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Abstract

This document reports the first measurements of the time-dependent CP violating observables in B — D7K*
decays. The measurements are performed using data corresponding to an integrated luminosity of 1 fb6~! collected
in 2011 by the LHCb detector. The CP violating observables: Cy = 0.53 + 0.25 + 0.04, A?r = 0.37 +£0.42 + 0.20,

A%r =0.20+0.41£0.20, Sy = 1.09 £ 0.33 £ 0.08, S? = 0.36 £ 0.34 + 0.08 are found‘, where the uncertainties

are statistical and systematic. Later, these observables are used to deterimine the CKM angle y from B? — DIK*
decays. A vy value of (1 1532)“’ modulo 180° at 68% CL is found, where the uncertainty contains both statistical and

systematic components.

1. Introduction

In the Standard Model (SM) CP violation in weak in-
teractions is described by a single, irreducible phase in
the Cabibbo-Kobayashi-Maskawa (CKM) mixing ma-
trix [1, 2]. The unitarity of the CKM matrix implies a
set of relations among its elements V;;, in particular the
condition:

VaaV2, + VeaV2y + ViaVi, = 0, (1)

which can be presented in the complex plane as a Uni-
tarity Triangle (UT). Overconstraining the unitarity tri-
angle with precise measurements of all its sides and an-
gles is therefore a test of the SM.

Time-dependent analyses of B — D¥K* decays!' are
sensitive to the least-well measured angle of the CKM
matrix, the angle y equal to arg(=V,.4V}, /VeaV3). CP
violation in such decays comes from the interference

!nclusion of charge conjugate modes is implied except where ex-
plicitly stated.
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of mixing and decay amplitudes [3]. The importance
of this measurement lies in the fact that B — DIK*
is a pure tree-level decay, and is therefore a standard
measurement to which other observables sensitive to
physics beyond the Standard Model can be compared.

Due to the interference between mixing and decay
amplitudes, the CP violating observables in these de-
cays are functions of a combination of y and the mixing
phase —28;: vy — 2B, where B; = arg(—V,V}, [VeV2)
in the BY system. A measurement of these physwal ob-
servables can be interpreted in terms of y or S by using
an independent measurement of the other parameter as
input.

The time-dependent decay rates of the initially pro-
duced flavour eigenstates IB?(t =0)) and IE?,(t = 0)) are
given by:

dar

0_,,(1) _
S = AP+ [ Pe T [cosh(B5E) +

AArsmh(Ar D+ Crcos(Amgt) = S rsin(Amgt)],  (2)
®
—ijf HAGRA +14P)e T cosh(B52) +
AR sinh(%51) = Ceos(Amyt) + S psin(Amin)]. (3)
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The CP observables are related to the magnitude of
the amplitude ratio rp x = |A(EO — D;K")/AB? —
D;K*)|, the strong phase difference §, and the weak
phase difference y — 283, by the following equations:

1-r
Cf = 1+rgAI[: ’
AT _ =2rpk cos@=(y=28.)) A AT . ~2rpyk Cs(E+(y=2;))
Af - L+ o AL = 1472 ¢ »(4)
S, = 2rpgk sin(6—(y—28;)) S- = —2rp,k sin(6+(y—28;))
f= 1+rf)SK g 1+rf)SK :

2. Event selection

The analysis is based on a sample of proton-proton
collisions data corresponding to an integrated luminos-
ity of 1 fb7! collected by LHCb detector. The full de-
scription of detector can be found in [4].

In the measurement three different Dy final states
are considered: D; — K K*n~, D; — K n*n~, and
D; — n x*n". In addition, D; — K K*n~ is split
depending on the position in the Dalitz plane, into:
D; — ¢n~, D; — K*K~ and the remaining decays.
These D candidates are subsequently combined with a
fourth particle, referred to as the “companion”, to form
B? — D¥K* and BY — D;n* candidates.

For the optimisation of the selection and for study-
ing and constraining physics backgrounds to the B —
DIK* decay the flavour-specific Cabibbo-favoured de-
cay mode B — D;n* is used as a control channel.

The different final states are distinguished by us-
ing PID information from RICH detector. This selec-
tion is necessarily different for each D, decay mode
and strongly suppresses cross-feed and peaking back-
grounds from other misidentified decays of b-hadrons
to c-hadrons.

In addition, the B? and D; candidates are required to
be within m(B?) € [5300,5800]MeV/c? and m(D5) €
[1930,2015]MeV/c?, respectively.

3. Multivariate fit to B - D¥K* and B" —» D_n*

The determination of the signal and background com-
ponent yields in the samples of B — DIK* and BY —
D;n* candidates is done using a simultaneous extended
maximum likelihood fit, where the fitting variables are:
the Bg mass, the Dy mass, and the log-likelihood differ-
ence L(K/r) between the pion and kaon hypotheses for
the companion particle.

—0

The decay modes B - D n*, B® - D;n*, A, —
A n*, BY - DTK*, and B® — D*~n* are backgrounds
to B — D;n*, while B® — D;n*, B —» D n*, BY —

D;p*, B" - Din*, B® — DK*, B® — D n*, Ay —
A K™, KZ — A, n*, and A) — D" p are backgrounds
to BY — DTK*.

Correlations between the fitting variables are mea-
sured to be small in simulation, so the multivariate fit
can be built from the product of the signal and back-
ground PDFs, which then are added for each Dj fi-
nal state. Almost all background yields are left free to
float, however the backgrounds whose yields are below
2% of the signal yield are fixed from known branch-
ing fractions and relative efficiencies measured using
simulated events. The multivariate fit results in a sig-
nal yield of 28260 + 180 B — D;x* and 1770 + 50
B? — D¥K* decays, shown in Fig. 1 and Fig. 2, respec-
tively. An effective purity of 85% for BY — D;n* and
74% for BY — D¥K* are measured. The multivariate
fit is checked for biases using large samples of data-like
pseudoexperiments, and none are found.

4. Decay time fit to B » D¥K* and B - D_n*

4.1. Flavour tagging

The measurement requires the tagging of the initial
flavour of the decaying BY meson. At the LHCb ex-
periment, two types of flavour-tagging algorithms are in
use [5]. The opposite side (OS) tagging algorithms rely
on the pair production of b and b quarks and infer the
flavour of a given signal beauty meson from the identi-
fication of the flavour of the other b-hadron. The same
side kaon (SSK) tagger on the other hand searches for
an additional charged kaon accompanying the fragmen-

tation of the signal B? or E? Due to tracks from the un-
derlying event, particle misidentifications, or flavour os-
cillations of neutral B mesons each of these algorithms
has an intrinsic mistag rate w = (wrong tags)/(all tags).

The mistag probability, 7, is predicted for each B?
candidate using a neural network trained on simulated
events. The estimated 7 is treated as a per-candidate
variable in the fit. Due to variations in the properties
of tagging tracks for different channels, the predicted
mistag probability 1 has to be calibrated using flavour
specific, self-tagging, decays.

The statistical uncertainty on Cy¢, Sy, and § 7 scales
with 1/ /&7, defined as €.rf = €q(1 — 2w)* where
€ag 1s the efficiency to tag an event. Therefore, the tag-
ging algorithms are tuned for maximum effective tag-
ging power. The obtained tagging power is collected in
Table 1.
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Figure 1: The multivariate fit to the B — D;a* candidates for all D
decay modes combined. From top to bottom: distributions of candi-
dates in B(S) mass, Dy mass, companion PID log-likelihood difference.
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Figure 2: The multivariate fit to the B — DT K* candidates for all D
decay modes combined. From top to bottom: distributions of candi-
dates in B(X’ mass, Dy mass, companion PID log-likelihood difference.
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Table 1: Flavour tagging performance for the three different tagging
categories for BY — D7zn* candidates.

Event type €rag [%0] €z [%]
OS-only 19.80 + 0.23  1.61 = 0.03 + 0.08
SSK-only  28.85+0.27 1.31+0.22+0.17
0S-SSK 18.88 +0.23  2.15+0.05 = 0.09
Total 67.53 5.07

4.2. Decay time resolution and acceptance

Due to fast BY — Eg oscillations the decay-time reso-
lution of the detector has to be taken into account. The
per-candidate decay-time uncertainty is used as an ob-
servable in the nominal fit. The calibration of the per-
candidate decay-time uncertainty is required and per-
formed using prompt D mesons combined with a ran-
dom track and kinematically weighted to give a sample
of “fake B?” candidates. The scale factor is found to be
1.37 £ 0.10.

Non-negligible correlations between CP observables
and the acceptance of the selection does not allow the
latter to float in the nominal fit. The acceptance is fixed
based on information from the B — D;z* fit and
corrected by the acceptance ratio of B — DIK* and
BY — D;n* found in simulation. In the above B? —
D" fit Amy is floating, giving value of 17.772 + 0.022
ps~! which is in excellent agreement with the published
LHCDb measurement of Am; = 17.768 + 0.023 + 0.006
ps~! [6]. The result of B — D;x* fit is shown in Fig. 3.
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Figure 3: Result of the fit to the decay-time distribution of BY —
D7t candidates, which is used to measure the decay-time acceptance
in BY — DTK* decays. The solid curve is the measured decay-time
acceptance.

4.3. Time fits

The determination of the C P parameters is performed
using an unbinned maximum likelihood fit in two differ-
ent approaches: in one all signal and background time
distributions are described (cFir), and in a second the
background is statistically subtracted using the sPlot
technique [7] where only the signal time distributions
are described (sFit). The signal decay-time model is
identical in the two fitters.

The following parameters are fixed from independent
measurements [0, 8, 9]:
Iy = (0.661+0.007)ps™", FAg = (0.676+0.006)ps™",
AT’y = (0.106+0.013)ps™!, T, = (0.658+0.003)ps~!,
Amg = (17768 £ 0.024)ps~!,  p(Ty, AT'y) = —0.39,
here p(I'y, AT'y) is the correlation between these two
measurements, I A is the decay-width of the Ag baryon,

T, is the 32 decay width, and Amy is the Bg oscillation
frequency. The parameters corresponding to Bg mesons
or Ag baryons are used only in the cFit case.

Decay-time PDFs for signal and background compo-
nents contain the effects of flavour tagging, are con-
volved with a single Gaussian representing the per-
candidate decay-time resolution, and are multiplied by
the decay-time acceptance. In the sFit approach the sig-
nal B — D¥K* model is fitted to the sWeighted data
sample, while the cFit performs a six-dimensional fit
with full signal and background components descrip-
tion to: the decay time, decay-time uncertainty, pre-
dicted mistag, and the three variables used in the mul-
tivariate fit. In the case of cFit, the following assump-
tions are made: the BY mass range is restricted to be in
[5320, 5420] MeV/c? and the yields of the different sig-
nal and background components are fixed to those found
in this fit range in the multivariate fit. The decay-time
range of the both fits is 7(BY) € [0.4,15.0] ps~!. The
results of the cFit and sFit for the CP violating observ-
ables are given in Table 2, and shown in Fig. 4.

Table 2: Fitted values of the CP observables to the BY — DI K* time
distribution for (left) sFir and (right) cFit, where the first uncertainty
is statistical, the second is systematic.

Parameter sFit fitted value cFit fitted value
Cy 0.52 £0.25 £ 0.04 0.53£0.25+0.04
Sy —-0.90+£0.31 £0.06 —1.09 +0.33 +£0.08
S—= -0.36 £0.34+£0.06 -0.36+0.34+0.08
A;{r 0.29+0.42 +0.17 0.37 £0.42 £ 0.20
A%r 0.14+041+0.18 0.20£0.41 £0.20
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Table 3: Systematic uncertainties, relative to the statistical uncer-

tainty, for sFit.

Parameter Cy A?F AT Sy S 7

Amy 0.062 0.013 0.013 0.104 0.100
scale factor 0.104 0.004 0.004 0.092 0.096
acceptance, I'y, Ay 0.043 0427 0437 0.039 0.038
sample splits 0.124  0.000 0.000 0.072 0.071
total 0.179 0427 0437 0.161 0.160

Table 4: Systematic uncertainties, relative to the statistical uncer-

tainty, for cFit.

Parameter Cy AT AT Sy S 7

Amy 0.068 0.014 0.011 0.131 0.126
scale factor 0.131 0.004 0.004 0.101 0.103
acceptance, I';, Al 0.050 0.461 0464 0.050 0.043
comb. bkg. lifetime ~ 0.016  0.069 0.072 0.015  0.005
sample splits 0.102  0.000 0.000 0.156 0.151
total 0.187 0466 0470 0.234 0.226
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Figure 4: Result of the decay-time (top) sFit and (bottom) cFit to the
BY — DTK* candidates.

4.4. Systematics

In the measurement the following sources of system-
atic uncertainties are found: uncertainties from the fixed
parameters Amy, 'y, and ATy, uncertainties from the
limited knowledge of the decay time resolution and ac-
ceptances and uncertainties from data splits. The first
two are estimated using large sets of simulated pseudo-
experiments, in which the relevant parameters are var-
ied. The third is computed based on performed data
splits.

Since the acceptance parameters are determined from
the fit to Bg — D n" candidates, where I'y and Al'y are
fixed, the systematic uncertainty on the acceptance is
strongly anti-correlated with I'y and AI'y. The correla-
tions between them are taken into account and quoted
together.

In addition, the cFit contains fixed parameters de-
scribing the decay time of the combinatorial back-
ground. These parameters are found to be correlated

to the CP parameters, and a systematic uncertainty is
assigned.

The summary of systematic uncertainties described
as a fraction of statistical uncertainties are shown in Ta-
ble 3 and Table 4 for sFit and cFit, respectively.

5. Determination of the CKM 7y angle

The determination of the CKM angle vy is based on
the cFit results which are arbitrarily chosen as nominal.
The measurement of the CP-sensitive parameters is in-
terpreted in terms of y—2p3;. The strategy is to maximise
the following likelihood

L(@) = exp(—1(A@) - Ap) ' VIHA@) - Agp))s (5)

where @ = (v, ¢s, rp.x,0) is the vector of the physics
parameters, A is the vector of observables, XO/,S is the
vector of the measured CP violating observables and V
is the experimental (statistical and systematic) covari-
ance matrix.

The value of mixing phase is constrained to ¢, =
0.01 + 0.07(stat) + 0.01(syst) rad from the LHCb mea-
surement of B — J/¢K*K~ and B? — J/¢n*n~ de-
cays [9]. Since penguin pollution is neglected and no
BSM contribution are expected in these decays it gives
¢s = —2B;.

Confidence intervals are computed using a frequentist
method based on pseudo experiments, and found to be:

Y= (115f%§9)°,
6D§K = (3t20)°,

— +0.17
'p,k = 0'53—0.16’
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Figure 5: Graph showing 1-CL for , together with the central value
and the 68.3% CL interval as obtained from the frequentist method
described in the text (top). Profile likelihood contours of rp g vs. ¥
(middle), and 6 vs. y (bottom). The contours are the 1o (20°) profile
likelihood contours, corresponding to 39% CL (86% CL) in Gaussian
approximation. The markers denote the best-fit values.

where the intervals for the angles are expressed modulo
180°. Figure 5 shows the 1 — CL curve for y, and the
two-dimensional contours of the profile likelihood.

6. Conclusion

The CP violation sensitive parameters from B —
DT K* decays have been measured using a dataset of 1.0
fb™! of pp collision data. Their values are found to be

Cr= 0.53+025+0.04,
A?r 0.37+£0.42 £ 0.20,

AAF: 0.20 £ 0.41 + 0.20,

Sf_—109+033+008
S+ =—036+0.34 = 0.08,

where the first uncertainties are statistical and the sec-
ond are systematic. The results are interpreted in
terms of the CKM angle y, which is found to be y =
(115+ )° modulo 180° at the 68% confidence level.
This is the world-first measurement of y performed
from B — DTK* decays.
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