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An untagged, time-integrated analysis of theB0
s → φφ decay has been performed

with 1 fb−1 of pp collision data at centre-of-mass (COM) energy
√
s = 7 TeV

taken using the LHCb detector. Optimised selections have yielded 801 B0
s → φφ

events at high signal to background ratio. This has allowed for measurements of
polarisation amplitudes (|A0|2, |A⊥|2, |A‖|2) and strong phase difference (cosδ‖)
to be performed. Measurements of T -violating triple product asymmetries have
yielded results AU = −0.055 ± 0.036(stat.) ± 0.018(syst.) & AV = 0.010 ±
0.036(stat.)± 0.018(syst.).

THE B0
s → φφ DECAY

Flavour changing neutral current interactions (FCNC) are forbidden at tree level
in the Standard Model (SM). The B0

s → φφ decay is an example of this. Both
B0
s and the anti-particle B̄0

s may decay to the same final state φφ. This then
allows for CP violation to occur in B0

s − B̄0
s mixing, the interference between

mixing & decay as well as in the decay itself.
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models based on the framework of Minimal Falvour Violation3 (MFV) represent some
of the most pessimistic extentions of the Standard Model. The work of Lenz, A. &
Nierste, U.(2011)[9] represents a recent example of a MFV study. MFV assumes all
flavour changing interactions are governed by the same CKM matrix and that the one
independent phase in the CKM matrix is the only source of CP violation[10]. In general,
the MSSM and models involving MFV are plagued by the SUSY CP problem4. A class of
models that does not in general suffer from the SUSY CP problem and does not involve
MFV is given by supersymmetric flavour models (the interested reader is directed to the
work of Altmannshofer et al. (2010)[11]).

2.3 CP Violation in Bs → φφ

The decay B0
s → φφ is an example of a flavour changing neutral current (FCNC) and

hence, is forbidden at tree level in the standard model. The decay is only permitted
through penguin diagrams (shown in figure 5)[12].
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Figure 5: Feynman diagrams contributing to the Bs → φφ decay[12]: a) Gluonic penguin,
b) singlet penguin, c) colour allowed penguin, d) colour supressed penguin.

The weak phase structure found due to mixing in the previous section for the Bs → J/ψφ
decay will also hold for the Bs → φφ decay.

In the penguin diagrams of figure 5, the CKM structure remains the same throughout all
amplitudes due to the very high mass of the top quark in the propogators. If the QCD
structure is naively assumed to be the same for both B0

s and B̄0
s , the ratio of the decay

amplitudes will be of the form

3MFV models can be accommodated in the Minimal Supersymmetric Standard Model (MSSM), for
further details (specifically relating to B meson observables), see the work of Ellis et al. (2007)[8].

4This arises from neutron electric dipole moment and FCNC predictions constraining CP violating
phases.
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Feynman diagrams that may contribute to the B0
s → φφ decay are shown above

and B0
s−B̄0

s mixing shown below. CP violation in the standard model is expected
to be small for B0

s → φφ due to the same CKM structure being present in both
mixing and decay, therefore allowing for cancellation in the CP violating weak
phases [1].
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required to have a large proportion of active area after close packing (∼ 64%). High
speed (∼ 25ns) time resolution is a very importand feature of the LHCb HPDs. In total
196 vacuum tubes are required to cover the photon detection surface of RICH1 and 288
to cover the detection surface of RICH2.

A sample RICH detector event is shown in figure 2(d). After a ring finding algorithm
has located potential candidates, the measured Cherenkov angle is reconstructed from
knowledge of the track direction and the geometry of the RICH optics. The emission
point is assumed to be the midpoint of the radiator.

2 Review of Background Bibliography

2.1 CP Violation in B0
s mesons

There is a large amount of interest in the B0
s system due to oscillations between B0

s and
B̄0

s . In the standard model, oscillations occur via box diagrams (shown in figure 3). B0
s -

B̄0
s mixing not only opens up the possibility of direct CP violation through mixing, but

also allows for CP violation due to the interference between mixing and decay.
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Figure 3: Feynman diagrams contributing to B0
s oscillations.

In order to discuss the current research in CP violation through the interference between
mixing and decay, it is necessary to introduce the master equations of time evolution. The
method followed relies heavily on that given in Bigi, I. and Sanda, A.(2009)[3]. Although
the quark composition of B0

s & B̄0
s is sb̄ & s̄b respectively, the mass eigenstates may be

expressed in terms of B0
s & B̄0

s through

|BL(t)� = p|B0
s (t)� + q|B̄0

s (t)� (2)

|BH(t)� = p|B0
s (t)� − q|B̄0

s (t)� (3)

The time dependence of the mass eigenstates is given by

|BL(t)� = e−i(ML− i
2
ΓL)|BL(0)� (4)

|BH(t)� = e−i(MH− i
2
ΓH)|BL(0)� (5)

The inversion of equations 2-3 along with the insertion of equations 4-5 generates the
equations
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TIME-INTEGRATED ANALYSIS METHOD

The diagram above shows the definition of the helicity angles for the case of the
B0
s → φφ decay. Two fits are performed. The time-integrated angular fit for the

polarisation amplitudes and strong phase difference assumes zero CP -violation
and no production asymmetry. The fitted signal differential decay rate used is

dΓ

dω
= 4|A0|2τL cos2 θ1 cos2 θ2 + |A‖|2τL sin2 θ1 sin2 θ2(1 + cos 2Φ)

+ |A⊥|2τH sin2 θ1 sin2 θ2(1− cos 2Φ)

+
√

2|A0||A‖| cos(δ‖)τL sin 2θ1 sin 2θ2 cos Φ

where τL and τH are the lifetimes of the light and heavy B0
s mass eigenstates

respectively. The fit for triple product asymmetries is performed through mass
counting of datasets according to the sign of triple product observables. We can
define observables (U & V ) along with their corresponding asymmetries (AU &
AV ) through:

U = sin Φ cos Φ AU = Γ(U>0)−Γ(U<0)
Γ(U>0)+Γ(U<0)

V = sin Φ if cos θ1 cos θ2 > 0

else V = sin(−Φ) AV = Γ(V >0)−Γ(V <0)
Γ(V >0)+Γ(V <0)

RESULTS

1fb−1 of data taken from the LHCb detector and collected during 2011 comprises
this analysis. The LHCb detector takes advantage of the fact that at high COM
energies (7TeV in this case), b− b̄ pairs are produced in the same cone. Shown
below is the mass fit to the dataset. 801± 29 signal events are observed.
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Shown below are projections obtained from the angular fit to the polarisation
amplitudes.
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Figure 4: Angular distributions for (a) �, (b) cos ✓1 and (c) cos ✓2 of B0
s ! �� events

with the fit projections for signal and background superimposed for the total fitted PDF
(solid line) and background component (dotted line).

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

Source |A0|2 |A?|2 |Ak|2 cos �k
S-wave 0.007 0.005 0.012 0.001
Decay 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

acceptance modelling.153

The distributions of the U and V triple product observables are shown in Fig. 5 for the154

mass range 5286.6 < M(B0
s ) < 5446.6 MeV/c2. To determine the triple product asymmetries,155

the dataset is partitioned according to whether U (V ) is less than or greater than zero. Si-156

multaneous fits are performed to the mass distributions for each of the two partitions for each157

observable individually. In these fits the mean and resolution of the Gaussian signal component158

together with the slope of the exponential background component are common parameters. The159

asymmetries are left as free parameters and are fitted for directly in the simultaneous fit. The160

measured values are161

AU = �0.055 ± 0.036,
AV = 0.010 ± 0.036.

162

Systematic uncertainties due to the residual e↵ect of the geometric and decay time acceptance163

and the fit model have been evaluated in simplified simulation studies and are summarized in164

Table 4. The total systematic uncertainty is conservatively estimated by choosing the larger of165

the two individual systematic uncertainties on AU and AV . The contributions are combined in166
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The results of the polarisation amplitude fit are shown in a plot below where
theory and CDF reported values have also been added.
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Shown below are the U and V distributions from LHCb data. In order to calculate
asymmetries, the dataset was split in to four portions according to the sign of
the U & V observables. These datasets were then fitted to the B0

s mass.
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Yields from the mass fits were then used to calculate the AU & AV asymmetries.
This Analysis CDF

AU −0.055± 0.036± 0.018 −0.007± 0.064± 0.018
AV +0.010± 0.036± 0.018 −0.120± 0.064± 0.016

The results are shown in the table above compared to the values reported by
the CDF collaboration [3]. Systematic effects are mainly due to acceptance
effects and selection effects on U & V observables. MC studies have concluded
that reflections from B0

d → φK∗ & B0
s → K∗K∗ are negligible with current

selections.

BIBLIOGRAPHY
[1] N. Styles et al., 2009, LHCb-PUB-2009-025
[2] M. Gronau & J. L. Rosner, 2011, arXiv:1107.1232
[3] The CDF Collaboration, 2011, arXiv:1107.4999


