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beyond the Standard Model. Studies of B and D meson decays at LHCb are presented in this
document.
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1. Introduction

Measurements of CP violation and branching ratios of rare decays of B and D mesons probe the
flavour structure of the Standard Model (SM). These measurements can be significantly enhanced if
new heavy particles from physics beyond the SM play a significant role in these decays. Precision
measurements of CP violating observables in these decays can thus provide evidence for, or put
limits on, contributions from physics beyond the SM. Studies of B and D meson decays at LHCb
are shown in this document.

2. CP violation in the B system

Measurements of CP violating observables in B decays are shown in this section for final states
containing 2, 3 and 4 particles.

2.1 Two-body decays: CP violation in B0
s → K−π+ and B0→ K+π− decays

The most straightforward effect of CP violation is the direct CP violation in the decay. This is
the case of B0

s → K−π+ and B0→ K+π− decays. Direct CP asymmetries arise when at least two
amplitudes with different strong and weak phases contribute to the decay. Strong (weak) phases
are phases that do not change (do change) sign under a CP transformation.

B0
s → K−π+ and B0 → K+π− decays proceed through tree and penguin amplitudes, and the

interference between them gives rise to a direct CP asymmetry sensitive to the CKM angle γ . The
direct CP asymmetry ACP is defined as

ACP(B0
s → K−π

+) =
Γ(B̄0

s → K+π−)−Γ(B0
s → K−π+)

Γ(B̄0
s → K+π−)+Γ(B0

s → K−π+)
, (2.1)

similarly for B0 → K+π− decays. LHCb has reported the first observation of CP violation in
B0

s decays using 1 f b−1 of data collected in 2011, with the result ACP(B0
s → K−π+) = 0.27±

0.04 (stat)± 0.01 (syst), with significance exceeding 5 standard deviations.. The most precise
mesurement of ACP(B0 → K+π−) was also performed, finding ACP(B0 → K+π−) = −0.080±
0.007 (stat)±0.003 (syst) [2]. The results of the fit to the two-body invariant mass of these decays
is shown in figure 1.

These measurements can be combined to provide a consistency check of the SM. The observ-
able

∆ =
ACP(B0→ K+π−)

ACP(B0
s → K−π+)

+
B(B0

s → K−π+)

B(B0→ K+π−)

τd

τs
(2.2)

is expected to vanish in the SM. Here, B represents the branching ratio, and τd (τs) is the lifetime
of the B0 (B0

s ) meson. With the LHCb results above, and the B0 and B0
s lifetimes taken from [3] ,

∆ =−0.02±0.05 (stat)±0.04 (syst) is found to be compatible with the SM.

2.2 Three-body decays: CP violation in B±→ h+h−h′± decays

The effect of a CP asymmetry as a consequence of at least two interfering amplitudes with
different strong and weak phases shows up in a clear way in B±→ h+h−h′± decays, where h and
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Figure 1: Invariant mass spectra of K+π−, (a) and (c), and K−π+, (b) and (d) pairs. Top and bottom
plots correspond to two different event selections optimized for the best sensitivity on ACP(B0 → K+π−)

and ACP(B0
s → K−π+). The results of an unbinned maximum likelihood fits to a mass model and its main

components are overlaid.

h′ represent either a pion or a kaon. There are theoretical interpretation for phase space B± →
h+h−h′± decays. Final state interaction ocurring between two or more decay channels with the
same flavour quantum numbers is a possible explanation. A Dalitz analysis of B± to three-body
decays can help to understand the interplay between the weak and strong interaction.
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Figure 2: Invariant mass spectra of (a) B± → π+π−π± decays and (b) B± → K+K−π± decays. The left
panel in each figure shows the B− modes and the right panel shows the B+ modes. The results of the
unbinned maximum likelihood fits are overlaid. The main components of the fits are also shown.

Four different decay modes, and their respective CP conjugated modes, were analyzed by
the LHCb experiment using 1 f b−1 of 2011 data: B± → π+π−π±, B± → K+K−π± [4], B± →
π+π−K± and B± → K+K−K± [5]. Three-body invariant mass distributions for B± → π+π−π±

and B±→ K+K−π± are shown in figure 2. The results for the inclusive CP asymmetries are:

ACP(B+→ K+K−π
+) = −0.141±0.040 (stat)±0.018 (syst)±0.007 (J/ψK+),

ACP(B+→ π
+

π
−

π
+) = 0.117±0.021 (stat)±0.009 (syst)±0.007 (J/ψK+),

ACP(B+→ π
+

π
−K+) = 0.032±0.008 (stat)±0.004 (syst)±0.007 (J/ψK+),

ACP(B+→ K+K−K+) = −0.043±0.009 (stat)±0.003 (syst)±0.007 (J/ψK+),

3
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where the first error is statistical, the second systematic and the last one is due to the uncertainty
on the branching ratio of the B+→ J/ψK+ decay used as a control channel to have under control
the production and detection asymmetries.

In addition to the inclusive asymmetries, CP asymmetries in the two-dimensional phase space
of two-body invariant masses were also studied. For B±→K±π+π−, a positive asymmetry around
the ρ(770)0 and above the f0(980) resonances is identified. No asymmetry is present in the low-
mass region of the K±π∓ invariant mass projection. For B±→K±K+K−, an asymmetry is concen-
trated at low values of the two-body invariant masses. This asymmetry is found to be not related to
the φ(1020) resonance. For B±→ π±K+K− and B±→ π±π+π− decay modes, the positive asym-
metries are at low π+π− masses and the negative at low K+K− masses, both not clearly associated
to intermediate resonance states. Moreover, the absolute values for the inclusive asymmetries in
B±→ K±π+π− and B±→ K±K+K− are found to be very similar. This apparent correlation, to-
gether with the inhomogeneous CP asymmetry distribution in the Dalitz plot, could be related to
compound CP violation. In order to quantify a possible compound CP asymmetry, the introduction
of new amplitude analysis techniques is necessary.

2.3 Measurement of the weak phase φs in B0
s → J/ψh+h− decays

The decay of a B0
s meson into a J/ψh+h− final state, where h can be either a kaon or a

pion is a combination of CP eigenstates. In the case of the B0
s → J/ψK+K−, the final state is

a combination of two CP-even and one CP-odd CP eigenstates, corresponding to three different
polarization states. For B0

s → J/ψπ+π− decays, the final state is a CP-odd eigenstate. The decay
can be produced directly or via B0

s − B̄0
s oscillation (mixing). The interference between these two

processes gives rise to a CP violating weak phase, φs, that can be determined by using these decay
modes. For B0

s → J/ψh+h− decays, in the SM, neglecting sub-leading penguin contributions, φs

is predicted to be −2βs, with βs = arg(−VtsV ∗tb/VcsV ∗cb) and Vi j the elements of the CKM matrix
[1]. The SM predicts 2βs = 0.0364± 0.0016 rad. This value can be significantly modified in the
presence of New Physics contributions in the B0

s − B̄0
s mixing box diagram.

To extract the weak phase φs, a time-dependent analysis is needed. In the case of the B0
s →

J/ψK+K−, the K+K− pair comes from a (spin-1) φ(1020) meson, and as a consequence, an an-
gular analysis is needed to separate the two CP-even and one CP-odd components (in addition a
S–wave contribution is taken into account). In the case of B0

s → J/ψπ+π− decays, the π+π− pair
comes mainly from the f0(980) and f0(1370) spin-0 resonances, and no angular analysis is needed.

In figure 3, the results of the time-dependent angular analysis to B0
s → J/ψK+K− decays is

shown. The combined result of the B0
s → J/ψK+K− and B0

s → J/ψπ+π− analyses is

φs = 0.01±0.07 (stat)±0.01 (syst) rad,

being the most precise measurement at the present [6]. The result is compatible with the SM so far,
and put strong constraints on New Physics models. However, there is still place for New Physics.
The precision in φs by the end of the LHCb upgrade is expected to be about 0.008 rad.

2.4 Measurement of the φs weak phase in penguin decays

The SM predicts a small CP violating weak phase φs for loop mediated b→ s transitions to

4
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Figure 3: Helicity angles and decay time distributions for B0
s → J/ψK+K− decays. Points correspond to

experimental data. The projection of the total (blue), CP-even (long-dashed red), CP-odd (short-dashed gree)
and S–wave (dotted-dashed purple) probability density functions from the unbinned maximum likelihood fit
are overlaid.

CP eigenstates, so any observed deviation could be a signal of physics beyond the SM. For b→ d
transitions, the SM branching ratios are an order of magnitude (∼ |Vtd |2/|Vts|2) smaller.

LHCb has observed for the first time the two vector-vector B0
s decays B0

s → φ K̄∗0 1 [7], cor-
responding to a b→ d transition, and B0

s → K∗0K̄∗0[8], corresponding to a b→ s transition. In
addition to these discoveries, a first measurement of the CP violating weak phase φs has been
performed using B0

s → φφ decays [9].

The measurement of φs using tree dominated decays, as the B0
s → J/ψK+K−, has already been

described above. In the case of B0
s → φφ decays, the SM predicts φs to be close to zero.

LHCb has performed a time-dependent angular analysis of B0
s → φφ decays using 1 f b−1 of

data collected in 2011. The analysis involves three helicity angles and the decay time. The angles
are defined in figure 4. The model describing the B0

s → φφ decay depends on six parameters: three
polarization fractions |A0|2, |A‖|2 and |A⊥|2 (|A0|2 + |A‖|2 + |A⊥|2 = 1), two strong phases, δ‖ and
δ⊥, and the CP violating phase φs. Additionally, an S–wave contribution from a non-resonant state
or from the f0(980) resonance is included with amplitude |AS|2 and strong phase δS.

An interval of [−2.46,−0.76] rad at 68% confidence level is obtained for φs, including sys-
tematic uncertainties. The results of the analysis are shown in table 1, where |A0|2 and |A⊥|2 are the
fractions of longitudinal and perpendicular polarizations; and δ0, δ‖ and δ⊥ are the phases of the
longitudinal, parallel and perpendicular amplitudes. |AS|2 and δS are the amplitude and phase of
the S–wave contributions, coming from a non-resonant state or from the f0(980) spin-0 resonance.
The results of the unbinned maximum likelihood fit are shown in figure 5.

1The final state in B0
s → φ K̄∗0 decays is a combination of CP eigenstates only if the K̄∗0 decays into a neutral kaon

5
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Figure 4: Angles definition for the analysis of B0
s → φφ decays.

Parameter Value σstat σsyst

φs[rad] (68% CL) [−2.37,−0.92] 0.22
|A0|2 0.329 0.033 0.017
|A⊥|2 0.358 0.046 0.018
|AS|2 0.016 +0.024

−0.012 0.009
δ⊥−δ‖ [rad] 2.19 0.44 0.12
δ⊥−δ0 [rad] −1.47 0.48 0.10
δS [rad] 0.65 +0.89

−1.65 0.33

Table 1: Fit results with statistical and systematic uncertainties. A 68% statistical confidence interval is
quoted for φs. Amplitudes are defined at time t = 0.

The limited amount of statistics does not allow to provide a value for φs, and a confidence
interval is given. The analysis of the full data set, including the additional 2 f b−1 collected in 2012
is on-going, and will provide a strong test of the SM, since a deviation of φs from zero would be a
signal of physics beyond the SM.

3. CP violation in the D system

Branching ratios and CP violating observables of rare decays in charm systems can be signifi-
cantly enhanced if they recieve contributions from physics beyond the SM. The study of D0 decays
into a pair of charged hadrons are presented in the next sections.

3.1 CP violation in D0→ K±π∓ decays

Mass eigenstates of neutral charm mesons are linear combinations of the flavour eigenstates
|D0

1,2〉= p|D0〉±q|D̄0〉, where p and q are complex numbers. This results in D0− D̄0 oscillations
as a function of the decay time, if the eigenstates have different masses. The oscillation is char-
acterized by the difference in mass ∆m = m2−m1 and decay width ∆Γ = Γ2−Γ1 between the
D mass eigenstates. These differences are usually expressed in terms of the mixing parameters
x ≡ ∆m/Γ and y ≡ ∆Γ/2Γ, where Γ is the average decay width of neutral D mesons. The study
of CP violation in D0 oscillation may point to contributions from physics beyond the SM. In this
section, the decay-time-dependent ratio of D0→ K+π− to D0→ K−π+ rates is studied, with the
corresponding ratio for the charge-conjugate processes.

and a neutral pion

6
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Figure 5: One-dimensional projections of the B0
s → φφ fit for (a) the B0

s decay time, (b) helicity angle Φ

and the cosine of the helicity angles (c) θ1 and (d) θ2. The data are marked as points, while the solid lines
represent the projections of the best fit. The CP even P-wave, the CP-odd P-wave and S-wave components
are shown by the long dashed, short dashed and dotted lines, respectively.

The right-sign (RS) decay D0 → K−π+ proceeds dominantly via a Cabibbo-favored (CF)
process in which no D0− D̄0 mixing occurs. The wrong-sign (WS) D0→ K+π− decay proceeds
through a double-Cabibbo-suppressed (DCS) amplitude and a process in which the D0 first mixes
and then decays via a CF process. In the limit of |x|, |y|<< 1, and assuming negligible CP violation,
the time-dependent ratio of WS-to-RS decay rates is given by

R(t) =
NWS(t)
NRS(t)

= RD +
√

RDy′
t
τ
+

x′2 + y′2

4

( t
τ

)2
, (3.1)

where t is the decay time, τ is the average D0 lifetime, and RD is the ratio of suppressed-to-
favored decay rates. The parameters x′ and y′ depend linearly on the mixing parameters as x′ ≡
xcosδ + ysinδ and y′ ≡ ycosδ − xsinδ , where δ is the strong-phase difference between the sup-
pressed and favored amplitudes A (D0 → K+π−)/A (D̄0 → K+π−) = −

√
RDe−iδ . Allowing for

CP violation, the rates R+(t) and R−(t) of initially produced D0 and D̄0 mesons are functions of
independent sets of mixing parameters (R±D ,x

′2±,y′±). A difference between R+
D and R−D arises if

the ratio between the magnitudes of suppressed and favored decay amplitudes is not CP symmetric
(direct CP violation). Violation of CP symmetry either in mixing |q/p| 6= 1 or in the interference
between mixing and decay amplitudes φ ≡ arg

[
qA (D̄0→ K+π−)/pA (D0→ K+π−)

]
− δ 6= 0

are usually referred to as indirect CP violation and would result in differences between (x′2+,y′+)
and (x′2−,y′−).

In this analysis, D∗+→ D0π+
s decays are used [10]. The charge of the soft momentum pion

π+
s determines the flavour of the D meson. The invariant mass of the D0π+

s system (and charge
conjugated) is shown in figure 6. RS and WS candidates are then divided in bins of the D0 de-
cay time and the D0π+

s invariant mass distribution is fitted in each bin to obtain the yields. The

7
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Figure 6: D0π+
s invariant mass for RS (left) and WS (right) candidates.

ratios R±(t), shown in figure 7, are fitted using equation 3.1. Three hypotheses are tested: no CP
violation, direct CP violation allowed, and both direct and indirect CP violation allowed.
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Figure 7: Efficiency corrected ratio of RS over WS candidates for initial D0 (top) and D̄0 (middle) candi-
dates. The difference between both ratios is showed on the bottom. Three hypothesis of CP violation are
shown.

The results, using the full 3 f b−1 of data, in the case of CP conservation hypothesis are

RD = (3.568±0.066)×10−3, x′2 = (5.5±4.9)×10−5, y′ = (4.8±1.0)×10−3, (3.2)

which excludes the no mixing hypothesis at more than 10σ significance. The results in which CP
violation is allowed give AD = (R+

D −R−D)/(R
+
D +R−D) = (−0.7± 1.9)% and 0.75 < |q/p| < 1.25

and 0.67 < |q/p| < 1.25 at 68.5% and 95.5% confidence level, respectively, where the relations
x′± = |q/p|±1(x′ cosφ ± y′ sinφ) and y′± = |q/p|±1(y′ cosφ ∓ x′ sinφ) were used. Confidence re-
gions in the (x′2,y′) plane are shown in figure 8.

The observed parameters studying D0 and D̄0 decays separately show no evidence for CP
violation. They provide the most stringent bounds on AD and |q/p| from a single experiment.

3.2 Measurements of indirect CP violation in D0→ K+K− and D0→ π+π− decays

Measurements of indirect CP violation in D0 → K+K− and D0 → π+π− decays can be per-

8
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formed through the observable

AΓ =
Γ̂− ˆ̄

Γ

Γ̂+ ˆ̄
Γ

' ηCP

(
Am +Ad

2
ycosφ − xsinφ

)
,

where Γ̂ and ˆ̄
Γ are the inverse of the effective lifetimes in decays of D0 and D̄0 mesons into a CP

eigenstate with eigenvalue ηCP; x and y are the mixing parameters, previously defined, and

Am =
|q/p|2−|p/q|2

|q/p|2 + |p/q|2
, Ad =

|A f |2−|Ā f |2

|A f |2 + |Ā f |2
, φ = arg

(
q
p

Ā f

A f

)
,

where A f (Ā f ) is the amplitude for a D0 (D̄0) meson decaying into the given final CP eigenstate f .
As in the previous section, the decay chain D∗+→D0π+

s is used to obtain the flavour of the D0

candidate at production. Both the K+K− and π+π− final states are analyzed. The effective lifetime
is obtained by performing an unbinned maximum likelihood fit to the decay-time distribution [11],
as shown in figure 9.

The analysis of 1 f b−1 data collected in 2011 gives

AKK
Γ = (−0.35±0.62 (stat)±0.12 (syst))×10−3

Aππ
Γ = ( 0.33±1.03 (stat)±0.14 (syst))×10−3

where the dominant systematic uncertainties arise from the knowledge of the acceptance correction
and the modeling of the backgrounds. These results are compatible with no indirect CP violation.

4. Summary and conclusions

Measurements of CP violating observables in the B and D systems at LHCb have been pre-
sented. CP violation in the B0

s system has been observed for the first time in B0
s → K−π+ decays.

Direct CP violation in the phase space of the three-body decays of charged B mesons are also re-
ported. The mixing induced weak phase φs has been measured in tree dominated B0

s → J/ψK+K−

and penguin B0
s → φφ decays. In the D system, measurement of direct and indirect CP violation

has been presented in D0→ K±π∓, D0→ K+K− and D0→ π+π− decays. Results of CP violation
measurements in the D system are so far compatible with no CP violation.
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