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The B* meson production asymmetry in pp collisions is measured using B¥ — D%z* decays. The data
were recorded by the LHCb experiment during Run 1 of the LHC at center-of-mass energies of /s = 7 and
8 TeV. The production asymmetries, integrated over transverse momenta in the range 2 < pr < 30 GeV/c,
and rapidities in the range 2.1 <y <45 are measured to be Ayq(BT,\/s=7TeV)=
(—=0.41 £0.49 4 0.10) x 1072, Aprod (BT, /s =8 TeV) = (=0.53 £0.31 £0.10) x 1072, where the first
uncertainties are statistical and the second are systematic. These production asymmetries are used to correct
the raw asymmetries of BT — J/wK™' decays, thus allowing a measurement of the CP asymmetry,

Acp(BY = J/wK*+) = (0.09 & 0.27 4+ 0.07) x 1072,
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I. INTRODUCTION

One of the primary goals of the LHCb experiment is to
search for effects of physics beyond the Standard Model
through measurements of CP-violating asymmetries in
beauty- and charm-hadron decays. A challenge for such
measurements in pp collisions is that the heavy flavor
production rates differ between particles and antiparticles.
These production asymmetries cannot be precisely pre-
dicted since they arise in the nonperturbative b or ¢ quark
hadronization process [1-3]. The effects of production
asymmetries cancel in measurements of the difference
between CP asymmetries of two different decays of the
same hadron species.

The CP asymmetries of BT meson decay rates' are often
measured relative to that of the decay Bt — J/wK™. The
leading tree-level diagram for this decay, shown in
Fig. 1 (left), is color suppressed, and the total decay
amplitude may receive a sizeable contribution from the
gluonic loop diagram shown in Fig. 1 (right). Therefore,
the Bt — J/wK™ decay can in principle exhibit a CP
asymmetry due to the interference between these amplitudes.
The current world average value of the CP asymmetry is
Acp(BT = J/wK ") =(0.340.6)% [4], and the uncertainty
represents a limitation in many B meson CP asymmetry
measurements that use this channel as a reference.

This analysis exploits the decay B* — D°z*, which is
dominated by a Cabibbo- and color-favored tree-level

TFull author list given at the end of the article.
The inclusion of charge-conjugate processes is implied
throughout, except in the discussion of asymmetries.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL.

2470-0010/2017/95(5)/052005(13)

052005-1

amplitude and is therefore expected to have a CP asym-
metry with a smaller value and uncertainty than for the
Bt — J/wK* mode. The Bt — D°z" decay mode is used
to measure the production asymmetry between the cross
sections for B~ and BT mesons, defined as

A8 = 2T m

Since the production asymmetry is expected to be a
function of the kinematics, the measurement is performed
in nine bins of BT transverse momentum, pr, and rapidity,
y, within the fiducial region 2 < pp < 30 GeV/c and
2.1 <y <4.5. Measurements are performed on two
data sets corresponding to integrated luminosities of 1
and 2 fb~!, recorded at center-of-mass energies of 7 and
8 TeVin 2011 and 2012, respectively. These measurements
complement the existing LHCb studies of heavy flavor
production asymmetries [5-8]. A combined analysis of
BT — D%zt and Bt — J/wK™* decays allows a measure-
ment of the CP asymmetry in the latter mode. The raw
charge asymmetry for a flavor-specific decay to the final
state f (f) accessible in decays of B~ (B*) mesons is
defined as

. w_NB = f)=NB' =)
AraW(B ﬁf)zN(B‘—)f)—l-N(BJr_’]_c)'

(2)

For the two decay modes under study, the asymmetries are
well approximated by
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FIG. 1.

Aw(BY = Dnt) = Aproa(BT) + Ager(D°7")
+ Acp(BT = Dzt),
Anw (BT = J/wK") = Apoa(BT) + Age(J/wK™)
+ Acp(BT = J/wK™). (3)

where Ay is the detector-induced asymmetry resulting
from differences in the detection efficiencies between
particles and antiparticles. All contributions to A4, are
measured on independent control samples from the same
data set. The high correlation of Ay, between the two
decay modes implies a partial cancellation in their differ-
ence. This cancellation and the low level of CP violation in
the B — D%z decay mode enable a precise measurement
of Acp(BT = J/wK™).

II. LHCB DETECTOR

The LHCb detector [9,10] is a single-arm forward
spectrometer  covering the pseudorapidity range
2 < n <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 p p 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 of
the magnet. Data samples corresponding to roughly equal
integrated luminosities were recorded with configurations
in which the magnetic field was pointing vertically upward
and downward. This largely canceled any charge asymme-
tries in the reconstruction efficiency for charged particles.
The tracking system provides a measurement of momen-
tum, p, of charged particles with a relative uncertainty that
varies from 0.5% at low momentum to 1.0% at 200 GeV/c.
The minimum distance of a track to a primary vertex (PV),
the impact parameter (IP), is measured with a resolution of
(15+29/pt) pm, where pr is the component of the
momentum transverse to the beam, in GeV/c. Different
types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors. Muons
are identified by a system composed of alternating layers of
iron and multiwire proportional chambers. The online event
selection is performed by a trigger [11], which consists of a
hardware stage, based on information from the calorimeter
and muon systems, followed by a two-stage software

Tree and loop (penguin) diagrams for the B* — J/wK™ decay.

trigger, which applies a full event reconstruction. This
analysis makes use of inclusive dimuon and beauty
selections at the software trigger stages.

III. SELECTION OF B* — D’z* DECAYS

The selection of signal candidate B* — D°z" decays
closely follows a recent LHCb analysis involving the same
decay channel [12]. Events are considered for the analysis
if they contain a track with large enough pt and IP to
satisfy the requirements of the first stage of the software
trigger. An inclusive beauty selection is applied at the
second stage of the software trigger. Candidate D° —
K*ta=(D° - K*ntz~n~) decays are constructed from
the intersection of two (four) tracks that satisfy appropriate
kaon or pion particle identification (PID) criteria and that
have a large pr and significant IP with respect to all
primary vertices. These candidates must have a mass within
425 MeV/c? of the D° mass [4]. Each D° candidate is
combined with a high-py track that is identified as a pion to
create a displaced vertex that is consistent with the decay of
a BT meson. The B candidates are required to have a mass
within the range 5079-5899 MeV/c?. To reduce to a
negligible level the uncertainty related to LO trigger
asymmetries, it is explicitly required that a positive LO
trigger decision was caused by a particle that is distinct
from any of the final-state particles that compose the signal
candidate. This requirement is independent of whether or
not the signal candidate itself also caused a positive LO
trigger decision and is therefore referred to as triggered
independently of signal (TIS) [11].

For both the two- and four-body D°-mode selections, a
pair of boosted decision tree (BDT) discriminators [13],
implementing the gradient boost algorithm [14], is used to
achieve further background suppression. The first of
these BDTs is trained to reject candidates with fake D°
decays, and the second is trained to reject backgrounds with
real DY decays. The BDTs are trained using simulated
B* — D%z signal decays and a sample of decays from
data with masses in the range 5900-7200 MeV /c? to model
the combinatorial background in the nominal mass range.
For the training of the first BDT, a background sample is
provided by candidates with D° masses that differ by more
than 30 MeV/c? from the known D° mass. The second
BDT is trained using a background sample of candidates
with D° masses within £25 MeV/c? of the known D° mass.
A loose cut on the classifier response of the first BDT is
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applied prior to training the second one. The inputs into the
BDTs include properties of each particle (p, pr, and the IP
significance) and additional properties of the B and D°
composite particles (decay time, flight distance, decay
vertex quality, radial distance between the decay vertex
and the PV, and the angle between the reconstructed
momentum vector and the line connecting the production
and decay vertex). A further input into the BDTs is an
isolation variable,

N PT(Bi) —Xpr (4)

" pr(BF) +Zpr
for which the sum is taken over tracks that are not part of the
signal candidate but fall within a cone of half-angle
AR < 1.5 rad, where (AR)? = (A6)? + (Ag)?, and AO
and A¢ are the differences in the polar and azimuthal angles
of each track with respect to the B candidate direction.
Tracks are only considered in the isolation cone if they are
associated, by the smallest IP, to the same primary vertex as
the signal candidate. Signal decays are expected to have
larger values of 7, than background.

The cut on the second BDT response is optimized by
minimizing the expected uncertainty on the asymmetry
between the yields of B~ — D%z~ and B* — D%". No
PID information is used in the BDT training, but the purity
of the sample is further improved by requiring all kaon and
pion candidates to satisfy PID criteria. Events containing
more than one B* — D%z candidate amount to less than
1%, and in these cases, the candidate with the highest-
quality B™ decay vertex is selected.

The raw asymmetries between the yields of B~ — D%z~
and B* — Dz" decays are determined by binned maxi-
mum likelihood fits to the mass distributions of selected B~
and BT candidates, treating the two- and four-body D°
modes separately. The fit function is built from a signal
component and three background components. A sum of
two Gaussian functions with asymmetric power-law tails
and an additional Gaussian function are combined to model
BT — D%zt decays [12]. Misidentified BT — DK™
decays have a distribution that is below the signal peak
with a tail that extends to lower masses. They are modeled
by the sum of two Gaussian functions with asymmetric
power-law tail components. Partially reconstructed decays
with an additional particle from a D* or p meson decay
form a background at masses lower than that of the signal
peak. This component is described by a combination of
analytical functions with shapes that depend on the spin
parity of the missing particle, following the method
described in Ref. [12]. A linear function is adequate to
describe the combinatorial background distribution. The
yield of misidentified B* — D°K™ decays is constrained
with an independent control sample of these decays,
combined with the calibrated particle identification effi-
ciencies and misidentification rates [15]. With the
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exception of the tail parameters, which are fixed to values
obtained from simulation, all parameters are allowed to
vary in the fit.

Figure 2 shows the fits to the mass distributions in the bin
with 4.5 < pr < 9.5 GeV/c and 2.10 <y < 2.85. The
subsequent analysis is based on separate fits for the nine
kinematic bins and two center-of-mass energies. The signal
yields for each of the nine kinematic bins are listed in
Table I. The pt and y intervals of each bin are defined in the
second and third columns. The yields sum over B* meson
charges and center-of-mass energies. Integrated over the
fiducial acceptance, 2 < pp <30GeV/c and 2.1 <y <4.5,
the fits return signal yields of around 2.3 x 10° decays for
the D — K*z~ mode and around 1.3 x 10° decays for the
D’ —» K*ztz~ 7~ mode.

IV. SELECTION OF B+ — J/wK* DECAYS

The selection of Bt — J/wK™ decays with J/y —
utp~ is based on events in which a muon or a generic
track, with large pt and IP significance, satisfies the
requirements of the first-stage software trigger. Events
must be selected based on a dimuon signature by the
second-level software trigger. Candidate J/w — pu~
decays are reconstructed from high-pr muon candidates
with large IPs with respect to all PVs. A mass interval of
3057-3127 MeV/c? is imposed on the J/y candidates.
These candidates are combined with a high-pr identified
kaon with a significant IP with respect to all PVs, where the
J/y candidate invariant mass is constrained to its known
value in the combination. The LO trigger TIS requirement is
applied in the same way as for the D’z selection. A single
BDT classifier is used to improve the purity of the B —
J/wK™* sample. This classifier is trained on a similar set of
variables as that for the Bt — D%z selection and exhibits
very similar performance in terms of signal efficiency and
background rejection. Events containing more than one
BT —» J/wK" candidate amount to less than 1%, and in
these cases, the candidate with the highest-quality B
decay vertex is selected.

A simultaneous fit of the mass distributions across the
kinematic bins is performed, where the same value of
Acp(BY = J/wK™") is assumed for all bins. The signal
peak is described using a Gaussian function with an
additional asymmetric power-law tail component. The
mean of the Gaussian is constrained to be the same in
all kinematic bins, while its width and the tail parameters
are allowed to vary between bins. A small background from
misidentified BT — J/wz" decays is described by a
similar function, with fixed shape parameters taken from
simulation. The yield of this contribution is allowed to vary
in each kinematic bin, but a single raw asymmetry is shared
between all bins. The contribution from random particle
combinations is described by a linear function. The yield of
this component and the slope parameter are allowed to vary
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FIG. 2. Mass distributions of selected (top) B — [KzT|,7z* and (bottom) B — [K*z%zTzT| 72" candidates in the bin with
4.5 < pr <9.5GeV/c and 2.10 < y < 2.85. These distributions sum over the two center-of-mass energies. B~ candidates are
displayed on the left, and B* candidates are on the right. The red dotted lines indicate the contribution from B* — Dz decays. The
purple dashed-dotted lines indicate the contribution from misidentified B — DK® decays. The gray shaded regions at low values of
reconstructed mass indicate the contribution from various partially reconstructed B decays, and the green dashed lines indicate the
combinatorial background. The total fit function is shown by the blue solid lines. The fit in other kinematic bins is similar, aside from the

specific signal and background component yields.

in each kinematic bin. The yield is also fitted separately for
each B* charge.

Integrated over the full fiducial acceptance, a signal yield
of about 2.3 x 10° events is measured. Table I lists the
yields of each signal decay mode in each of the kinematic
bins summing over the two center-of-mass energies. An
example of the fit in the bin with 4.5 < pp < 9.5 GeV/c
and 2.10 < y < 2.85 is displayed in Fig. 3.

V. MEASUREMENT OF THE B+
PRODUCTION ASYMMETRY

The B" production asymmetry is determined in the nine
bins of pt and y according to

Aprod<B +) = Ag& - ‘Agg - A[Ii(g - get - ‘Aggt) - ’&Ets ’
(5)
where ARZ and AP% are the raw charge asymmetry and CP
asymmetry in the B* — Dz* decay, respectively. The
four Ay terms correct for detector-induced asymmetries
and will be described in the following. All terms other than
APZ are evaluated separately for the four disjoint data sets
corresponding to the two center-of-mass energies and the
two magnet polarities. An average of the ALZ values for
the two D decay modes is computed with weights that are
chosen to minimize the uncertainty. The same weights are
used to compute averages over the two D° decay modes for

TABLEI The py and y intervals for each kinematic bin and the corresponding signal yields in each of the B decay modes, summing

over the two center-of-mass energies.

Pt Bt = Dz Bt - J/wK*
Bin (GeV/c) y DY - Kta~ D 5 Ktaatn J/w = putu
1 2.0-4.5 2.10-2.85 13604 £ 118 1549 +42 17319 £ 194
2 2.0-4.5 2.85-3.3 18587 £+ 145 4022 £ 66 26038 4229
3 2.0-4.5 3.3-4.5 19946 £+ 151 6347 £ 87 31110 £ 260
4 4.5-9.5 2.10-2.85 44470 £ 219 14209 £ 131 34939 £ 231
5 4.5-9.5 2.85-3.3 47597 £ 240 23895 £ 163 36682 £ 230
6 4.5-9.5 3.3-45 31137 £200 24014 £ 170 31345 £ 212
7 9.5-30 2.10-2.85 33516 £ 195 23378 £ 167 25174 £ 189
8 9.5-30 2.85-3.3 20176 £ 159 20332 £ 151 15110 £ 136
9 9.5-30 3.3-45 4767 £ 73 8832 £ 97 8602 + 191
Integrated 233390 £ 537 126350 + 393 226319 + 632
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FIG. 3. Mass distribution of selected B* — J/wK* candidates in the bin with 4.5 < pp < 9.5 GeV/c and 2.10 < y < 2.85. These
distributions sum over the two center-of-mass energies. B~ candidates are displayed on the left, and B candidates are on the right. The
signal components are displayed as red dotted lines, while the background from combinatorial events is shown by the green dashed lines.

The fit in other kinematic bins is similar, aside from the specific signal and background component yields.

all other terms in Eq. (5) apart from AL, which is

independent of the D° decay. Tables II and III list the
values of the first five terms in Eq. (5) for the 7 and 8 TeV
data sets, respectively. The overall detection asymmetry has
two main contributions. The first arises because K~ mesons
have a larger nuclear interaction cross section than K+
mesons. This means that more K~ mesons than K™ mesons
interact inelastically with the detector material before they
leave enough hits to be reconstructed in the tracking
stations. The resulting K~—K* detection asymmetry is

around 1072, The second cause of asymmetry is the
different trajectories of positively and negatively charged
particles, which therefore have different sensitivities to
misalignments and inhomogeneities of the detector. This
source contributes to all detection asymmetry terms. It is
partially cancelled when averaging measurements over data
recorded with the dipole magnet in the two polarities.
The D° detection asymmetry, AX7, is measured using
samples of D™ mesons that are produced in the primary pp

interactions and decay to the K™z~ z~ and K%z~ final

TABLE II.

A summary of the terms that enter the production asymmetry determination [Eq. (5)] in the 7 TeV data set. The pr and y

intervals of each bin are provided in Table I. The LO trigger asymmetry A is omitted from this table since it is assumed to be
independent of the B* kinematics. All uncertainties are statistical.

Bin APz (x1072) ALT (x107%) AT (x107%) z . (x1072) AFID (x1072)

1 —-1.1£15 +0.08 £+ 0.05 -1.39£0.22 —0.04 £0.13 —0.066 £ 0.006
2 -1.5+13 +0.08 £+ 0.05 -1.18 £0.15 —0.05 £0.08 +0.017 £ 0.017
3 -1.7+£1.1 +0.07 £ 0.05 -1.19£0.16 —0.04 £0.09 +0.077 £ 0.007
4 -1.1£0.8 +0.07 £0.05 -1.23+£0.21 +0.03 £0.11 —0.0875 + 0.0021
5 -1.6£0.7 +0.07 £ 0.04 —-1.03£0.13 +0.03 £ 0.08 —0.049 £ 0.004
6 -1.5+£0.38 +0.06 £+ 0.04 —1.10£0.13 —0.02 £0.08 +0.2092 +£ 0.0033
7 -0.7+0.8 +0.06 £+ 0.04 —0.84 £0.20 +0.04 £0.13 —0.0606 + 0.0026
8 -2.6+09 +0.05 £ 0.04 -0.65 £0.12 +0.05 £0.12 +0.0645 £+ 0.0022
9 -02+£1.6 +0.04 £ 0.04 —-1.07 £0.11 +0.06 £ 0.12 +0.3951 + 0.0032
TABLE III. A summary of the terms that enter the production asymmetry determination [Eq. (5)] in the 8 TeV data set. The LO trigger

TIS

asymmetry A3} is omitted from this table since it is assumed to be independent of the B* kinematics. All uncertainties are statistical.

Bin APz (x1072) APZ (x107%) AKT (x1072) Az (x1072) AFID (x1072)

1 —-0.7+1.0 +0.08 & 0.05 —1.16 £0.13 —0.17 +0.09 +0.059 £ 0.004
2 -1.24+09 +0.07 &+ 0.05 —1.08 £0.09 —0.10 £ 0.06 +0.0855 4 0.0029
3 -2.8+08 +0.07 & 0.05 —0.93 £0.10 —0.07 £0.06 +0.0659 4 0.0026
4 -134+05 +0.07 £0.05 —1.074+0.12 —0.10 +0.07 —0.0144 £ 0.0008
5 -1.7+£04 +0.07 +0.04 —0.99 4 0.08 —0.1140.05 +0.0963 £ 0.0013
6 -12+05 +0.06 + 0.04 —0.79 £ 0.08 —0.06 4 0.06 +0.1323 £ 0.0024
7 -1.0£05 +0.06 & 0.04 —0.93 +£0.11 —0.02 +0.08 +0.0120 £ 0.0012
8 -1.0£06 +0.05 £ 0.04 —0.78 £0.07 —0.14 £ 0.08 +0.0581 4 0.0029
9 -1.8£1.0 +0.04 £ 0.04 —0.56 £0.07 —0.10 £ 0.08 +0.0914 4 0.0017
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states. The K% mesons are reconstructed in their decay to
7t 7. Within a small phase-space region in terms of the D~
decay products, it is assumed that the detection asymmetry
for a K*z~ pair can be determined using

AT — A o(D™ > K nn7) = A (D™ = K327),  (6)

with a small correction for the effects of CP violation in
K° — K mixing and the different material interactions of
K° and KY. For each of the D~ — Kz~ 7z~ candidates, one
of the two #~ mesons is randomly labelled as being
matched to the B¥ — Dz signal. A weight is assigned
to each D~ — K"z~ z~ candidate such that the kinematic
distributions of the K+ and the matched z~ agree with those
from the signal D° decays. For the D° — K*ztzan~
sample, the procedure is repeated for each of the two
possible pions with opposite charge to the kaon, averaging
over the two. Each D~ — K9z~ candidate is assigned a
weight, such that the z~ kinematic distributions agree with
those of the unmatched n~ in the weighted D~ — K"z~ 7z~
sample, and the D~ kinematic distributions are equalized
between the two D~ decay modes. This ensures cancella-
tion of the D~ production asymmetry and means that any
detection asymmetry associated with the unmatched 7z~ is
cancelled with a corresponding asymmetry affecting the
D™ — Kin~ sample. This weighting procedure is per-
formed for each of the nine B* kinematic bins. The raw
asymmetries that enter Eq. (6) are determined by fitting the
weighted mass spectra for the four combinations of D*
decay modes and charges.

Using a detailed description of the LHCb detector and
cross section measurements from fixed target experiments
[4], the nuclear interaction contribution to the pion asym-
metry is estimated to be negligibly small. The tracking
asymmetry can therefore be assumed to be the same for
pions and muons. The z* tracking asymmetry, A7, is
therefore inferred from that of muons measured using a
sample of J/y — u*u~ decays in which one of the muons
is reconstructed without requiring hits in all tracking
stations [16]. Weights are assigned to the J/y candidates
such that the kinematic distributions of this muon match
those of the 7~ in the BT — D%z sample.

The PID requirements on the B* — Dz" decays can
introduce asymmetries. Corrections are determined using a
control sample of D** — D%z* decays, with D® - K~ 7™,
in which no PID requirements are imposed on the K~ or 7+
from the D° decay. The asymmetry associated with PID
requirements on the D° decays is partially accounted for in
the AX™ correction, since PID requirements are imposed
on the final-state kaons and pions in the D~ control
samples. The requirements are tighter in these control
samples, and so a residual correction must still be applied.
The sum of this correction, and a corresponding correction

PHYSICAL REVIEW D 95, 052005 (2017)

for the PID requirement on the 7+ from the D** — D%z*
decays, is denoted AFP.

The asymmetry associated with the TIS trigger effi-
ciency, A, is determined using a sample of b-hadron
decays to the final state D% v, X with D° - K™z~ An
unbiased probe of the TIS trigger efficiency is provided by
the subset of these in which the muon prompted a positive
decision by the LO muon trigger. The corresponding
asymmetries do not exhibit any kinematic dependence,
and so a single correction is determined for each center-of-
mass energy and is applied to all kinematic bins. The
measured A values are (+0.16 £0.16) x 1072 and
(+0.02 4 0.10) x 1072 for the 7 and 8 TeV data sets,
respectively.

The CP asymmetry, A2Z, is estimated from measure-
ments of the angle y of the unitarity triangle of the Cabibbo-
Kobayashi-Maskawa matrix [17,18] and the hadronic
parameters of BT — DOzt decays [19]. Different values
are obtained for the D° - KTz~ and D° - KTz~ ntn~
decay modes due to the smaller coherence factor from the
competing hadronic resonances in the four-body mode. The

asymmetries are

A2%(K=n") = (0.09150;) x 1072,
APr(K=ata~ ) = (0.005093) x 1072,

with a 55% correlation between the uncertainties on these
two quantities. The A% values reported in Tables I and 111
are averaged over the two- and four-body modes. These
values vary between the kinematic bins due to the different
weights of the two- and four-body modes.

Several sources of systematic uncertainty arise in the
determination of the production asymmetries. Their con-
tributions are listed in Table I'V. Variations in the weighting
procedures that are used to determine A7 and A%, yield
uncertainties of 0.07 x 1072 and 0.04 x 1072, respectively.
An uncertainty of 0.04 x 1072 is assigned to a possible pion
nuclear interaction asymmetry that is not accounted for in
the tracking efficiency measurements with muons from
J/y decays. Finally, the A% uncertainties are included in
the total systematic uncertainty, which is taken to be
correlated between the kinematic bins.

TABLE IV. Systematic uncertainties on the A,.q(B") meas-
urement. The A@g uncertainty varies between the kinematic bins,
and the range is indicated. All systematic uncertainties are
considered to be correlated between kinematic bins.

Source Size (x1072)
AK™ method +0.07
Az, method +0.04
Pion nuclear interactions +0.04
APz +(0.04 — 0.05)
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TABLE V. The measured A,,,q values for each kinematic bin and integrated over the full kinematic acceptance, 2 < pr < 30 GeV/c
and 2.1 < y < 4.5. The integrated values sum over the asymmetries in each bin, weighted by the values, w, in the second and fourth
columns for the two center-of-mass energies. The first uncertainty is the statistical uncertainty on .A2% and is uncorrelated between the

Taw

kinematic bins. The second uncertainty is the statistical uncertainty on the detection asymmetry corrections and is taken to be correlated
between the kinematic bins. The third uncertainty is purely systematic and is assumed to be correlated between bins.

Bin w(7 TeV) Apiod(B,7 TeV) (x1072) w(8 TeV) Apod(BT,8 TeV) (x1072)

1 0.182 +0.12 + 1.54 £ 0.30 £ 0.10 0.174 +0.42+0.96 +0.19 £ 0.10
2 0.092 —-0.54+1.25+0.24+0.10 0.088 —-0.15+0.89 £0.14 £ 0.10
3 0.156 —0.78 +1.13 £ 0.24 £ 0.10 0.156 —1.9540.75£0.16 = 0.10
4 0.208 —0.04 4 0.78 £ 0.29 £ 0.10 0.202 —0.2240.50 £0.17 £ 0.10
5 0.094 —-0.78 £0.70 £ 0.22 £ 0.10 0.095 —-0.83 £0.45+£0.14£0.10
6 0.144 —-0.82 +£0.80 £0.22 £ 0.10 0.151 —-0.61 £0.52+0.14£0.10
7 0.064 —-0.04 £0.79 £0.28 £ 0.10 0.068 —-0.17 £0.51 £0.17 £ 0.10
8 0.028 -2.2440.92+0.23+£0.10 0.030 —-0.19 4+ 0.60 £ 0.15+0.10
9 0.032 +0.23 4+ 1.59 £0.23 £ 0.10 0.038 —1.334+1.05£0.14 +0.10
Integrated —0.41 £0.42 +£0.26 £0.10 -0.53+0.26 £0.16 £0.10

The measured Ay,q(B") values for each kinematic bin
are listed in Table V for both center-of-mass energies. They
are shown as a function of rapidity for the three pr ranges
in Fig. 4. Samples of simulated B* decays are produced
using PYTHIA 8 [20,21] with a specific LHCb configuration
[22] and are used to determine the weights that are assigned
to each of the nine bins, such that the sum corresponds to
the asymmetry integrated over the full fiducial region
covering 2 < pr <30 GeV/c and 2.1 <y < 4.5. These
weights are listed in Table V. The integrated asymmetries,
which are also reported in Table V, are

Aprod (BT, /s =TTeV) = (—0.41 £0.49£0.10) x 1072,
Aproa(B* /s =8 TeV) = (—0.53£0.31 +£0.10) x 102,

where the first uncertainty is statistical and includes
contributions from ARZ and the detection asymmetry
corrections which are inherently statistical in nature. The
second uncertainty is systematic. Several cross-checks are
performed. The measured value of A,.q(B*) is found to
have no statistically significant dependence on the B™

& 21 LHCb .
X 1' Vs=7TeV ]
~

2

R

a

<

-2 p, range [GeV/c]
| —@— 2.0-4.5 1
-3 —— 4.5-95 g
I —&— 9.5-30

—4 1 1 1 1 1 1
2 2.5 3 3.5 4 4.5

Rapidity

decay time or kaon momentum. Statistically compatible
results are obtained for the two magnet polarities.

VI. MEASUREMENT OF Acp(Bt — J/wK*)

The value of Acp(B* — J/wK™) is determined according
to
Acp(BT = JJwK") = Al — 6AKT — ARz 4 APz (7)
where A%X is the raw asymmetry of B* — J/ywK* decays
and 5 AKT corrects for the different detection asymmetries of
the two decay modes. The two final states differ by the
transformation of a z* 7~ pair to a u ™y~ pair, where the only
significant contribution to the difference between the overall
detection asymmetries arises from the charged kaon asym-
metry. The method used to determine AX", as described in
the previous section, is applied to the J/w K™ final state by
considering the muon with opposite charge to the kaon as a
pion. The difference between this and the corresponding
asymmetry for the BT — D%z" mode is defined as
SAKr — AKm(B — J/yK) — AK*(B — D°x). The uncer-
tainties are cancelled to a large degree in this difference.

< HF T T T T T T]

=) LHCb

% 1' Vs=8TeV

~

s

B 1 et I | R R ety \ CLE SRR S e
2 ]

= —+—

—1F

-2 p range [GeV/c] .
I —— 2.0-45 1
-3+ —— 4595 g
I —&— 9.5-30

—4 1 1 1 1 1 1
2 2.5 3 3.5 4 4.5

Rapidity

FIG. 4. The measured Ay,q(B") as a function of rapidity of the B meson in three bins of pr. The ranges of pr are indicated in the
legends. The left- and right-hand figures correspond to 7 and 8 TeV center-of-mass energies, respectively.
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TABLE VI. Residual differences 5-’45(4 , measured in each bin
of B kinematics. These are the effective values after summing
over center-of-mass energies and averaging over the two D

decay modes.

Bin SAKT (x1072)
1 0.15 +0.04
2 0.22 +0.03
3 0.24 +0.05
4 0.26 + 0.02
5 0.29 +0.02
6 0.21 +0.02
7 0.27 +0.02
8 0.23 +0.01
9 0.05 +0.02

Table V1 lists the values of 5. A7 for each kinematic bin. The

et
values of 5AK7 are positive, since the kaons in the J/wK ™"
decays tend to have higher momenta than those in the B —
Dzt decays. A further asymmetry could result from
differences between the kinematic distributions of the pion
in the BY — D%z decay compared to the i in the J /y K"
decay, but this is estimated to be negligibly small.

The values of .A?’a'“(, in each bin are corrected according to
Eq. (7) using measurements of AD%, 5AK7, and AP% in
order to extract Acp(BT — J/wK™). Gaussian constraints
are applied to the values of AR% and 5.AK7, such that the
statistical uncertainty on these parameters is included in the
overall statistical uncertainty for Acp(Bt — J/wK™). A
systematic uncertainty of 0.02 x 1072 is assigned for the
use of fixed parameters in the mass fits, while a systematic
uncertainty of 0.05 x 1072 is assigned for the method used
to measure SAXT. The APZ values contribute a systematic

uncertainty of 0.04 x 1072, The final result is
Acp(BT = J/wK™) = (0.09 4 0.27 £ 0.07) x 1072,

where the first uncertainty is statistical and the second is
systematic. By fixing all Gaussian constrained parameters
to have zero uncertainty, the contribution from the finite
B* — J/wK* statistics is found to be =+0.20 x 1072,
This result is consistent with, and improves upon, the
current world average value of Aqp(BT — J/wK") =
(0.3 £0.6)% [4].

VII. SUMMARY AND CONCLUSIONS

The B* meson production asymmetry is a crucial input
in the measurement of CP asymmetries in B decays. A
sample of B* — D%z decays is used to measure the
production asymmetry. The analyzed data set corresponds
to integrated luminosities of 1 and 2 fb~! recorded during

PHYSICAL REVIEW D 95, 052005 (2017)

2011 and 2012 at proton-proton center-of-mass energies of
7 and 8 TeV, respectively. The production asymmetries
are measured in nine bins of transverse momenta and
rapidity, covering the region 2 < pr < 30 GeV/c and
2.1 <y < 4.5, and separately for the two center-of-mass
energies. The measurements are generally consistent with
zero asymmetry within typical uncertainties of roughly
1072, which is in agreement with b -quark hadronization
models [1-3]. Integrated over the full pt and y ranges, the
production asymmetries are measured to be

Aproa(BT, Vs =7TeV) = (-0.41+0.49 +0.10) x 1072,
Aproa(BT, Vs =8 TeV) = (=0.53 £ 0.31 £ 0.10) x 1072,

where the first uncertainty accounts for all statistical
sources and the second accounts for all systematic sources.
A simultaneous study of the Bt — J/wK™ decay allows a
measurement of its CP asymmetry,

Acp(B* = J/wK*) = (0.09 +0.27 £ 0.07) x 1072,
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