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1. Introduction2

Studies of rare decays of charmed hadrons are a unique tool to probe the Standard Model3

(SM) couplings for up-type quarks, complementary to similar analyses performed in the beauty4

and strange sectors. Particularly sensitive to New Physics (NP) contribution are Flavour Changing5

Neutral Currents (FCNC) and Lepton Number Violating (LNV) decays. In the SM the FCNC6

processes are suppressed because of the Glashow-Illiopoulus-Maiani (GIM) mechanism, which is7

particularly effective for c→ u transitions. On the other hand the LFV decays are completely8

forbidden in the SM but can be enhanced in some NP scenarios. The branching fraction of D0→9

h+h−µ+µ− decays is dominated by Long Distance (LD) contribution (O(10−6)), when the muons10

are originating from a resonance, while the Short Distance (SD) contribution are only effective11

away from the vector meson regions (O(10−9)). In addition to the search studies, multibody rare12

decays are particularly interesting to study CP and forward-backward (FB) asymmetries, which13

could be enhanced by some NP effects up to O(1%) level [1].14

The LHCb experiment [2] is the ideal environment to perform these studies, due to the large15

charm production cross-section [14, 15] at the LHC and its unique geometrical acceptance. The16

detector is a single-arm forward spectrometer with excellent tracking, vertexing and particle identi-17

fication performance. The trigger system is very flexible and efficient in selecting charmed hadron18

decays.19

2. Search for the decay D0→ π+π−µ+µ−20

The D0→ π+π−µ+µ− is a FCNC decay, whose branching fraction is dominated by the pres-21

ence of the D0→ φ(µ+µ−)π+π− decay. A first limit on the branching fraction, set by the E79122

Collaboration, was 3.0×10−5 at 90% CL [16].23

The LHCb experiment performed a search [7] using pp collision data sample collected in 201124

and corresponding to an integrated luminosity of 1.0 fb−1 at
√

s= 7 TeV. The analysis is performed25

using the D∗+→ D0π+ decay in order to suppress the combinatorial background. This is further26

suppressed by means of a multivariate classifier, namely a Boosted Decision Tree (BDT) [3, 4],27

whose training is performed using as input kinematic and geometric distributions. The main28

background comes from the misidentification of pions as muons in the decay D0→ π+π−π+π−,29

which can be reduced making stringent requirements on the muon identification. The µ+µ− in-30

variant mass is divided into four regions to isolate those sensitive to the SD component from31

those dominated by resonances. The signal regions are defined as 250 < mµµ < 525 MeV and32

mµµ > 1100 MeV. The D0→ π+π−φ(µ+µ−) decay is used as a normalisation channel. Its branch-33

ing fraction has been derived indirectly from the amplitude analysis of the D0→ K+K−π+π− de-34

cay [8], by taking the fit fraction of the π+π−φ(K+K−) and from the B(φ → µ+µ−)/B(φ →35

K+K−) ratio, which yields to B(D0 → π+π−φ(K+K−)) = (5.2± 1.1) · 10−7. This procedure36

results in a 17% systematic uncertainty, dominating over the others.37

An unbinned two-dimensional maximum likelihood fit is performed to the mππµµ , ∆m =38

mππµµπ −mππµµ distributions to determine the yields in the ranges 1810− 1920 MeV and 140−39

151.4 MeV as shown in Fig. 1. The yields are compatible with the expected leakage from the40

resonant into the signal region. A limit on the SD branching fraction, extrapolated to the whole41
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di-muon invariant mass spectrum by assuming a phase-space model has been set using the CLs42

method (Fig. 2) to:43

B(D0→ π
+

π
−

µ
+

µ
−)< 5.5 (6.7)×10−7 at 90(95%) CL (2.1)

This result improved with respect to the previous one of a factor 70, though it is still 2 order of44

magnitude above the SM prediction.45
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Figure 1: Distribution of mππµµ (right) and ∆m = mππµµπ−mππµµ (left) in the low (top) and high (bottom)
mµµ spectra. The data are represented by the points (black) and the fit shape (blue line) is superimposed.
The single fit components are the signal (filled area), the misidentified background (dashed green line) and
the combinatorial background (dashed-dotted red line).

3. First observation of the decay D0→ K−π+µ+µ− in the ρ0/ω region46

The branching fraction of the D0 → K−π+µ+µ− decay is dominated by LD contributions,47

due to presence of intermediate resonance such as the ρ0 or ω mesons. Moreover it is not FCNC48

and therefore it has limited sensitivity to NP contributions. However these decays can be used to49

normalise other c→ uµ+µ− processes. The LHCb collaboration studied the D0 → K−π+µ+µ−50

decay with the di-moun pair in the ρ/ω region to provide a suitable normalisation for other 4-body51

modes such as D0 → π−π+µ+µ− and D0 → K−K+µ+µ−. The analysis [10] is based on data52

collected at a center-of-mass energy of 8 TeV, corresponding to an integrated luminosity of 2 fb−1.53

The di-muon invariant mass has been selected in the ρ0 and ω region (675 < mµµ MeV < 875),54
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Figure 2: Observed (solid curve) and expected (dashed curve) CLs values as a function of B(D0 →
π+π−µ+µ−)/B(D0→ π+π−φ(µ+µ−)). The upper limits at the 90(95)% CL are indicated by the dashed
(solid) line.

which simplify the analysis since no efficiency variation as a function of the di-muon mass is55

expected.56

The main backgrounds components are the misidentified D0→ K−π+π+π− decay, used also57

as reference channel, and the combinatorial one. The selection on the signal and the normalisation58

decays makes use of a BDT and differs only for the muon identification requirements. The signal59

yield is determined with a maximum likelihood fit. The result is shown in Fig. 3, from which the60

first observation of this decay can be clearly inferred. The corresponding branching fraction is de-61

termined using as input also the measurement for the normalisation decay performed by CLEO [9]62

B(D0→ K−π
+

µ
+

µ
−) = (4.12±0.12±0.38)×10−6, (3.1)

where the first uncertainty is statistical and the second systematic. This result is in agreement with63

the theoretical predictions.64

The distribution of the mkπ and mµµ invariant masses are shown in Fig. 4, where the back-65

ground has been statistically subtracted. The presence of resonant contribution is evident, though66

a precise understanding of the decay dynamics would require an amplitude analysis.67

4. Search for the decay D0→ e±µ∓68

The branching fraction of the LFV decay D0 → e±µ∓ is predicted to be non-zero in some69

beyond the SM theories [11] and its observation with current sensitivities would be a clear sign of70

NP. The most stringent limit was set by Belle [12] at71

B(D0→ e±µ
∓)< 2.6×10−7 at 90% CL. (4.1)

The LHCb experiment performed a measurement using the data of the entire sample of LHC72

Run 1 corresponding to an integrated luminosity of 3 f b−1. The analysis is based on the D∗+→73

D0π+ decay chain and the D0 → K−π+ channel is used as normalisation. The most important74

peaking background is the D0→ π+π− decay, that can be misidentified as D0→ e±µ∓ with a prob-75

ability of about 1.4×10−8. The peak of this background is just 15 MeV below the signal, as shown76
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Figure 3: Distribution of mKπµµ (Left) and mKπππ (Right). The data are represented with the points (black)
and the fit function (blue) is overlaid. The D0→ K−π+µ+µ− (green dashed line), the D0→ K−π+π+π−

(red solid line) and the combinatorial background (magenta dotted line) are also shown.
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Figure 4: Background subtracted distribution of the mpiK (Left) and mµµ (Right) for selected D0 →
K−π+µ+µ− candidates.

in Fig. 5. Moreover the parametrisation of the signal is particularly difficult, due to bremsstrahlung77

effects, which have to be taken into account in the correction of the electron momentum. As usual78

the combinatorial background is suppressed using a BDT.79

In order to enhance the sensitivity to the signal the sample has is divided into BDT bins,80

in which the number of signal events is extracted simultaneously using an unbinned maximum81

likelihood fit. The invariant mass distribution for the most sensitive BDT bin is shown in Fig. 6.82

The yield is compatible with zero and the upper limit has been set with the CLs method (Fig. 4)83

B(D0→ e±µ
∓)< 1.3 (1.6)×10−8 at 90(95%) CL. (4.2)

5. Future prospects84

The measurements presented in the previous sections have been performed with the data col-85

lected during the Run 1 of LHC. An important measurement that is currently in progress with the86
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Figure 5: Invariant mass from simulation for D0→ e±µ∓ (black solid line) and D0→ π±π∓ decays recon-
structed as D0→ e±µ∓ (red dashed line).
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Figure 6: Distribution of meµ (left) and meµπ −meµ for D0→ eµ candidates with fit functions overlaid, for
the most signal-like BDT bin. The total fit results (blue solid line), the D0→ eµ (grey line), the misidentified
D0→ ππ (grey dashed line) and the combinatorial background (purple line) components are also shown.

0 2 4
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Observed CLs

Expected CLs - Median

σ1 ±Expected CLs 

σ2 ±Expected CLs 

C
L

S

)

±

µ±e→0(DB
6 10-8×

LHCb

Figure 7: Distribution of CLs as a function of B(D0→ e±µ∓). The expected distribution is shown by the
dashed line. The observed distribution is shown by the solid line connecting the data points. The horizontal
line indicates the 90% CL.
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same sample is the update on the search for the FCNC decay D0→ µ+µ−.87

At present LHC started a second phase of data taking, at the end of which the LHCb detector88

will have collected about 8 fb−1 of integrated luminosity. Moreover for the long-term future LHCb89

is planning an upgrade of the detector, and it is expected to collect an additional 50 fb−1. Assuming90

the same efficiencies and signal to background ratios as in Run 1 it is possible to give some estimate91

on the expected branching fractions for some decays. The values, reported in Tab. 5, show that92

after the Upgrade it will be possible, for some modes, to reach the sensitivities at the level of NP93

predictions.94

Mode Run 2 Upgrade 1
D0→ µ+µ− ∼ 10−9 ∼ 10−10

D+→ π+µ+µ− ∼ 10−8 ∼ 10−9

D+
s → K+µ+µ− ∼ 10−7 ∼ 10−8

D0→ h+h−µ+µ− ∼ 10−7 ∼ 10−8

Table 1: Extrapolation to Run 2 and Upgrade 1 luminosity on the branching fraction of some FCNC charm
decays.

Moreover, CP and FB asymmetries can be also investigated at the percent level as reported in95

Tab. 5. The predictions could be further improved thanks to better selections and a novel trigger96

strategy entirely software based.97

Mode Run 2 Upgrade 1
D+→ π+µ+µ− 0.6% 0.2%
D0→ π+π−µ+µ− 3% 1%
D0→ K−π+µ+µ− 1% 0.3%
D0→ K+π−µ+µ− 40% 12%
D0→ K−K+µ+µ− 11% 4%

Table 2: Extrapolation to Run 2 and Upgrade 1 luminosity on asymmetries of some FCNC charm decays.

6. Conclusion98

The results presented show excellent prospects for rare charm decays at LHCb. The Run99

1 measurements improved with respect to the previous ones in some cases by several orders of100

magnitude. The LHCb collaboration is putting in place an upgrade of the detector, that will allow101

to collect a sample two orders of magnitude bigger. The collected statistics would be enough in102

various cases to reach the level of NP theoretical predictions. Moreover measurement on CP and103

FB asymmetries are expected to reach the percent level.104
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