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A search for the lepton flavor violating T — 3 decay is performed using proton-proton collision events at a
center-of-mass energy of 13 TeV collected by the CMS experiment at the LHC in 2017-2018, corresponding to an
integrated luminosity of 97.7 fb~". Tau leptons produced in both heavy-flavor hadron and W boson decays are
exploited in the analysis. No evidence for the decay is observed. The results of this search are combined with
an earlier null result based on data collected in 2016 to obtain a total integrated luminosity of 131 fb™'. The
observed (expected) upper limits on the branching fraction B(t — 3u) at confidence levels of 90 and 95% are

2.9x 1078 (2.4 x 1078) and 3.6 x 1078 (3.0 x 10~3), respectively.

1. Introduction

There are no known symmetries that would strictly forbid lepton
flavor violating decays, such as T — 3u. However, the only source of
lepton flavor violation in the standard model (SM) of particle physics
is from neutrino transitions in loops, which implies a vanishingly small
branching fraction for Tt — 3y, around 10755 [1-3]. Various extensions
of the SM predict T — 3u decays with branching fractions as high as
10~19-10-8 [4-6], which can be probed in present and near-future ex-
periments.

The most stringent experimental upper limit on the branching frac-
tion of the T — 3u decay, set by the Belle experiment, is B(t — 3u) <
2.1 x 1078 at 90% confidence level (CL) [7]. A similar upper limit of
3.3x 1078 at 90% CL [8] is reported by the BaBar experiment. While
Belle and BaBar operated at asymmetric electron-positron B factories,
proton-proton (pp) collisions offer another prolific source of tau leptons.
The upper limits at 90% CL reported by the CERN LHC experiments are
4.6x 1078 from LHCb [9], 38 x 10~® from ATLAS [10], and 8.0 x 1073
from CMS [11].

In this Letter, we report a search for the T — 3p decay with the
CMS experiment using data collected in 2017 and 2018, which cor-
respond to integrated luminosities of 38.0 fb~! and 59.7 fb~!, respec-
tively. The result is combined with a previously published analysis using
data collected by the CMS experiment in 2016, which corresponds to
an integrated luminosity of 33.2 fb~! [11]. Both searches exploit tau
leptons produced in heavy-flavor (charm and bottom) hadron decays
and W boson decays. Heavy-flavor decays produce the vast majority of
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tau leptons at the LHC, and the T — 3u signal is characterized by the
presence of low transverse momentum (pr) muons in the final state,
typically below 10 GeV, with high intrinsic background. While the tau
lepton production rate from W boson decays is a few orders of mag-
nitude smaller, the muons from the t — 3p signal have larger py, are
typically isolated from hadronic activity, and are accompanied by sig-
nificant missing transverse momentum in the event, resulting in a low
intrinsic background. The background is dominated by events in which
a pion or kaon misidentified as a muon is combined with two muons
from a b hadron decay (usually one muon from the b hadron decay and
one from the subsequent ¢ hadron decay). Tabulated results are pro-
vided in the HEPData record for this analysis [12].

2. The CMS detector

The CMS apparatus [13] is a multipurpose, nearly hermetic detector,
designed to trigger on [14,15] and identify electrons, muons, photons,
and (charged and neutral) hadrons [16-18]. A global “particle-flow” al-
gorithm [19] aims to reconstruct all individual particles in an event,
combining information provided by the all-silicon tracker and by the
crystal electromagnetic and brass-scintillator hadron calorimeters, op-
erating inside a 3.8 T superconducting solenoid, with data from the
gas-ionization muon detectors embedded in the flux-return yoke out-
side the solenoid. The reconstructed particles are used to build jets and
measure the missing transverse momentum (E’T"iss) [20-22], which is
computed as the negative vector sum of the py of all the reconstructed

particles in an event, with magnitude denoted as p?liss.
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Muons are measured in the pseudorapidity range || < 2.4, with de-
tection planes made using three technologies: drift tubes, cathode strip
chambers, and resistive-plate chambers. Matching measurements in the
muon detectors to tracks measured in the tracker results in a relative py
resolution, for muons with py up to 100GeV, of 1% in the barrel and
3% in the endcaps [17].

Events of interest are selected using a two-tiered trigger system. The
first level (L1), composed of custom hardware processors, uses infor-
mation from the calorimeters and muon detectors to select events at a
rate of around 100 kHz within a fixed latency of about 4 us. The sec-
ond level, known as the high-level trigger (HLT), consists of a farm
of processors running a version of the full event reconstruction soft-
ware optimized for fast processing, and reduces the event rate to around
1 kHz before data storage [15].

3. Data and simulated samples

The data used in this analysis were collected in 2017-2018 from
pp collisions at a center-of-mass energy of 13TeV, and correspond to
an integrated luminosity of 97.7 fb~!. The heavy-flavor analysis uses
D} — t*v, and B* /B® — 1 + X as signal processes, accounting for
about 60 and 40% of the T lepton production from heavy-flavor de-
cays, respectively, and D — ¢(1020)7" — p*u~7* as a normaliza-
tion process (¢(1020) is written as ¢ in the remainder of the Letter).
Charge-conjugated processes are implied throughout this Letter. Sim-
ulated event samples are generated with Monte Carlo (MC) methods,
using PYTHIA 8.226 [23] with the CP5 tune [24] at leading order (LO).
The heavy-flavor decays are modeled with EVTGEN 1.6.0 [25], and a
phase space model is used for the T — 3p decay. The W+ — t*v_ pro-
cess is also simulated using PYTHIA with the CP5 tune. In addition, a
smaller W — t+v._ sample is simulated using MADGRAPH5_aMC@NLO
[26] at next-to-LO (NLO). All generated events are passed to a detailed
GEANT4 [27] simulation of the CMS detector. The subsequent trigger
selections and event reconstruction are performed with the same al-
gorithms as those used with the data. The simulated events include
multiple pp interactions within the same or nearby bunch crossings,
known as pileup, and are reweighted to match the pileup distribution
in data.

4. Search for the T — 3u decay in heavy-flavor hadron events

The search for T — 3u in heavy-flavor hadron decays uses low-py
dimuon or trimuon triggers. The 2017 data were collected with L1 trig-
ger requirements of either two oppositely charged muons having a pseu-

dorapidity of || < 1.5 and a separation of AR = V(An)? + (Ad)* < 1.4,
where An and A¢ are the differences in pseudorapidity and azimuthal
angle, respectively, or three muons, with the py-(sub)leading muon hav-
ing pr > 5(3)GeV (without any explicit pr requirement for the third
muon). At the HLT, two oppositely charged muons with pp > 3 GeV and
an additional track with pr > 1.2GeV were required. The three parti-
cles were fitted to a common vertex, which was required to have a
vertex fit y* per degree of freedom less than 8 and be separated from
the beamline in the transverse plane by at least twice the uncertainty
in the distance. The invariant mass of the three particles, assuming the
muon mass for each, was required to be in the range of 1.60-2.02 GeV,
which is wide enough to record both T — 3u and D} — ¢pnt — ptu~n*
candidate events. The two-dimensional pointing angle (a,p), defined
as the angle in the transverse plane between the three-particle mo-
mentum vector and the vector from the beamline to the three-particle
common vertex, was required to satisfy cos a,p, > 0.9. For the 2018 data-
taking period, an L1 trigger algorithm requiring two oppositely charged
pr > 4GeV muons with AR < 1.2 was added to complement the previ-
ous ones. The HLT algorithm was changed to require three muons, but
with the same p and vertex requirements as those in 2017. The pre-
vious “2 muons and 1 track” trigger was prescaled by a factor of 20,
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Fig. 1. The p*u 7t invariant mass distribution with the fits to the sum of
the D*(1.870 GeV) and D:(1.968 GeV) [30] resonances and the background in
2017 data.

i.e., storing only 5% of the events selected by the algorithm, in order to
keep recording D} — 7t — ptu~nt candidate events.

In the offline selection, three global muons [17] are required. A
global muon combines a muon candidate reconstructed in the muon
detectors with a track reconstructed in the silicon tracker. The three se-
lected muons must have || < 2.4 and the minimum py is 3 GeV for the
leading two muons and 2 GeV for the third, when ordered by decreasing
pr- Any muon with |7| < 1.2 must have pr > 3.5GeV. The muons must
be matched to the objects that triggered the event by AR < 0.03 and
have a total charge of +1. In about 1% of the cases, where more than
one muon triplet candidate is found, the one with the smallest trimuon
vertex fit y? is selected. The tracks of the three muon candidates are re-
fitted with a constraint that they originate from a common point [28].
This improves the mass resolution by about 10%. To match the trigger
requirement, the two-dimensional distance of the trimuon vertex to the
beamline is required to be at least twice its uncertainty. The primary
vertex (PV) is chosen as the one with the smallest three-dimensional
pointing angle (a;p) between the trimuon momentum and the vector
connecting the PV and the trimuon vertex.

The signal normalization strategy, detailed in Ref. [11], is sum-
marized here. The dependence on the knowledge of D and B meson
production cross sections, or trigger and selection efficiencies, is min-
imized by normalizing the signal yield to the D} — ¢t — ptu~n*
yield in data, separately for 2017 and 2018. The normalization chan-
nel DY — ¢7* - ptu~nt uses the same selection criteria with the
following exceptions. Only two muons are required and they must be
oppositely charged with an invariant mass between 1 and 1.04 GeV. The
track associated with the pion must have pr > 2 GeV and form a vertex
with the two muons with a y? per degree of freedom less than 5. Fig. 1
shows the p*p~nt invariant mass distribution using 2017 data with fits
to the D*and D7 signal peaks using Crystal Ball functions [29] for the
peaks and an exponential function for the background.

The expected number of T — 3p signal events from D} meson decays
that pass the dimuon triggers, denoted as N; w(D)> 18 related to B(t —
3u) by
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where N is the measured D} — ¢n* — putp~n* yield, A is the

reco

ot
detector acceptance, €™ is the selection efficiency, ¢# is the trigger
efficiency, and the subscripts 31«(D) and ppr indicate T — 3 and D —
¢t — utunt decays, respectively. Similarly, the expected number of
T — 3 signal events from decays of the form B — 7+ X coming from
the dimuon triggers, denoted as N3, is related to B(t — 3u) by
T 2 putri
f Ay ) S i) B3
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where N, is the measured D} — ¢t — ptu~nt yield, f is the
fraction of DY mesons from b hadron decays. The fraction f can be
calculated as the ratio of cross sections (0): f = o(pp — B + X)B(B —
D} + X)/o(pp — D} + X). Since D mesons produced from b hadron
decays tend to decay farther from the PV than directly produced
D mesons, we validate the simulation-predicted value of f by fitting
the D} — ¢nt — pFu~nt proper decay length, Lm(u*u=n*)/p, dis-
tribution in data, where L is the distance between the PV and the
pru~mt vertex, m(utu mt) is the ptp ™ invariant mass, and p is
the u* =7t momentum. The small contributions to signal events from
D+ - v+ X and B? - 1+ X decays are added by scaling the D} — t+v,.
and B — 7+ X predictions by 1.04 and 1.12, respectively, as determined
from simulation. Systematic uncertainties equal to these corrections are
assigned.

The data collected using the trimuon trigger cannot be directly nor-
malized to D} — ¢t — p*u~mt. The simulation predicts that the
fraction of signal events triggered exclusively by the trimuon trigger
is about 28% of the events passing the dimuon triggers. When mea-
sured from events in a D} — ¢p* (M TR Tl Ths v,, control region, this
ratio is found to be 31%. The dimuon-triggered signal yields are there-
fore scaled up by 28%, and a systematic uncertainty of 3% is assigned
on the total yields.

Selected events are categorized based on the calculated trimuon
mass resolution, which primarily depends on the pseudorapidities of
the reconstructed muon candidates. Three mass resolution categories
are introduced: o,,/m <0.7%, 0.7 < 0,,/m < 1.05%, and o,,/m > 1.05%,
where m is the trimuon invariant mass and o, is its uncertainty. They
are labeled A, B, and C, with average o,, of 12, 19, and 25MeV, re-
spectively. The signal region (SR) for each category includes candidates
with trimuon invariant masses within twice the average mass resolu-
tion. The sideband region includes candidates outside the SR but with
trimuon invariant masses of 1.62-2.00 GeV. To remove ¢ — ptp~ con-
tributions, candidates in which two oppositely charged muons have an
invariant mass near the ¢presonance are rejected, with the exact require-
ment depending on the resolution category.

A study of simulated minimum-bias events reveals that the few
events that pass our selection criteria usually have at least one muon
candidate that is associated with a generated hadron. This can occur
from the decay of a pion or kaon as well as from random matching be-
tween hadron tracks in the tracker and stubs in the muon detectors.
Therefore, a boosted decision tree (BDT) is trained [31] based on muon
reconstruction quality, using the lowest-p; muon among the three in
simulated T — 3 events as signal, and simulated B meson to charged
pion or kaon decays as background, where hadrons wrongly identified
as global muons are selected. The muon reconstruction quality BDT
makes use of observables from the silicon tracker and muon detec-
tors, as well as their compatibility. After that, another BDT, referred
to as the analysis BDT, is trained for each mass resolution category to
improve the signal-to-background ratio, using simulated signal events
(with properly mixed D and B meson decays) and background events
from the data sideband region. The analysis BDT training utilizes the
following observables: trimuon py, the muon reconstruction quality
BDT scores of each of the three muon candidates, additional muon qual-
ity criteria (each using the least signal-like value among the three muon

Nyuwy =N
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candidates), number of hits in muon detectors for each of the three
muon candidates, the normalized 2 of the trimuon vertex fit, a5, the
distance between the PV and the trimuon vertex and its significance (de-
fined as the distance divided by its uncertainty), the largest and smallest
values of the transverse impact parameter of the three muons with re-
spect to the PV, and their significances, and two isolation observables.
The isolation observables measure the activity in terms of other par-
ticles in the vicinity of the trimuon vertex or the three muons. The
first isolation observable is the smallest distance of closest approach
to the trimuon vertex of all other tracks in the event with pr > 1GeV.
The second isolation observable, which is maximized over the three
muons, is defined by summing the pr of all tracks with pp > 1 GeV, and
with AR < 0.3 and a distance of closest approach below 1 mm with re-
spect to the muon (the tracks associated with the other two muons are
excluded), and by dividing this sum by the muon candidate py. The dis-
tributions of the observables providing the largest discrimination power
between signal and background are shown in Fig. 2.

Each mass resolution category is divided into four subcategories
based on the analysis BDT score. While the lowest analysis BDT score
subcategory is discarded, the other three subcategories in each mass
resolution category are retained for the statistical analysis, and assigned
number labels from 1 to 3, such that label 1 corresponds to the high-
est (the most signal-enriched) BDT score subcategory. In this way, nine
event categories are defined for each data-taking year.

The boundaries of the analysis BDT subcategories are optimized to
give the largest expected combined signal significance, which is done
before unblinding the signal region. For consistency with the W boson
analysis, described in Section 5, w(782) — 2u contributions are vetoed
by requiring the invariant masses of oppositely charged muon pairs to
be away from the w(782) peak by more than 10 MeV. This requirement
has no impact on the result.

The trimuon invariant mass distributions for categories A1, B1, and
C1 are shown in Fig. 3, along with a background-only fit with an ex-
ponential function, and the contribution expected from a signal with
B(t — 3p) set to 10~7, which is chosen to enhance the visibility of the
signal in the figures.

Events that do not have a T candidate formed by three global muons
but by two global muons and one tracker muon [17], which is recon-
structed as a silicon tracker track extrapolated to match stubs in the
muon detectors, are analyzed separately. The event selection is the same
as in the case of three global muons. A tracker muon reconstruction
quality BDT is trained to suppress misidentified muons. Events are then
categorized based on mass resolution and using another analysis BDT,
in the same way as in the case of three global muons, but defining three
subcategories instead of four, with the lowest analysis BDT score sub-
category discarded. Thus six event categories are defined for each year.
The trimuon invariant mass distributions for these two global muons
and one tracker muon analysis categories Al, B1, and C1 are shown in
Fig. 4, along with a background-only fit, with an exponential function,
and the contribution expected for a signal of B(t — 3u) set to 1077,

The dominant systematic uncertainty is related to the signal nor-
malization, including the statistical uncertainty in the yield of D} —
¢t — utu~nt decays and its variation over different data-taking pe-
riods; the uncertainties in various heavy-flavor decay branching frac-
tions [30] that affect the signal normalization; the uncertainty in
the muon reconstruction efficiency, measured using a tag-and-probe
method [32] applied to J/y — putu~ data events; and the uncertainty
in the BDT requirement efficiency, studied by training a BDT for the
D} — ¢t — utp mt process using the same observables and com-
paring the DY — ¢nt — ptu~nt efficiencies as functions of the BDT
requirement in data and simulated events. The uncertainties in the
mean and width of the signal trimuon invariant mass distribution are
determined by comparing D} — ¢7* — p*u~7t shapes in data and
simulated events in each mass resolution category. The trimuon mass
distribution of the background in each event category can be modeled
analytically using an exponential, a power-law, or a second-order poly-
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nomial function. The systematic uncertainty associated with the choice
of the function is treated as a discrete nuisance parameter in the fit [33].

5. Search for the T — 3u decay in W boson events

The W — ttv, — putu utv, signal features three collimated
muons with relatively high py. The trimuon system is isolated from
any hadronic activity in the event and associated with large missing
momentum carried away by the neutrino.

A dedicated HLT path was used in 2017-2018 in the search for the
T — 3 decay in W boson events collected with the same L1 trigger re-
quirements as those described in Section 4, as well as events collected
with L1 trigger criteria targeting single-muon events with a muon pr
greater than 22 (25) GeV in 2017 (2018). Three muons were required to
be reconstructed at the HLT, each with pp > 1 GeV, and at least one with
pr > 7GeV. The pr of the trimuon system was required to be greater
than 15 GeV and the resulting T candidate was required to have an in-
variant mass between 1.3 and 2.1 GeV. The three muons were required
to have a total charge of +1. An isolation variable, defined as the pr
sum of all tracks, other than those associated with the three muons,
with AR < 0.8 with respect to the T candidate, and with a distance of
closest approach with respect to the T candidate below 3 mm along the
beam direction, was required to be smaller than 20% of the t candidate

pr-

The offline selection requires three muons with py > 3.5(2.0) GeV
for |n| < 1.2 (1.2 < |p| < 2.4), with the three muons matching those that
triggered the event. Tau lepton candidates are formed by combining all
possible triplets of muons that pass the selection and can be successfully
fitted to a common vertex. To remove contamination from dimuon res-
onances, a T candidate is discarded if the mass of any pair of oppositely
charged muons belonging to the T candidate lies within 20 MeV of the
¢or the w(782) masses. No more than one T candidate per event is con-
sidered. Preference is given to candidates with the largest transverse

mass mp = v 2p§p'Tniss[1 — cos Ad(pr, FTniss)], which is one of the most

sensitive observables to distinguish the W boson decay from other pro-
cesses. The tracks of the three muon candidates are then refitted using
the common vertex constraint.

The expected number of T — 3 signal events from W boson decays,
denoted as N3y, is related to B(t — 3u) by

N3uow) = Lolpp > W+ X) BW = tv)

X Az w) €3pw) BT = 3,

where L is the integrated luminosity [34-361, o(pp = W + X) is the W
boson production cross section, B(W — tv.) is the branching fraction
of the W boson decay to tv., Aj,w) is the acceptance, and e3,,w)
is the combined trigger and selection efficiency for the three muons.
The product of o(pp = W + X) and B(W — Tv,) is obtained from the
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ATLAS measurement of o(pp > W+ X)B(W — nv,) at 13 TeV [37] and
the world-average value of the ratio B(W — tv.)/B(W — nv,,) [301.
The pr and # distributions of the W boson sample generated at LO are
reweighted to match the distributions obtained from the smaller sample
simulated at NLO precision.

Residual backgrounds are further reduced using a BDT, trained on
simulated W* — ttv_ - ptuptv, signal events and a background
sample from data with the trimuon invariant mass within the 1.60-1.74
or 1.82-2.00 GeV range. The inputs to the BDT can be categorized into
three different classes, related to either: W* — ttv_ decay, ¢ decay
vertex, or quality of muon reconstruction. The W — t*v_ related ob-
servables are: the pr, , and relative isolation of the T candidate, along
?iss and the W boson py (defined as the magnitude of the
vector sum of pp of the three muons and E‘%‘iss). The isolation observ-
able is defined as the scalar pt sum of photons and tracks with AR < 0.8
around the T candidate direction, excluding the three muon candidates
themselves, and is corrected for the pileup contribution. The relative
isolation value is obtained by dividing the absolute isolation by the T
candidate py. In addition, the longitudinal component of the missing
momentum is used: this is inferred from solving the energy-momentum
equation for the t candidate and the p™ after imposing the nomi-
nal W boson mass [30] constraint. Observables related to the t decay
vertex are the y? of the vertex fit, the significance of the distance in
the transverse plane between the beamline and the decay vertex, and
a,p. The quality of muon reconstruction input is a single bit for each
muon indicating whether the muon has passed the tight muon identifi-
cation requirement [17]. The distributions of the observables providing
the largest discrimination power between signal and background are
shown in Fig. 5.

The events are separated into categories A, B, and C, in the same
way as for the heavy-flavor analysis, from higher to lower mass resolu-
tions. For each mass resolution category, an optimal BDT cut value is
chosen, with events below the cut value rejected. It is found that opti-
mizing for the largest expected signal significance or the most stringent
expected upper limit has very little effect on the cut value obtained. The
signal efficiency and background rejection of the BDT are checked to be
uniform in t candidate mass to avoid bias.

with mq, p

All selection criteria described above were determined in a blind
way, without looking at data events with trimuon invariant mass in the
range 1.74-1.82GeV. Once the data were unblinded, it was observed
that a significant fraction of events after the BDT selection had the
trimuon vertex not displaced from the beamline, in spite of the dis-
tance in the transverse plane between the beamline and the trimuon
vertex divided by its uncertainty being one of the BDT input features.
These events were found to be consistent with the MC simulation pre-
diction of W* — p*p~pty, events, where a W boson decays to a muon
and a neutrino, and the emission of final-state radiation from the muon
results in the production of two additional muons. To reduce this back-
ground, the distance in the transverse plane between the beamline and
the trimuon vertex is required to be larger than twice its uncertainty.

The trimuon invariant mass distributions, after final selections, in
categories A, B, and C are shown in Fig. 6, along with a background-
only fit with a flat function, and the contribution expected for a signal
of B(t — 3p) set to 1077,

The major systematic uncertainties include the uncertainties in
single-muon reconstruction efficiencies, measured using the tag-and-
probe method applied to J /yw — ptu~ data events; the uncertainty in
the HLT isolation selection efficiency, studied by comparing the trig-
ger efficiency for D} — ¢t — u*u~n* events in data and simulation
selected by an alternative version of the HLT path that contains no isola-
tion requirements; the uncertainty in the NLO reweighting, which arises
from the statistical uncertainty in the NLO simulation. The uncertainties
in the mean and width of the signal trimuon invariant mass distribution
are determined in the same way as in the heavy-flavor analysis.
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6. Results

The branching fraction B(t — 3) is obtained from a simultaneous
unbinned maximum likelihood fit to the trimuon mass distributions in
a range 1.6-2.0 GeV in all 36 event categories of the heavy-flavor anal-
ysis and the W boson analysis. For the heavy-flavor analysis, the signal
model is a Gaussian plus Crystal Ball function [29], while for the Wbo-
son analysis it is a Gaussian function. Both signal models have fixed
mean and width, as determined from fitting the simulated events in the
corresponding category. The background normalizations are free pa-
rameters in the fit.

Upper limits on B(t — 3p) are determined using a frequentist
method [38] based on a modified profile likelihood test statistic and
the CLg criterion [39,40]. Uncertainties are incorporated via nuisance
parameters, and are assumed to be uncorrelated between the heavy-
flavor analysis and the W boson analysis. The nuisance parameters
for the low-expected-background W boson analysis are treated with
the strategy described in Ref. [41]. Events from data and simulation
that pass the selection criteria of both analyses are removed from the
heavy-flavor analysis in the combined fit, to benefit from the higher
signal-to-background ratio in the W analysis.

The analysis sensitivity is limited by the statistical uncertainty, while
the total impact of the systematic uncertainties is found to be a few
percent.

The heavy-flavor analysis results in an observed (expected) up-
per limit at 90% CL on B(t — 3p) of 3.4 (3.6) x 1078, The W bo-
son analysis yields an observed (expected) upper limit at 90% CL on
B(t — 3u) of 8.0 (5.6) x 1078, The combination of the two analyses
leads to an observed (expected) upper limit at 90% CL on B(t — 3n)
of 3.1 (2.7)x 1078,

The previously published result based on 2016 data [11] is com-
bined with the new results by performing a simultaneous unbinned
maximum likelihood fit to the trimuon mass distributions, leading
to an observed (expected) upper limit at 90% CL on B(t — 3u) of
2.9 (2.4) x 1078, The upper limits at 90% CL are summarized in Fig. 7.
The observed (expected) upper limit at 95% CL is 3.6 (3.0) x 1078,

7. Summary

A search has been presented for the lepton flavor violating decay
T — 3, using proton-proton collisions at a center-of-mass energy of
13 TeV recorded by the CMS experiment at the LHC in 2017-2018. Tau
leptons produced in heavy-flavor hadron decays and W boson decays
are exploited in the analysis. The results from this analysis are combined
with those of an earlier analysis using 2016 data, which gives a com-
bined total integrated luminosity of 131 fb~!. The observed (expected)
upper limit on the branching fraction B(t — 3u) is 2.9 (2.4) X 1078 at
90% confidence level, and 3.6 (3.0) x 1078 at 95% confidence level. The
result obtained in this search is the best from a hadron collider exper-
iment, and comparable with the current most restrictive one from the
Belle experiment. As this limit is dominated by the statistical uncer-
tainty, the additional data now being collected will provide even more
stringent tests of the standard model with this decay channel.
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Fig. 5. Signal and background distributions for the four observables with the highest discrimination power used for the W boson analysis BDT training: cos(a,p,)
(upper left), relative isolation observable of the trimuon system (upper right), trimuon vertex fit 2 probability (lower left), trimuon p; (lower right). The signal and
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