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Abstract
An analysis of B0 → DK∗0 decays is presented, where D represents an admixture
of D0 and D0 mesons reconstructed in four separate final states: K−π+, π−K+,
K+K− and π+π−. The data sample corresponds to 3.0 fb−1 of proton-proton
collision, collected by the LHCb experiment. Measurements of several observables
are performed, including CP asymmetries. The most precise determination is
presented of rB(DK∗0), the magnitude of the ratio of the amplitudes of the decay
B0 → DK+π− with a b → u or a b → c transition, in a Kπ mass region of
±50 MeV/c2 around the K∗(892) mass and for an absolute value of the cosine of the
K∗0 helicity angle larger than 0.4.
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1 Introduction

Direct CP violation can arise in B0 → DK∗0 decays from the interference between the two
colour-suppressed b→ u and b→ c transitions shown in the Feynman diagrams of Fig. 1,
when the D0 and D0 mesons decay to a common final state. Here and in the following, D
represents a neutral meson that is an admixture of D0 and D0 mesons and K∗0 represents
the K∗(892)0 meson. Inclusion of charge conjugate processes is implied unless specified
otherwise.

The amount of CP violation is related to the value of the weak phase

γ ≡ arg

(
−VudV

∗
ub

VcdV ∗cb

)
, (1)

the least-well determined angle of the unitarity triangle, where Vij are elements of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [1]. The current experimental measurements
are γ =

(
72.0+14.7

−15.6

)◦
by the LHCb collaboration [2], γ =

(
69+17
−16

)◦
by the BaBar [3]

collaboration and γ =
(
68+15
−14

)◦
by the Belle collaboration [4]. This angle can be measured

with extremely small theoretical uncertainties [5], using decay modes proceeding through
amplitudes involving only the exchange of a W boson. Such methods to determine γ from
hadronic B-decay rates were originally proposed in Refs. [6, 7] for B → DK decays and
can be applied to the B0 → DK∗0 decay [8]. In this decay, the charge of the kaon from
the K∗0 → K+π− decay unambiguously identifies the flavour of the decaying B meson.
Hence, no flavour tagging is needed.

The use of these specific neutral B meson decays is interesting since the interfering
amplitudes are of comparable size, as opposed to the charged B+ → DK+ decay that
involves both colour-suppressed and colour-allowed amplitudes; hence the system could
exhibit larger CP -violating effects. Contributions from B0 decays to the DK+π− final
state through non-K∗0 intermediate resonances can pollute the DK∗0 reconstructed signal
candidates because of the large natural width of the K∗0. They are treated following
Ref. [9], with the use of a coherence factor, κ, in addition to the hadronic parameters rB
and δB, defined as
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Figure 1: Feynman diagrams of (left) B0 → D0K∗0 and (right) B0 → D0K∗0.
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κ ≡

∣∣∣∣∣∣
∫
|Acb(p)Aub(p)| eiδ(p)dp√∫
|Aub(p)|2 dp

∫
|Acb(p)|2 dp

∣∣∣∣∣∣ , (2)

δB ≡ arg

 ∫
|Acb(p)Aub(p)| eiδ(p)dp√∫
|Aub(p)|2 dp

∫
|Acb(p)|2 dp

 , (3)

rB ≡

√∫
|Aub(p)|2 dp∫
|Acb(p)|2 dp

, (4)

where Aub(p) and Acb(p) are the amplitudes of the b→ u and b→ c transitions, respectively,
to the B0 → DK+π− decays, δ(p) is the strong-phase difference between the two amplitudes
and p is a point in the three-body phase space of the B0 meson. The integrals are defined
over the phase space considered here, namely in a K+π− mass range of ±50 MeV/c2 around
the nominal K∗0 mass [10] and for an absolute value of the cosine of the helicity angle
θ∗ greater than 0.4, where θ∗ is defined as the angle between the K momentum and the
opposite of the B momentum in the K∗0 rest frame. The formalism of (2)-(4) applies to
the generic three-body decay B0 → DK+π− with any number of intermediate resonances
included. The integration range is restricted here to the K∗0 resonance in order to obtain
a large value of the coherence factor.

This paper presents two measurements of the ratio, RCP+, of flavour-averaged partial
widths of the B0 →DK∗0 decay with the D decaying to a CP -even eigenstate,

RCP+ ≡ 2× Γ(B0 → DCP+K
∗0) + Γ(B0 → DCP+K

∗0)

Γ(B0 → D0K∗0) + Γ(B0 → D0K∗0)
. (5)

The relation above is approximated using specific final states of the D meson as
RCP+ ≈ Rhh

d , neglecting corrections from doubly Cabibbo-suppressed D0 → K+π− decays,
with

Rhh
d ≡

Γ(B0 → D(h+h−)K∗0) + Γ(B0 → D(h+h−)K∗0)

Γ(B0 → D(K−π+)K∗0) + Γ(B0 → D(K+π−)K∗0)
× B(D0 → K−π+)

B(D0 → h+h−)
, (6)

where h represents either a π or a K meson. This quantity is related to the γ angle and
the hadronic parameters by [11]

Rhh
d =

1 + r2
B + 2rBκ cos δB cos γ

1 + r2
Br

2
D + 2rBrDκ cos(δB − δD) cos γ

, (7)

where rD and δD are the magnitude of the ratio and the phase difference, respectively,
between the amplitudes of the D0 → K+π− and D0 → K−π+ decays. Charm mixing and
CP violation in the decays of D mesons have an effect on the determination of γ [7, 12]
but are neglected here because of the large expected value of rB.
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Measurements of the B0-B0 partial decay-rate asymmetry, Ahhd , using D → h+h− final
states are also presented,

Ahhd ≡
Γ(B0 → D(h+h−)K∗0)− Γ(B0 → D(h+h−)K∗0)

Γ(B0 → D(h+h−)K∗0) + Γ(B0 → D(h+h−)K∗0)
=

2rBκ sin δB sin γ

1 + r2
B + 2rBκ cos δB cos γ

.

(8)
The B0-B0 asymmetry, AKπd , obtained from the Cabibbo-favoured decay B0 → DK∗0

with D →K+π−, where the two kaons from the D and the K∗0 decay have the same sign,
is

AKπd ≡ Γ(B0 → D(K−π+)K∗0)− Γ(B0 → D(K+π−)K∗0)

Γ(B0 → D(K−π+)K∗0) + Γ(B0 → D(K+π−)K∗0)

=
2rBrDκ sin(δB − δD) sin γ

1 + r2
Br

2
D + 2rBrDκ cos(δB − δD) cos γ

. (9)

The Cabibbo-suppressed decay B0 → DK∗0 with D → π+K−, where the two kaons
have opposite charge, is studied for the first time by LHCb. The ratios of suppressed B0 →
D(π+K−)K∗0 to favoured B0 → D(K+π−)K∗0 partial widths are measured separately for
B0 and B0, and defined as R+

d and R−d , respectively,

R+
d ≡

Γ(B0 → D(π+K−)K∗0)

Γ(B0 → D(K+π−)K∗0)
=

r2
B + r2

D + 2rBrDκ cos(δB + δD + γ)

1 + r2
Br

2
D + 2rBrDκ cos(δB − δD + γ)

, (10)

R−d ≡
Γ(B0 → D(π−K+)K∗0)

Γ(B0 → D(K−π+)K∗0)
=

r2
B + r2

D + 2rBrDκ cos(δB + δD − γ)

1 + r2
Br

2
D + 2rBrDκ cos(δB − δD − γ)

. (11)

In pp collisions, B0
s mesons are produced and can decay to the same final state,

B0
s → DK∗0 [13]. Similar asymmetry observables to those defined above for B0 mesons

are measured with B0
s mesons. These are the B0

s-B
0
s asymmetry, Ahhs , obtained from the

K+K− and π+π− final states of the D meson,

Ahhs ≡
Γ(B0

s → D(h+h−)K∗0)− Γ(B0
s → D(h+h−)K∗0)

Γ(B0
s → D(h+h−)K∗0) + Γ(B0

s → D(h+h−)K∗0)
, (12)

and the asymmetry, AπKs , from the Cabibbo-favoured decay B0
s → D(π−K+)K∗0, where

the two kaons have opposite charge,

AπKs ≡ Γ(B0
s → D(π+K−)K∗0)− Γ(B0

s → D(π−K+)K∗0)

Γ(B0
s → D(π+K−)K∗0) + Γ(B0

s → D(π−K+)K∗0)
. (13)

The B0
s → D(K−π+)K∗0 decay, where the two kaons have the same charge, is highly

suppressed and therefore unobserved with the current data sample. Finally, the ratios
of the flavour-averaged partial widths of the B0 and B0

s decays, when the D meson is
reconstructed as D → h+h−, Rhh

ds , are also considered,

Rhh
ds ≡

Γ(B0 → D(h+h−)K∗0) + Γ(B0 → D(h+h−)K∗0)

Γ(B0
s → D(h+h−)K∗0) + Γ(B0

s → D(h+h−)K∗0)
. (14)
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The observables related to B0
s decays could in principle also be used to determine the

value of γ. However, the observables pertaining to B0 mesons are far more sensitive, owing
to the fact that the ratio of interfering amplitudes is closer to unity. Those related to B0

s

mesons are measured and reported in this paper but are not yet precise enough to provide
any constraint on γ.

2 The LHCb detector, data set and event selection

The study reported here is based on a data sample of pp collisions obtained from 3.0 fb−1

of integrated luminosity with the LHCb detector [14]. The centre-of-mass energy was
7 TeV during the year 2011, when approximately 1/3 of the data were collected, and 8 TeV
during the year 2012.

The LHCb detector [14] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [15], 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 of the
magnet. The tracking system provides a measurement of momentum, p, with a relative
uncertainty that varies from 0.4% at low momentum to 0.6% at 100 GeV/c. The mini-
mum distance of a track to a primary vertex, the impact parameter, is measured with a
resolution of (15 + 29/pT)µm, where pT is the component of p transverse to the beam,
in GeV/c. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Photon, electron and hadron candidates are
identified by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire proportional chambers. The
trigger [17] 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 analysis uses events triggered at the hardware level either when one of the charged
tracks of the signal decay gives a large enough energy deposit in the calorimeter system
(hadron trigger), or when one of the particles in the event, not reconstructed as forming
the signal candidate, fulfills any trigger requirement (i.e. mainly events triggered by one
high pT muon, hadron, photon or electron coming from the decay of the other B meson
in the event). The software trigger requires a two-, three- or four-track secondary vertex
with a large sum of the pT of the charged particles and a significant displacement from
the primary pp interaction vertices (PVs). At least one charged particle should have
pT > 1.7 GeV/c and χ2

IP with respect to any PV greater than 16, where χ2
IP is defined as

the difference in χ2 of a given PV reconstructed with and without the considered particle.
A multivariate algorithm [18] is used for the identification of secondary vertices consistent
with the decay of a b hadron.

Approximately 1 million simulated events are used to describe the signal shapes and
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to compute the efficiencies when data-driven methods are not available. In the simulation,
pp collisions are generated using Pythia [19, 20] with a specific LHCb configuration [21].
Decays of hadronic particles are described by EvtGen [22], in which final state radiation is
generated using Photos [23]. The interaction of the generated particles with the detector
and its response are implemented using the Geant4 toolkit [24] as described in Ref. [25].

Candidate B0 → DK∗0 decays are reconstructed in events fulfilling these trigger
conditions combining D mesons reconstructed in the K±π∓, K+K− and π+π− decays and
K∗0 mesons reconstructed in the K+π− final state. The invariant masses of the D and
K∗0 mesons are required to be within 20 MeV/c2 and 50 MeV/c2 of their known masses [10],
respectively. The B candidate momentum is refit constraining the mass of the D meson
to its known value. It is required that |cos θ∗| > 0.4.

A boosted decision tree (BDT) [26] is used with the algorithm described in Ref. [27] to
separate signal from combinatorial background. Separate BDTs are optimised for K±π∓,
K+K− and π+π− final states of the D meson. In all cases the samples used to train the
BDT are fully simulated events for the signal and candidates from the upper sideband of
the B mass distribution in data for the background. This upper sideband is defined as
events with a DK∗0 invariant mass between 5.8 GeV/c2 and 7 GeV/c2, lying outside the
region used for the fit described in Sect. 3. The variables used by the BDT to differentiate
signal and background are: the pT of each particle in the final state; the fit quality of the
D and B0 vertices; the K∗0, D and B0 χ2

IP; the angle between the B0 momentum and the
vector from the PV to the B0 decay vertex; the significance of the displacement of the
four final-state tracks from the PV.

Thresholds on the BDT classifier are optimised with respect to the signal significance of
the B0 decay modes for the three final states B0 → D(π+K−)K∗0, B0 → D(K+K−)K∗0

and B0 → D(π+π−)K∗0, where the significance is defined as S/
√
S +B with S and B the

expected number of signal and background candidates. The efficiencies of the selection
based on the BDT output classifier are equal to 69%, 71% and 75% for the D → K±π∓,
D → K+K− and D → π+π− decay channels, respectively.

To improve the purity of the data sample, further selection requirements are made
in addition to the BDT. Particle identification (PID) criteria are applied and only well
identified pions and kaons are retained. The kaon identification efficiency of the PID
criteria is equal to 87% with a pion misidentification rate of 5%. Possible contamination
from Λ0

b → D0ph− decays is reduced by keeping only kaon candidates incompatible with
being a proton.

A potentially significant background is due to events where the K from D → K±π∓

decays is misidentified as a π and the π is simultaneously mis-identified as a K. This
causes cross-feed from the favoured B0 → D(K+π−)K∗0 decay into the suppressed B0 →
D(π+K−)K∗0 decay. A veto is applied on the D invariant mass computed with a pion
mass assignment for the kaon and a kaon mass assignment for the pion. Only candidates
for which this invariant mass differs by more than 7 MeV/c2 from the known D0 mass [10]
are kept, reducing this background to a negligible level while keeping 97% of the signal
candidates.

Another potential background is due to charmless decays B0 → h±h′∓K+π−, where h′
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Figure 2: Background-subtracted K∗0 → K+π− invariant mass for B0 → D(K+π−)K∗0 signal
candidates. The data (points) and the fit described in the text (solid line) are shown. The dashed
line represents the K∗0 signal and the filled area the non-K∗0 contribution to the B0 → DK∗0

signal. The vertical dotted lines indicate the invariant mass region used in the analysis.

is also π or K. It is removed by requiring the D flight distance with respect to the B vertex
to exceed three times its uncertainty. Specific peaking backgrounds from B0

(s) → D∓(s)h
±

decays are eliminated by applying a veto on candidates for which the invariant mass of
three of the four charged mesons is compatible within ±15 MeV/c2 of the known D+ or
D+
s masses.

After all selections are applied, 0.9% of the events contain more than one signal
candidate. Only the candidate with the largest B flight distance with respect to the PV,
divided by its uncertainty, is retained. In case several PVs are reconstructed, the PV with
respect to which the B candidate has the smallest displacement is used.

Figure 2 shows the background-subtracted K+π− invariant mass of the K∗0 candidates
used to reconstruct B0 → D(K+π−)K∗0 decays, obtained with the sPlot technique [28].
All selections described above have been applied except the requirement on the K∗0

candidate mass. This distribution is fitted with a relativistic Breit-Wigner function to
describe the K∗0 signal and a first-order polynomial for the non-K∗0 contribution. From
the fit result, it is estimated that (8.4 ± 3.4)% of the signal B0 candidates are formed
with a K+π− pair that does not originate from a K∗0 decay, in the K+π− mass region
considered for the analysis.

3 Invariant mass fit

The numbers of reconstructed signal B0 and B0
s candidates are determined

from an unbinned maximum-likelihood fit to the DK∗0 invariant mass distribu-
tions. Candidates are split into eight categories, which are fitted simultane-
ously: D(K+π−)K∗0, D(K−π+)K∗0, D(π+K−)K∗0, D(π−K+)K∗0, D(K+K−)K∗0,
D(K+K−)K∗0, D(π+π−)K∗0 and D(π+π−)K∗0 candidates. The mass distribution of
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each category is fitted with a sum of probability density functions (PDFs) modelling the
various contributing components:

1. The B0 and B0
s signals are both described by a sum of two Gaussian functions with

a common mean;

2. The combinatorial background is described by an exponential function;

3. The cross-feed from B0 → Dρ0 decays, where one π from the ρ0 → π+π− decay is
misidentified as a K, is described by a non-parametric PDF [29] determined from
simulation;

4. The partially reconstructed B0 → D∗K∗0 and B0
s → D∗K∗0 decays, where D∗

stands for D∗0 or D∗0 with the π0 or γ from the D∗0 → D0π0 or D∗0 → D0γ decay
not reconstructed, are each modelled by non-parametric PDFs determined from
simulation.

A separate fit to B0 → D(K+π−)ρ0 candidates in the same data sample is performed,
reconstructing ρ0 in the π+π− final state within a ±50 MeV/c2 mass range around the
known ρ0 mass. The observed number of B0 → D(K+π−)ρ0 candidates is used, along with
the efficiency to reconstruct B0 → D(K+π−)ρ0 candidates as B0 → D(K+π−)K∗0 from
simulation, to constrain the number of cross-feed events in the D(K+π−)K∗0 category. The
numbers of cross-feed candidates in the other categories are derived from the D(K+π−)K∗0

category using the relative D branching fractions from Ref. [10] and selection efficiencies
from simulation. As a negligible CP asymmetry is expected for the B0 → D(K+π−)ρ0

background, the numbers of cross-feed events in the DK∗0 categories are constrained to
be identical to those of the corresponding DK∗0 categories.

The partially reconstructed background accumulates at masses lower than the known
B0 mass. Its shape depends on the unknown fraction of longitudinal polarisation in the
B0 → D∗K∗0 and B0

s → D∗K∗0 decays, i.e. the probability that the D∗ in these decays
is produced with helicity equal to 0. In order to model the B0

s → D∗K∗0 contribution, a
PDF is built from a linear combination of two non-parametric functions corresponding
to the three orthogonal helicity amplitudes. Two of the orthogonal helicity amplitudes
result in the same distribution in invariant mass because of parity conservation in the
D∗0 → D0γ decay, hence simplifying the model. Each function, modelled from simulated
events, corresponds to the weighted sum of the D∗0 → D0γ and D∗0 → D0π0 contributions
for a defined helicity eigenstate, where the weights take into account the relative D∗0 decay
branching fractions from Ref. [10] and the corresponding efficiencies from simulation. The
B0 → D∗K∗0 background is modelled in a similar way, shifting the shape obtained for the
B0
s → D∗K∗0 decay by the known difference between the B0 and B0

s masses [10]. The
coefficients of the two functions in the linear combinations are different for the B0 → D∗K∗0

and B0
s → D∗K∗0 decays but are common to the 8 categories and are free parameters in

the fit.
The yields of the B0

s and B0
s partially reconstructed backgrounds in the D(K+π−)K∗0

categories are fixed to zero since the B0
s → D∗K∗0 decay modes have negligible total
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Table 1: Yields of signal candidates with their statistical uncertainties.

Channel Signal yield Channel Signal yield

B0 → D(π−K+)K∗0 24± 12 B0 → D(π+K−)K∗0 26± 12

B0 → D(K−π+)K∗0 370± 22 B0 → D(K+π−)K∗0 405± 23

B0 → D(K+K−)K∗0 36± 9 B0 → D(K+K−)K∗0 53± 10

B0 → D(π+π−)K∗0 18± 6 B0 → D(π+π−)K∗0 21± 7

B0
s → D(π−K+)K∗0 933± 33 B0

s → D(π+K−)K∗0 993± 34

B0
s → D(K+K−)K∗0 115± 12 B0

s → D(K+K−)K∗0 125± 13

B0
s → D(π+π−)K∗0 39± 7 B0

s → D(π+π−)K∗0 35± 7

branching fractions when the kaons from the D and K∗0 have the same charge sign. The
yields of the B0

s → D∗K∗0 and B0
s → D∗K∗0 backgrounds in the D(π+K−)K∗0 categories

are constrained to be the same because CP violation is expected to be negligible for this
background. Additional constraints on the normalisations of the B0

s → D∗K∗0 backgrounds
in the D(K+K−)K∗0 and D(π+π−)K∗0 categories, relative to the D(π+K−)K∗0 categories,
are imposed using the relevant D decay branching fractions from Ref. [10] and selection
efficiencies obtained from simulation.

There are 35 free parameters in the fit: the B0 peak position; the core Gaussian
resolution for the B0 and the B0

s signal shapes; the slope of the combinatorial background,
which is different for each D meson final state (one parameter for D → K±π∓, one for
D → K+K− and one for D → π+π−); the fractions of longitudinal polarisation in the
B0 → D∗K∗0 and B0

s → D∗K∗0 backgrounds and the yields for each fit component within
each category. CP violation in B0 → D∗K∗0 decays is allowed by floating the yields of
this background in the DK∗0 and DK∗0 categories separately. The difference between the
central value of the B0

s and B0 mass is fixed to its known value from Ref. [10] and the
ratio between the signal Gaussian resolutions is fixed from the simulation.

The non-parametric functions used to model all the specific backgrounds are smeared
to take into account the different mass resolutions observed in data and simulation. The
invariant mass distributions together with the function resulting from the fit are shown in
Figs. 3 and 4. The numbers of signal events in each category are summarised in Table 1.

4 Systematic uncertainties

The signal yields determined from the invariant mass fit are corrected in order to evaluate
the asymmetries and ratios described in (5)-(13). These corrections account for selection
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efficiency and detection asymmetry, B-B production asymmetry and its dilution due to
mixing, misidentification of D meson decays, D0 decay branching fractions, hadronisation
fractions and biases introduced by the fit model. The uncertainties in these corrections
cause systematic uncertainties in the results. Systematic uncertainties are also introduced
by the uncertainties in the various constraints on the invariant mass model. The systematic
uncertainties incurred from all sources are obtained combining in quadrature the individual
uncertainties and are summarised in Table 2.
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s signal, combinatorial background,
B0 → Dρ0 background, partially reconstructed B0

s → D∗K∗0 and B0 → D∗K∗0 backgrounds.
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4.1 Efficiencies

Separate corrections are applied to account for differing trigger and PID efficiencies. These
efficiencies are obtained from real data by means of low-background calibration samples
of kaons and pions from D∗± → D(K∓π±)π± decays [30]. They are evaluated separately
for B and B modes to account for detection asymmetries. The relative trigger and PID
efficiencies differ from unity by 1% and 5%, respectively, and their uncertainties result in
the systematic uncertainties given in Table 2.

Another correction is applied to account for the differences in the kinematic selection re-
quirements of the different decay modes. The efficiencies are evaluated from simulated data
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Figure 4: Distributions of (top left) D(K+K−)K∗0, (top right) D(K+K−)K∗0, (bottom left)
D(π+π−)K∗0 and (bottom right) D(π+π−)K∗0 invariant mass. The data (black points) and the
fitted invariant mass model (thick solid line) are shown. The PDFs corresponding to the different
species are indicated in the legend: the B0 signal, the B0

s signal, combinatorial background,
B0 → Dρ0 background and partially reconstructed B0

s → D∗K∗0 and B0 → D∗K∗0 backgrounds.
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and they are assumed to be equal for the B0 → D(K+π−)K∗0 and B0 → D(π+K−)K∗0

decays. They differ between decay modes by 8% at maximum. The uncertainties on these
efficiencies affect the measured observables as shown in Table 2. It is noted that the R±d
observables have no systematic uncertainty from selection efficiency. This is because they
are separated by B meson flavour and have the same D meson final state; therefore all
efficiencies are assumed to cancel.

Because of the different B0 and B0
s lifetimes, the ratio of efficiencies for B0 →

D(h+h′−)K∗0 to B0
s → D(h′+h−)K∗0 is different from one. This ratio is assumed to be

equal between all the D meson final states and is calculated using the B0 → D(K+π−)K∗0

and B0
s → D(π+K−)K∗0 decay modes, assuming that the lifetime difference effects fac-

torise from the other selection effects. The difference in B0 and B0
s selection efficiencies

arises from the use of variables sensitive to the decay topology in the BDT and is equal
to 3%. The systematic uncertainty from this source is labelled “Lifetime difference” in
Table 2. The only observables affected by the systematic uncertainty due to lifetime
difference are the Rhh

ds observables, since only these involve both B0 and B0
s partial widths.

4.2 Production asymmetry

The difference between B0 and B0, or B0
s and B0

s, production rates in pp collisions is
accounted for by applying a correction factor aP = (1− αAP )/(1 + αAP ) to the B0 and
B0
s signal yields, where

AP ≡
σ(B)− σ(B)

σ(B) + σ(B)
(15)

is the raw production asymmetry of the B0 or B0
s mesons in question. In the case of B0

mesons, AP has been measured, using B0 → J/ψK∗0 decays, to be AP = 0.010±0.013 [31].
The effect of the raw production asymmetry on the number of observed B0 or B0 decays
becomes less pronounced for larger decay times due to mixing. It is also affected by the
selection efficiency as a function of the decay time, ε(B0 → DK∗0, t). A factor, α, accounts
for this dilution and is given for B0 mesons by

α =

∫ +∞
0

e−t/τB0 cos(∆mdt)ε(B
0 → DK∗0, t) dt∫ +∞

0
e−t/τB0 ε(B0 → DK∗0, t) dt

, (16)

where ∆md is the B0-B0 oscillation frequency and τB0 is the B0 lifetime.
The factor α is evaluated separately for eachB0 → D(K±π∓)K∗0, B0 → D(K+K−)K∗0

and B0 → D(π+π−)K∗0 decays since it is dependent on the separately optimised selection
requirements. The resulting values of α are 0.362± 0.014, 0.391± 0.014 and 0.398± 0.014,
respectively. These figures are computed using fully simulated events and data-driven PID
efficiencies from calibration samples. The uncertainty on aP is propagated to the measured
observables to estimate the systematic uncertainty from the production asymmetry and
mixing. Owing to the large B0

s oscillation frequency, a potential production asymmetry of
B0
s mesons does not significantly affect the measurements presented here and is neglected.
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4.3 Misidentification of D meson decays

Favoured B0 → D(K+π−)K∗0 decays are misidentified as suppressed B0 → D(π+K−)K∗0

decays at a small but non-negligible rate. The fraction of signal B0 → D(K+π−)K∗0

decays reconstructed as signal B0 → D(π+K−)K∗0 decays is estimated from the simulation
to be less than 1% after applying the veto described in Sect. 2. However, the best-fit values
of the numbers of B0 → D(π+K−)K∗0 decays are corrected to take this into account. The
uncertainty in this correction causes a systematic uncertainty in the R±d observables given
in Table 2 as misID.

4.4 Other corrections

Two ratios of D0 meson decay branching fractions (BF) are needed to compute the final
results because of the approximation made between RCP+ and Rhh

d in Eq. (6). These
are taken from Ref. [10], the results of which imply that the ratio of B (D0 → K−π+) to
B (D0 → K+K−) is 9.80 ± 0.24 and the ratio of B (D0 → K−π+) to B (D0 → π+π−) is
27.7± 0.6.

The fraction of b quarks that hadronize into B0 and B0
s mesons in pp collisions, fd and

fs, respectively, has an effect on the number of B0 and B0
s mesons produced in LHCb.

Since the Rhh
ds observables are ratios of B0 and B0

s decay partial widths, they are corrected
with the hadronisation fraction ratio fs/fd = 0.267± 0.021 [32]. The Rhh

ds observables also
contain a factor of τB0

s
/τB0 , which arises because of the lifetimes, τ , of the B0 and B0

s

mesons. This is taken from Ref. [10], the results of which imply that τB0
s
/τB0 = 0.99± 0.01.

4.5 Model-related systematic uncertainty

The B meson invariant mass model is validated with an ensemble of simulated pseudo-
experiments. The results of these pseudoexperiments show small biases, of the order of
1% of the statistical uncertainty, in the best-fit values of the signal yields, as determined
by the invariant mass fit. The affected signal yields are corrected for these biases before
computing the observables. The statistical uncertainty on the bias due to the limited
number of pseudoexperiments causes systematic uncertainty in the observables.

Systematic uncertainties due to the effects of the constraints made when constructing
the invariant mass fit model are also evaluated with pseudoexperiments. The constraints
considered are

1. The values fixed from simulation of the core fraction and the ratio between the
widths of the two Gaussian functions used as signal PDF;

2. The difference in mass of the B0 and B0
s mesons from Ref. [10];

3. The branching ratios from Ref. [10] and selection efficiencies from simulation used to
constrain the relative normalisations of the background PDFs.
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Table 2: Uncertainties in the observables. All model-related systematic uncertainties are added
in quadrature and the result is shown as one source of systematic uncertainty. The presence of
‘–’ indicates that the source of uncertainty does not affect the observable.

Source Observable

AKKd Aππd RKKd Rππd R+
d R−d RKKds Rππds AKKs Aππs AKπd AπKs

Trigger efficiency 0.011 0.011 0.015 0.019 – – 0.000 0.000 0.011 0.011 0.012 0.012

PID efficiency 0.005 0.005 0.010 0.012 – – 0.000 0.000 0.005 0.005 0.005 0.005

Selection efficiency 0.014 0.014 0.029 0.037 – – 0.000 0.000 0.015 0.014 0.014 0.014

Lifetime difference – – – – – – 0.002 0.003 – – – –

Prod. asymmetry 0.005 0.005 0.001 0.000 – – 0.000 0.001 – – 0.005 –

D → Kπ misID – – – – 0.000 0.001 – – – – – –

D0 decay BFs – – 0.025 0.028 – – – – – – – –

fs/fd – – – – – – 0.008 0.012 – – – –

τs/τd – – – – – – 0.001 0.001 – – – –

Model-related 0.004 0.001 0.011 0.012 0.010 0.011 0.002 0.001 0.004 0.002 0.001 0.000

Total systematic 0.020 0.019 0.044 0.053 0.010 0.011 0.009 0.012 0.020 0.019 0.020 0.019

Statistical 0.144 0.217 0.159 0.268 0.028 0.031 0.017 0.038 0.073 0.131 0.041 0.025

Each fixed parameter of the model has an associated uncertainty. To evaluate this,
the invariant mass model is altered such that a particular fixed parameter is varied by its
uncertainty and data sets generated with the default model are fitted with this altered
value. The variations in the best-fit values of the signal yields observed when changing
the model are used to assign a systematic uncertainty on the signal yields. This process is
repeated for each fixed parameter and the systematic uncertainties in the signal yields are
propagated to the observables. All model-related systematic uncertainties are added in
quadrature and this figure is given in Table 2.

5 Results

The results are
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AKKd = −0.20 ± 0.15 ± 0.02, Aππd = −0.09 ± 0.22 ± 0.02,

RKK
d = 1.05 +0.17

−0.15 ± 0.04, Rππ
d = 1.21 +0.28

−0.25 ± 0.05,

R+
d = 0.06 ± 0.03 ± 0.01, R−d = 0.06 ± 0.03 ± 0.01,

RKK
ds = 0.10 ± 0.02 ± 0.01, Rππ

ds = 0.15 ± 0.04 ± 0.01,

AKKs = −0.04± 0.07 ± 0.02, Aππs = 0.06 ± 0.13 ± 0.02,

AKπd = −0.03 ± 0.04 ± 0.02, AπKs = −0.01 ± 0.03 ± 0.02,

where the first uncertainties are statistical and the second systematic [33]. The significances
of the combined B0 and B0 signals for the B0 → D(π+K−)K∗0, B0 → D(K+K−)K∗0

and B0 → D(π+π−)K∗0 decay modes are 2.9σ, 8.6σ and 5.8σ, respectively, including
systematic uncertainties. The statistical significances, expressed in terms of number of
standard deviations (σ), are computed from

√
2 ln(Lsig/L0) where Lsig and L0 are the

likelihoods from the nominal mass fit described in Sect. 3 and from the same fit omitting
the signal component, respectively. The likelihoods are convolved with a Gaussian function
of width equal to the systematic uncertainties on the fit model in order to compute the
total significances. No significant CP violation effect is observed.

The constraints from the measurements pertaining to B0 mesons on the angle γ of the
unitarity triangle and the hadronic parameters rB and δB are presented in Sect. 6. With
more data, improved measurements of the quantities related to B0

s → DK∗0 decays will
also contribute to the sensitivity but are not used here.

6 Implication on the value of rB

The sensitivity of these results to the CKM phase γ is investigated by employing a
frequentist method described in Ref. [2] to scan the (γ, rB, δB) parameter space and
calculate the χ2 probability at each point, given the measurements of the observables and
using (7)-(11). The statistical and systematic uncertainties are combined in quadrature
and their correlations are accounted for. In principle, the coherence factor κ can also be
extracted together with γ, rB and δB but the uncertainties of the measurements are too
large with the current data sample size to constrain all parameters together. A value of
κ = 0.95 ± 0.03 is used instead. This value is determined from a toy simulation study
of a realistic model for the resonance content of B0 → DK+π− decays, similar to the
method used in Ref. [34]. This model describes the decay amplitude in the analysis phase
space as a superposition of a non-resonant component and amplitudes corresponding
to the intermediate K∗(892)0, K∗(1410)0, K∗0(1430)0, K∗2(1430)0, K∗(1680)0, D∗0(2410)−,
D∗2(2460)− and Ds2(2573)+ resonances. The relative fractions and phases between these
components are generated randomly according to their known values and uncertainties [10]
when they have been observed or within conservatively large ranges when they have
not been measured. The analysis selection effects are taken into account, and the main
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requirements affecting the value of κ are the K∗(892)0 mass selection of 50 MeV/c2 around
the known mass and the selection on | cos θ∗| being larger than 0.4. The D0 → K±π∓

amplitude ratio rD and strong phase difference δD are taken from the Heavy Flavour
Averaging Group [35].

A one-dimensional projection of the p-value, or 1−CL, is given in Fig. 5, which shows
that rB is

rB = 0.240 +0.055
−0.048

at a confidence level of 68.3% and is different from 0 with a significance of 2.7σ. The
p-value at each point of rB is computed with simulated pseudoexperiments following a
Feldman-Cousins method, where the nuisance parameters are kept at their best-fit values
obtained at each point of rB.

Two-dimensional projections of the p-value from the profile likelihood are shown in
Fig. 6. The LHCb average value for γ, extracted from a combination of B± → DK± and
B± → Dπ± analyses [2], is shown with its 68.3% confidence level interval. The precision
of the current results does not allow a significant measurement of γ from B0 → DK∗0

decays alone, but these measurements could nonetheless be used in a global fit.
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the 1σ and 2σ confidence levels and the vertical dotted line represents the obtained central value.

7 Conclusions

The parameters of the B0 → DK∗0 decay, which are sensitive to the CKM angle γ, have
been measured with a sample of 3.0 fb−1 of LHC pp collision data collected by the LHCb
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Figure 6: Two-dimensional projections of the p-value in (rB, δB, γ) parameter space onto (left)
rB and γ and (right) δB and γ, for κ = 0.95± 0.03. The contours are the nσ profile likelihood
contours, where ∆χ2 = n2 with n = 1 (black), 2 (medium grey), and 3 (light gray), corresponding
to 39.4%, 86.5% and 98.9% confidence level, respectively. The vertical line and hashed band
represent the best-fit value of γ and the 68.3% confidence level interval by Ref. [2].

detector. The results include the first measurements of CP asymmetries in B0 and B0
s to

DK∗0 decays with the neutral D meson decaying into the π+π− final state. The results
related to the K+K− final state of the D meson, AKKd and RKK

d , are in agreement with
and more precise than those from a previous analysis of LHCb data [36], and supersede
them. The measurements of R+

d and R−d presented here are the first obtained separately
for B0 and B0 mesons. They are consistent with the measurement of the flavour-averaged
ratio

Γ(B0 → D(π−K+)K∗0) + Γ(B0 → D(π+K−)K∗0)

Γ(B0 → D(K−π+)K∗0) + Γ(B0 → D(K+π−)K∗0)
(17)

by the Belle collaboration [37] using the same K∗0 invariant mass range.
From the measurements presented in this article, we measure the value of rB(DK∗0),

the ratio of the amplitudes of the decay B0 → DK+π− with a b→ u or a b→ c transition,
in a Kπ mass region of ±50 MeV/c2 around the K∗(892)0 mass, and for an absolute value
of the cosine of the K∗0 helicity angle larger than 0.4. It is found to be equal to 0.240+0.055

−0.048

at a confidence level of 68.3%. This is the first measurement of this parameter with
LHCb data and is more accurate than the previous measurement made by the BaBar
collaboration [38], in a comparable region of phase space.
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[20] T. Sjöstrand, S. Mrenna, and P. Skands, A brief introduction to PYTHIA 8.1, Comput.
Phys. Commun. 178 (2008) 852, arXiv:0710.3820.

[21] I. Belyaev et al., Handling of the generation of primary events in Gauss, the LHCb
simulation framework, Nuclear Science Symposium Conference Record (NSS/MIC)
IEEE (2010) 1155.

[22] D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462 (2001) 152.

18

http://dx.doi.org/10.1016/0370-2693(91)91542-4
http://dx.doi.org/10.1016/S0370-2693(03)00192-8
http://dx.doi.org/10.1016/S0370-2693(03)00192-8
http://arxiv.org/abs/hep-ph/0211282
http://pdg.lbl.gov/
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.82.072004
http://dx.doi.org/10.1103/PhysRevD.82.072004
http://arxiv.org/abs/1007.0504
http://dx.doi.org/10.1103/PhysRevD.89.014021
http://arxiv.org/abs/1307.4384
http://dx.doi.org/10.1016/j.physletb.2011.10.073
http://dx.doi.org/10.1016/j.physletb.2011.10.073
http://arxiv.org/abs/1110.3676
http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://arxiv.org/abs/1405.7808
http://dx.doi.org/10.1140/epjc/s10052-013-2431-9
http://dx.doi.org/10.1140/epjc/s10052-013-2431-9
http://arxiv.org/abs/1211.6759
http://dx.doi.org/10.1088/1748-0221/8/04/P04022
http://arxiv.org/abs/1211.3055
http://dx.doi.org/10.1088/1748-0221/8/02/P02013
http://arxiv.org/abs/1210.6861
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://dx.doi.org/10.1109/NSSMIC.2010.5873949
http://dx.doi.org/10.1109/NSSMIC.2010.5873949
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(01)00089-4


[23] P. Golonka and Z. Was, PHOTOS Monte Carlo: a precision tool for QED corrections
in Z and W decays, Eur. Phys. J. C45 (2006) 97, arXiv:hep-ph/0506026.

[24] Geant4 collaboration, J. Allison et al., Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53 (2006) 270; Geant4 collaboration, S. Agostinelli et al., Geant4: a
simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.

[25] M. Clemencic et al., The LHCb simulation application, Gauss: design, evolution and
experience, J. Phys. Conf. Ser. 331 (2011) 032023.

[26] L. Breiman, J. H. Friedman, R. A. Olshen, and C. J. Stone, Classification and
regression trees, Wadsworth international group, Belmont, California, USA, 1984.

[27] R. E. Schapire and Y. Freund, A decision-theoretic generalization of on-line learning
and an application to boosting, Jour. Comp. and Syst. Sc. 55 (1997) 119.

[28] M. Pivk and F. R. Le Diberder, sPlot: a statistical tool to unfold data distributions,
Nucl. Instrum. Meth. A555 (2005) 356, arXiv:physics/0402083.

[29] K. S. Cranmer, Kernel estimation in high-energy physics, Comput. Phys. Commun.
136 (2001) 198, arXiv:hep-ex/0011057.

[30] A. Mart́ın Sánchez, P. Robbe, and M.-H. Schune, Performance of the LHCb L0
calorimeter trigger, LHCb-PUB-2011-026.

[31] LHCb collaboration, R. Aaij et al., First evidence of direct CP violation in charmless
two-body decays of B0

s mesons, Phys. Rev. Lett. 108 (2012) 201601, arXiv:1202.6251.

[32] LHCb collaboration, R. Aaij et al., Measurement of b hadron production fractions in
7 TeV pp collisions, Phys. Rev. D85 (2012) 032008, arXiv:1111.2357.

[33] See supplementary material for the correlation coefficients between the mea-
sured values, http://cds.cern.ch/record/1746895/files/LHCb-PAPER-2014-028-
supplementary.zip.

[34] S. Pruvot, M.-H. Schune, V. Sordini, and A. Stocchi, Measuring γ with B0 → D0K∗0

decays at BaBar, arXiv:hep-ph/0703292.

[35] Heavy Flavor Averaging Group, Y. Amhis et al., Averages of b-hadron, c-hadron, and
τ -lepton properties as of early 2012, arXiv:1207.1158, updated results and plots
available at http://www.slac.stanford.edu/xorg/hfag/, June 2014 ”allowing all
CP violation” result.

[36] LHCb collaboration, R. Aaij et al., Measurement of CP observables in B0 → DK∗0

with D → K+K−, JHEP 03 (2013) 067, arXiv:1212.5205.

[37] Belle collaboration, K. Negishi et al., Search for the decay B0 → DK∗0 followed by
D → K−π+, Phys. Rev. D86 (2012) 011101, arXiv:1205.0422.

19

http://dx.doi.org/10.1140/epjc/s2005-02396-4
http://arxiv.org/abs/hep-ph/0506026
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1742-6596/331/3/032023
http://dx.doi.org/10.1006/jcss.1997.1504
http://dx.doi.org/10.1016/j.nima.2005.08.106
http://arxiv.org/abs/physics/0402083
http://dx.doi.org/10.1016/S0010-4655(00)00243-5
http://dx.doi.org/10.1016/S0010-4655(00)00243-5
http://arxiv.org/abs/hep-ex/0011057
http://cdsweb.cern.ch/search?p=LHCb-PUB-2011-026&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://dx.doi.org/10.1103/PhysRevLett.108.201601
http://arxiv.org/abs/1202.6251
http://dx.doi.org/10.1103/PhysRevD.85.032008
http://arxiv.org/abs/1111.2357
http://cds.cern.ch/record/1746895/files/LHCb-PAPER-2014-028-supplementary.zip
http://cds.cern.ch/record/1746895/files/LHCb-PAPER-2014-028-supplementary.zip
http://arxiv.org/abs/hep-ph/0703292
http://arxiv.org/abs/1207.1158
http://www.slac.stanford.edu/xorg/hfag/
http://dx.doi.org/10.1007/JHEP03(2013)067
http://arxiv.org/abs/1212.5205
http://dx.doi.org/10.1103/PhysRevD.86.011101
http://arxiv.org/abs/1205.0422


[38] BaBar collaboration, B. Aubert et al., Search for b→ u transitions in B0 → D0K∗0

decays, Phys. Rev. D80 (2009) 031102, arXiv:0904.2112.

20

http://dx.doi.org/10.1103/PhysRevD.80.031102
http://arxiv.org/abs/0904.2112


LHCb collaboration

R. Aaij41, B. Adeva37, M. Adinolfi46, A. Affolder52, Z. Ajaltouni5, S. Akar6, J. Albrecht9,
F. Alessio38, M. Alexander51, S. Ali41, G. Alkhazov30, P. Alvarez Cartelle37, A.A. Alves Jr25,38,
S. Amato2, S. Amerio22, Y. Amhis7, L. An3, L. Anderlini17,g, J. Anderson40, R. Andreassen57,
M. Andreotti16,f , J.E. Andrews58, R.B. Appleby54, O. Aquines Gutierrez10, F. Archilli38,
A. Artamonov35, M. Artuso59, E. Aslanides6, G. Auriemma25,n, M. Baalouch5, S. Bachmann11,
J.J. Back48, A. Badalov36, V. Balagura31, W. Baldini16, R.J. Barlow54, C. Barschel38,
S. Barsuk7, W. Barter47, V. Batozskaya28, V. Battista39, A. Bay39, L. Beaucourt4, J. Beddow51,
F. Bedeschi23, I. Bediaga1, S. Belogurov31, K. Belous35, I. Belyaev31, E. Ben-Haim8,
G. Bencivenni18, S. Benson38, J. Benton46, A. Berezhnoy32, R. Bernet40, M.-O. Bettler47,
M. van Beuzekom41, A. Bien11, S. Bifani45, T. Bird54, A. Bizzeti17,i, P.M. Bjørnstad54,
T. Blake48, F. Blanc39, J. Blouw10, S. Blusk59, V. Bocci25, A. Bondar34, N. Bondar30,38,
W. Bonivento15,38, S. Borghi54, A. Borgia59, M. Borsato7, T.J.V. Bowcock52, E. Bowen40,
C. Bozzi16, T. Brambach9, J. van den Brand42, J. Bressieux39, D. Brett54, M. Britsch10,
T. Britton59, J. Brodzicka54, N.H. Brook46, H. Brown52, A. Bursche40, G. Busetto22,r,
J. Buytaert38, S. Cadeddu15, R. Calabrese16,f , M. Calvi20,k, M. Calvo Gomez36,p,
P. Campana18,38, D. Campora Perez38, A. Carbone14,d, G. Carboni24,l, R. Cardinale19,38,j ,
A. Cardini15, L. Carson50, K. Carvalho Akiba2, G. Casse52, L. Cassina20, L. Castillo Garcia38,
M. Cattaneo38, Ch. Cauet9, R. Cenci58, M. Charles8, Ph. Charpentier38, S. Chen54,
S.-F. Cheung55, N. Chiapolini40, M. Chrzaszcz40,26, K. Ciba38, X. Cid Vidal38, G. Ciezarek53,
P.E.L. Clarke50, M. Clemencic38, H.V. Cliff47, J. Closier38, V. Coco38, J. Cogan6, E. Cogneras5,
P. Collins38, A. Comerma-Montells11, A. Contu15, A. Cook46, M. Coombes46, S. Coquereau8,
G. Corti38, M. Corvo16,f , I. Counts56, B. Couturier38, G.A. Cowan50, D.C. Craik48,
M. Cruz Torres60, S. Cunliffe53, R. Currie50, C. D’Ambrosio38, J. Dalseno46, P. David8,
P.N.Y. David41, A. Davis57, K. De Bruyn41, S. De Capua54, M. De Cian11, J.M. De Miranda1,
L. De Paula2, W. De Silva57, P. De Simone18, D. Decamp4, M. Deckenhoff9, L. Del Buono8,
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4LAPP, Université de Savoie, CNRS/IN2P3, Annecy-Le-Vieux, France
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