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Using 1.0 fb~! of pp collision data collected at a centre-of-mass energy of /s =7 TeV with the
LHCb detector, measurements of the polarization amplitudes, strong phase difference and triple product
asymmetries in the 32 — ¢¢ decay mode are presented. The measured values are

|Ao|? = 0.365 + 0.022 (stat) =+ 0.012 (syst),

|A1|>=0.291 4 0.024 (stat) + 0.010 (syst),
cos(8)) = —0.844 £ 0.068 (stat) £ 0.029 (syst),
Ay = —0.055 £ 0.036 (stat) &= 0.018 (syst),

Ay =0.010 £ 0.036 (stat) = 0.018 (syst).

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

In the Standard Model, the flavour-changing neutral current de-
cay B? — ¢¢ proceeds via a b — sss penguin process. Studies
of the polarization amplitudes and triple product asymmetries in
this decay provide powerful tests for the presence of contributions
from processes beyond the Standard Model [1-5].

The B? — ¢¢ decay is a pseudoscalar to vector-vector transi-
tion. As a result, there are three possible spin configurations of the
vector meson pair allowed by angular momentum conservation.
These manifest themselves as three helicity states, with amplitudes
denoted Hiq, H_1 and Hy. It is convenient to define linear polar-
ization amplitudes, which are related to the helicity amplitudes
through the following transformations

Ao = Ho,
Hi1—H_4
Al =———F7+—,
V2
Hi1+H_4
A”:jLT. (1

The ¢¢ final state can be a mixture of CP-even and CP-odd
eigenstates. The longitudinal (Ag) and parallel (A;) components
are CP-even and the perpendicular component (A;) is CP-odd.
From the V-A structure of the weak interaction, the longitudinal
component, f; = |Ag|?/(|A0® +1ALI? + |A]%), is expected to be
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dominant [6-8]. However, roughly equal longitudinal and trans-
verse components are found in measurements of BT — ¢K*¥,
B® — ¢K*0, BT — pOk** and B? — pOK*0 decays at the B-
factories [9-14]. To explain this, large contributions from either
penguin annihilation effects [15] or final state interactions [16]
have been proposed. Recent calculations where phenomenolog-
ical parameters are adjusted to account for the data allow f;
in the range 0.4-0.7 [6,7]. Another pseudoscalar to vector-vector
penguin decay is B? — K*°K*0. A recent measurement by the
LHCb Collaboration in this decay mode has found a value of f; =
0.314+0.124+0.04 [17].

The time-dependent differential decay rate for the B? — ¢
mode can be written as

dir
dcos9dcosf, dd dt

6
oY Ki(®) fi(61,62, @), (2
i=1

where the helicity angles 2 = (61, 62, @) are defined in Fig. 1. The
angular functions f;(§2) are [18]

f1(61,6,, @) = 4.c0s%0; cos® 6,

f2(61, 62, @) = sin® 6 sin 62(1 + cos 2P),

f3(61, 62, ®) = sin® 6; sin® 6 (1 — cos 2d),

f4(61, 62, @) = —2sin® 6y sin® B, sin 29,

f5(61, 62, @) = +/25in 2601 sin 26 cos @,

f6(61, 62, @) = —+/25in 261 sin 26, sin @. (3)

The time-dependent functions K;j(t) are given in [19]
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Fig. 1. Decay angles for the B? — ¢¢ decay, where the K momentum in the ¢ rest frame, and the parent ¢;  momentum in the rest frame of the B? meson span the
two ¢ meson decay planes, 6; ; is the angle between the K* track momentum in the ¢, meson rest frame and the parent ¢; ; momentum in the B? rest frame, @ is the
angle between the two ¢ meson decay planes and iy is the unit vector normal to the decay plane of the ¢, meson.

Kq(t) = %A%[(l + cos ¢s)e T 4 (1 — cos s )e~THt
£ 2e~ " sin(Amyt) sin g ],

Ky (t) = %Aﬁ[(l + cosps)e T 4 (1 — cos ps)eTHE
£ 2e~ 5 sin(Amgt) sin ¢,

K3(t) = %Ai[(l — cos¢s)e L (1 + cos ¢ps)eTHt
F 2e~ "' sin(Amyt) sin g5 ],

Ka(t) = |A)|IAL| [:I:e‘rst{sin 81 cos(Amst)

— €0s 81 sin(Amgt) cos s }

1
- E(e_FHt —e ") cos 8 sin¢s],

1
Ks(t) = ilellAHICOS((Sz —41)

x [(1 + cosgs)e "L + (1 — cos gs)e~ it
£ 2e~ 5 sin(Amgt) sin ¢,

Ke(t) = |AollA L] [ie’rst{sinﬁz cos(Amst)

— €0S 8 Sin(Amit) cos s }

1
-5 (e‘r“t — e_m) Cos 8 sin¢{|, (4)

where the upper of the + or F signs refers to the B? meson and
the lower refers to a E? meson. Here, /1 and Iy are the decay
widths of the light and heavy B? mass eigenstates,! Am; is the
B? oscillation frequency, 81 = arg(A1/A)) and &, = arg(A1/Ao)
are CP-conserving strong phases and ¢s is the weak CP-violating
phase. It is assumed that the weak phases of the three polarization
amplitudes are equal. The quantities Iy and Il correspond to the
observables ATy =11 — I'y and I's = (I1 + I'y)/2. In the Standard
Model, the value of ¢s for this mode is expected to be very close to
zero due to a cancellation between the phases arising from mixing
and decay [20].2 A calculation based on QCD factorization provides
an upper limit of 0.02 rad for ¢s [21,6]. This is different to the

1 Units are adopted such that i =1.
2 The convention used in this Letter is that the symbol ¢ refers solely to the
weak phase difference measured in the B? — ¢¢ decay.

situation in the B? — J /¥ ¢ decay, where the Standard Model pre-
dicts ¢s(J/¥¢) = —2arg(=VisV}, /VesV ) = —0.036 £ 0.002 rad
[22]. The magnitude of both weak phase differences can be en-
hanced in the presence of new physics in B? mixing, where recent
results from LHCb have placed stringent constraints [23]. For the
B? — ¢¢ decay, new particles could also contribute in b — s pen-
guin loops.

To measure the polarization amplitudes, a time-integrated un-
tagged analysis is performed, assuming that an equal number of
B? and E? mesons are produced and that the CP-violating phase
is zero as predicted in the Standard Model.? In this case, the func-
tions K;(t) integrate to

K1 =Aol*/I1.

Ky =|Ay1?/ 11,

K3 =|AL|*/ Tk,

K4 =0,

K5 =|Aol|Ay|cos(8))/TL,

Ks =0, (5)

where the strong phase difference is defined by §) =6, — 61 =
arg(A)/Ap) and the time integration assumes uniform time accep-
tance.

In addition, a search for physics beyond the Standard Model
is performed by studying the triple product asymmetries [1-3]
in the B? — ¢¢ decay. Non-zero values of these quantities can
be either due to T-violation or final-state interactions. Assuming
CPT conservation, the former case implies that CP is violated. Ex-
perimentally, the extraction of the triple product asymmetries is
straightforward and provides a measure of CP violation that does
not require flavour tagging or a time-dependent analysis.

There are two observable triple products denoted U = sin(2®)/2
and V = +sin(®), where the positive sign is taken if the T-even
quantity cosé; cosf, > 0 and the negative sign otherwise. These
variables correspond to the T-odd triple products

sin® = (fi; x f12) - p1,
sin(2@)/2 = (A1 - Aix) (M x fiz) - P, (6)

where Ai; (i =1,2) is a unit vector perpendicular to the ¢; decay
plane and p1 is a unit vector in the direction of the ¢; momentum

3 In the case of non-zero ¢ deviations from these formulas are suppressed by a
factor of AIs/Is and hence only small variations would be observed on the fitted
parameters.
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in the B? rest frame. The triple products, U and V, are propor-
tional to the f4 and fg angular functions which, for ¢s = 0, vanish
in the untagged decay rate for any value of t. The f4 and fs an-
gular functions would not vanish in the presence of new physics
processes that cause the polarization amplitudes to have different
weak phases [1]. Therefore, a measurement of significant asym-
metries would be an unambiguous signal for the effects of new
physics [1,3].
The asymmetry, Ay, is defined as

Ny —N_

Ay=——=,
VT NN

(7
where N, (N_) is the number of events with U > 0 (U < 0). Sim-
ilarly Ay is defined as

M —M_
My + M

where M+ (M_) is the number of events with V >0 (V < 0). The
triple product asymmetries, Ay and Ay are proportional to the
interference terms Im(AlAT“) and Zm(A_1 Ap) in the decay rate.

The B? — ¢¢ decay mode was first observed by the CDF Col-
laboration [24]. More recently, CDF has reported measurements of
the polarization amplitudes and triple product asymmetries in this
mode based on a sample of 295 events [25]. In this Letter, mea-
surements of the polarization amplitudes, |Ag|> and |AL|?, the
strong phase difference, §;, and the triple product asymmetries,
Ay and Ay, are presented. The dataset consists of 801 £ 29 candi-
dates collected in 1.0 fb~! of pp collisions at the LHC. The Monte
Carlo (MC) simulation samples used are based on the PyTHIA 6.4
generator [26] configured with the parameters detailed in Ref. [27].
The EvTGEN [28] and GEANT4 [29] packages are used to generate
hadron decays and simulate interactions in the detector, respec-
tively.

Ay (8)

2. Detector description

The LHCb detector [30] is a single-arm forward spectrometer
covering the pseudorapidity range 2 < n < 5, designed for the
study of particles containing b or ¢ 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 a momentum resolution Ap/p that varies
from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and an impact parame-
ter resolution of 20 pm for tracks with high transverse momentum.
Charged hadrons are identified using two ring-imaging Cherenkov
detectors. Photon, electron and hadron candidates are identified
by a calorimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a muon system composed of
alternating layers of iron and detector stations. The trigger 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.

The software trigger used in this analysis requires a two-,
three- or four-track secondary vertex with a high sum of the
transverse momentum, pr, of the tracks, significant displacement
from the primary interaction, and at least one track with pt >
1.7 GeV/c; impact parameter £2 with respect to the primary in-
teraction greater than 16; and a track fit £2/ndf < 2 where ndf
is the number of degrees of freedom in the track fit. A multi-
variate algorithm is used for the identification of the secondary

Table 1
Selection criteria for the Bg — ¢¢ decay. The abbreviation IP stands

for impact parameter and p%’] and p?z refer to the transverse mo-
mentum of the two ¢ candidates.

Variable Value

Track x2/ndf <5

Track pr > 500 MeV/c
Track IP x?2 >21

Aln L:KT[ >0

IMg — MEPS| <12 MeV/c?
p?, p?? > 900 MeV/c
p?t . pf? > 2 GeV?/c?
¢ vertex x2/ndf <24

BY vertex x?/ndf <75

B? vertex separation x2 > 270

BY 1P x? <15

vertices [31]. The B? — ¢¢ candidates are selected with high effi-
ciency either by identifying events containing a ¢ meson or using
topological information to select hadronic b decays. Events pass-
ing the software trigger are stored for subsequent offline process-
ing.

3. Event selection

The Bg — ¢¢ channel is reconstructed using events where both
¢ mesons decay into a KK~ pair. The BE — ¢¢ selection criteria
were optimized using a data-driven approach based on the ;Plot
technique employing the four-kaon mass as the unfolding variable
[32] to separate signal (S) and background (B) with the aim of
maximizing S/+/S + B. The resulting cuts are summarized in Ta-
ble 1. Good quality track reconstruction is ensured by a cut on the
transverse momentum (pr) of the daughter particles and a cut on
the x2/ndf of the track fit.

Combinatorial background is reduced by cuts on the minimum
impact parameter significance of the tracks with respect to all
reconstructed pp interaction vertices and also by imposing a re-
quirement on the vertex separation x?2 of the B? candidate. Well-
identified ¢ meson candidates are selected by requiring that the
two particles involved are identified as kaons by the ring-imaging
Cherenkov detectors using a cut on the difference in the global
likelihood between the kaon and pion hypotheses (Aln Lk, > 0)
and by requiring that the reconstructed mass of each K*K~ pair is
within 12 MeV/c? of the nominal mass of the ¢ meson [33]. Fur-
ther signal purity is achieved by cuts on the transverse momentum
of the ¢ candidates.

Fig. 2 shows the four-kaon invariant mass distribution for se-
lected events. To determine the signal yield an unbinned max-
imum likelihood fit is performed. The B? — ¢¢ signal compo-
nent is modelled by two Gaussian functions with a common
mean. The resolution of the first Gaussian is measured from
data to be 13.9 4+ 0.6 MeV/c%. The relative fraction and resolu-
tion of the second Gaussian are fixed to 0.785 and 29.5 MeV/c?
respectively, where values have been obtained from simula-
tion. Combinatorial background is modelled using an exponen-
tial function. Background from B% — ¢K*° and BY — K*0K*0
decays is found to be negligible both in simulation and data
driven studies. Fitting the probability density function (PDF) de-
scribed above to the data, a signal yield of 801 + 29 events is
found.

In addition to the dominant P-wave ¢ — KK~ component de-
scribed in Section 1, other contributions, either from fo — KTK~
or non-resonant K*K~, are possible. The size of these contribu-
tions, neglecting interference effects, is studied by relaxing the ¢
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Fig. 2. Invariant K*K~K*K~ mass distribution for selected B? — ¢¢ candidates.
A fit of a double Gaussian signal component together with an exponential back-
ground (dotted line) is superimposed.
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Fig. 3. Invariant mass distribution of K* K~ pairs for the B? — ¢¢ data without a ¢
mass cut. The background has been removed using the sPlot technique in conjunc-
tion with the K*K~ invariant mass. There are two entries per B? candidate. The
solid line shows the result of the fit model described in the text. The fitted S-wave
component is shown by the dotted line.

mass cut to be within 25 MeV/c? of the nominal value* and us-
ing the ;Plot technique in conjunction with the ¢ mass to subtract
the combinatorial background.

The resulting ¢ mass distribution is shown in Fig. 3. A fit of a
relativistic P-wave Breit-Wigner function together with a two body
phase space component to model the S-wave contribution is super-
imposed. In a +25 MeV/c? mass window, the size of the S-wave
component is found to be (1.3 £ 1.2)%. Since the S-wave yield is
consistent with zero, it will be neglected in the following section.
A systematic uncertainty arising from this assumption will be as-
signed.

4. Results
The polarization amplitudes (|Aol?, |AL|?, |A)|?), are deter-

mined by performing an unbinned maximum likelihood fit to the
reconstructed mass and helicity angle distributions. For each event,

4 This is a larger window than the £12 MeV/c? window used in the polarization
amplitude and strong phase difference measurements.
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Table 2

Measured polarization amplitudes and strong phase difference.
The uncertainties are statistical only. The sum of the squared am-
plitudes is constrained to unity. The correlation coefficient be-
tween |Ag|? and |A} |2 is —0.47.

Parameter Measurement

|Aol? 0.365 + 0.022
|AL? 0.291 £+ 0.024
IA=1—(lAcl* +|ALI?) 0.344 + 0.024
cos(8)) —0.844 £ 0.068

the ¢ meson used to define 6; is chosen at random. Both the
signal and background PDFs are the products of a mass compo-
nent described in Section 3 together with an angular component.
The angular component of the signal is given by Eq. (3) multi-
plied by the angular acceptance of the detector. The acceptance is
determined using the simulation and is calculated separately ac-
cording to trigger type, i.e. whether the event was triggered by
the signal candidate or other particles in the event. In total the
fit for the polarization amplitudes has eight free parameters: the
signal angular parameters |Ag|2, |A| |2 and cos(8)) defined in Sec-
tion 1, the fractions of signal for each trigger type, the resolution
of the core Gaussian, the BY mass and the slope of the mass
background. The sum of squared amplitudes is constrained such
that |Aol> + |AL|? + |Aj|?> = 1. The angular distributions for the
background have been studied using the mass sidebands in the
data, where mass sidebands are defined to be between 60 and
300 MeV/c? either side of the nominal B? mass [33]. With the
current sample size these distributions are consistent with being
flat in (cos6q, cosBy, @). Therefore, a uniform angular PDF is as-
sumed and more complicated shapes are considered as part of the
systematic studies. The values of Iy = 0.657 & 0.009 =+ 0.008 ps~!
and AT =0.123 £ 0.029 & 0.011 ps~! together with their cor-
relation coefficient of —0.3 quoted in [23] are used as a Gaussian
constraint. The validity of the fit model has been extensively tested
using simulated data samples. The results are given in Table 2 and
the angular projections are shown in Fig. 4.

Several sources of systematic uncertainty on the determination
of the polarization amplitudes are considered and summarized in
Table 3. With the present size of the dataset, the S-wave compo-
nent is consistent with zero. From the studies described in Sec-
tion 3 and fits to the data including the S-wave terms in the PDF
[34], we consider a maximum S-wave component of 2%. Simulation
studies have been performed to investigate the effect of neglecting
an S-wave component of this size. As discussed in Section 1, the
integration that leads to Eq. (5) assumes uniform time acceptance.
This is not the case due to lifetime biasing cuts in the trigger and
offline selections. The functional form of the decay time acceptance
is obtained through the use of Monte Carlo events. The difference
between using this functional form in simulation studies and using
uniform time acceptance is taken as a systematic uncertainty. The
uncertainty on the angular acceptance for the signal is propagated
to the observables also using Monte Carlo studies. The analysis
was repeated with an alternative background angular distribution,
taken from a coarsely binned histogram in (cos 6, cos6,, @) of the
mass sidebands, and the difference taken as a systematic uncer-
tainty. An additional uncertainty arises from angular acceptance
dependencies on trigger type. This dependency is corrected for us-
ing Monte Carlo events, with half of the effect on fitted parameters
assigned as systematic uncertainties. The total systematic uncer-
tainty is obtained from the sum in quadrature of the individual
uncertainties.

The distributions of the U and V triple product observables are
shown in Fig. 5 for the mass range 5286.6 < M(K*TK~KTK™) <
5446.6 MeV/c2. To determine the triple product asymmetries,



LHCb Collaboration / Physics Letters B 713 (2012) 369-377 373

T (o] N
SHOE ) LHCb |  <M0b) LHCb | Sl40- ) LHCb |
2120 1 ZI120F 1 ZI120F 9
- g g -
100¢ 1 Fwob 1t 1 ZooH- :
£ 80 + ] B8 + 1 B8 ++ 3
S 60 1 S0 1 S0 1
= 40 1 40 ] 40 1
© 20 1 20¢ E 20¢ 1
I L L G L I I G L I I
2 0 2 -1 05 0 05 1 -1 05 0 05 1
@ (rad) cos 6, cos 6,
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Table 3
Systematic uncertainties on the measured polarization amplitudes and the strong
phase difference.

Table 4
Systematic uncertainties on the triple product asymmetries Ay and Ay. The total
uncertainty is the quadratic sum of the larger of the two components.

Source |Ao? AL |A) 2 cos ) Source Ay Ay Final uncertainty
S-wave component 0.007 0.005 0.012 0.001 Angular acceptance 0.009 0.006 0.009
Decay time acceptance 0.006 0.006 0.002 0.007 Decay time acceptance 0.006 0.014 0.014
Angular acceptance 0.007 0.006 0.006 0.028 Fit model 0.004 0.005 0.005
Trigger category 0.003 0.002 0.001 0.004
Background model 0.001 - 0.001 0.003 Total 0.018
Total 0.012 0.010 0.014 0.029
5. Summary

the dataset is partitioned according to whether U (V) is less
than or greater than zero. Simultaneous fits are performed to
the mass distributions for each of the two partitions correspond-
ing to each observable individually. In these fits, the mean and
resolution of the Gaussian signal component together with the
slope of the exponential background component are common pa-
rameters. The asymmetries are left as free parameters and are
fitted for directly in the simultaneous fit. The measured values
are

Ay = —0.055£0.036,

Ay =0.010£0.036.

Systematic uncertainties due to the residual effect of the de-
cay time, geometrical acceptance and the signal and background
fit models have been evaluated and are summarized in Table 4.
The effect of the decay time acceptance has been found using the
same method as for the polarization amplitudes. The impact of an-
gular acceptance on the measured values has been obtained from
simplified simulation studies. The total systematic uncertainty is
conservatively estimated by choosing the larger of the two indi-
vidual systematic uncertainties on Ay and Ay. The contributions
are combined in quadrature to determine the total systematic er-
ror. Various cross-checks of the stability of the result have been
performed. For example, dividing the data according to how the
event was triggered or by magnet polarity. No significant bias is
observed in these studies.

The polarization amplitudes and strong phase difference in the
B? — ¢¢ decay mode are measured to be

|Ag|> = 0.365 £ 0.022 (stat) + 0.012 (syst),
|A||?>=0.291 £ 0.024 (stat) & 0.010 (syst),
|Aj|? = 0.344 + 0.024 (stat) 4 0.014 (syst),
cos(8)) = —0.844 4 0.068 (stat) £ 0.029 (syst),

where the sum of the squared amplitudes is constrained to be
unity. These values agree well with the CDF measurements [25].
Measurements in other B — V'V penguin transitions at the B fac-
tories generally give higher values of f; [9-14]. It is interesting to
note that the value of f; found in the BE — ¢¢ channel is almost
equal to that in the B? — K*9K*0 decay [17]. The results are in
agreement with QCD factorization predictions [6,7], but disfavour
the pQCD estimate given in [8].

The triple product asymmetries in this mode are measured to
be

Ay = —0.055 1+ 0.036 (stat) £ 0.018 (syst),
Ay =0.010 £ 0.036 (stat) +0.018 (syst).

Both values are in good agreement with those reported by the CDF
Collaboration [25] and consistent with the hypothesis of CP con-
servation.
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