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The LHCb experiment has accumulated an unprecedented sample of charm data. In these
proceedings we present measurements of CP violation and rare in charm in LHCb data accu-
mulated in 2010 and 2011. Many of these measurements are the most precise today.

1 Introduction

The LHCb experiment 1 is designed to exploit the huge bb cross section at pp collisions at
LHC energies 2 for precision flavour physics. The same characteristics that optimise LHCb for
b physics, also make it an excellent charm physics experiment, benefiting from a charm cross
section of (6.10± 0.93) mb in 7 TeV proton-proton collisions 3, approximately 20× larger than
the bb cross section. In these proceedings we present recent LHCb results for CP violation in
charm and, new for this conference, results on the rare decay D0 → µ+µ−.

2 Data sample and flavour tagging

The results reported here use a variety of LHCb data samples, from 29 pb−1 up to 0.92 fb−1 of
2010/2011 data, approximately half the recorded data sample at the time of publication of these
proceedings (July 2012).

A common feature amongst the analyses described below is the identification the flavour

of the D meson be reconstructing the decays D∗+ → D0π+
s and D∗− → D

0
π−s . The charge of

the “slow pion”, π±s (which derives this name from the fact that it is nearly at rest in the D∗±

frame), tags the flavour of the D meson. The characteristic kinematics of the D∗+ → D0π+
s

also provide excellent background rejection, the “D∗-trick” is therefore also used in untagged
analyses to provide very clean data samples.

3 Time-dependent CP violation

3.1 D Mixing and CP violation parameters

Like other neutral mesons, the D0 and D
0

mesons mix to form mass eigenstates

|D0
1〉 = p|D0〉+ q|D0〉 , |D0

2〉 = p|D0〉 − q|D0〉. (1)

The interference between mixing and decay to a CP eigenstate fCP is sensitive to the parameter

λf ≡
q

p

Af
Af

= −ηCP
∣∣∣∣∣qp AfAf

∣∣∣∣∣ eiφ (2)
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Figure 1: Proper-time fit projections of (left) D0 → K+K− and (right) D
0 → K+K− candidates. Shown are data

(points), the total fit (green, solid), the prompt signal (blue, short-dashed), and the secondary signal (purple,
long-dashed).

where Af and Af are the decay amplitudes of D0 and D
0

to fCP , respectively, and ηCP is the CP
eigenvalue of the final state. The CP violating phase φ is usually assumed to be independent of
fCP to a good approximation 4,5, and taken as the phase of q/p. Further, we define 6:

Am ≡
1

2

(∣∣∣∣qp
∣∣∣∣− ∣∣∣∣pq

∣∣∣∣) ≈ ∣∣∣∣qp
∣∣∣∣− 1, Ad ≡

1

2

(∣∣∣∣∣AfAf
∣∣∣∣∣−

∣∣∣∣∣AfAf
∣∣∣∣∣
)
≈
∣∣∣∣∣AfAf

∣∣∣∣∣− 1 (3)

which parametrise CP violation in the mixing and direct CP violation, respectively.

3.2 Time dependent mixing and CP violation measurements at LHCb

We report recent LHCb measurements7 of mixing and CP-violation parameters in time-dependent
analyses of the decays D0 → KK, D0 → Kπ and D0 → ππ (CP-conjugate decay modes are im-
plied throughout). We define the following observables in terms of the D lifetimes τ 6,8:

yCP ≡ τ
(
D0 → K−π+

)
τ (D0 → KK)

− 1 ≈ y
(

1− 1

8
A2
m

)
cosφ− 1

2
Amx sinφ (4)

and

AΓ ≡
τ
(
D

0 → K+K−
)
− τ (D0 → K+K−)

τ
(
D

0 → K+K−
)

+ τ (D0 → K+K−)
≈ 1

2
(Am +Ad) y cosφ− x sinφ (5)

where K+K− can be substituted for any CP-even state, including π+π−. The parameters x and
y are the usual charm mixing parameters related to the mass and lifetime difference between
the mass eigenstates respectively. In the absence of CP violation, yCP = y and AΓ = 0.
Both observables have the attractive feature that many experimental uncertainties cancel in the
measured ratio.

The LHCb hadronic trigger exploits the relatively long lifetimes of B and D hadrons, and
triggers on signatures indicating detached decay vertices. This results in one of the main ex-
perimental challenges for lifetime measurements at LHCb, as it biases in the measured lifetime
distribution. In the analysis shown here 7, this bias is removed in a data driven, simulation-
independent way 9,10,11,12,13. The good match of the fitted distribution and the data in Fig. 1,
especially at low lifetimes where the shape is dominated by the trigger efficiency, demonstrates
the success of this method. Using 29 pb−1 of 2010 data, LHCb obtain the following results for
the charm mixing and CP-violation parameters defined in Eqs. 4 and 5:

yCP = (5.5± 6.3stat ± 4.1syst) · 10−3



and

AΓ = (−5.9± 5.9stat ± 2.1syst) · 10−3

This compares to a previous world average14 of yCP = (11.1±2.2)·10−3 andAΓ = (1.2±2.5)·10−3.
We expect significant improvements with the full dataset not only in the statistical but also in
the systematic uncertainty.

4 Direct CP violation

Especially singly Cabibbo suppressed decays, which can proceed both via tree and via penguin
amplitudes, are sensitive to CP violating phases. CP violating phases exist in the SM penguin
contributions, but their contribution is expected to be small. BSM physics could significantly
enhance CP violation in these processes.

4.1 Direct CP violation D0 → KK and D0 → ππ, ∆ACP

We define the CP-violating rate asymmetry ACP (f ) between CP-conjugate decays, D0 → f

versus D
0 → f (where f and f are CP-conjugate final states):

ACP (f ) ≡ Γ(D0 → f )− Γ(D
0 → f )

Γ(D0 → f ) + Γ(D
0 → f )

(6)

Choosing as final states K+K− and π+π− ensures that there are no detection asymmetries
related to the final state of the D0. Production asymmetries and detection asymmetries related
to the “slow pion” πs are independent of the D0 decay mode and cancel to first order in the
difference

∆ACP ≡ ACP (KK)−ACP (ππ). (7)

Because the asymmetries involved are small, higher order effects are negligible at the current
experimental precision. Isospin considerations suggest that for direct CP violation AdirCP (KK) ≈
−AdirCP (ππ) 15, so that we expect the direct CP-violation signal to be enhanced in this difference
compared to individual measurements. Signals induced by time-dependent CP violation would
largely cancel in the difference 4,5,16.

Correlations between the production kinematics and detection efficiencies can destroy the
exact cancellation of the production and detection asymmetries in ∆ACP . To remove such
correlations, the data are analysed in 3-dimensional bins of transverse momentum pT and pseu-

dorapidity η of the D0/D
0
, and the momentum pπs of the slow pion.

Using 0.62 fb−1 of 2011 data, LHCb obtain the following result 16:

∆ACP = [−0.82± 0.21(stat)± 0.11(sys)] %

which is 3.5σ different from zero. The result is found to be stable (amongst others) across
different kinematic bins, data taking periods, magnet orientations and detector regions.

This result is compatible with the previous world average 14 as well as the more recent result
by CDF 17 - leading to a new world average of ∆ACP = [−0.62± 0.17] % 14. The LHCb results
constitutes the first evidence of CP violation in the charm sector, at a level that is somewhat
larger than expected4,18,19, but that might still be compatible with the SM20,21,22,23,24, although
many explanations beyond the SM have been proposed25,26,27,28,29. At the same time, it excludes
BSM models that predict ∆ACP significantly larger than O(1%).



changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in the strong phase within bins. The model-
dependence of this simulation could, in principle, influence
the binning and therefore the sensitivity to CPV, but it
cannot introduce model-dependence into the final results
as no artificial signal could result purely from the choice of
binning. Two further binning schemes, ‘‘Uniform I’’ and
‘‘Uniform II,’’ are defined. These use regular arrays of
rectangular bins of equal size.
The adaptive binnings are used to determine the sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive I or
Adaptive II. The expectation is 0.3.
With the chosen binnings, a number of sets of 100

pseudo-experiments with different CP-violating asymme-
tries are produced. The probability of observing a given
signal in either the #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. The results are given in Table IV. The CPV shows
up both in the "2=ndf and in the width of the fitted SCP

distribution.
For comparison, the asymmetries in the # phase and

$ magnitude measured by the CLEO Collaboration
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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Figure 2: D± → K+K−π+ Dalitz plot with a binning scheme super-imposed (a), and the pulls of the bins, i.e. the
difference in event numbers (after correcting for global event yields) divided by its uncertainty (b). The p−value

between the D+ and D− Dalitz plot for this binning scheme is 11%.
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Figure 8: Distribution of (a) the µµ invariant masses and (b) a zoom in the region 1820-
1900 MeV/c2 with �m in the range 142-149 MeV/c2 and (c) in the range 150-155 MeV/c2;
in (d) is shown the distribution of �m in the range 1820-1885 MeV/c2, and (e) in the range
1780-1810 MeV/c2 of the µµ invariant mass. Superimposed are the projections of the two-
dimensional unbinned maximum likelihood fit. The curves represent the full fit function
(continuous black line), the D⇥+ � D0(� �+��)�+ contribution (dashed dark grey line),
the combinatorial background (dashed light grey line) and the D⇥+ � D0(� K��+)�+

contribution (dotted line).
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Figure 3: The mass distribution of the reconstructed D0 → µ+µ− events (left) and the difference between the
reconstructed D∗ and D0 mass for those events with the di-muon mass in the signal region [1820, 1880] MeV
(right). The broken grey line represents the combinatorial background, the black solid line the combined fit.

Other contributions are identified in the plot. The D0 → µ+µ− is compatible with zero events.

4.2 Direct CP violation in multibody decays

The LHCb collaboration recently published the search for CP violation in the singly Cabibbo
suppressed decay mode D+ → K+K−π+ and its charge conjugate 30. The analysis follows a
method proposed in 31. The Dalitz plot is divided into bins, as illustrated in Fig. 2. The com-
patibility of the D+ with the D− Dalitz plot is evaluated by calculating the χ2 between the two
plots, after accounting for the overall event numbers. Based on 35 pb−1 of data, LHCb recon-
struct 0.33M D± → K∓K±π± signal events and, for the control channels, 3.38M D± → K∓π±π∓

events as well as 0.46M D±
s → K±K∓π± events, with high signal purity in all modes. Several

different binning schemes were used; one example of an adaptive binning scheme is shown in
Fig. 2; the corresponding p−value is 11%. No evidence for CP violation is found in either the
signal mode or the control channels in this or any other binning scheme. The analysis is due to
be update with much more data, and further decay modes are being investigated 32.

5 Searching for D→ µ+µ−

In the SM, the decay D0 → µ+µ− the branching fraction is dominated by long-distance contribu-
tion with a γγ intermediate state. The best upper limit on D0 → γγ 33 implies a SM branching
fraction of D0 → µ+µ− of < 6 · 10−11 at 90% C.L. New physics models such as R-parity violat-
ing SUSY can enhance this branching fraction by several orders of magnitude 34,35. Prior to the
LHCb results, which are being reported at this conference for the first time, the best limit on
this branching fraction had been set by BELLE with B(D0 → µ+µ−) < 1.4 ·10−7 at 90% C.L.36.

Using 0.9 fb−1 of data, LHCb searches for D0 → µ+µ− in the decay chain D∗ → D(µµ)π,



exploiting the characteristic decay kinematics of the D∗ allow for excellent background selec-
tion. The kinematically nearly identical mode D∗ → D(ππ)π is used for normalisation, and the
extremely prolific D∗ → D(Kπ)π for a variety of careful cross checks, including the important
µ/π particle mis-ID rate.

The invariant mass distribution of the µµ candidates, and the distribution of the recon-
structed difference between the D∗ candidate mass and the D0 candidate mass are shown in in
Fig. 3. The plots also show the various contributions of the simultaneous fit to these distribu-
tions. The size of the D∗ → D(µµ)π contribution is compatible with 0, leading to an upper limit
of the D0 → µ+µ− branching fraction of 37.

B(D0 → µ+µ−) < 1.3 · 10−8 at 95% C.L.

B(D0 → µ+µ−) < 1.1 · 10−8 at 90% C.L.

which is more than an order of magnitude improvement compared to the previous best result.

6 Conclusion

The LHCb experiment at CERN is collecting vast and remarkably clean charm samples. The
precision study of charm with these unprecedented data allows for a new level of sensitivity to
physics beyond the Standard Model. We report several world-leading results in the search for
CP violation in charm, including the first evidence of CP violation in charm in D0 → KK and
D0 → ππ decays. We also present for the first time LHCb’s limit of the branching fraction of the
rare decay D0 → µ+µ− which surpasses previous limits by more than an order of magnitude.

At this point, no clear evidence of physics beyond the Standard Model has emerged. As
LHCb’s data sample is expanding, the phase space for new physics models is contracting rapidly.
The absence of any clear BSM signal in flavour physics, despite strong theoretical motivations
for new physics at the TeV scale, remains one of the biggest puzzles in particle physics, and one
of the strongest constraints on new physics models.

The limits and the sensitivities to BSM physics reported here are set improve further sig-
nificantly with data sets set to more than double in 2012, and further increases even during the
planned LHC shutdown as re-processing with upgraded computing infrastructure will result in
a significant increase in charm data available for analysis.
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