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1. Introduction

Direct CP asymmetries arise from interference between amplitudes with different strong and
weak phases. The relative size of the interference is maximised when the competing amplitudes
are of a similar magnitude, and the sines of the weak and strong phase differences are maximal.
Therefore, in decays in which the leading amplitude, for example a tree-level process, is suppressed
loop-level processes can compete and give rise to measurable interference. The decays of B hadrons
with contributions from loop-level amplitudes give access to processes beyond the Standard Model,
as heavy particles could contribute within the loops and produce effects that may be observable with
current levels of sensitivity.

Quasi-two-body decays provide a powerful laboratory for the study B decays. As well as CP-
violating effects, quasi-two-body decays that proceed via vector mesons allow the measurement
of the polarisation fraction and the S-wave contributions to the same final state. These provide
additional handles to help understand the competing contributions to B hadron decays.

Three recent LHCb measurements of quasi-two-body decays are reported in these Proceed-
ings. Each measurement has been performed using pp collision data corresponding to 3 fb~! of
integrated luminosity taken during Run 1 of the LHC. The first performs a measurement of the
direct CP asymmetry and branching fraction of B¥ — J/yp™ decays; the second is an amplitude
analysis that determines the CP asymmetry of B — p°K*? decays'; and the third is an amplitude
analysis of the closely related decays B’ — K*°K*? and BY — K*OK*0,

2. Measurement of the branching fraction and CP asymmetry in B™ — J/yp™
decays

The decay BT — J/yp™ proceeds via tree-level and gluonic-penguin processes as illustrated
in Fig. 1.
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Figure 1: Tree-level and gluonic-penguin processes that contribute to the decays BT — J/yp™.

The direct CP asymmetry,

BB~ —=Jyp~)— BB = Jyp")

MCP _
BB~ —Jyp~)+ BB — Jypt)’

2.1

provides an estimate of the imaginary part of the penguin-to-tree amplitude ratio for b — ccd pro-
cesses. This helps to place constraints on the penguin contributions in the determination of the

' Throughout these proceedings p? is used to refer to the p(770)" resonance and K*? is used to refer to the K*(892)°
resonance, unless otherwise stated.
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CP-violating phase ¢, from the decay BY — J/w ¢. This analysis measures the direct CP asym-
metry, as well as the branching fraction relative to the abundant B™ — J/w K™ decay [1]. The
Bt — J/wp™ decays are reconstructed using the J/y — u~u* and p* — 7 7% 7% — vy decay
chains. A pre-selection comprised of kinematic, geometrical and vertex-related quantities is per-
formed. In addition, vetoes are applied to target specific peaking backgrounds: invariant mass
vetoes remove Bt — J/w " and Bt — J/w K™ decays that have been combined with an unrelated
7° meson; and vertex quality requirements remove backgrounds with additional charged tracks.
Combinatorial background is reduced by using a multivariate selection. An artificial neutral net-
work is trained using a simulated sample for the signal and a background sample taken from the
signal-depleted regions of data, namely the mass sidebands.

A kinematic fit is performed to the data, constraining the J/w and 7° masses to their known
values and requiring the BT candidate to originate at the primary interaction vertex. A two-
dimensional unbinned maximum-likelihood fit is performed to the masses m(J/y n z°) and m (" yy).
The result of this fit is shown in Fig. 2.
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Figure 2: The distribution of B — J/yp* candidates in 2012 data in (left) m(J/y x*7°) and (right)
m(7™yy), overlaid with one-dimensional projections of the two-dimensional unbinned maximum-likelihood
fit. The distribution of m(7* yy) is restricted to candidates with m(J/y 7+ x°) in the range 5250 MeV/c? to
5310 MeV/c?.

The raw asymmetry, /X%, is determined by fitting the yields of B* and B~ candidates in
separate categories of the simultaneous fit. The CP asymmetry is related to the raw asymmetry as

sz%RaW(B+—>J/1[/p+) :MCP(B+—)J/WP+)+MPrOd(B+), (22)

where .27P™4(BT) is the production asymmetry of the B meson measured to be (—0.41+0.49(stat) +
0.11(sys))% and (—0.53 +0.31(stat) 0.10(sys))% in 2011 and 2012, respectively [2]. The direct
CP asymmetry and branching fraction are determined to be

AP (BT — J)yp™) = —0.04575535+0.008

BB JypT)=(3.8170374+0.35) x 107,

where the first uncertainty is statistical and the second arises as a result of experimental systematic
uncertainties. These results are the most precise to date. The main systematic uncertainty on the
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branching fraction measurement originates from the 7° reconstruction efficiency determination.
This is calculated using input from the control mode B™ — J/y K** and is limited by the precision
of the branching fraction 8 (Bt — J/y K**).

3. Study of the B — p(770)°K*(892)? decay with an amplitude analysis of
B’ (ztn)(K*x~) decays

Direct CP asymmetries are measured in the B — (777~ )(K " 7~) final state by determining
the differences in partial widths of amplitudes for B® and B® decays [3]. The tree-level contribu-
tion to the B® — p°K* decay is doubly Cabibbo-suppressed, allowing gluonic and electroweak
penguins compete, as shown in Fig. 3. In this pseudoscalar to vector-vector decay the final state
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Figure 3: Tree-level, gluonic-penguin and electroweak-penguin decay processes that contribute to the B” —
p°K*0 decay.

can be described in three different helicity configurations. The electroweak-penguin amplitudes
contribute with different signs for different helicity eigenstates.

The B — (xt7n~)(K*7n~) candidates are selected using a pre-selection, comprised of kine-
matic, geometric and particle identification requirements, followed by a multivariate selection in-
tended to remove combinatorial background. A BDT algorithm is trained using simulation samples
as signal and data in the mass sidebands as background. Vetoes are used to remove specific back-
grounds: PID requirements are placed to remove Ag — prtr~wt decays; a veto is placed on the
m(K ) invariant mass to remove incorrectly paired B” — D°n* 7~ decays; and an angular require-
ment is used to remove three body modes such as B — D~z decays.

A simultaneous unbinned maximum-likelihood fit is performed to the B candidate’s invariant
mass. The data is split into 8 categories, arising from two trigger selections, two years of data
taking and the two B meson charges. Background from B — (K*7~)(K~n") decays is subtracted
by injecting simulations with negative weights. The signal component is extracted using the sPlot
method [4].

An amplitude model is created from different contributions in the 300 < m(x* 7 ~) < 1100 MeV/c?
and 750 < m(K*7m~) < 1200 MeVic? mass windows. In 7+~ mass this includes the p° and
vector resonances, along with the scalar f,(500) and fo(1370) resonances, described by relativis-
tic spin-0 Breit-Wigner functions, and the f,(980) resonance, described by a Flatté parameteri-
sation [5,6]. The K™z~ mass is modelled with a vector K** and scalar contributions, labelled
(K7)o. The K*¥ resonance is described by a spin-1 relativistic Breit-Wigner, and the scalar (K)o
contributions are parameterised by the LASS function [7], modelling the resonant K;j(1430) and
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non-resonant components. Three helicity amplitudes contribute for each of the vector-vector (VV)
combinations (K*°p? and K** ) and the polarisation fraction is defined to be

oL |AO,L,H |2

- ) 3.1
vv ’AO|2+|AL|2+‘AH‘2 ( )

where the fraction is defined for the longitudinal, perpendicular and parallel amplitudes (A% ).
From these, the CP averages, fyv = (fyv + fyv)/2, and asymmetries , v = (fyv — fyv)/(fov +
fyv) can be determined, where the quantities f and f refer to B’ and B° decays, respectively.
Additionally, the phase differences with respect to the reference channel B® — p®(K*7~) and
triple product asymmetries, as defined in Ref. [8], are measured. One-dimensional projections
of the amplitude fit to the B® candidates are shown in Fig. 4, along with the contribution from each
partial wave (corresponding projections for B” candidates can be found in Ref. [3]).
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Figure 4: Projections of the amplitude fit to the B — (K* 7~ )(x* ™) final state. The overlaid contributions
are grouped by their angular dependencies as described in the legend.

The amplitude analysis finds a small longitudinal polarisation fraction and a significant direct
CP asymmetry for the B — p°K** component,

POk =0.164£0.015+0.022 and /. = —0.62£0.09£0.09,

where the first uncertainty is statistical and the second systematic. These measurements hint at a
relevant contribution from the colour-allowed electroweak-penguin amplitude, and correspond to
the first significant observation of CP asymmetry in B” — V'V decays.

4. Amplitude analysis of the B(()s) — K*9K*0 decays and measurement of the
branching fraction of the B’ — K*°K*0 decay

The B® — K*°K*" decay is a Flavour Changing Neutral Current process, forbidden at tree
level in the standard model. The decay BY — K*°K*" can be used to determine the CKM phase
0,7, as the sub-leading amplitude is Cabibbo suppressed. However, when making high precision
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measurements, input from the B® — K*°K*" process can help control the higher-order standard
model contributions, assuming U-spin symmetry. Previous measurements suggest the B’ — K*0K*0
decay has a large longitudinal polarisation fraction, whilst the corresponding value for B — K*K*°
decays is small, in tension with theoretical predictions [9]. Additionally, there is a 2.2 sigma
difference between % (B° — K*°K*?) as measured by the Belle and BaBar collaborations [10, 11].
This analysis performs an untagged, time-integrated amplitude analysis of B(()S) — (K ) (Ktm)
decays, as well as determining the branching fraction (B° — K*°K*?) [12]. Candidates are se-
lected using a pre-selection comprised of kinematic, geometric and particle identification require-
ments. Combinatorial background is reduced by the use of the gradient-boosted BDT algorithm,
trained on simulation samples as signal and data sidebands as background. The invariant mass win-
dows and PID selections suppress many peaking backgrounds, including those with intermediate
charm mesons, misidentified tracks or additional final state particles.

A simultaneous extended maximum-likelihood fit is performed to the four-body invariant mass
distribution. Contributions from B® — p®K*? decays are subtracted by injecting simulations with
negative weights. The sPlot method is used to extract the background-subtracted distributions
of the B® and BY signal components. Two amplitude analyses are performed on these weighted
samples. The amplitude models are built using known resonances that could contribute within
the 150 MeVic? K mass windows. This includes a P-wave K (892)° resonance, modelled by a
spin-1 relativistic Breit-Wigner, and S-wave contributions, namely the K (1430)°, K;(700)° and
non-resonant (K1), component. The scalar contributions are modelled using the LASS parameter-
isation [7]. The one-dimensional projections of the B amplitude fit are shown in Fig. 5, along with
the different partial wave contributions. The longitudinal polarisation fractions for the B® — K*0K*0
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Figure 5: Amplitude fit to the B — (K~ x+) (K" ™) final state, along with the contributions from different
resonant amplitudes.
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BY — K*°K*0 decays are measured to be
2(B° = kK%)= 0.72440.051 +0.016

(B — K*°K*%) = 0.240+£0.031 £0.025,

where the first uncertainties are statistical and the second systematic. This confirms the previous
measurements. The fractional S-wave contribution is determined from the total of the scalar-scalar,
vector-scalar and scalar-vector amplitudes, and found to be 0.408 0.050£0.017 (0.694+0.016 £
0.010) for the B° (B?) decay. The ratio of branching fractions of the two decays is measured, and
used to determine

B(B*— K*°K*") = (8.040.9+0.4) x 1077,

in agreement with theoretical predictions [9]. This value is smaller than the measurement per-
formed by the BaBar collaboration as a result of the large S-wave contribution. However, us-
ing the BY meson averages [13] for y = AI'/(2I") = 0.064 4 0.005 and the mixing phase ¢, =
—0.0214£0.0031 as defined in Ref. [12], the ratio

@(B?%K*OE*O) fO(B?—> K*OI?*O) 1_y2

Ry = — — =3.48£0.38, 4.1
o PB(BY— K*OK*0) fO(BO— K*0K*0) 14 ycos ¢ 1)

is found to be inconsistent with the prediction Ry; = 16.4 £5.2 [14]. This calls into question the
predicted hierarchy of polarisation fractions f° > I from the heavy-quark limit.

5. Conclusion

The LHCb experiment has produced measurements for CP asymmetries, branching fractions
and longitudinal polarisation fractions in quasi-two-body decays with Run 1 data. This includes
the most precise CP asymmetry and branching fraction of B — J/yp™ decays; the observation
of CP asymmetry in the angular distributions of B® — p°K*? decays, a first for B — VV decays;
and measurements of both longitudinal polarisation fractions and ratio of branching fractions in
B(()s) — K*°K*9 decays. In future, the addition of Run 2 data will further enhance the precision and
scope of quasi-two-body measurements at LHCb.
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