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Abstract

In this report, searches for the lepton flavour violating decays 7~ — p utu~, Z° — *u* and D° — e*u™ are
presented, using proton—proton collision data recorded by the LHC experiments during 2011 and 2012. The ATLAS
experiment puts an upper limit on B(t~ — u~ ™) < 3.76 x 107 at 90% confidence level, and on B(Z° — t*u%) <
1.69 x 107> at 95% confidence level, based on a data sample corresponding to an integrated luminosity of 20.3 fb™!.
The LHCb experiment puts an upper limit on B(r~ — u u*u™) < 4.6 x 1078 and on B(D® — e*u™) < 1.3 x 1078,
both at 90% confidence level, based on a data sample corresponding to an integrated luminosity of 3.0 fb™".
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1. Introduction

In the Standard Model (SM), lepton flavour violation
(LFV) involving charged leptons is induced by oscil-
lations between the three neutrino flavour eigenstates.
LFV decays can therefore only proceed through loop
processes, which are suppressed by a factor (m,/my)*.
The resulting SM branching fractions are of the order of
10~%9 or smaller, out of reach for current and future ex-
perimental measurements. This makes LFV tests in the
charged lepton sector an ideal playground to search for
beyond the SM physics, and in particular for those mod-
els that introduce new particles around the TeV scale,
aiming for a discovery at the LHC. These theories often
have strongly enhanced rates for LFV decays, provid-
ing the opportunity to observe them with current exper-
iments.

This report presents three searches for LFV decays at
the LHC: A search for 7~ — p~u*u~, performed by the
ATLAS [1] and LHCb [2] experiments, for Z° — *u7,
performed by ATLAS [3], and for D° — e*u¥, per-
formed by LHCb [4]. The ATLAS searches use proton—
proton collision data corresponding to an integrated lu-
minosity of 20.3 fb~! collected by the ATLAS detector
in 2012 at a centre-of-mass energy of 8 TeV. The AT-
LAS detector, described in detail in Ref. [5], is a multi-
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purpose particle detector with a forward-backward sym-
metric cylindrical geometry and a near 4 coverage in
solid angle. The LHCb searches, on the other hand, use
a data sample corresponding to an integrated luminosity
of 3.0fb™! collected by the LHCb detector in 2011 and
2012 at centre-of-mass energies of 7 and 8 TeV, respec-
tively. The LHCb detector, described in detail in Refs.
[6, 7], is a single-arm forward spectrometer covering the
pseudo-rapidity range 2 < n < 5, designed for the study
of particles containing b or ¢ quarks.

2. Limit on B(t~ - y~u*yu~) from ATLAS

The ATLAS experiment has performed a search for
the neutrinoless decay 7~ — y~p*u~ using a sample of
W~ — 179, decays. This production channel is pre-
ferred over other options, like 7% - 1t or decays
of heavy flavour, as it has the highest trigger and re-
construction efficiencies. These efficiencies are limited
by the relatively low transverse momentum, pr, of the
final-state muons compared to other objects used by the
ATLAS trigger and event reconstruction systems. The
contamination to the selected data sample from other
tau production sources is estimated to be less than 3%.

The signal yield Ny, passing the below described se-
lection requirements is translated into a branching frac-
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tion by comparing it to the measured W~ — 77 ¥, cross
section o w-_r-y, [8] as

Nsig

b
Esig X Ow-51r-9, X L

B —ppp)= (1)
where €4, is the signal selection efficiency and L is
the integrated luminosity of the data sample. Using
the results from Ref. [8] leads to a normalisation fac-
tor o x £ = (2.41 +£0.08) x 10%.

The ™ — p u*u~ candidates are selected in three
steps. First, a loose cut-based selection, aimed at reject-
ing background that is kinematically inconsistent with
the signal, is performed to obtain a background sam-
ple that can be used to train a boosted decision tree
(BDT). Next, additional “tight” selection requirements
are imposed, including an initial loose cut xy on the
output x of the BDT. Finally, the cut x; > xy on the
BDT output is optimised for the expected branching
fraction limit. The final selection efficiency is &, =
0.0231 + 0.0005 (Jet) + 0.0009 (MC) = 0.0025 (trig) +
0.0030(reco) for signal candidates in the search window
m3, € [1713, 18411 MeV/c?, defined using the three-
muon invariant mass.

The expected background yield in the signal search
window after the “tight + x > x;” selection is calculated
using the following procedure: For the “tight + x > xo”
selection, the background yield in the blinded signal re-
gion is estimated from a fit to the mass sidebands, as
shown in Fig. 1. The expected yield is combined with
the results from a fit to the BDT output in the region
X > X in order to extrapolate the background yield to
the “tight + x > x;” selection. This leads to an ex-
pected background yield of Nyie = 0.193+£0.037 (stat) £
0.131 (syst), where the dominant (systematic) uncer-
tainty is associated with the extrapolation procedure.

After unblinding, no events in the signal search win-
dow pass the final selection requirements. An upper
limit [1]

Bt - p ) <3.76x 107 @90%CL. (2)

is set on the 7~ — y~u*u~ branching fraction using the
CLs method [9, 10]. Although this limit is not yet com-
petitive with the results from the LHCb [2] and Belle
[11] experiments, it demonstrates ATLAS’ potential for
performing competitive LFV searches using the LHC
run 2 data and beyond, and its capabilities to reconstruct
and trigger on low-pr muons.

3. Limit on B(r~ - y~u*yu~) from LHCb

The LHCb experiment has performed a search for the
neutrinoless decay v~ — p~u*u” using a sample of tau
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Figure 1: Three-muon invariant mass distribution of the ATLAS
search for 7= — p u*u~. The circles show the data after the
tight+x > xp selection, and the square shows the single data point
remaining after the tight+x > x; selection. The sideband and signal
regions are indicated by the dotted and dash-dotted arrows, respec-
tively.

leptons from b and c-hadron decays. The signal yield
is translated into a branching fraction by comparing it
to the yield observed in the normalisation mode D; —

(> pu)n as
B(D; — ¢(— pp)n”)
B(D; — 17;)

Nsig
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Here, fTD * = 0.80 £ 0.03 is the fraction of tau leptons
that originates from a D; meson, calculated using the
measured bb and c¢¢ cross-sections [12] and inclusive
b — Dy, c = Dy, b — 7 and ¢ — 7 branching fractions
[13]. This leads to normalisation factors a(7 TeV) =
(7.20+0.98)x 107 and a(8 Te V) = (3.37£0.50)x 10~°,
where the difference is due to changes in the trigger set-
tings between 2011 and 2012.

After an initial cut-based selection, the T~ — u~u*u~
candidates are identified using three likelihood vari-
ables: a multivariate classifier Mapoqy that exploits
the geometrical and kinematic properties of the 7= —
u-ptu decay, the response Mppp of a neural network
giving the likelihood that each of the three final-state
particles is compatible with the muon hypothesis, and
the three-muon invariant mass ms3,, whose distribution
is shown in Fig. 2. The Mspoqy and Mpip classifiers are
trained on simulated signal events, and afterwards cor-
rected for data—simulation differences using the Dy —
¢(— ptp~)n” normalisation mode and Jiy — ptu~ de-
cays in data, respectively.
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Figure 2: Three-muon invariant mass distribution and accompanying
fit to the mass sidebands in the M3pody X Mpip bin that contains the
highest signal probability for the LHCb search for v~ — p~u*u~.

A combined fit is performed to the three-muon in-
variant mass distribution of the most sensitive bins
in Mspoay X Mpip. The result is consistent with the
background-only hypothesis, and an upper limit [2]

Bt~ > p ) <46x10° @90%CL.  (4)

is set on the branching fraction using the CLs method
[9, 10]. This limit is a factor 2.5 higher than the current
best limit [11], set by the Belle experiment.

4. Limit on B(Z° » 7*47) from ATLAS

The ATLAS experiment has performed a search for
the LFV decay Z° — 7*u¥, where the tau lepton is
reconstructed in the three-pion final state. The analy-
sis strategy is similar to the search for the LFV decay
H — p*t7 [14, 3], and both studies are performed in
tandem. The selection requirements are optimised sep-
arately to account for the difference in kinematics of the
7° and Higgs boson decay products.

The main sources of background for this search are
W+jets, Z° — 1+1~ decays and combinatorial back-
ground. The combinatorial background is described us-
ing the same-sign 7*u* candidates in the data. The
7% — 1*1~ background is modelled with an embed-
ding technique: In a sample of Z° — u*u~ events from
data, the two muon tracks associated with the signal
candidate are replaced by simulated 7~ — 7 A AV,
decays. Finally, the W+jets background is modelled us-
ing a control region in the data. This region is defined
using the transverse mass
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Figure 3: The invariant mass distribution, reconstructed from the ob-
served tau, muon and missing transverse energy, for signal region 1
of the ATLAS search for Z° — 7*u¥. The empty histogram gives
an illustration of a potential signal distribution assuming a branching
fraction of 1073,

of the tau and muon candidates, where A¢ is the angle
between the lepton ¢ and the direction of the missing
transverse energy EY'™. For the W+jets control region

ms > 60 GeV and mit > 40 GeV.

Two signal search regions are identified using the
transverse mass variables. For the first region 30 <

ms < 75 GeV and mi™T < 20 GeV, while for the
second region m’;ﬂ < 30 GeV and m;ET“ < 45 GeV.
A simultaneous fit of the invariant mass distribution, re-
constructed from the observed tau, muon and missing
transverse energy, is performed to the two signal and
W+jets control regions. A slight deficit in the number of
observed events compared to the predicted background
is found. For signal region 1, the result of this fit is
shown in Fig. 3, together with an illustration of a poten-
tial signal distribution. The result is consistent with the
background-only hypothesis, and an upper limit [3]

BZ’ - 47 <1.69%x 107 @95%CL. (6)

is set on the branching fraction using the CLs method
[9, 10].
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5. Limit on B(D" — e*y¥) from LHCb

The LHCb experiment has performed a search for the
LFV decay D° — e*u*. Candidate D° mesons are se-
lected from a sample of D** — D%z* decays. The sig-
nal yield is translated into a branching fraction by com-
paring it to the yield observed in the normalisation mode
D’ — K~ 7" as

0 + 7 0 — o Gom _ Nsig
B(D” — e“u') =B(D° - K n7)x X
Esig Niorm

(D

The selection efficiencies for the signal and normalisa-
tion channel are €5, = (4.4 + 0.3) X 10~ and €,0rm =
(2.5 +0.1) x 107, respectively. It should be noted that
only 1% of the D° — K~n* candidates are retained by
the trigger to cope with the large charm production rate
at the LHC.

After an initial cut-based selection, a BDT is used
to divide the sample of D° — e*u® candidates into
three bins of different signal purity. Before imposing
the selection requirements, the measured momentum of
the electron candidates is corrected to account for loss
of momentum by bremsstrahlung in the detector, us-
ing the photon energy deposition in the electromagnetic
calorimeter.

In each of the three BDT bins, a two-dimensional fit
is performed to the D° mass m» and D** to D° mass
difference Am = mp+ — mpo. The result of this fit
in the bin with the highest signal purity is shown in
Fig. 4. The main source of background comes from
D" — n*n~ decays where one of the pions is misidenti-
fied as an electron and the other as a muon. The proba-
bility for this double misidentification to happen is only
(1.8 + 0.4) x 1078, But given the large D° — 7~
branching fraction of (1.421+0.025)x 1073 [13], a non-
negligible amount of D — n*7~ candidates still remain
in the sample after the selection.

The fit is consistent with the background-only hy-
pothesis. From a simultaneous fit to the three BDT bins
a signal yield Ng, = —7 + 15 is obtained, and an upper
limit [4]

B - e uT)<13x 108 @90% C.L. (8)

is set on the branching fraction using the CLs method [9,
10]. This result improves upon the previous best limit
from the Belle experiment [15] by a factor 20.
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