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CP violation describes differences between matter and anti-matter. It is
one of the three requirements to produce a matter dominated universe. We
are now entering a new era with unprecedented data samples provided by
the LHC, which allow to study flavour physics with high precision. LHCb
has produced many first and world’s best CP asymmetry measurements,
in many different B meson decay modes, which provide a test of the Stan-
dard Model. This report presents an overview of recent measurements of
CP violation in the B?S) system, using the 1 fb~! dataset collected with

the LHCD detector.
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1. Introduction

One of the big scientific questions to date is why we live in a matter
dominated universe. Charge-Parity (CP) violation is caused by differences
between matter and anti-matter. It is one of the conditions postulated by
Sakharov in 1967 needed in order to produce matter and anti-matter at
different rates [1]. In 1964 CP violation was first discovered in Kj, decays
by Cronin and Fitch [2].

In the Standard Model (SM), CP violation is introduced via the Yukawa
couplings which describe the interactions of the quarks to the Higgs field.
Only the weak interactions violate CP. The flavour changing weak inter-
actions are characterised by the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix [3]
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which is given here in the Wolfenstein parametrisation [4] to O(A\?). The
CKM matrix is a unitary matrix that carries four free parameters, three of
which are real parameters and one is a complex phase. It is this complex
phase, 1, that allows for CP violation in the SM. Six orthogonality relations
can be written down for the CKM matrix, which can be represented as tri-
angles in the complex plane. The two triangles relevant to these proceedings
are the triangle in the B%-system described by VudVy +VedVy + ViV = 0,
and the triangle in the Bg—system described by VsV, + VeV + ViV, = 0.
The former is also referred to as the unitarity triangle. Figure 1 shows our
current knowledge on the CKM matrix. Testing the unitarity of the theory
by over-constraining the sides and angles of this triangle provides a direct
test of the SM.
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Fig. 1. Global CKM fit to the unitarity triangles.

New particles and couplings carry phases that could induce new sources
of CP violation. Flavour physics is particularly sensitive to physics beyond
the SM through the effects in loop diagrams, even up to high energy scales
beyond the reach of direct production at the general purpose detectors.

Three types of CP violation can be distinguished. CP violation in de-
cay where the decay rate of a B meson to a final state f is not equal to
the CP conjugate process; CP violation in mixing where the probability of
a B?s) meson to oscillate to a E(()S) meson is not equal to the probability
of the CP conjugate process; and CP violation in the interference between
mixing and decay. The LHCb Collaboration has performed measurements
of each type of CP violation using B mesons. In this report, we will discuss
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a selection of recent measurements, including the first measurement of CP
violation in the BY-system, a measurement of the flavour specific CP asym-
metry and a measurement of the angle .

2. LHCb and datasets

The LHCb detector |5] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles contain-
ing b or ¢ quarks. The detector includes a high-precision tracking system con-
sisting of a silicon-strip vertex detector surrounding the pp interaction region,
a large-area silicon-strip detector located upstream of a dipole magnet with
a bending power of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream. The combined tracking system
provides a momentum measurement with relative uncertainty that varies
from 0.4% at 5GeV/c to 0.6% at 100 GeV /¢, and impact parameter resolu-
tion of 20 pm for tracks with large transverse momentum. Different types
of charged hadrons are distinguished by information from two ring-imaging
Cherenkov detectors. Photon, electron and hadron candidates are identified
by a calorimeter system consisting of scintillating-pad and preshower detec-
tors, 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 consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage, which applies
a full event reconstruction. The software trigger requires either a dimuon
pair or a two-, three- or four-track secondary vertex with a large sum of the
transverse momentum, pr, of the tracks and a significant displacement from
the primary pp interaction vertices (PVs).

2.1. Selection of beauty events

Due to their long lifetime and large boost, B mesons typically fly a few
mm before they decay. The excellent vertex resolution of the LHCb detec-
tor allows to accurately measure the separation between the primary vertex
and the secondary vertex. The B meson decays discussed in this paper
can be divided into three categories: charmed B meson decays, where the
B meson first decays to a bachelor hadron and a charm meson with finite
lifetime, that then further decays into the final state particles; charmless
B meson decays, where the decay products of the B are directly produced;
and semileptonic decays, with a lepton in the final state. The type of the
various final state particles is determined by the RICH pion/kaon identifi-
cation. Multivariate analysis, like boosted decision trees, is a commonly used
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tool to separate the signal from the combinatorial background. Mass fits are
used to further separate signal from background, exploiting the outstanding
mass resolution of the LHCDb detector.

All measurements described in this paper use the LHCb 1fb~! dataset
collected in 2011 at a center-of-mass energy of 7 TeV.

3. CP violation in decay

CP violation in decay describes a difference in decay rate between a
process and its CP-conjugate process. For CP violation in decay to occur
the decay needs at least two contributions to the total decay amplitude, for
instance a tree contribution and a penguin contribution. The decay rate can
then be written as

I aTei(¢>T+5T) + aPei(¢>P+5P) 2

= lar|* + |ap|? + 2|arap| cos (¢ + ¢p + 1 + Op) | (2)

where T refers to the tree decay path and P refers to the penguin decay
path. For the CP conjugate state, the weak phase changes sign, while the
strong phase keeps its original sign

= P i(—dptop) |2

I «x aTei( + ape

= lat|* + |ap|* + 2|arap| cos (~¢1 — ¢p + 1 + 0p) - (3)
This can be visualised by drawing the decay amplitude as a vector in the

complex plane (Fig. 2 (a)). The experimental observable associated with
CP violation in decay is the CP asymmetry Acp which is defined as

I'B— f)—T(B— )
rB— )+ (B—7f)

(4)

Acp =

3.1. First measurement of CP violation in the B?-system,
using B® — K~nt decays

The study of CP violation in charmless charged two-body decays of neu-
tral B mesons provides stringent tests of the CKM picture in the SM, and
is a sensitive probe to search for the presence of non-SM physics. The dis-
covery of direct CP violation in the B — K+~ decay dates back to 2004.
However, CP violation has never been observed with significance exceeding
five Gaussian standard deviations () in any B? meson decay so far.
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Fig.2. (a) CP violation in decay in the complex plane. (b) Tree and penguin
Feynman diagrams for the decay BY — K7+,

Here, we report measurements of direct CP-violating asymmetries in
BY - K*n~ and BY — K~z [6]. There are two contributions to the decay
amplitude, from tree diagrams and from penguin diagrams (Fig. 2 (b)), and
interference between the two decay amplitudes allows for CP violation to
occur.

An untagged sample of B?S) decays is used. A fit to the invariant mass

distribution of selected events is made (Fig. 3). The event selection is op-
timised for BY — K~7t and BY — K7~ separately in order to have the
highest sensitivity for Agp(B? — K~7F) or Acp(B® — K*77), respec-
tively. The main backgrounds originate from B?S) — K cross feed, B to
3-body decays and combinatorial background. The signal yields extracted
from the mass fit are N(B? — K~7t) = 1065+ 55 and N(B" — K*r~) =
41420+300. The raw asymmetries are Ay (B — K~ 77) = 0.2840.04 and
Araw(BO — KT7m~) = —0.091£0.006, where the uncertainties are statistical
only.

The raw asymmetry is equal to the CP asymmetry up to corrections
for the detector asymmetry and the production asymmetry A;.w = Acp —
Ap — kAp, where k is a dilution factor to take into account B-mixing. The
detector asymmetry is defined as

ep(K~7nt) —ep(Ktn7)

Ap = :
P ep(K—nt) +ep(KT7m7)

(®)

The detection asymmetry can be measured in data using calibration samples
of D** — DY(K~—nT)nt and D*t — DK~ KT)nt decays. The combi-
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Fig.3. Invariant mass spectra obtained using the event selection adopted for the
best sensitivity on (a), (b) Acp(B° — K*r~) and (c), (d) Acp(B? — K—7T).
Panels (a) and (c) represent the K7~ invariant mass, whereas panels (b) and (d)
represent the K~ 7" invariant mass. Figure from Ref. [6].

nation of the time-integrated raw asymmetries of these two decay modes is
used to disentangle the detection asymmetry for K. The raw asymmetries
measured in the calibration samples can be written as

Alaw(Km) = Ap(ms) + Ap(D) + Ap(KT), (6)
Abaw(KK) = Ap(ms) + Ap(D") + Acp(KK) . (7)

By subtracting Egs. (6) and (7), one obtains

Ao (K) = ALy (KK) = Ap(Km) — Acp(KK), (8)
where Af,, (K7) and Af,,(KK) are the time-integrated raw asymmetries

in the D*-tagged D° — K7t and D° — K~K* decays, Acp(KK) is
D° — K=K™* CP asymmetry, and A} (K) is the detection asymmetry in
reconstructing D — K~ 7t and D’ & Ktn decays. After correcting
for differences in kinematic properties between the D and the B meson,
we find Ap(Km) = (—1.15 & 0.23)% for the BY sample and Ap(K7) =
(—1.22 4 0.21)% for the B® sample.
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The production asymmetry can be measured exploiting the time de-
pendence of the decay. Assuming negligible CP violation in mixing, as is
expected in the SM, the time dependent CP asymmetry can be written as

A(t) =~ Acp + Ap + Ap cos (Ams(d)t) . (9)

The amplitude of the oscillation is given by the production asymmetry. By
studying the full time-dependent decay rate, it is then possible to deter-
mine Ap unambiguously. We find for the production asymmetry Ap(BY) =
(4 +8)% and Ap(B°) = (0.1 £ 1.0)%. The raw asymmetries are shown in
Fig. 4.
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Fig.4. Time dependent CP asymmetry for (a) B — K*7~ and (b) BY — K~ n*.
Figures from Ref. [6].

Combining the ingredients discussed above, the CP asymmetry measured
with B — K~ and BY — K+~ decays is

Acp (B = K~nt) = 0.27£0.04 (stat.) & 0.01 (syst.) (10)
Acp (B = Ktn™) = —0.080 £ 0.007 (stat.) & 0.003 (syst.), (11)

where the largest contribution to the systematic uncertainty comes from
the cross-feed background and the detection asymmetry. This is the first
observation, with 6.50, of CP violation in the BY system, and the most
precise measurement of Acp(B? — K*77) to date. The two measurements
provide a test of the SM, which predicts the ratio of CP asymmetries for B°
and B? to be equal to the ratio of partial decay widths

_Acp (B°=K*rT) B(BIoK 1)1y

A= Acp (BY— K—7t) + B(B'—=K+tr—) 7y 0. (12)

The value found by LHCb A = —0.02 4+ 0.05 + 0.04 is consistent with the
SM prediction.
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3.2. New mechanisms for CP wviolation, using BY¥ — hth~n* decays

Charmless decays of B mesons to three hadrons are dominated by quasi-
two-body processes involving intermediate resonant states. The rich inter-
ference pattern present in such decays makes them favourable for the inves-
tigation of charge asymmetries that are localised in the phase space. For
CP violation in decay to occur, two interfering amplitudes with different
weak and strong phases must be involved in the decay process. Interfer-
ence between intermediate states of the decay can introduce large strong
phase differences, and is one mechanism for explaining local asymmetries
in the phase space. Another explanation focuses on final-state KK < 7w
rescattering.

Here, a measurement of CP violation in decay using the decay B+ —
hth~n* is reported, where h is either a pion on a kaon [7]. Interference
between tree and penguin contributions to the decay amplitude (Fig. 5)
allows for CP violation to occur. The measured asymmetry is related to
the CP asymmetry as Ajaw = Acp — Ap — Ap. The detection asymmetry
is measured to be Ap = —0.010 + 0.007 and the production asymmetry is
measured using B¥ — J/y(uu) K+ decays to be Ap = —0.004 %+ 0.004.

W+
o 5 _
‘/ud d },H_Jr ’ d }K*O
W ; - g s
BJr{ ub }f} }K+
u u u u

Fig.5. Feynman diagrams describing two contributions to the decay amplitude of
B* - KtK~n%. f, denotes any resonance that decays to two kaons in the final
state.

The raw asymmetry is measured using selected events by fitting the
hth~n* invariant mass distribution (Fig. 6). The main backgrounds are
from B(Os) 4-body decays and combinatorial background. The signal yields

are N(KKm) = 1870 £+ 133 and N(m7wm) = 4904 £+ 148. From these, the
CP asymmetries are determined to be Acp(B* — KTK~n%) = —0.141 &
0.040 + 0.018 4 0.007 and Acp(B* — mtr~7t) = 0.117 £ 0.021 + 0.009 +
0.007, where the first uncertainty is statistical, the second is systematic,
and the third is due to the CP asymmetry of the BT — J/¢K* reference
mode. The largest contributions to the systematic uncertainty are from the
acceptance and from differences in kinematics between kaons from B and
D decays, which enters in the determination of the detection asymmetry.
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Fig. 6. Invariant mass distribution of (a) B* — 7*7 7% and (b) B* — K+ K7+
decays. Figures from Ref. [7].

The raw asymmetry has been studied in the 2-dimensional Dalitz plane
(Fig. 7), where the binning is defined such that each bin contains roughly an
equal number of B events. A local asymmetry is found in the B¥ — n#t7— 7+
Dalitz plane in the region mi+ﬂ,low < 0.4GeV?/c* and m72r+7r*high >
15GeV2/ct. For BY — KTK~nt decays, a local negative asymmetry is
found for m%ﬁ k- <15 GeV?/ct. The CP asymmetries are further stud-
ied in these regions, by fitting the 3-body invariant mass spectra in these
regions. The two local charge asymmetries are found to be AI&%(BjE —
mrr 7E) = 0.584 4 0.082 & 0.027 £ 0.007 and ARE(B* — KTK 7F) =
—0.648 + 0.070 4+ 0.013 £ 0.007, where the first uncertainty is statistical,
the second is systematic, and the third is due to the CP asymmetry of the
B* — J/yK* reference mode.
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Fig. 7. Raw asymmetry in the Dalitz plane for (a) B¥ — 7+t7~7* and (b) BT —
K+t K~n% decays. Localised regions with large asymmetries are observed. Figures
from Ref. [7].

First evidence of CP violation in decay has been found in the decays
B* — rtn 7% (4.90) and B* — KTK~ 7% (3.20). A localised region
with large Acp has been found for B* — 77~ 7% decays, that is not clearly
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associated to a resonant state. Also for B¥ — K+tK~ 7% decays, a large
localised asymmetry is measured, where no significant resonant contribution
is expected.

3.8. Measurement of v with trees, using B* — D°h* decays

A precise determination of the unitarity triangle angle v is an important
goal in flavour physics, as it is to date the least well known angle of the
triangle. The angle v is defined as v = arg[—V,qV.% /(VeaVy;)], where Vij; are
the elements of the CKM matrix. A measurement of 7 in processes involving
only tree-level decays provides a SM benchmark against which observables
more sensitive to new physics contributions can be compared. Moreover,
a measurement of v over-constrains the unitarity triangle and provides a
test of the SM. Here, we report on a combination of three measurements
done by the LHCb Collaboration [8]. The three individual measurements,
each using B* — DYK* and BT — D% decays with different D° decay
modes, are discussed briefly in the following sections. A frequentist approach
is used for the combination of the measurements. A combined likelihood of
the experimental observables is constructed and the full information of the
covariance matrices is included. Also D? mixing is taken into account. The
following value for the angle v extracted

v = 72.6° (central value)
v € [55.4,82.3° at 68% C.L. (13)

and is limited by the statistical uncertainty (Fig. 8). A preliminary result
that includes updated results of the GGSZ analysis (see below) using the
2012 LHCb dataset |9] is available and finds a central value of v = 67.2°
with a 68% confidence level range of [55.1, 79.1].
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Fig.8. 1-C.L. graphs for 4. (a) Full combination, figure from Ref. [8]; (b) Update,
using only B+ — DYK* decays, figure from Ref. [9].
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3.3.1. GLW method

The first measurement included in the combination uses B* — DOp*
decays, where the D% decays to a CP-eigenstate, for instance KTK~ or
77w~ [10]. This method was first proposed by Gronau, London, and Wyler
in 1991 [11, 12] and is denoted GLW. The advantage of this method is that
the event rates are large.
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W < W u
b ¢ c S
- Vi 0 Vi
a N S L
u u / \ u u
B peln) KKK
Vb \— / T
b wy DK~ Vis
< Jor W «
W ' s
B~ 5 I 5
% (T 7 5
g s DO{ cs }K*
}]’\ u u
T T
(a)

BSIK'K K

Events / (5 MeV/c?)

BoIKK BSIK'K T
5200 5200 5600 5200 5400 5600
m(DIF) (MeVic?)
(b)

Fig.9. (a) shows the different decay paths accessible to the decay B~ —
(KTK~)K~. The thickness of the arrow represents the size of the decay am-
plitude. (b) Invariant mass distribution of B* — (K+K~)h* decays. Figure from
Ref. [10].
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However, the interference is small due to the Cabibbo suppression of one
of the decay paths (Fig. 9 (a)). There are two observables, a CP asymmetry
defined as

(B~ — fpK~)—-T (BT — fpK™)
I'B—— fpK~)+I' (Bt — fpKT)
2rpsindp siny

Acpy =

- 14
1+7’%+27‘BCOS(53COS’}/ (14)
and a ratio of decay rates
Repy = F(Bi — fD,CPKi) ‘i‘F(B+ — fD,CPKJr)
* I'(B~ = fpiotK™) + I' (BT = fpiot/KT)
= 147144 2rgcosdpcosy. (15)

The three parameters in these equations are the ratio of the amplitudes
of the two decay paths rp, a strong phase dp associated with the B* —
DOh* decay and the weak phase 7.

The observables Acp+ and Rcpy are measured by exploiting the invari-
ant mass distribution of B¥ — D%(h*h~)h* candidates. Figure 9 (b) shows
a clear charge asymmetry for B¥ — D°(K+K~)K¥ decays. This measure-
ment does not yield enough information to extract the angle . Therefore,
a second group of measurements is introduced.

3.3.2. ADS method

The second measurement included in the combination uses B¥ — DA™
decays, where the DY decays to a final state which is common to the D° and
the D°, for instance K+ 7+ [10] or K* 7% 7+ 77 [13]. This method was
first proposed by Atwood, Dunietz, and Soni in 1997 [14, 15] and is denoted
ADS. The disadvantage of this method is that the event rates are small.
However, due to a suppression of both decay paths, the decay amplitudes
of the two decay paths is of comparable size, leading to a large interference
(Fig. 10 (a)). There are two observables, a CP asymmetry defined as

I' B~ — fpK~)-T (BJr — YDKJF)

I'(B~— fpK~)+1T (Bt — fpK™)
2rprpsin(dp + dp) sin~y

B r% + r% + 2rprpcos(dp + 0p) cosy

Aaps =

and a ratio of decay rates

I'(B~— fpK )+ T (B" — fpK™)

I'(B~— fpK~)+TI (Bt — fpK)

= 15 4+ 1% 4 2rgrpcos(dp + 0p) cosy . (17)

Raps =



Overview of Recent Measurements of CP Violation with B Mesons ... 1459

The five parameters in these equations are the ratio of the amplitudes
of the two decay paths rp, a strong phase dp associates with the B¥ —
DYh* decay and the weak phase v, that we already saw before. In addition,
the phase dp is associated with the DY — h*h~ decay, while the ratio rp
describes the ratio of decay amplitudes for the D — K 7T decay.

The observables Axps and Rapg are measured by exploiting the invari-
ant mass distribution of B¥ — D°(h*h~)h* candidates. Figure 10 (b)
shows a clear charge asymmetry for B* — DO(ntK~)K* decays. Com-
bined with the measurements of the GLW type, these measurements yield
enough information to extract the angle ~.
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Fig.10. (a) shows the different decay paths accessible to the decay B~ —
(m=7t)K~. The thickness of the arrow represents the size of the decay ampli-
tude. (b) Invariant mass distribution of B* — (7~at)h* decays. Figure from

Ref. [10].
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3.3.3. GGSZ method

To increase sensitivity to the angle «, a third measurement is added to
the combination. This measurement uses DY decays where the final state is
accessible to both the D° and the D" Moreover, it uses decays where the D°
decay exhibits a structure in the Dalitz plane [16]. The use of final states
K§h+h_, where h is either a pion or a kaon, was first proposed by Giri,
Grossman, Soffer and Zupan in 2003 [17], and is denoted GGSZ. The decay
amplitude of B¥ — (KShTh™)K * decays can be written as a superposition
of B* = D'K* and B* — D'K* decays

AB (miam%) = f + rBei((SB_’Y)fa (18)

where mi and m? are the invariant masses squared of the th+ and KQh~
combinations that define the position in the Dalitz plane, f is the D° —
K2hTh~ decay amplitude and f is the D= KhTh~ decay amplitude.

In the Dalitz plane of B¥ — DY(hTh™)h* decays, a different structure
can be identified in the BT plane compared to the B~ plane (Fig. 11). The
Dalitz plot is partitioned into 2N regions that are symmetric under the
exchange mi <+ m?. The decay equations for bin i are given by

Fui(B7) = hp- [Kai+ 15K+ 20K Ko cai+yossi)| , (19)
I''i(BT) = hp+ [K:Fi +rEK 1 + 2/ K, Kyi(viee; — y—&-sﬁ:i)} , (20)

where the parameters K, ¢ and s have their origin in the decay DY —
K(S)h+h_, while the parameters z4 and y. are related to the B* — DVK=

m2 (GeV¥c4)

m2 (GeV?/c?) m2 (GeV?/c?)

Fig.11. Dalitz plots of B¥ — DOYK?* candidates in the signal region for
D® — K3ntn~ decays, where (a) is BT and (b) is B~. The boundaries of the
kinematically-allowed regions are also shown. Figure from Ref. [16].
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decay. The information about the angle «y is contained in the parameters x4
and y+, which are given by

xy = rpcos(dp£7), (21)
y+ = rpsin(ép £7). (22)

For the parameters K, ¢ and s external input is used from the CLEO Collab-
oration. The parameters x4 and y4 are determined by LHCD by exploiting
the structure in the Dalitz plane.

4. CP violation in mixing

CP violation in mixing occurs when the probability of a B meson to
oscillate to a B meson is not equal to the probability of the CP conjugate
process

Prob (B?S) = E‘()s)) £ Prob (E?S) = B?S)> . (23)

The oscillation of a B meson to a B meson can go either via off-shell states
(box diagrams) or via on-shell states, where the B meson decays to an
intermediate state f and then oscillates back to a B meson. There can be a
relative phase between the on- and off-shell states

P12 = arg (J\I{;z) . (24)

If ¢12 is not zero, there is CP violation in mixing. This means that the
B-heavy and the B-light states are not composed of equal contributions of
B and B, and thus that ¢/p is not equal to unity

M, — LI
1 _ 22124 (25)
D Mg — 5172
4.1. Measurement of the phase ¢12, using B® — D7 uTv decays

The SM prediction of the phase ¢12 =~ 0.2° which makes it a sensitive
probe to new physics. The flavour specific CP violating asymmetry related
to ¢12 is

tan ¢12 . (26)
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This CP asymmetry can be measured using BY — Dy utv decays [18]. We
measure an untagged final state asymmetry, which is related to ag following

I'[Dgp*] = I[D{p”]
F[Ds /ﬁ] + I'[Df p~]
_oay a3l [Z tcos(AM;t)e(t)dt
=57 [A 2 ] ftzooe_Fs tcosh (A2:t) e(t)dt

Ameas =

2

where Ap is the production asymmetry which is approximately 1%, e(¢) is
the decay time acceptance function and Iy is the average decay width of

the B&ES meson system. Due to the large value of the mass difference,
AM, = 17.768 4 0.024 ps—! [19], the oscillations are rapid and the integral
ratio in Eq. (27) is approximately 0.2%. This is well below the desired
precision, and thus can be neglected, yielding Apeas = 0.5 ag.

There are three contributions to the measured asymmetry, Apyeas = AfL —
Atrack — Abkg, where the first term is the measured yield asymmetry corrected
for muon PID and trigger efficiency, the second term is a charge asymmetry
due to track reconstruction, and the third term is a charge asymmetry due
to backgrounds. The yield asymmetry is defined as

e = NDIpT)/e(p™) = N(Dg p) /e(u™) (28)
“ON(DFpm)/e(pm) + N(Dy pt) /e(p)

and is obtained from a fit to the invariant mass spectrum of D, candidates
(Fig. 12 (a)). The muon trigger and PID efficiencies are measured in data
using a sample of J/1 — pu*p~ decays. The muon efficiency is found to be
momentum independent with a residual asymmetry due to the alignment of
the muon stations.

The asymmetry due to track reconstruction can be decomposed in two
parts Airack = Agf;ck + Atrack The p and 7 charged tracks have very sim-
ilar reconstruction efficiencies. Using a calibration sample of partially re-
constructed D*T decays, we found that the mtversus 7~ relative tracking
efficiencies are independent of momentum and transverse momentum. In the
KTK~n~pu* final states, the pion and muon have opposite sign, and thus
the charge asymmetry in the track reconstruction efficiency induced by pions
and muons is small. A small residual sensitivity to the charge asymmetry
in kaon track reconstruction is present due to a slight momentum mismatch
between the two kaons from ¢ decays arising from the interference with the
S-wave component. The total asymmetry due to the track reconstruction is
found to be Atpack = (+0.02 +0.13)%.
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(a) (b)
Fig.12. (a) invariant mass distribution of DI candidates. The light grey/yellow
peak corresponds to the signal. (b) Measurements of semileptonic decay asymme-
tries. The bands correspond to the central values 1 standard deviation uncertain-
ties. The plain grey/blue band depicts the measurement done by LHCb, whereas
the SM prediction is the black dot. Figures from Ref. [18].

The last component of the measured asymmetry is an asymmetry due
to the presence of various backgrounds. These backgrounds can be different
in the D ut sample compared to the Dfu~ sample. Three sources of
background need to be taken into account. There is a background from
prompt charm decays, where a prompt D, is combined with a random muon.
Secondly, there is a background from misidentified b-hadron decays, where a
pion or a kaon is identified as a muon. The last background is from B — DD;
decay, where the D decays semileptonically. The total asymmetry due to
the background is found to be Ay, = (4+0.05 £ 0.05)%.

The value of the flavour specific CP asymmetry measured by the LHCb
Collaboration is af} = (—0.06 £0.50 +0.36)% (Fig. 12), and is in agreement
with the SM.

5. CP violation in interference between mixing and decay

CP violation in decay occurs when the decay amplitudes of two CP conju-
gate states (Ay and Ay) differ. CP violation in mixing occurs when ¢/p # 1.
To study CP violation in the interference between mixing and decay, we need

A
L
Note that there can be CP violation in interference between mixing and de-
cay, without there being CP violation in mixing or decay. B meson decays to
a flavour specific final state do not exhibit any CP violation in interference,
because Zf = 0.

to look at the phase difference between the two: Ay # 0, where Ay =
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The decay equations for a B? decay into a CP eigenstate are given by

I'(BY = f) () oc |Af]* (1 + |Af]?) [cosh(ALLt) + Dy sinh(ATLt)
+C'y cos(Amgt) — Sy sin(Amyt)]

r (ES = f) (1) o ‘Z’ |Af|? (1+ |A[2) [cosh(ATt) + Dy sinh(ATit)
—C' cos(Amgt) + Sy sin(Amyt)] . (29)

One can identify a CP-even part, given by the hyperbolic functions, which
do not change sign when CP conjugation is applied to the initial state. The
CP-odd part, the cosine and the sine, does change sign when CP conjugation
is applied to the initial state. The information on the CP violating phase is
contained in the coefficients D, C, and S, which are defined as

_1—|/\f’2 _ PRI _ 2R\ s (30)
Gy A RV R R

5.1. Measurement of v with loops, using BY — K~ K™t decays

The study of the decay BY — K~ KT provides a test of the CKM picture
of the SM, as it yields sensitivity to the angle . In addition, it is sensitive
to new physics, as new particles can contribute to the penguin amplitude
(Fig. 13 (a)).

Here, we report on a measurement of CP observables using the decay
BY — K~K* [20]. The decay time equations for this decay, taking into
account all experimental factors, can be written as

F(t,8) = K{[(1-Ap)2F + (1 + Ap) 27| I (t
+[(1—Ap) 28 — 1+ Ap) 2F] I t} (31)

I (t) = {e_rst [cosh (ATst/2) 4+ Dy sinh (At /2)]} @ R(t)eace (t)
I_(t) = {e_Fst [C cos (Amt) — Sy sin (Amgt)]} @ R(t)eace (t) ,  (32)

where Ap is the production asymmetry, (253 gives the probability to tag a B?
as a BY, R(t) is a resolution model, €,¢c(t) is an acceptance function, K is
an overall normalisation, and Sy, Cy and Dy are the observables as defined
in Eq. (30). The various experimental factors will be briefly discussed in the
lines below. An extensive discussion can be found in Ref. [20].
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Fig.13. (a) Feynman diagrams describing the two contributions to the decay am-
plitude of BY — K~ K™*. (b) Decay time distribution and (c) time dependent CP
asymmetry of B — K~ KT decays. Figures (b) and (c) from Ref. [20].

In order to get a correct estimate of the observables Sy and C'y, one needs

to know whether the BY meson was produced as a BY or a ES At the LHC,
B mesons are produced in pairs and the other B meson in the event can be
used to determine the initial flavour of the signal B, by studying its decay
products. In addition, a mis-tag probability is determined by means of a
neural network. The method is calibrated using flavour specific B — K7+
decays, by exploiting the time-dependent CP asymmetry. This also yields
information on the production asymmetry.

A resolution model R(t) is added to the decay equations to take into
account the uncertainty on the decay time measured by LHCb. The reso-
lution is measured on simulated BY — K~ K™ events. Differences between
data and simulated events are quantified using prompt charmonium and
bottomonium data.

The acceptance describes the dependence of the reconstruction efficiency
on the decay time. The acceptance function has been obtained from simu-
lated events.

The fit to the decay time distribution of B — K~ K™ candidates is
shown in Fig. 13 (b). The CP observables Cxx and Sk k are measured for
the first time

Ckx = 0.14 £0.11 (stat.) = 0.03 (syst.) ,
Sk = 0.30 = 0.12 (stat.) £ 0.04 (syst.) . (33)

The values of (Ckk,Skk) differ from (0,0) with 2.7¢ significance. The
largest contribution to the systematic uncertainty is from the decay time
resolution model. The time dependent CP asymmetry is shown in Fig. 13 (c).
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In a similar manner, the observables C,, and S, are extracted from a
fit to the decay time distribution of B® — 77" events

Crr = —0.38 £0.15 (stat.) = 0.02 (syst.) ,
Spr = —0.71 4 0.13 (stat.) = 0.02 (syst.) (34)

and are in good agreement with previous measurements.

6. Conclusion

We have reported on several measurements of CP violation with B meson
decays carried out by the LHCb Collaboration in 2013. LHCb has produced
many first and world’s best CP asymmetry measurements, in many different
B decay modes. Most of the current results are limited by their statisti-
cal uncertainty. All results presented here are based on the 1fb~! dataset
collected in 2011. The 2fb~! dataset collected in 2012 is currently being
studied and updates can be expected soon. More data is to be collected
in Run 2, which is scheduled to start in 2015. The higher luminosity and
center-of-mass energy available will allow LHCb to further push the era of
precision flavour physics.
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