+ (N−) is the number of events with U > 0 (U < 0). Similarly AV is defined as

AV =
M+ −M−

M+ + M−
, (8)

where M+ (M−) is the number of events with V > 0 (V < 0).33

The B0
s
→ φφ decay mode was first observed by the CDF collaboration [12]. More34

recently, CDF has reported first measurements of the polarization amplitudes and triple35

3

Datta + London: arXiv:hep-ph/0303159 
Gronau + Rosner:  arXiv:hep-ph/11071232v2 

CP-odd/CP-even interference terms Im(A0
*A⊥)  + Im(A//

* A⊥)   are 
proportional to Triple products + are odd under time reversal 

•  Non-zero TPs: T violation + hence CP violation 

•   Extraction of TP asymmetries  simple counting exercise: 
 

V 
U 

Sign according to cosθ1 cosθ2    

•  Expect to be zero in the Standard Model 

AU =
Γ(U > 0)− Γ(U < 0)
Γ(U > 0) + Γ(U < 0)

AV =
Γ(V > 0)− Γ(V < 0)
Γ(V > 0) + Γ(V < 0)
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Triple Product Asymmetries  

  

Au Av 

LHCb -0.055 ± 0.036 ± 0.018 0.01 ± 0.036 ± 0.018 
CDF -0.007 ± 0.064 ± 0.018 -0.12 ± 0.064 ± 0.016 

My average -0.042 ± 0.034 -0.025 ± 0.034 

Results are consistent with CDF and zero CP violation 
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LHCb-PAPER-2012-004 
arXiv:1204.1620 
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Outlook 
•  Those are our public results on hadronic penguins 

•  With the 2011+2012 dataset many more analyses going on and there is a 
lot more to come in the next months: 

•  Generic trigger lines that pick up hadronic B decays with good 
efficiency 

•  Offline streaming selecting B+, Bd, Bs decays to two light resonances η, 
η’, K*, ρ, ω f0, ϕ 

•  For the ϕX family we can know explore similar modes to those studied for 
the J/ψX family with 2010 data 
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Bd ϕK*  

  

Signal at time of EPS.  
With full dataset ~2000 events 
cf Babar 535 events arXiv 0808.3586 

Ongoing: measurements of the polarization amplitudes,  
Triple Products and CP asymmetries , … 
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ϕs in Bs ϕϕ  
•  Most of the tools to perform first measurement of  in place and we are ‘almost’ 

ready to go: 
 

•  Simulation + upgrade studies before first data-taking 

•   Experience from Bs  J/ψ ϕ 

•  Bs  ϕϕ PDFs, fitters exercised with untagged studies for amplitudes  

•  First measurement will be proof of principle. With 2011 + 2012 data precision of ~ 
0.3 rad can be achieved 

•  Similar precision likely for Bs  K*0K*0  

•  With ~5 fb-1 collected with current LHCb up to 2018 expect precision of 0.08 rad 

•  Key channel for the upgrade: 50 fb-1 +improved hadron trigger, precision of 0.02 rad  

CERN-LHCC-2011-001 
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Summary  

  

•  With 2010 dataset made first observation of Bs K*0K*0 

•  Similar studies to Bs  ϕϕ  possible for this channel with 2011 dataset 

•  2011 dataset world’s most precise measurements of polarization amplitudes 
     and Triple Product asymmetries in  Bs  ϕϕ  
 
•  Expect many more measurements to come with 2011 (+2012) dataset 

•  Hadronic penguin decays (e.g. Bs  ϕϕ ) key measurements for  
     the LHCb upgrade 

•  New ideas/predictions to exploit our large dataset welcome ! 
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Backup  
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Polarization Systematics  
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Figure 4: Angular distributions for B0
s → φφ events with the fit projections for signal

and background with the total fitted PDF superimposed (solid line) and background
component (dotted lined).

Table 3: Systematic uncertainties on the measured polarization amplitudes and strong
phase.

Source |A0|2 |A⊥|2 |A�|2 cos δ�
S-wave 0.007 0.005 0.012 0.001
Time Acceptance 0.006 0.006 0.002 0.007
Angular Acceptance 0.007 0.006 0.006 0.028
Trigger category 0.003 0.002 0.001 0.004
Background model 0.001 - 0.001 0.003
Total 0.012 0.010 0.014 0.029

The distributions of the U and V observables are shown in Fig. 5 for the mass range127

5286.6 < M(B0
s ) < 5446.6 MeV/c2. The dataset is partitioned according to whether128

U (V ) is less than or greater than zero. Simultaneous fits are performed to the mass129

distributions for each of the two partitions for each observable individually. In these fits130

the mean and resolution of the Gaussian signal component together with the slope of the131

exponential background component are common parameters. The asymmetries are left as132

free parameters and are fitted for directly in the simultaneous fit. This has been checked133

to be valid in simulation studies. The values are:134

AU = -0.055 ± 0.036
AV = 0.010 ± 0.036.

135

Systematic uncertainties due to the residual effect of the geometric and decay time136

acceptance and the fit modelling have been evaluated in simplified simulation studies and137

are summarized in Table 4. The total systematic uncertainty is conservatively estimated138

by choosing the larger of the two individual systematic uncertainties on AU and AV .139

8
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Triple Product Systematics  
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Figure 5: Distributions of the U (left) and V (left) observables for the B0
s → φφ data in

the mass range 5286.6 < M(B0
s ) < 5446 MeV/c2. The distribution for the background is

taken from the mass sidebands, normalized to the same mass range and is shown by the
(red) solid histogram.

The contributions are combined in quadrature to give the total systematic error. Various140

cross-checks of the stability of the result have been performed. For example, dividing the141

data according to how the event was triggered and by magnet polarity. No significant142

bias is observed in these studies.143

Table 4: Summary of the systematic uncertainties on the triple product asymmetry
measurement. The total uncertainty is the quadratic sum of the largest of the individual
components.

Source AU AV Chosen uncertainty
Angular acceptance 0.009 0.006 0.009
Decay time acceptance 0.006 0.014 0.014
Fit model 0.004 0.005 0.005
Total 0.018

5 Summary144

The polarization amplitudes and strong phase cos(δ�) in the B0
s → φφ decay mode are145

measured to be:146

|A0|2 = 0.365 ± 0.022 (stat) ± 0.012 (syst)
|A⊥|2 = 0.291 ± 0.024 (stat) ± 0.010 (syst)
|A�|2 = 0.344 ± 0.024 (stat) ± 0.014 (syst)
cos(δ�) = -0.844 ± 0.068 (stat) ± 0.029 (syst).

147

These values agree very well with the CDF measurements [13]. Measurements in other148

B → V V penguin transitions at the B factories generally give higher values of fL = |A0|2.149

9
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Decay Rate 

  

The time dependent differential cross-section in the helicity basis for this mode is

d4Γ

d cos θ1d cos θ2dΦdt
∝

6�

n=1

Kn(t)fn(θ1, θ2, Φ) (2)

where Ω = (θ1, θ2, Φ) are defined in Fig. 1 and the angular functions fi(Ω) in the helicity
basis are given by

f1(θ1, θ2, Φ) = 4 cos2 θ1 cos2 θ2

f2(θ1, θ2, Φ) = sin2 θ1 sin2 θ2(1 + cos 2Φ)

f3(θ1, θ2, Φ) = sin2 θ1 sin2 θ2(1− cos 2Φ)

f4(θ1, θ2, Φ) = −2 sin2 θ1 sin2 θ2 sin 2Φ

f5(θ1, θ2, Φ) =
√

2 sin 2θ1 sin 2θ2 cos Φ

f6(θ1, θ2, Φ) = −
√

2 sin 2θ1 sin 2θ2 sin Φ. (3)

The time dependent functions Ki(t) are

K1(t) =
1

2
A2

0
[(1 + cos φs)e

−ΓLt + (1− cos φs)e
−ΓH t ± 2e−Γst sin(∆mst) sin φs]

K2(t) =
1

2
A2

�[(1 + cos φs)e
−ΓLt + (1− cos φs)e

−ΓH t ± 2e−Γst sin(∆mst) sin φs]

K3(t) =
1

2
A2

⊥[(1− cos φs)e
−ΓLt + (1 + cos φs)e

−ΓH t ∓ 2e−Γst sin(∆mst) sin φs]

K4(t) = |A � ||A⊥|[±e−Γst{sin δ1 cos(∆mst)− cos δ1 sin(∆mst) cos φs}

−1

2
(e−ΓH t − e−ΓLt) cos δ1 sin φs]

K5(t) =
1

2
|A0||A�| cos(δ2 − δ1)

[(1 + cos φs)e
−ΓLt + (1− cos φs)e

−ΓH t ± 2e−Γst sin(∆mst) sin φs]

K6(t) = |A0||A⊥|[±e−Γst{sin δ2 cos(∆mst)− cos δ2 sin(∆mst) cos φs}

−1

2
(e−ΓH t − e−ΓLt) cos δ2 sin φs] (4)

where ΓL and ΓH are the decay widths of the light and heavy mass eigenstates, ∆ms15

the mixing frequency, δ1 = arg(A⊥/A�) and δ2 = arg(A⊥/A0) are CP -conserving strong16

phases, φs is a CP -violating phase and it is assumed that the weak phases of the three17

polarization amplitudes are equal. Due to a cancellation between the phases arising from18

mixing and decay, in the Standard Model the value of φs is expected to be negligibly small19

in this decay. This is in contrast to the situation in B0

s → J/ψφ mode where the Standard20

Model predicts φs = −2 arg (−VtsV ∗
tb/VcsV ∗

cb) = −0.036 ± 0.002 rad [10]. In both decays21

the magnitude of φs can be enhanced in the presence of new physics. Experimentally, ΓH22

and ΓL correspond to the observables ∆Γs = ΓL − ΓH and Γs = (ΓL + ΓH)/2.23

If, as in this Letter a time-integrated analysis is performed, assuming that an equal
number of B0

s and B̄0

s mesons are produced and the CP -violating phase is zero, the

2

The time dependent differential cross-section in the helicity basis for this mode is
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in this decay. This is in contrast to the situation in B0

s → J/ψφ mode where the Standard20

Model predicts φs = −2 arg (−VtsV ∗
tb/VcsV ∗

cb) = −0.036 ± 0.002 rad [10]. In both decays21
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−1

2
(e−ΓH t − e−ΓLt) cos δ2 sin φs] (4)

where ΓL and ΓH are the decay widths of the light and heavy mass eigenstates, ∆ms15

the mixing frequency, δ1 = arg(A⊥/A�) and δ2 = arg(A⊥/A0) are CP -conserving strong16

phases, φs is a CP -violating phase and it is assumed that the weak phases of the three17

polarization amplitudes are equal. Due to a cancellation between the phases arising from18

mixing and decay, in the Standard Model the value of φs is expected to be negligibly small19

in this decay. This is in contrast to the situation in B0

s → J/ψφ mode where the Standard20

Model predicts φs = −2 arg (−VtsV ∗
tb/VcsV ∗

cb) = −0.036 ± 0.002 rad [10]. In both decays21

the magnitude of φs can be enhanced in the presence of new physics. Experimentally, ΓH22

and ΓL correspond to the observables ∆Γs = ΓL − ΓH and Γs = (ΓL + ΓH)/2.23

If, as in this Letter a time-integrated analysis is performed, assuming that an equal
number of B0

s and B̄0

s mesons are produced and the CP -violating phase is zero, the

2
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functions Ki(t) integrate to

K1 = A2
0τL

K2 = A2
�τL

K3 = A2
⊥τH

K4 = 0

K5 = |A0||A⊥| cos(δ�)τL

K6 = 0 (5)

where τL and τH are the lifetimes of the light and heavy mass eigenstates and δ� ≡24

δ2 − δ1 = arg(A�/A0).25

Using the time-integrated differential cross section given in Eqs. 3 and 5, an analysis
to measure the amplitudes and strong phase δ� is made. In addition, a study of the triple
product asymmetries in this decay is performed[1]. Non-zero values of these quantities can
be due either to T -violation or final-state interactions. Assuming CPT conservation, the
former case implies that CP is violated. This approach has the advantage that no tagging
of the flavour of the initially produced b-meson is required. There are two observable triple
products, U = sin 2Φ and V = sin(±Φ), where the positive sign is taken if cos θ1 cos θ2 ≥ 0
and the negative sign otherwise. These variables correspond to the T -odd triple products

sin Φ = (n̂V1 × n̂V2) · p̂V1

sin 2Φ = 2(n̂V1 · n̂V2)(n̂V1 × n̂V2) · p̂V1 (6)

where n̂Vi (i = 1, 2) is a unit vector perpendicular to the Vi decay plane and p̂V1 is a unit26

vector in the direction of V1 in the B0
s

rest frame. These are proportional to the f4 and27

f6 angular functions. In the Standard Model the terms related to f4 and f6 vanish in the28

untagged decay rate for any value of t. This would not be the case in the presence of new29

physics processes that cause the polarization amplitudes to have different weak phases [1].30

Therefore, a measurement of significant asymmetries would be an unambiguous signal for31

the effects of new physics [1, 11].32

Experimentally, extraction of the triple product asymmetries is a simple counting
exercise that does not require either flavour tagging or a time dependent analysis. The
asymmetry, AU , is defined as

AU =
N+ −N−

N+ + N−
, (7)

where N+ (N−) is the number of events with U > 0 (U < 0). Similarly AV is defined as

AV =
M+ −M−

M+ + M−
, (8)

where M+ (M−) is the number of events with V > 0 (V < 0).33

The B0
s
→ φφ decay mode was first observed by the CDF collaboration [12]. More34

recently, CDF has reported first measurements of the polarization amplitudes and triple35
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