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1. Introduction

The field of rare charm decays covers a wide variety of processes, ranging from lepton flavour
(LFV) and lepton number violating (LNV) decays, which are strictly forbidden in the Standard
Model (SM), to radiative decays which have branching fractions (BFs) in the order of 1074, LFV
and LNV decays can only be observed if contributions from processes not explainable in the frame
of the SM are present, so that any signal would be a clear indication of new physics.

Another place to scrutinize the validity of the SM is the study of decays involving contributions
of flavour-changing neutral currents (FCNC), which in the SM can only happen at loop level. Thus,
they are sensitive to potentially additional and yet unobserved heavy particles, which might cur-
rently not be accessible in direct searches. Due to the highly effective Glashow-Illiopoulus-Maiani
(GIM) mechanism [1], the supression of these kind of decays in the charm system is significantly
higher than in the beauty and kaon sectors. However, the neutral charm system offers one of the few
possibilities to test FCNCs acting on up-type quarks, which generically can be subject to different
couplings than the down-type quarks, and therefore constitutes a complementary approach.

In the SM, the amplitudes of four body decays of the form D® — AT h~u*u~ (h =K, xr) receive
FCNC contributions which correspond to BF < &'(10~) [2], while the total BF is expected to be
dominated by tree level amplitudes. In the tree level transition, the two muons come from the
decay of an intermediate resonance and the BFs can reach up to ¢/(1079) [3, 2, 4], depending on
the specific final state.

Thanks to the huge charm production cross section at the Large Hadron Collider and the out-
standing performance of the LHCb detector [5, 6], comprising excellent tracking, vertexing and
particle identification, the LHCb collaboration has became a key player in charm physics and has
recently made oustanding contributions to the field of rare charm decays. Only a small selection of
analyses performed by LHCb is presented in this note.

First, the search for the LFV decay D — e*uT [7] is presented in section 2. For this decay,
some SM extensions even predict rates in the range 1074 — 107 [8]. Second, section 2 show the
results of the first observation of the decay D° — K~z u~u™* in the p°- region of the dimuon
mass spectrum. This decay mode was used as a normalization for the BF measurement in the
analysis of D” meson decays to K*K~u*u~ and 7t 7~ u*u~ final states, which corresponds to
the first observation of these decay modes. Details are given in section 4.

2. Search for the lepton-flavour violating decay D° — e

To search for the lepton-flavour violating decay D° — ™ u¥ LHCb has analyzed its full Run 1
data set, corresponding to 1fb~! collected in 2011 and 2fb~! in 2012 at center of mass energies
of 7TeV and 8 TeV, respectively. For this analysis, LHCb only selected D° mesons arising from
the decay chain D** — D" and performed the measurement relative to the normalization decay
D° — K~ 7", which has a similar topology and a well-measured BF [9]. In the ratio of BFs the
production cross section as well as many detector induced effects cancel to a large extent and
therefore help to reduce the systematic uncertainties. Background candidates from hadronic decays
of the form D° — z~x*, with the pions misidentified as an electron-muon pair, are supressed by
tight criteria on particle identification. The signal yields are determined using extended maximum-
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likelihood fits to the unbinned distributions of the resonstructed D° meson mass, m(D°), and the
mass difference of the D** and the D°, hereafter denoted as Am. Separation of background from
randomly associated unrelated particles and signal is optimized by means of a multivariate analysis,
which is used to divide the data sample in three subsamples. The ranges are chosen such that the
separation between the background-only and signal-plus-background hypotheses is maximal. No
significant signal was observed in the overall mass spectrum nor in any of the subsamples and an
upper limit using the CL; method [10] was set. Figure 1 shows the observed CL, as well as the
expected CL; with uncertainty bands as a function of the signal BF. All systematic uncertainties are
propagated to the final limit as Gaussian constraints on the appropriate parameters. The final limit
is determined to be

B(D° = e uT) < 1.3x107%at 90% C.L. @2.1)

This is the most stringent limit to date and corresponds to an improvement of one order of magni-
tude with respect to the previous results by Belle [11].
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Figure 1: Observed (solid curve) and expected (dashed curve) CL; values as a function of the signal BF .
The upper limit at the 90% CL is indicated by the red line.

3. First observation of the decay D — K~ 7" u~u™ in the p-o region of the
dimuon mass spectrum

The BF measurement of the decay D° — K~ u~pu* by LHCb [12] represents the first ob-
servation of a four body-decay of a neutral charm meson having an oppositely charged muon pair
in the final state. Since the decay amplitude in the p-® region of the dimuon mass spectrum, de-
fined as 675 MeV /c? < m(u* =) < 875MeV/c?, is totally dominated by tree level transitions, the
sensitivity to discover contributions from Standard Model extensions is somewhat limited. How-
ever, due to its decay topology, the decay channel serves as an ideal normalization mode for further
D — h~h*u~u* (h= K, ) BF measurements. LHCb has analyzed collision data corresponding
to 2fb~! taken in 2012 and has selected D° mesons directly produced in the primary proton-proton
interaction. The BF measurement was performed using the decay D° — K~ 7t n~ 7" as normaliza-
tion, which has a BF [13] approximately four orders of magnitude higher than the expected signal
BF. Decays of D° — K~ nt 7~ 7" can also enter the signal sample if two oppositely charged pions
are misidentified as muons and pose one of the main background sources. Therefore, tight particle
identification criteria are optimised simultaniously with a multivariate selection, designed to su-
press non-peaking background from combinations of unrelated charged particles. The yields of the
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signal and normalization mode are determined with a simultaneous maximume-likelihood fit to the
binned m(D°) distributions of both decays. Figure 2 shows the m(D") spectra with fit projection
overlaid for the normalization (left) and signal (right) decays. The BF is measured to be

BOD° K ntu put)=(41240.124+0.38) x 106 (3.1)

where the first uncertainty is statistic and the second systematic. The result is in agreement with
theoretical prediction [4].
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Figure 2: Distributions of m(D°) for D° — K~ ntn~n* (left) and D° — K~ 7t u*u~ (right) candidates
with fit projection overlaid.

4. Observation of D° meson decays to Kt K~ p*u~ and 777~ u*p~ final states

For the first time at the EPS-HEP 2017, LHCDb has presented the first observation of the de-
cays D — wtw~pu*u~ and D° — K*K~u*u~ [14] using a sample of proton-proton collisions
recorded in 2012 corresponding to 2 fb~!. The measurement is performed in bins of dimuon mass
to gain sensitivity to the FCNC processes contributing to the full decays amplitude. However,
the long tails of the intermediate resonances span over the entire dimuon mass range. According to
the known resonances, 5(3) bins are defined for the decay D° — ntn—utu= (D° = KK u*u-).
These regions are: (low mass)<525MeV /c?, () 525MeV /c>-565MeV /c2, (p°/ w) 565 MeV /c*—
950MeV/c?, (¢) 950MeV /c>~1100 MeV /c?, (high mass)> 1100 MeV /c?, where the restricted
phase space limits the D® — K+ K~ u* p~ analysis to the first three bins. The decay D° — K~ ztu—u*
was used as normalization mode, using the LHCb result presented in section 3. As the D° mesons
are required to arise from the decay chain D** — Dz, restricting to candidates with Am in the
range 144.5-146.5 MeV /c? very efficiently supresses background from randomly associated parti-
cles. The muons are selected by particle identification critera to significantly reduce the amount of
hadronic D° — h*h~ 7~ decays, where two pions are misidentified as muons. Residual back-
ground from combinations of unrelated particles is further reduced by a multivariate analysis. The
signal yields are obtained through maximum-likelihood fits to the unbinned m(D") distributions
in each dimuon-mass regions. Figure 3 shows the m(DP) distribution of both signal decays in the
dimuon-mass ranges with fit projection overlaid. A BF is quoted if an excess of candidates with re-
spect to the background-only hypothesis with a significance of more than three standard deviations
is observed. This happens for all dimuon-mass regions except for the 1 range of both signal decays
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Figure 3: Distributions of m(D°) for the D® — 7~ 7+ u~u* (left) and D® — KK~ u* u~ (right) candidates
in the dimuon mass ranges. Fit projections are overlaid. No fit is performed in the 71 region of D° —
K™K~ u™u~, where only two candidates are observed.

and for the high mass region of DY — 77~ u*u~. In the regions with no significant excess of
signal, upper limits are set on the BFs including all systematic uncertainties. Table 1 summarizes
the measured partial BFs and computed upper limits for both signal decays in the dimuon mass
ranges. Taking correlations into account, the total BFs integrated over dimuon mass are reported to
be:

B s u ut)=(9.64+£0.48+0.5140.97) x 107’ 4.1)

BMD° - K K'u u™)=(1.54+0.27+0.0940.16) x 107’ 4.2)

where the first uncertainty is statistical, the second systematic and the third due to the limited
knowledge of the normalization mode BF. The results are in agreement with theoretical predictions
[4]. These are the rarest charm hadron decays measured to date.

5. Summary

The LHCb collaboration has a very succesful rare charm physics program and has made major
contributions to the field analyzing the Run 1 data set collected in the years 2011 and 2012. Most
of the recently published analyses report world’s best measurements, of which only a subset is
presented in this report. Analyses incorporating Run 2 data will follow soon and further improve
limits on very rare and forbidden decays.
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