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Abstract. LHCb is a dedicated flavour physics experiment at the LHC searching for physics beyond the
Standard Model through precision measurements ofCP-violating observables and the study of very rare decays
of beauty- and charm-flavoured hadrons. In this article a selection of recent LHCb results is presented. Unless
otherwise stated, the results are based on an integrated luminosity of 1 fb−1 accumulated during the year 2011
at
√

s= 7 TeV.

1 Introduction

The LHCb detector has been taking data with high effi-
ciency during the first three years of LHC operation, pro-
ducing a wealth of exciting physics results, which have
made an impact on the flavour physics landscape and
proved the concept of a dedicated heavy flavour experi-
ment in the forward region of a hadron collider. Details
about the LHCb performance during this time are summa-
rized in a separate contribution [1].

The LHC is an intense source ofb hadrons. Thebb
cross-section in proton-proton collisions at

√
s = 7 TeV

is about 300µb, implying that more than 1011 bb pairs are
produced per fb−1. Thecc cross-section is about 20 times
larger than thebb cross-section, giving LHCb great poten-
tial in charm physics studies as well.

This article focusses on some important physics results
presented at the HCP Symposium 2012, which are related
to three areas of research carried out by the LHCb collabo-
ration:CPviolation measurements, rare decays and charm
physics. In Section 2 a measurement of the CKM uni-
tary triangle phaseγ at tree level is presented, Section 3
summarizes searches of some rare decays to muonic fi-
nal states, and Section 4 reports about the measurement of
D0 – D0 mixing.

2 Measuring the CP-violating phase γ

CP violation phenomena in the Standard Model (SM) are
the result of a single phase in the CKM quark-mixing ma-
trix [2, 3]. The unitarity condition formed from the CKM
matrix elements,VudV∗ub + VcdV∗cb + VtdV∗tb = 0, describes
a triangle in the complex plane. The least-well determined
observable, the phaseγ = arg

(

−VudV∗ub/VcdV∗cb

)

is of par-
ticular interest asγ , 0 can produce directCP violation
in tree-level decays. To date, most direct information onγ

is derived from theB factory and Tevatron measurements.
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These results must be combined though to form final con-
clusions. The direct determination ofγ via fits to the ex-
perimental data gives (66± 12)◦ [4] or (76± 10)◦ [5], de-
pending on whether a frequentist or Bayesian treatment is
used.

A measurement of the partial widths ofB± → DK± de-
cays, where theD signifies aD0 or D0 meson, is one of the
most powerful experimental methods of determiningγ. If
theD final state is accessible for bothD0 andD0 mesons,
the interference of these two processes provides sensitivity
to γ and may exhibit directCP violation. This feature of
open-charmB-decays was first recognised in its applica-
tion to CP eigenstates, such asD → K+K−, π+π− [6, 7],
but can be extended to other decays, e.g.D → π−K+,
known as "ADS" modes in reference to the authors [8, 9].

Self CP-conjugate three-body decays may also be
used, such asK0

Sπ
+π− and K0

S K+K−, designated collec-
tively asK0

S h+h− [10]. The strategy relies on comparing
the distribution of events in theD → K0

S h+h− Dalitz plot
for B± → DK± decays. However, in order to determineγ it
is necessary to know how the strong phase of theD decay
varies over the Dalitz plot. While one approach is to use
an amplitude model fitted on flavour-taggedD→ K0

S h+h−

decays to provide this input [11–16], a novel approach is
to make use of direct measurements of the strong phase be-
haviour in bins of the Dalitz plot, which may be obtained
from quantum-correlatedDD pairs fromψ(3770) decays,
thereby avoiding the need to assign a model-related sys-
tematic uncertainty. Theseψ(3770) decays are available
from CLEO-c [17]. A first model-independent analysis
was recently presented by Belle [18] usingB± → DK±,
D→ K0

Sπ
+π− decays.

2.1 2-body D0 decays

The amplitude of the decayB+ → DK+ can be written as
the superposition of theB+ → D0K+ and B+ → D0K+

contributions as

AB = A+ rBei(δB+γ)A. (1)
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HereA is theD0 decay amplitude, and andA the D0 am-
plitude. The parameterrB, the ratio of the magnitudes
of the B+ → D0K+ and B+ → D0K+ amplitudes, is
∼0.1 [19], andδB is the strong phase difference between
them. The equivalent expression for the charge-conjugated
decayB− → DK− is obtained by making the substitutions
γ → −γ andA↔ A. The CKM phaseγ can be measured
from the observed rates of the possibleB→ DK decays.

We studiedB± decays in theCP modes, [K+K−]Dh±

and [π+π−]Dh±, the suppressed ADS mode [π±K∓]Dh± and
the favoured [K±π∓]Dh± combination, whereh indicates
either aπ or a K. B− → Dπ− decays have lesser sensitiv-
ity to γ, but provide a high-statistics control sample from
which probability density functions (PDFs) are shaped. In
total 13 observables are measured: three ratios of partial
widths

Rf
K/π =

Γ(B− → [ f ]DK−) + Γ(B+ → [ f ]DK+)
Γ(B− → [ f ]Dπ−) + Γ(B+ → [ f ]Dπ+)

, (2)

where f representsKK, ππ and the favouredKπmode, six
CPasymmetries

Af
h =
Γ(B− → [ f ]Dh−) − Γ(B+ → [ f ]Dh+)
Γ(B− → [ f ]Dh−) + Γ(B+ → [ f ]Dh+)

, (3)

and four charge-separated partial widths of the ADS mode
relative to the favoured mode

R±h =
Γ(B± → [π±K∓]Dh±)
Γ(B± → [K±π∓]Dh±)

. (4)

From the 1 fb−1 of data collected in 2011 an analysis
has been performed to measure these observables. The
following quantities can be deduced from them:

RCP+ ≈ < RKK
K/π,R

ππ
K/π > /R

Kπ
K/π

= 1.007± 0.038± 0.012

ACP+ = < AKK
K ,Aππ

K >

= 0.145± 0.032± 0.010

RADS(K) = (R−K + R+K)/2

= 0.0152± 0.0020± 0.0004

AADS(K) = (R−K − R+K)/(R−K + R+K)

= −0.52± 0.15± 0.02

RADS(π) = (R−π + R+π )/2

= 0.00410± 0.00025± 0.00005

AADS(π) = (R−π − R+π )/(R−π + R+π )

= 0.143± 0.062± 0.011.

The correlations between systematic uncertainties have
been taken into account in the combination and angled
brackets indicate weighted averages.

From these measurements, we observe directCP vi-
olation in B± → DK± decays with a total significance
of 5.8σ. Further details on this analysis can be found in
Ref. [20]. These results contain dependence on the weak
phaseγ and form an important contribution to the mea-
surement of this parameter, as outlined in Section 2.4.

2.2 3-body D0 decays

The amplitude of the decayB+ → DK+, D → K0
S h+h−

can be written as Eq. 1, except that nowAB depends on
m2
+ and m2

−, the invariant masses squared of theK0
S h+

and K0
S h− combinations, respectively, that define the po-

sition of the decay in the Dalitz plot.A = A(m2
+,m

2
−)

is theD0 → K0
S h+h− amplitude, andA = A(m2

+,m
2
−) the

D0 → K0
S h+h− amplitude. NeglectingCP violation, which

is known to be small inD0 − D0 mixing and Cabibbo-
favouredD meson decays [21], the conjugate amplitudes
are related byA(m2

+,m
2
−) = A(m2

−,m
2
+).

Following the formalism set out in Ref. [10], the Dalitz
plot is partitioned into 2N regions symmetric under the ex-
changem2

+ ↔ m2
−. The bins are labelled from−N to +N

(excluding zero), where the positive bins satisfym2
− > m2

+.
At each point in the Dalitz plot, there is a strong-phase
differenceδD(m2

+,m
2
−) = argA− argA between theD0 and

D0 decay. The cosine of the strong-phase difference aver-
aged in each bin and weighted by the absolute decay rate
is termedci and is given by

ci =

∫

Di
(|A||A| cosδD) dD

√

∫

Di
|A|2 dD

√

∫

Di
|A|2 dD

, (5)

where the integrals are evaluated over the areaD of bin
i. An analogous expression may be written forsi , which
is the sine of the strong-phase difference within bini,
weighted by the decay rate. Direct measurements ofci and
si have been performed at CLEO-c, exploiting quantum-
correlatedDD pairs produced at theψ(3770) resonance.

The population of each positive (negative) bin in the
Dalitz plot arising fromB+ decays isN+

+i (N+−i), and that
from B− decays isN−

+i (N−−i). From Eq. 1 it follows that

N+±i = hB+
[

K∓i + (x2
+ + y

2
+)K±i + 2

√

KiK−i(x+c±i ∓ y+s±i)
]

,

N−±i = hB−
[

K±i + (x2
− + y

2
−)K∓i + 2

√

KiK−i(x−c±i ± y−s±i)
]

,

wherehB± are normalisation factors which can, in prin-
ciple, be different for B+ and B− due to the production
asymmetries, andKi is the number of events in bini of the
decay of a flavour taggedD0 → K0

S h+h− Dalitz plot. The
sensitivity toγ enters through the Cartesian parameters

x± = rB cos(δB ± γ) and y± = rB sin(δB ± γ). (6)

The CLEO-c study segments theK0
Sπ
+π− Dalitz plot

into 2× 8 bins. Several bin definitions are available; we
adopted the ‘optimal binning’ variant. For theK0

S K+K−

final state we used measurements for the Dalitz plot par-
titioned into 2× 2 bins. Finer binning was available for
this mode, but was not used due to the size of our signal
sample.

Approximately 800B± → DK± decay candidates,
with theD meson decaying either toK0

Sπ
+π− or K0

S K+K−,
have been selected from 1.0 fb−1 of data collected by
LHCb in 2011. In this analysis the observed distribution
of candidates over theD0→ K0

S h+h− Dalitz plot is used to
determine theCP-violating parametersx±, y± andhB± . An
uncertainty is assigned that is related to the precision of the
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ci and si measurements. When interpreting these results
in terms of the underlying physics parameters it is found
that rB = 0.07± 0.04, γ = (44+43

−38)
◦ andδB = (137+35

−46)
◦.

These values are consistent with the world average of re-
sults from previous measurements [21], although the un-
certainties onγ andδB are large. This is partly driven by
the relatively low central value that is obtained for the pa-
rameterrB. Further details are provided in Ref. [22].

2.3 4-body D0 decays

ADS observables similar to those discussed in Section 2.1
have been measured at LHCb usingB± → Dh± decays,
where theD meson is reconstructed in the four-body final
stateK±π∓π+π−. From these measurements the following
quantities can be deduced:

RK3π
ADS(K) = (RK3π,−

K + RK3π,+
K )/2

= 0.0124± 0.0027

AK3π
ADS(K) = (RK3π,−

K − RK3π,+
K )/(RK3π,−

K + RK3π,+
K )

= −0.42± 0.22

RK3π
ADS(π) = (RK3π,−

π + RK3π,+
π )/2

= 0.00369± 0.00036

AK3π
ADS(π) = (RK3π,−

π − RK3π,+
π )/(RK3π,−

π + RK3π,+
π )

= +0.13± 0.10,

We observed for the first time the suppressed ADS modes
B± → [π±K∓π+π−]DK± andB± → [π±K∓π+π−]Dπ

± with
a significance of 5.1σand> 10σ, respectively. Details are
discussed in Ref. [23].

2.4 Combination of B± → Dh± analyses

The results presented in the previous sections have been
used to perform a combined measurement for the CKM
phaseγ. Information about strong phase differences in
D → K−π+ andD → K−π+π+π− decays from CLEO [24]
and evidence for a difference of theCP asymmetries in
D → KK andD → ππ decays [25–29] is also used. For
more information see Ref. [30].

From the previously discussedB± → D K results, we
find an unambiguous best-fit value in [0,180]◦ of

γ = (71.1+16.6
−15.7)◦ ,

using a frequentist statistical procedure. The result sug-
gests very good prospects for a measurement based on the
full dataset. Additionalγ-sensitive measurements will also
be included in the future. With the data currently available
on tape, LHCb should be able to reduce the error quoted
above by at least a factor of two.

3 Search for rare B decays

Rare heavy flavour decays provide stringent tests of the
Standard Model of particle physics and allow to test for
possible new physics scenarios. LHCb is the ideal place
for these searches as it has recorded the worlds largest
sample of beauty hadrons.

Figure 1. Dimuon invariant mass distribution ofB0
S→ µ+µ− can-

didates with signal-like BDT responses. The different fit com-
ponents are:B0

S → µ+µ− (red long dashed),B0→ µ+µ− (green
medium dashed),B0

(s) → h+h′− (pink dotted),B0 → π−µ+νµ (blue
short dashed) andB0(+) → π0(+)µ+µ− (light blue dot dashed), and
the combinatorial background (blue medium dashed).

Rare processes that proceed via Flavor Changing Neu-
tral Currents (FCNC) are forbidden at tree level in the SM.
They can proceed via loop level electroweak (Z0,γ) pen-
guin or box diagrams. In extensions to the SM, new virtual
particles can enter at loop level, modifying the amplitude
of the process or the Lorentz structure of the decay vertex.
Possible deviations from the SM predictions on branch-
ing fractions, angular distributions and asymmetries could
lead to the discovery of physics beyond the SM.

3.1 Searches for B0
S→ µ+µ− and B0→ µ+µ− decays

The branching fraction of the decaysB0
S → µ+µ− and

B0→ µ+µ− are suppressed in the SM. Precise predictions
of their branching fractions,B(B0

S → µ+µ−) = (3.23 ±
0.27)×10−9 andB(B0→ µ+µ−) = (1.07±0.10)×10−10 [31]
make these modes powerful probes in the search for de-
viations from the SM, especially in models with a non-
standard Higgs sector. Taking the measured finite width
difference of theB0

S system into account [32], the time in-
tegrated branching fraction ofB0

S → µ+µ− that should be
compared to the experimental value is (3.54±0.30)×10−9.

Previous searches already constrain possible devi-
ations from the SM predictions. The lowest previ-
ously published limits areB(B0

S→ µ+µ−) < 4.5× 10−9 and
B(B0→ µ+µ−) < 1.0× 10−9 at 95 % confidence level from
LHCb, using 1.0 fb−1 of data collected inpp collisions in
2011 at

√
s = 7 TeV [33]. This article refers to an update

of this search with an additional 1.1 fb−1 of data recorded
in 2012 at

√
s = 8 TeV. The analysis procedure is de-

scribed in detail in Ref. [34].
In LHCb, B0

S → µ+µ− andB0→ µ+µ− candidates are
selected by requiring two high quality muon candidates
displaced with respect to anypp interaction vertex and
forming a secondary vertex. They are then classified using
a Boosted Decision Tree (BDT) based on the kinematic
properties of the reconstructedB0

S andB0 candidate.
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The dimuon invariant mass of the candidates with a
signal-like BDT response is shown in Fig. 1. We ob-
serve an excess ofB0

S → µ+µ− candidates with respect
to the background expectation. The probability that the
background could produce such an excess is 5.3 × 10−4,
corresponding to a signal significance of 3.5σ and there-
fore providing first evidence for theB0

S → µ+µ− decay.
A maximum-likelihood fit gives a branching fraction of
B(B0

S → µ+µ−) = (3.2+1.5
−1.2) × 10−9, where the statistical

uncertainty is 95 % of the total uncertainty. This result is
clearly in agreement with the Standard Model expectation.
The observed number ofB0 → µ+µ− candidates is con-
sistent with the background expectation, giving an upper
limit of B(B0→ µ+µ−) < 9.4 × 10−10 at 95 % confidence
level.

3.2 Isospin asymmetry in B→ K(∗)µ+µ− decays

The FCNC decaysB → K(∗)µ+µ− are forbidden at tree
level in the SM and must proceed via loop or box dia-
grams. Predictions for the branching fractions of these de-
cays suffer from relatively large uncertainties due to form
factor estimates. However, theoretically clean observables
can be constructed from ratios or asymmetries where the
leading form factor uncertainties cancel. TheCPaveraged
isospin asymmetry (AI) is such an observable. It is defined
as

AI =
B(B0→ K(∗)0µ+µ−) − τ0

τ+
B(B+→ K(∗)+µ+µ−)

B(B0→ K(∗)0µ+µ−) + τ0
τ+
B(B+→ K(∗)+µ+µ−)

, (7)

whereB(B → f ) is the branching fraction of theB → f
decay andτ0/τ+ is the ratio of the lifetimes of theB0 and
B+ mesons. ForB→ K∗µ+µ−, the SM prediction forAI

is around−1% in the di-muon mass squared (q2) region
below theJ/ψ resonance, apart from the very lowq2 region
where it rises toO(10%) asq2 approaches zero [35].

The isospin asymmetries are determined by
measuring the differential branching fractions of
B+→ K+µ+µ−, B0→ K0

Sµ
+µ−, B0→ (K∗0→ K+π−)µ+µ−

and B+→ (K∗+ → K0
Sπ
+)µ+µ−. The K0

S meson is recon-
structed via theK0

S → π+π− decay mode. In the 2011 data
sample of 1 fb−1 LHCb has been able to select about 60
B0→ K0

Sµ
+µ− decays, reporting an observation at 5.7σ for

this decay [36], and about 80B0→ (K∗0 → K+π−)µ+µ−

decays, which are comparable in size to the samples
available for these modes in the full data sets of the
B-factories.

The isospin asymmetries as a function ofq2 for B→
Kµ+µ− and B → K∗µ+µ− are shown in Fig. 2. The
two q2 bins below 4.3 GeV/c2 and the highest bin above
16 GeV/c2 have the most negative isospin asymmetry in
the B→ Kµ+µ− channel. Theseq2 regions are furthest
from the charmonium regions and are therefore cleanly
predicted theoretically. This asymmetry is dominated by a
deficit in the observedB0→ K0µ+µ− signal. Ignoring the
small correlation of errors between eachq2 bin, the signif-
icance of the deviation from zero integrated acrossq2 is
calculated to be 4.4σ. TheB→ K∗µ+µ− case agrees with
the SM prediction of almost zero isospin asymmetry [35].
All results agree with previous measurements [37–39].
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Figure 2. Isospin asymmetry of (top)B→ Kµ+µ− and (bottom)
B→ K∗µ+µ−. For B→ K∗µ+µ− the theoretical SM prediction,
which is very close to zero, is shown forq2 below 8.68 GeV/c2.

4 Observation of D0 – D0 mixing

The mixing of neutral mesons is a powerful probe to dis-
cover physics beyond the standard model. Oscillations
have been observed in theK0 − K0 [40], B0 − B0 [41] and
B0

S − B0
s [42] systems, all with rates in agreement with SM

expectations. Evidence ofD0 − D0 oscillations has been
reported by three experiments using different D0 decay
channels [43–47]. However, only the combination of these
measurements provided so far confirmation ofD0−D0 os-
cillations, also referred to as charm mixing, with more than
5σ significance [29].

The search forD0−D0 oscillations has been performed
by studying the time-dependent ratio ofD0 → K+π− to
D0→ K−π+ decay rates inD∗+-tagged events.1 In the fol-
lowing this measurement is summarized, using 1.0 fb−1 of
integrated luminosity recorded by the LHCb experiment in
2011. Details about the analysis can be found in Ref. [48].
TheD0 flavour at production time is determined using the
charge of the soft (low-momentum) pion,π+S , in the strong
D∗+ → D0π+S decay. TheD∗+ → D0(→ K−π+)π+S pro-
cess is referred to as right-sign (RS), whereas theD∗+ →
D0(→ K+π−)π+S is designated as wrong-sign (WS). The
RS process is dominated by a Cabibbo-favoured (CF) de-
cay amplitude, whereas the WS amplitude includes contri-
butions from both the doubly-Cabibbo-suppressed (DCS)
D0 → K+π− decay, as well asD0 − D0 mixing followed

1The inclusion of charge-conjugated modes is implied throughout this
section.
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Figure 3. Decay-time evolution of the ratio,R, of WS D0 →
K+π− to RSD0 → K−π+ yields (points) with the projection of
the mixing allowed (solid line) and no-mixing (dashed line) fits
overlaid.

Table 1. Results of the time-dependent fit to the data. The
uncertainties include statistical and systematic sources; ndf

indicates the number of degrees of freedom.

Fit type (χ2/ndf) Parameter Fit result (10−3)
Mixing (9.5/10) RD 3.52± 0.15

y′ 7.2± 2.4
x′2 −0.09± 0.13

No mixing (98.1/12) RD 4.25± 0.04

by the favoredD0 → K+π− decay. In the limit of small
mixing, and assuming negligibleCP violation, the time-
dependent ratio,R, of WS to RS decay rates is approxi-
mated by

R(t) ≈ RD +
√

RD y
′ t
τ
+

x′2 + y′2

4

( t
τ

)2
, (8)

wheret/τ is the decay time expressed in units of the av-
erageD0 lifetime τ, RD is the ratio of DCS to CF decay
rates,x′ = xcosδ + y sinδ, y′ = y cosδ − xsinδ, andδ
is the strong phase difference between the DCS and CF
amplitudes.

We reconstruct approximately 3.6× 104 WS and 8.4×
106 RS decays. To determine the time-dependent WS/RS
ratio the data are divided into thirteenD0 decay time bins,
chosen to have a similar number of candidates in each bin.

The fit to the decay-time evolution of the WS/RS ratio
is shown in Fig. 3 (solid line), with the values and uncer-
tainties of the parametersRD, y′ andx′2 listed in Table 1.
The value ofx′2 is found to be negative, but consistent
with zero. As the dominant systematic uncertainties are
treated within the fit procedure (all other systematic effects
are negligible), the quoted errors account for systematic as
well as statistical uncertainties. When the systematic bi-
ases are not included in the fit, the estimated uncertainties
on RD, y′ andx′2 become respectively 6%, 10% and 11%

 [%]2x’
-0.1 -0.05 0 0.05

 [%
]

y’

-0.5

0

0.5

1

1.5

2

σ5
σ3
σ1

No-mixing

LHCb

Figure 4. Estimated confidence-level (CL) regions in the (x′2, y′)
plane for 1− CL = 0.317 (1σ), 2.7× 10−3 (3σ) and 5.73× 10−7

(5σ). Systematic uncertainties are included. The cross indicates
the no-mixing point.

smaller, showing that the quoted uncertainties are domi-
nated by their statistical component. To evaluate the sig-
nificance of this mixing result we determine the change in
the fit χ2 when the data are described under the assump-
tion of the no-mixing hypothesis (dashed line in Fig. 3).
Under the assumption that theχ2 difference,∆χ2, follows
a χ2 distribution for two degrees of freedom,∆χ2 = 88.6
corresponds to ap-value of 5.7 × 10−20, which excludes
the no-mixing hypothesis at 9.1 standard deviations. This
is illustrated in Fig. 4 where the 1σ, 3σ and 5σ confidence
regions forx′2 andy′ are shown. The measured values of
the mixing parameters are compatible with and have sub-
stantially better precision than those from previous mea-
surements [43, 45, 49].

5 Conclusion

LHCb performed a first measurement of the weak phaseγ

from decays at tree level, using 1.0 fb−1 of data collected
in 2011. The obtained result ofγ = (71.1+16.6

−15.7)◦ is al-
ready of comparable precision as the world average based
on data from theB-factories and the Tevatron.

The search for the rare decayB0
S→ µ+µ− with 1.0 fb−1

and 1.1 fb−1 of pp collision data collected at
√

s = 7 TeV
and
√

s = 8 TeV, respectively, shows an excess of events
with respect to the background-only prediction with a sta-
tistical significance of 3.5σ. This is the first evidence for
the decayB0

S → µ+µ−. The measured branching fraction
B(B0

S→ µ+µ−) = (3.2+1.5
−1.2) × 10−9 is in agreement with the

SM prediction.
The large charm production cross-section at the LHC

provided a copious data sample for a measurement of
D0 – D0 mixing. The decay time dependence of the ratio
betweenD0 → K+π− andD0 → K−π+ decays exclude the
no-mixing hypothesis at 9.1σ. This is the first observation
of D0 − D0 oscillations in a single measurement.
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During the 2012 run at
√

s = 8 TeV, 2.1 fb−1 of data
were collected, which will allow LHCb to increase the
precision on the results presented here and to pursue the
search for physics beyond the Standard Model.
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