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Abstract

A search for flavor violating decays of the Z boson to charged leptons is performed
using data from proton-proton collisions at

√
s = 13 TeV collected with the CMS de-

tector at the LHC, corresponding to an integrated luminosity of 138 fb−1. Each of the
decays Z → eµ, Z → eτ , and Z → µτ is considered. The data are consistent with the
backgrounds expected from standard model processes. For the Z → eµ channel the
observed (expected) 95% confidence level upper limit on the branching fraction is 1.9
(2.0)×10−7, which is the most stringent direct limit to date on this process; the corre-
sponding limits for the Z → eτ and Z → µτ channels are 13.8 (11.4)×10−6 and 12.0
(5.3)×10−6, respectively. Additionally, the eµ final state is used to search for lepton
flavor violating decays of Z′ resonances in the mass range from 110 to 500 GeV. No
significant excess is observed above the predicted background levels.
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1 Introduction

The standard model (SM) has been highly successful in describing nature on the small distance
scale. An important exception is the neutrino sector, where the observation of neutrino flavor
oscillations [1–4] indicates that neutrinos have small but nonzero masses, in contrast with the
SM prediction, and that their individual flavor is not a conserved quantity. Generation number
violation has also been observed in the quark sector, but not to date among charged leptons. In
an extended version of the SM that includes neutrino masses, the anticipated rates of charged
lepton flavor violation (CLFV) induced by neutrino mixing are vanishingly small; e.g., the
branching fraction B(Z → eµ) ≈ O(10−60) [5]. Therefore any observation of a CLFV process
would be direct evidence of physics beyond the SM (BSM).

Potentially measurable rates of CLFV in various processes, including Z boson decay, are pre-
dicted in BSM scenarios such as the seesaw mechanism, and supersymmetry and leptoquark
models [6, 7]. In addition, new particles predicted by these and other BSM models may exhibit
CLFV through their decays. The new particles include additional gauge bosons such as a Z′

boson, which would generally be expected to be heavier than the Z boson [8]. Axion-like par-
ticles have also been suggested as potential BSM particles that may decay into flavor-violating
states [9, 10].

Searches for CLFV have been conducted in low-energy processes including µ → eγ [11],
µ → eee [12], µ−N(A, Z) → e−N(A, Z) [13], e+e− → µ+(e−)τ− [14], τ → ℓγ (ℓ = e, µ) [15],
and τ → ℓ ′ℓ+ℓ− [16]. Limits from these reactions lead to indirect constraints on the Z boson
branching fractions B(Z → eµ) < 10−12, B(Z → eτ) < 10−7, and B(Z → µτ) < 2 × 10−7 [6].
However, direct measurements of CLFV Z decays are needed to rule out anomalous couplings
or cancellations that could evade these limits [17]. Searches for such decays have been per-
formed by experiments at the CERN LEP [18, 19] and LHC [20–22] colliders. Current limits on
the branching fractions for Z → eµ, Z → eτ , and Z → µτ are 2.6 × 10−7 [22], 5.0 × 10−6 [21],
and 6.5 × 10−6 [21], respectively.

This paper presents a search for decays of the Z boson in the CLFV channels Z → eµ, Z → eτ ,
and Z → µτ , together with a scan of the eµ invariant mass over the range 110–500 GeV to
search for potential heavy neutral resonances. The proton-proton (pp) collision data at

√
s =

13 TeV were collected with the CMS detector in 2016–2018, and correspond to an integrated

luminosity of 138 fb−1. New multivariate techniques extend the reach beyond previous results.

The signal extraction makes use of two main variables: the invariant mass of the (visible)

daughters of the Z(′) boson candidate, and a multivariate discriminator, implemented as a
boosted decision tree (BDT), that combines kinematic observables chosen to discriminate sig-

nal from background. For the eµ channel, where the Z(′) boson is fully reconstructed, we
extract the signal yield with a fit to the eµ mass distributions, relying mainly on the sidebands
to determine the background under the signal peak. These distributions are taken from sep-
arate subsamples that vary in purity, as measured by the BDT discriminator. To distinguish
signal from background in the eτ and µτ channels, where the peak in the invariant mass dis-
tribution of the visible Z boson daughters is less sharply defined, we instead rely primarily on
distributions in the BDT discriminant. These distributions are taken from subsamples defined
by ranges in the visible invariant mass chosen according to the dominance of the signal or of
various backgrounds.

In Section 2 we describe the CMS detector and particle reconstruction, and in Section 3 the sim-
ulation of signal and background processes. The event selection is given in Section 4, followed
by the signal extraction for the Z → eµ and Z → ℓτ channels in Sections 5 and 6, respectively.
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Systematic uncertainties are discussed in Section 7, and the results in Section 8. We conclude
with a summary in Section 9. Tabulated results are provided in the HEPData record for this
analysis [23].

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the coverage in pseudorapidity (η) provided by the barrel and endcap de-
tectors. The ECAL consists of 75 848 lead tungstate crystals, which provide pseudorapidity
coverage of |η| < 1.48 in its barrel region and 1.48 < |η| < 3.00 in the two endcap regions.
Preshower detectors consisting of two planes of silicon sensors interleaved with a total of three
radiation lengths of lead are located in front of each endcap detector. Muons are measured in
gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A more
detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables, is reported in Refs. [24, 25].

The silicon tracker used in 2016 measured charged particles within the range |η| < 2.5. For
nonisolated particles of transverse momentum pT between 1 and 10 GeV and |η| < 1.4, the
track resolutions were typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudi-
nal) impact parameter [26]. At the start of 2017, a new pixel detector was installed [27], which
provided expanded acceptance, to |η| < 3.0, and improved transverse impact parameter res-
olution of 20–75 µm [28]. The primary vertex is taken to be the vertex corresponding to the
hardest scattering in the event, evaluated using tracking information alone, as described in
Section 9.4.1 of Ref. [29].

The global event reconstruction (also called particle-flow event reconstruction [30]) aims to re-
construct and identify each individual particle in an event, with an optimized combination of
all subdetector information. In this process, the identification (ID) of the particle type (photon,
electron, muon, charged hadron, neutral hadron) plays an important role in the determination
of the particle direction and energy. Photons are identified as ECAL energy clusters not linked
to the extrapolation of any charged-particle trajectory to the ECAL. Electrons are identified as
a primary charged-particle track and potentially many ECAL energy clusters corresponding
to this track extrapolation to the ECAL and to possible bremsstrahlung photons emitted along
the way through the tracker material. Muons are identified as tracks in the central tracker con-
sistent with either a track or several hits in the muon system, and associated with calorimeter
deposits compatible with the muon hypothesis. Charged hadrons are identified as charged-
particle tracks neither identified as electrons, nor as muons. Finally, neutral hadrons are iden-
tified as HCAL energy clusters not linked to any charged hadron trajectory, or as a combined
ECAL and HCAL energy excess with respect to the expected charged-hadron energy deposit.

For each event, hadronic jets are clustered from these reconstructed particles using the infrared-
and collinear-safe anti-kT algorithm [31, 32] with a distance parameter of 0.4. Jet momentum is
determined as the vectorial sum of all particle momenta in the jet, and is found from simulation
to be, on average, within 5–10% of the true momentum over the entire spectrum and detector
acceptance.

Additional pp interactions within the same or nearby bunch crossings (pileup) can contribute
additional tracks and calorimetric energy depositions to the jet momentum. To mitigate this
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effect, charged particles identified to be originating from pileup vertices are discarded, and an
offset correction is applied to correct for remaining contributions [33].

Jet energy corrections are derived from simulation to bring the measured response of jets equal,
on average, to that of particle-level jets. In situ measurements of the momentum balance in
dijet, γ+jets, Z+jets, and strong production of jets (QCD multijet) events are used to account for
any residual differences in the jet energy scale between data obtained with the detector (“data”)
and simulation [34]. The jet energy resolution amounts typically to 15–20% at 30 GeV, 10% at
100 GeV, and 5% at 1 TeV [34]. Additional selection criteria are applied to each jet to remove
jets potentially dominated by anomalous contributions from various subdetector component
or reconstruction failures.

Jets associated with b hadron decays are identified within the tracker acceptance of |η| < 2.5
using the DEEPJET deep neural network ID algorithms [35–37]. We use both tight and loose
working points of this algorithm. Their efficiencies for b jets (light-flavor quark and gluon jets)
have been measured in tt events to be 84 (10)% for the loose working point and 52 (0.1)% for
the tight working point.

Hadronic tau lepton decays (τh) are reconstructed from jets using the hadrons-plus-strips al-
gorithm [38], which combines 1 or 3 tracks with energy deposits in the calorimeters to identify
the various hadronic τ decay modes. Neutral pions are reconstructed as clusters with dynamic
size in (η, φ), from reconstructed electrons and photons; the size of the dimension in the az-
imuthal angle φ (“ strip”) varies as a function of the pT of the electron or photon candidate,
because of the dispersion in the magnetic field. To distinguish between genuine τh decays and
jets originating from the hadronization of quarks or gluons, and from electrons or muons, we
use the DEEPTAU algorithm [39]. Information from all individual reconstructed particles near
the τh axis is combined with properties of the τh candidate and the event. The rate of a jet to be
misidentified as τh candidate depends on the pT and quark flavor of the jet. In a data sample
enriched in W+jets events this misidentification (misID) rate is measured to be about 0.25%,
with an ID efficiency for genuine τh of 60%, at the working point and kinematic regime of our
signal regions (SRs) [39]. The rate for electrons (muons) to be misidentified as τh is 2.60 (0.03)%
for a genuine τh ID efficiency of 80 (>99)%.

The electron momentum is estimated by combining the energy measurement in the ECAL with
the corresponding momentum measurement in the tracker [40]. The momentum resolution for
electrons with pT ≈ 45 GeV from Z → ee decays ranges from 1.6 to 5%. The resolution is gener-
ally better in the barrel region than in the endcaps, and it also depends on the bremsstrahlung
energy emitted by the electron as it traverses the material upstream of the ECAL [40, 41].

Muons are measured in the range |η| < 2.4, with detection planes made using three technolo-
gies: drift tubes, cathode strip chambers, and resistive-plate chambers. The efficiency for the
reconstruction and ID of muons is greater than 96%. Once these muon candidates are matched
to tracks measured in the silicon tracker, the relative pT resolution for muons with pT up to
100 GeV is 1% in the barrel and 3% in the endcaps. The pT resolution in the barrel is below 7%
for muons with pT up to 1 TeV [42].

The missing transverse momentum vector ~p miss
T is computed as the negative vector sum of the

transverse momenta of all the particle-flow candidates in an event; its magnitude is denoted as
pmiss

T . The ~p miss
T is modified to account for corrections to the energy scale of the reconstructed

jets in the event. To reduce the dependence of~p miss
T on pileup, we apply the pileup-per-particle-

identification algorithm [43], which weights the particle-flow candidates entering the~p miss
T sum

by their probability of originating from the primary vertex [44].



4

Events of interest are selected with a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [45]. The second
level, known as the high-level trigger, comprises a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [46, 47].

3 Simulated event samples

Monte Carlo simulated samples are used to optimize the analysis and to model various back-
ground sources. Events arising from W+jets are simulated, for the 2016 (2017–2018) data tak-
ing periods, with the MADGRAPH5 aMC@NLO 2.2.2 (2.4.2) [48, 49] event generator at leading
order (LO) accuracy. Drell–Yan (DY), Wγ, and WWW events are simulated with the same gen-
erators at next-to-LO (NLO) accuracy. The POWHEG v2.0 [50–59] program at NLO is used to
generate events from tt, tW, single top quark, and H boson production (where H denotes the
125- GeV Higgs boson), as well as diboson events originating from WW, WH or ZH produc-
tion. The WZ and ZZ events are generated at LO using the PYTHIA 8.205 [60] package. The
simulated background samples are normalized using cross section calculations performed at
NLO or next-to-NLO (NNLO) precision [61–65].

Signal processes are generated at LO using PYTHIA. For each CLFV decay channel (Z → eµ,
Z → eτ , or Z → µτ), a tree-level coupling is added, with no coupling to the other decay
channels. Events for the off-Z mass scan are generated with PYTHIA, including only the con-
tribution of a vector boson Z′, and not considering any mixing with the Z boson or photon.
The decay amplitude is calculated using tree-level couplings to the eµ final state with no other
decay channels. The resonances are generated in the narrow-width approximation, i.e., with a
width of 0.1 GeV, far below the experimental resolution. Events are simulated with masses of
100, 125, 150, 175, 200, 300, 400, and 500 GeV.

In all samples the hadronization, as well as the underlying event, are modeled with PYTHIA us-
ing the CUETP8M1 [66] (CP5 [67]) tune for the 2016 (2017-18) data-taking years. The LO (NLO)
simulations use the MLM (FxFx) scheme for matching the products of the matrix-element cal-
culations to the parton shower simulation [68]. The parton distribution functions used with the
matrix-element generators are taken from the NNPDF3.0 [69] set at LO or NLO, except for the
WW samples for the 2017–2018 data-taking years where NNPDF3.1[70] is used; for PYTHIA the
NNPDF2.3LO [71] set is used.

The CMS detector response is simulated using GEANT4 [72]. Simulated samples are recon-
structed with the same software packages as used for collision data. To account for effects of
pileup, minimum-bias events simulated with PYTHIA are added to the hard scattering process,
with a distribution in the number of vertices matching that in the data.

4 Event selection

An event is required to pass either a single-electron or single-muon trigger. To ensure that
the trigger is fully efficient (>95%) for the events selected for analysis, an electron (muon)
matched to the single-electron (muon) trigger is required to have pT exceeding a threshold of
29 (25) GeV for data collected in 2016, 35 (28) GeV for data collected in 2017, and 34 (25) GeV for
data collected in 2018.

For all three search channels we make a selection of events with two lepton candidates (e, µ,
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or τh) of different flavor and opposite charge. These events are sorted into three separate data

channels: eµ (from which the Z(′) → eµ, Z → eτµ , and Z → µτe candidates are selected), eτh,
and µτh. To suppress SM backgrounds that produce pairs of leptons, events are rejected if they
contain additional electrons or muons, and for the eτh and µτh channels, also if they contain
additional τh candidates. In the search for the Z → eτ or Z → µτ signal we include both a
hadronic τ decay category (eτh or µτh, respectively) and a different-flavor leptonic τ decay
category (eτµ or µτe). As each CLFV Z boson decay signal is the target of a separate search,
there is no requirement that the Z → eτµ , Z → µτe , and Z → eµ samples be nonoverlapping.

To select a light lepton ℓ (e or µ) that is produced in the decay of a Z boson or tau lepton and

not from a hadron within a quark jet, we construct the relative isolation variable I
ℓ

rel, defined as

a function of the lepton’s transverse momentum p
ℓ

T as

I
ℓ

rel =
∑p

charged
T + max

[

0, ∑pneutral
T + ∑p

γ
T − pPU

T

]

p
ℓ

T

, (1)

where the sums include the particles, excluding the lepton itself, within a cone of size ∆R ≡√
(∆η)2 + (∆φ)2 = 0.4 (0.3) about the electron (muon). Here p

charged
T refers to charged hadrons,

pneutral
T to neutral hadrons, p

γ
T to photons, and pPU

T to the estimated neutral contribution from

pileup. Electrons and muons are required to pass a tight isolation requirement, I
ℓ

rel < 0.15.

To select prompt electrons and muons we require their transverse and longitudinal impact
parameters, dxy and dz, to be less than 0.2 and 0.5 cm, respectively. For further suppression of
the background from nonprompt electrons (primarily from QCD multijet and W+jets events),
we require electrons to have pT > 15 GeV. Electron candidates with ECAL clusters in the gap
region between the barrel and endcap (1.444 < |η| < 1.566) are rejected.

The τh candidates are required to have pT > 20 GeV and |η| < 2.3, with |dz| < 0.2 cm. They are
further required to pass the following working points of the DEEPTAU tagging algorithm [39]
for the suppression of: muons (“tight”); jets (“tight” for the SR, “very loose” for the control
regions (CRs) used to estimate the misID background); and electrons (“loose”, except “very
tight” for the eτh channel SR to suppress the background from Z → ee where one of the
electrons is misidentified as a τh candidate).

Jets are required to have pT > 20 GeV and |η| < 3. Where jets are used in the event selection,
jets within ∆R < 0.3 of identified leptons are excluded from consideration.

Additional requirements specific to the individual channels are described in the corresponding
sections below.

5 Search for Z → eµ

The Z → eµ search uses the eµ data channel, requiring exactly one electron and one muon
candidate. Both leptons are required to have |η| < 2.4, and pT > 20 GeV in addition to the
trigger threshold requirement noted in Section 4 above. The invariant mass meµ of the dilepton
system is required to satisfy 70 < meµ < 110 GeV; this range includes sidebands around the
Z boson mass (91.1880 ± 0.0020 GeV [73]) for estimation of the background. The sources of
backgrounds near the Z boson mass are WW, tt, DY production of ττ , nonprompt eµ, and
Z → µµ∗ → µµγ production.

Events from tt (as well as sub-dominant single t quark) production are suppressed by rejecting
events with jets that satisfy the loose b tagging [37]. To suppress the Z → ττ contribution
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rameters of the BDT are optimized with a random grid search. The input features aim to exploit
the difference between signal and background in pmiss

T and other kinematic variables. For the
signal process, the Z boson is produced predominantly near threshold and decays to visible
daughters, which are roughly collinear and have similar pT, with little pmiss

T . Backgrounds with
leptonically decaying W bosons give rise to a characteristic distribution in the transverse mass
mT formed from the W daughter lepton and pmiss

T . The transverse mass mT (1, 2) is defined for

a system of two particles (or of two systems of particles) with transverse momenta p
(1,2)
T and

azimuthal separation ∆φ as

mT(1, 2) =

√

2p
(1)
T p

(2)
T (1 − cos ∆φ). (2)

Since the signal extraction in the Z → eµ search treats the BDT and meµ as independent vari-
ables, we include only features having small correlations with meµ in the BDT. From all the
features tested, those that have the most discriminating power are selected:

1. p
trailing
T /p

leading
T ;

2. p
eµ
T ;

3. ηeµ ;

4. mT(pmiss
T , leading);

5. mT(pmiss
T , trailing);

6. |∆φ(pmiss
T , eµ)|; and

7. pmiss
T .

The terms “leading” and “trailing” denote the higher- and lower-pT lepton, respectively.

The resulting distributions in the discriminant value (BDT score) for the BDT test events in the
range 70–110 GeV meµ are shown for signal and background in the left-hand plot of Fig. 2. We
see from this plot that substantial discrimination between signal and background is achieved.

The meµ distribution for the WW background test sample confirms that no structure is intro-

duced by the training. To check this conclusion in data, we construct a CR enriched in tt (and
WW) events by applying the SR selection but replacing the veto on any loose b-tagged jet with
a requirement of one tight b-tagged jet. The right-hand plot in Fig. 2 shows the meµ shape
for events in this CR for each of the BDT thresholds used to define the BDT binning. The dis-
tribution is seen to be free of structure within uncertainties. The BDT-score ranges chosen to
define the SRs are 0.3–0.7, 0.7–0.9, and 0.9–1.0. This binning optimized the sensitivity of the
simultaneous fit to the meµ distributions in all of the SRs.

5.2 Fit model for Z → eµ

For the events within one of the BDT score categories, parametric functions of meµ are defined
to describe the signal and backgrounds in that category. The parameters of these functions are
then determined from a fit to the binned data distribution, performed simultaneously in all
categories.

The Z → eµ signal distribution is described by a double-sided Crystal Ball function [75, 76].
This function has a Gaussian core with independent power law tails defined such that the
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Figure 2: The left plot shows unity-normalized distributions of the Z → eµ BDT score for
simulated events from the BDT test samples satisfying 70 < meµ < 110 GeV. The blue and red
histograms represent the signal and WW background, respectively. The right plot displays the
unity-normalized distribution of meµ for events in the tt data CR used to check for BDT mass-
spectrum bias, for several BDT thresholds; the vertical bars show the statistical uncertainties.

function is continuous and differentiable at all points. Its parameters are determined from a fit
to simulated signal events, and fixed in the fit to the data.

The nonresonant background spectrum is modeled by analytic functions obtained directly from
fits to the data, which removes from the model any dependence on simulation. The forms of
these functions are established with fits to the data in the meµ sidebands, defined as 70 <

meµ < 86 GeV and 96 < meµ < 110 GeV. Rather than choosing a single function that best fits
the data sidebands for each region, we employ the “discrete profiling” method [77] in which
an envelope of all well-fitting functions considered are included in the background model. The
fit is then free to choose the background function that minimizes the likelihood at each point of
the fit, profiling over the discrete nuisance parameter that represents the function choice.

Each of the individual functions included in the background model envelope is constructed
from a broad, low-mass Gaussian component to represent the tail of the Z → ττ spectrum,
and an additional function, chosen through statistical tests based on CRs in data, for the non-
resonant processes. This function has the form

f (x) = fgg(x|µ, σ) + (1 − fg)hn(x|~θ), (3)

where g is the Gaussian pdf with mean µ and standard deviation σ, fg its fraction in the model,

and hn is the nth-order pdf of the function family h with parameters ~θ. The free parameters

in the fit to the data are fg, µ, σ, and ~θ. The hn function is chosen from among the Chebychev
polynomial, exponential sum, or power law sum families. The background functions that pass
a χ2-probability test for fit consistency, p(χ2) > 1%, are added to the model, and an F-test [78],
p(χ2

n − χ2
n+1, ∆nd) < 5%, is performed to determine the maximum function order for each

family. Here ∆nd is the number of degrees of freedom added by a step to the next higher-order
function. Tests performed with large numbers of simulated background events confirm that
the (zero) signal strength extracted from the fit is free of bias.

The model in Eq. (3) does not adequately describe the background from Z → µµ∗ → µµγ
events, which occur in cases where a muon loses a significant fraction of its energy to final-state
radiation, thereby failing to reach the muon detectors, and the resulting photon is misidentified
as an electron. This gives rise to a broad peak below the Z mass region that is not differentiated
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by the BDT since the background comes from true Z boson decays. Therefore, this background
needs to be accounted for separately in the final fit. It is modeled with a double-sided Crys-
tal Ball function, determined from fits to simulated Z → µµ events that are reconstructed as
Z → eµ. We find satisfactory agreement between the simulation and data in a sample of pairs
reconstructed as eµ, but having the same sign (SS) of charge. These events have a large frac-
tion of electron candidates from misID background and exhibit a shape similar to that of the
opposite-sign background.

The background model envelope from the fit to the meµ sidebands is shown in Fig. 3 for each
BDT category. The data points in blue in the figure are not revealed or used for the determina-
tion of the background shape.

5.3 Application to the Z′ mass scan

For the eµ final state, a scan for new neutral resonances Z′ above the Z boson mass is also
performed, using the same strategy and selection as in the Z → eµ search. The extended-range
meµ distribution in data and simulation is shown in Fig. 4. The most important difference
in procedure for this scan is that a sliding window in meµ is used for successive scan points.
With this strategy, potential masses of Z′ are explored from 110 to 500 GeV, the upper limit
being chosen because there are not enough events for a reliable fit above that value. The size of
each fit range is computed as twenty standard deviations of the mass resolution for the signal
point considered. The low end of the lowest fit range is 95 GeV, which evades the Z → µµ
and Z → ττ background components, and thus allows the model to be simplified to just the
function family h of Eq. (3). For each mass point we define two BDT bins, 0.3–0.7 and 0.7–1.0,
combining the upper two bins used for the Z → eµ search because of their smaller populations.

6 Search for Z → eτ and Z → µτ

The Z → eτ and Z → µτ searches each consider hadronic and leptonic τ-daughter categories.
In addition to the common selection described in Section 4, in all four categories we require
40 < mℓτ < 170 GeV, where mℓτ is the invariant mass of the system comprising a prompt light-
lepton candidate and the visible daughter(s) of a tau lepton. To reduce backgrounds from ττ ,
W+jets, WW, and tt production, we also require mT(τ , pmiss

T )/mℓτ < 0.8 and mT(ℓτ , pmiss
T ) <

70 (90)GeV, in the hadronic (leptonic) final-state categories.

To further reduce the ττ background, the prompt light lepton candidate must satisfy pT >

28 (20)GeV in the hadronic (leptonic) final-state categories. Events are rejected if they contain
b-tagged jets, based on the tight (loose) working point of the b jet ID for the hadronic (lep-
tonic) τ-decay categories, to suppress backgrounds from t quark processes. The QCD multijet
background becomes significant at low electron pT in the Z → eτµ category, and so we require

p
ℓ

T > p
τ
T in that category. Additionally, the light leptons are required to have |ηℓ | < 2.2 (2.4) in

the hadronic (leptonic) τ decay categories, for compatibility with the ττ background estima-
tion method described in Section 6.1.1 below.

The search strategy for final states involving a tau lepton needs to take into account that the
Z boson can be only partially reconstructed because of the neutrino(s) in the τ decay. The
signal and background spectra in mℓτ are less distinct than those of meµ . Here the background
components are modeled separately, using data in CRs to the extent possible. New variables
derived from the visible daughters are developed to approximate the mass of the Z boson.
These and other discriminating variables are again combined into a BDT to optimize the signal
extraction.
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Figure 3: Fits of the data sidebands with the background functions for the BDT score ranges
0.3–0.7 (upper left), 0.7–0.9 (upper right), and 0.9–1.0 (lower). In the upper panel of each plot,
the black (blue) points with bars show the data with statistical uncertainties in the sideband
(signal) region, the solid red line shows the average background prediction, and the dashed
green curve shows the Z → µµ∗ → µµγ background component. The lower panel in each plot
shows the ratio of the difference between the data and the average background prediction to
the uncertainty in the data, and the gray band shows the spread of the background estimates
from the separate families of parametric functions.
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6.1.2 The τh misID background

The background from jets misidentified as τh (j → τh) is estimated in the µτh and eτh channels
using a “misID-factor” method, similar to those used in Refs. [80, 81]. The method uses an
application region (AR) enriched in j → τh events, which has the same kinematic selection as
the SR but with an inverted jet-suppression ID (“antijet-ID”) requirement (very loose and not
tight, using working points of the discriminator [39]). Shape-dependent transfer factors (TFs)
are used to relate the rate of the j → τh events in the AR to an estimate of the corresponding
background rate in the SR.

Since the TFs depend on properties that might be experimentally inaccessible (e.g., the under-
lying parton flavor), and depend on the background process (e.g., W+ jets, QCD multijets),
they are measured separately for each background source. An overall TF is then evaluated by
combining these factors weighted by the process composition in the CR:

f (~β) = ∑
p∈processes

cp(~β) fp(~β).

The parameters ~β are derived from the kinematic properties of the τh and prompt ℓ candidates
along with pmiss

T , and the functions f , fp, and cp are, respectively, the overall TF to be evaluated
for a given event in the AR, the TF for process p, and the expected composition fraction of
process p in the AR.

The process-dependent TFs fp are measured for W+ jets, QCD multijet, and tt background.

The W+ jets TFs are measured in a high-mT(ℓτ , pmiss
T ) region, and the QCD multijet TFs are

measured in a region with SS ℓτh pairs and 0.05 < I
ℓ

rel < 0.15. The tt TFs are determined
using simulation, as there is not a suitable measurement region in data. These measurement
regions are referred to as the determination regions. The weights cp are estimated as functions

of mT(ℓτ , pmiss
T ), using simulated j → τh events for W+ jets and tt; for QCD multijet back-

ground we use an SS data CR, correcting for non-QCD contributions in this CR by subtracting
their simulated yields.

The fp TFs are measured as functions of the τh candidate pT independently for each of four

τh identified decay modes, one- or three-prong with zero or one π0. There are also subleading
kinematic dependencies in the TFs. Corrections for these are derived by comparing the obser-
vation with the estimate in the tight antijet-ID subset of the determination region. This is done
for the light-lepton pT, the τh |η|, and |∆φ(ℓ, pmiss

T )|. Additional corrections to account for the

CR selection bias are measured in alternate CRs and applied as functions of I
ℓ

rel, mℓτ , and the
BDT score defined in Section 6.3.

6.1.3 Light-lepton misID background

Electron and muon candidates in the eτµ and µτe selections arising from misID of other par-
ticles are estimated using a method similar to the j → τh estimation. This background arises
mainly from W+jets events, where one lepton comes from the W boson and one is a misiden-
tified jet or a nonprompt lepton originating from a jet, and from QCD multijet events, where
each lepton is either a misidentified jet or a nonprompt lepton originating from a jet.

The AR for the light-lepton misID background is the same as the SR, except with an SS selection.
The determination regions for the TFs are the same as for the SRs and ARs, except with a loose
isolation requirement (0.15 < I

µ
rel < 0.50) on the muon candidate. The TFs are measured as

functions of ∆R(e, µ) separately in categories of 0, 1, and >1 jets. Subleading corrections to
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the (p
e
T, p

µ
T) distribution are measured in this determination region, and CR bias corrections for

the (p
e
T, p

µ
T) and BDT score (Section 6.3) distributions are measured in a loose electron isolation

region.

6.1.4 Backgrounds estimated from simulation

The background from leptonic W decays in tt and WW production is relevant in all search
channels, though it is most impactful at high mass in the eµ data channel, and is estimated from
simulation. The embedded ττ samples already include the small contribution from tt and WW
decays to ττ , and so these are omitted from the simulated background model. The remaining
tt and WW background processes are kept small by the event selection, which exploits several
properties that distinguish them from signal. Both tt and WW have large pmiss

T associated with
each lepton leg, unlike the signal processes, and the tt background is significantly suppressed
by the veto of events with b-tagged jets.

There are also small background contributions from other diboson and triboson processes, but
these have small cross sections and are suppressed by the rejection of events with additional
light leptons. The H → ττ and H → WW processes are also modeled with simulation, because
these processes yield too few µµ pmiss

T events in data for application of the τ embedding method.

Photons misidentified as electrons and light leptons misidentified as τh candidates are also
modeled using simulated samples. The background from DY Z → ee and Z → µµ events
where one light lepton is misidentified as a τh candidate must be carefully separated from the
signal as the prompt-lepton candidate leg is identical to that of the CLFV Z signal.

6.2 Discriminating variables for Z → eτ and Z → µτ

Because of the neutrinos in the τ decay, the invariant mass of the visible daughters in the
Z → ℓτ channels is a less effective discriminating variable than in the construction of Z → eµ
against the backgrounds, of which Z → ττ is the largest. However, we can exploit the facts
that since the decaying boson is much more massive than the τ , the τ is typically produced
with a significant Lorentz boost, leading to a highly collimated decay, and that one of the Z
boson daughters for the signal decay is a light lepton unaccompanied by neutrinos. We utilize
two different approaches to take advantage of these features.

6.2.1 Collinear mass estimate

The first approach is the collinear mass mcol, derived with the collimated τ decay approx-
imation, in which ~p miss

T projected onto the visible tau lepton ~pT equals the ~pT of the neu-
trino(s). With the further assumption that the neutrino three-momentum lies along the three-
momentum of the visible τ daughter(s), we then obtain the neutrino four-vector

pν =
~p miss

T · p̂vis
T

pvis
T

pvis, (4)

where pvis is the four-momentum of the visible τ daughter(s), and pvis
T and p̂vis

T are the mag-
nitude and direction unit vector of its transverse momentum components, respectively. The
sign of ~p miss

T p̂vis
T indicates whether the neutrino vector is parallel or antiparallel to the visible

τ daughter’s momentum. The collinear mass is then the mass of the pℓ + pvis + pν = pℓ + pτ

system. The mcol distribution is shown in Fig. 5 for the Z → µτ search. The true ∆φ between
the visible τ decay products and the associated neutrinos is typically small, but because of un-
certainties in the pmiss

T reconstruction this angle can be larger than π/2, leading to antiparallel
neutrino configurations.
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discrimination against rare Z → ℓℓ background events in which one of the leptons is misiden-
tified as one of a different flavor, these events are given a larger weight in the training. The
BDT score distribution O(x) is transformed using the signal BDT score cumulative distribution

function p(x) =
∫ x
−∞

O(x′)dx′/
∫ +∞

−∞
O(x′)dx′ to produce a useful shape that is less impacted

by changes in the underlying machine-learning technique or hyperparameters.

6.4 The Z → eτ and Z → µτ mass categories

Several of the backgrounds in the Z → eτ and Z → µτ search have large systematic uncertain-
ties that impact the search sensitivity. These are:

1. ττ embedding uncertainties;

2. j → τh and nonprompt eµ estimates from data; and

3. Z → ℓℓ → ℓτh misID rate uncertainties.

To improve background uncertainty constraints and isolate background- or signal-enriched re-
gions, the Z → eτ and Z → µτ fits are split into the mℓτ mass regions described in Table 1.
The leptonic τ signal decays typically have lower mass than the τh decays because of the extra
neutrino produced, which leads to differences in the ττ region selection. Additionally, Z → ℓℓ

is a significant background only in the hadronic channels, so there is no CR for these processes
in the leptonic channels. Events with low transformed BDT score are removed from the fi-
nal analysis, and the transformed BDT binning is chosen to ensure that each bin contains an
adequate number of events for the final fit.

Table 1: Regions in mℓτ for the Z → µτ and Z → eτ fits.

Region mℓτ bounds [GeV]

Z → ℓτh Z → ℓτℓ

ττ [40, 60] [40, 50]
Signal-like [60, 85] [50, 100]

Z → ℓℓ [85, 100] —
misID (j → τh and nonprompt eµ) [100, 170] [100, 170]

7 Systematic uncertainties

The main sources of systematic uncertainty arise from the simulation (e.g., simulated object
reconstruction efficiency or energy scale), from the background model uncertainties (e.g., va-
lidity of the model in the SR), and statistical uncertainties because of limited event counts in
the simulated samples and CRs. These uncertainties are discussed in the following paragraphs
and summarized in Table 2.

In the Z → eµ search, the most significant sources are the purely statistical uncertainties from
the parameters of the background functions in the fit. These are followed by uncertainties
arising from the discrete collection of background functions included in the envelope. The
signal model uncertainties are negligible compared with those of the background model.

The largest sources of systematic uncertainty in the Z → eτ and Z → µτ searches are the
statistical uncertainties in the background model templates and the light-lepton energy scale
uncertainties. The model-template statistical uncertainties arise largely from the Z → ee and
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Z → µµ simulation samples used to estimate the ℓ → τh backgrounds, along with those from
the nonprompt eµ background estimate based on CRs in the data, where the subtraction of
prompt leptons from the data has a large statistical uncertainty. The statistical uncertainties
in the j → τh and embedded ττ estimates are much smaller because of their larger CR pop-
ulations. The impact of the electron and muon energy scale uncertainties is large because the
pT of the prompt ℓ is highly discriminating against leptonic Z → ττ decays, as well as being
incorporated into several of the variables in the BDTs (dilepton mass and pT, collinear mass,
αi, mT(ℓ, pmiss

T ), and the pT ratio). The uncertainties in the background estimate from CRs in
data are also significant, mainly because of the corrections for the kinematic variation in the TF
measurement regions and the statistical uncertainties in these measurement regions.

The normalization of the simulated signal and minor background yields depends on the inte-
grated luminosity, pileup corrections, and the theoretical modeling. The integrated luminosi-
ties for the 2016, 2017, and 2018 data-taking years have individual uncertainties of 1.2–2.5% [84–
86], while the overall uncertainty for the 2016–2018 period is 1.6%. To evaluate the uncertainty
associated with the pileup reweighting, we vary the value of the total inelastic cross section by
5% [87]. Uncertainties arising from the theoretical model include the cross sections, the parton
distribution functions, and the renormalization and factorization scales. These uncertainties
are propagated to the observed signal yields and are summarized in the row labeled “Theory”
in Table 2.

All uncertainties are included in the maximum likelihood fit to extract the branching fractions,
which is implemented with the COMBINE statistical analysis package [88]. For an uncertainty
that does not contain shape information, the uncertainty is implemented as a rate uncertainty
with a log-normal pdf. Uncertainties that impact the shape of the signal or background model
are handled differently in the Z → eµ and Z → ℓτ searches. In the Z → eµ search, the effect
is split into a rate uncertainty and an impact on the pure shape effect. A nuisance parameter
is added as a shift in the corresponding model parameter drawn from a Gaussian pdf centered
on zero and with a width defined by the systematic source’s effect on that model parameter.
In the Z → eτ and Z → µτ searches, shape uncertainties are introduced via “continuous
morphing” [89] parameterized by upward and downward uncertainty templates. In the case of
the Z → eµ background envelope, the discrete background function index parameter is treated
as a free parameter. The fit selects the background function that maximizes the likelihood at
any given point, profiling this discrete nuisance parameter [77].

8 Results

The branching fraction is extracted from a maximum likelihood fit of the background plus
signal model to the data distribution in meµ , for the Z → eµ search, or in the BDT discriminant,
for the Z → ℓτ searches.

For the Z → eµ search, the parameters of the background model developed from the meµ

sidebands (Section 5.2) are free in the fit to the full distributions. The distributions for separate
fits in each BDT region are shown along with the data in Fig. 7. No excess of events beyond
the SM expectation is observed. We set upper limits on the branching fraction following the
modified frequentist construction CLs [90–92] implemented with the CMS statistical analysis
tool COMBINE [88]. The observed and expected upper limits are shown in Fig. 8 and Table 3
from the fits in each BDT score category and for the joint fit combining all categories, along
with the 68 and 95% uncertainties. The observed limit of B(Z → eµ) < 1.9 × 10−7 represents
the most stringent direct limit to date on this process.
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Table 2: Sources of uncertainty and their impacts on the measured branching fraction, for each
of the Z decay channels, and on the product of the production cross section and branching
fraction for the Z′ resonance scan. The uncertainty ranges for the Z′ resonance scan are ordered
from the lowest to the highest Z′ mass point. Entries to which the specified uncertainty does
not apply are denoted with “—”.

Uncertainty source
B(Z → ℓℓ′) σ(pp → Z′ + X)×

eµ eτ µτ B(Z′ → eµ)
[10−8] [10−6] [10−6] [fb]

Electron & muon ID & trigger 0.1 0.3 0.1 0.1–0.01
Electron energy scale 0.2 3.5 0.2 0.6–0.01
Muon energy scale 0.1 0.1 0.9 0.3–0.01
Tau ID — 0.3 0.2 —
Tau energy scale — 0.4 0.4 —
(e, µ) → τh — 0.4 0.1 —

Jet energy, pmiss
T 0.3 0.8 0.2 0.1–0.01

b tagging <0.1 0.2 0.2 <(0.1–0.01)
Pileup 0.1 0.2 0.1 <(0.1–0.01)
Integrated luminosity 0.3 0.1 0.1 0.1–0.01
Theory 0.1 0.5 0.2 0.1–(<0.01)

Parametric background 7.9 — — 0.3–0.06
Envelope 2.5 — — 0.1–0.04
Z → µµ yield 0.5 — — —

Embedding energy resolution — 1.1 0.2 —
Embedding normalization — 1.5 0.2 —
j → τh — 2.8 0.9 —
Nonprompt eµ — 2.7 0.4 —

Template event counts <0.1 3.1 1.5 0.1–(<0.01)

Total systematic 8.3 5.7 2.2 0.8–0.08
Statistical 5.6 1.9 1.6 1.9–0.18
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The transformed BDT score distributions in the invariant mass and tau lepton final-state cate-
gories are shown in Figs. 9 and 10 for the Z → eτ search and in Figs. 11 and 12 for the Z → µτ
search. The pull appearing in the distributions in the lower panels for each BDT bin is the dif-

ference between the observed and fit yields divided by the uncertainty
√

σ2
obs − σ2

fit. The minus
sign in the definition of this uncertainty accounts for the correlation between the observed and
fit yields, which arises because the observed yield is included in the fit [93]. The large pulls
that appear in some bins in the lower row of Fig. 9 reflect non-Gaussian uncertainties in one
or more of the nuisance parameters. The observed yield in the eτ (µτ) channel is consistent
with the SM background prediction at the 0.5 (2.7) σ level. The observed and expected 95%
CL upper limits on the branching fractions for Z → eτ and Z → µτ are shown in Fig. 13 and
Table 3, along with the 68 and 95% uncertainties in the expected limit.

Table 3: The measured branching fraction with its significance (signif.) and observed and ex-
pected 95% CL upper limits, for each of the Z → eµ, Z → eτ , and Z → µτ decay channels. The
prior best published limits are also given for comparison. Included are results for the separate
BDT bins for Z → eµ and the separate τ decay subchannels for Z → eτ and Z → µτ .

Channel Branching Signif. Observed Prior

fraction [σ] (expected) limit (expected) limit

Z → eµ −0.1+1.0
−1.0 × 10−7 −0.1 1.9 (2.0+0.8

−0.6)× 10−7 2.6 (2.4)× 10−7 [22]

0.3 < BDT < 0.7 −3.4+2.8
−2.6 × 10−7 −1.2 5.7(8.2+2.5

−2.0)× 10−7 —

0.7 < BDT < 0.9 0.4+1.5
−1.4 × 10−7 +0.3 3.2(2.9+1.2

−0.8)× 10−7 —

0.9 < BDT < 1.0 0.0+1.5
−2.0 × 10−7 +0.0 3.0(3.0+1.2

−0.8)× 10−7 —

Z → eτ 3.2+6.1
−6.0 × 10−6 +0.5 13.8 (11.4+4.7

−3.2)× 10−6 5.0 (6.0)× 10−6 [21]

Z → eτh 6.3+8.4
−8.2 × 10−6 +0.8 21.3 (16.1+6.7

−4.6)× 10−6 8.1 (8.1)× 10−6 [21]

Z → eτµ 1.2+7.9
−8.1 × 10−6 +0.2 16.2 (15.3+6.1

−4.2)× 10−6 7.0 (8.9)× 10−6 [21]

Z → µτ 7.5+2.7
−2.7 × 10−6 +2.7 12.0 (5.3+2.1

−1.5)× 10−6 6.5 (5.3)× 10−6 [21]

Z → µτh 7.2+2.8
−2.8 × 10−6 +2.5 11.9 (5.6+2.2

−1.6)× 10−6 9.5 (6.1)× 10−6 [21]

Z → µτe 7.5+7.1
−7.9 × 10−6 +1.0 19.5 (14.4+5.1

−3.8)× 10−6 7.2 (10.0)× 10−6 [21]

Figure 14 shows the eµ mass scan fit results for two example mass points. No statistically
significant excess is observed over the SM background. We report 95% CL upper limits on the
production cross section σ(pp → Z′+X) times the branching fraction B(Z′ → eµ) to the eµ
final state. The observed and expected limits for the entire mass scan in the eµ final state are
shown in Fig. 15. All observed deviations from the background-only hypothesis have local
p-values greater than 1%. The global p-value is greater than 39% after accounting for the look-
elsewhere effect [94].

The search presented here for CLFV Z boson decays represents an approximately 20% im-
provement in sensitivity to the direct Z → eµ decay process, with respect to the best previous
search [22]. The Z → µτ search has similar sensitivity as the prior limit, coming mainly from
the Z → µτh channel. The observed Z → µτ limit is weaker than the expected one, mainly
because of the 2.5σ excess we find in the Z → µτh channel. The Z → eτ search presented
here is limited by high electron trigger thresholds, lower electron identification efficiencies,
and large rates of j → τh and e → τh backgrounds, as compared with the Z → µτ search,
and the Z → eτ search in Ref. [21]. Additionally, the electron energy scale has much larger
uncertainties in the ττ embedding simulation that significantly impacts the Z → eτ search
sensitivity.
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Figure 7: For the Z → eµ search, the invariant mass fit results for the BDT score ranges 0.3–
0.7 (upper), 0.7–0.9 (middle), and 0.9–1.0 (lower). In each plot, the upper panel shows the
data (points with bars showing the statistical uncertainties) together with the fit distribution
curve (red) and its separate signal (blue dotted) Z → µµ (yellow dash-dotted) and continuum
background (gray dashed) components, and the lower panel shows the deviations of the data
from the fit function divided by the data uncertainty.
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Figure 8: Upper limits at 95% CL on the branching fraction B(Z → eµ), for each BDT score
range and for the final combined fit. The observed limits are denoted by the markers, while the
expected limits with their 68 and 95% uncertainties are denoted by the horizontal dashed lines
and green and yellow bands, respectively.

As seen in Fig. 15, the Z′ → eµ search yields an expected 95% CL upper limit on σ(pp →
Z′+X)B(Z′ → eµ) of 4 fb at 110 GeV and 0.4 fb at 500 GeV, with an approximately exponential
relation between the mass and the expected sensitivity. The observed limits are consistent with
these. Searches for Z′ → eµ over various mass ranges above 200 GeV have been reported by
ATLAS [95, 96] and CMS [97, 98]. Where the ranges overlap, the present limits represent an
improvement of at least a factor of five over these, and are either the first or the most stringent
expected limits to date on the Z′ → eµ process within the covered mass range.

9 Summary

A search is presented for flavor violating decays of the Z boson to charged leptons, and for
the presence of a heavier vector boson Z′ exhibiting such decays. The data from proton-proton
collisions at

√
s = 13 TeV were collected with the CMS detector at the LHC, and correspond

to an integrated luminosity of 138 fb−1. The specific decay modes considered are Z(′) → eµ,
Z → eτ , and Z → µτ . No significant excess of events over backgrounds from standard model
processes is observed. Observed (expected) upper limits of 1.9 × 10−7, 1.38 × 10−5, and 1.20 ×
10−5 (2.0 × 10−7, 1.14 × 10−5, and 0.53 × 10−5) at 95% confidence level are set on the branching
fractions for Z → eµ, Z → eτ , and Z → µτ , respectively. The limit for Z → eµ is the most
restrictive to date, while for Z → µτ the sensitivity in terms of the expected limit is the same
as that of the previous best limit. All of these limits are consistent with expectations from
the standard model, and with constraints inferred from low-energy experimental limits. For
Z′ boson masses in the range 110–500 GeV, upper limits are set on the cross section times the
branching fraction to eµ that extend from 0.3 to 7 fb, and are the most restrictive to date for
this mass range. Future studies can benefit from additional data, since even the systematic
uncertainties arise mainly from statistical ones in control samples.
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Figure 9: Transformed BDT score distributions for the Z → eτh channels in the meτ ranges:
(upper left) 40–60 GeV, “ττ”; (upper right) 60–85 GeV, “signal-like”; (lower left) 85–100 GeV,
“Z → ℓℓ”; (lower right) 100–170 GeV, “misID”. In each plot, the upper panel shows the data
(points), the total yield from the signal + background fit (red open histogram), the signal com-
ponent (blue open histogram), and the background components (stacked filled histograms).
The middle panel shows the ratio to the background of the data (points with bars showing
the statistical uncertainty in the data) and the combined signal + background (blue dotted his-
togram). The shaded band shows the systematic uncertainty in the background estimate. The
lower panel shows the pull defined in the text (light blue filled histogram).
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Figure 10: Transformed BDT score distributions for the Z → eτµ channels in the meτ ranges:
(upper left) 40–50 GeV, “ττ”; (upper right) 50–100 GeV, “signal-like”; (lower) 100–170 GeV,
“misID”. In each plot, the upper panel shows the data (points), the total yield from the sig-
nal + background fit (red open histogram), the signal component (blue open histogram), and
the background components (stacked filled histograms). The middle panel shows the ratio to
the background of the data (points with bars showing the statistical uncertainty in the data)
and the combined signal + background (blue dotted histogram). The shaded band shows the
systematic uncertainty in the background estimate. The lower panel shows the pull defined in
the text (light blue filled histogram).
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Figure 11: Transformed BDT score distributions for the Z → µτh channels in the mµτ ranges:
(upper left) 40–60 GeV, “ττ”; (upper right) 60–85 GeV, “signal-like”; (lower left) 85–100 GeV,
“Z → ℓℓ”; (lower right) 100–170 GeV, “misID”. In each plot, the upper panel shows the data
(points), the total yield from the signal + background fit (red open histogram), the signal com-
ponent (blue open histogram), and the background components (stacked filled histograms).
The middle panel shows the ratio to the background of the data (points with bars showing
the statistical uncertainty in the data) and the combined signal + background (blue dotted his-
togram). The shaded band shows the systematic uncertainty in the background estimate. The
lower panel shows the pull defined in the text (light blue filled histogram).
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Figure 12: Transformed BDT score distributions for the Z → µτe channels in the mµτ ranges:
(upper left) 40–50 GeV, “ττ”; (upper right) 50–100 GeV, “signal-like”; (lower) 100–170 GeV,
“misID”. In each plot, the upper panel shows the data (points), the total yield from the sig-
nal + background fit (red open histogram), the signal component (blue open histogram), and
the background components (stacked filled histograms). The middle panel shows the ratio to
the background of the data (points with bars showing the statistical uncertainty in the data)
and the combined signal + background (blue dotted histogram). The shaded band shows the
systematic uncertainty in the background estimate. The lower panel shows the pull defined in
the text (light blue filled histogram).
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Figure 13: Observed and expected 95% CL upper limit by category, as well as for the final
combined fit, for the Z → eτ (left) and Z → µτ (right) searches. The observed limits are
denoted by the markers, while the expected limits with their 68 and 95% uncertainties are
denoted by the horizontal dashed lines and green and yellow bands, respectively.

acknowledge the computing centers and personnel of the Worldwide LHC Computing Grid
and other centers for delivering so effectively the computing infrastructure essential to our
analyses. Finally, we acknowledge the enduring support for the construction and operation
of the LHC, the CMS detector, and the supporting computing infrastructure provided by the
following funding agencies: SC (Armenia), BMBWF and FWF (Austria); FNRS and FWO (Bel-
gium); CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES and BNSF (Bulgaria);
CERN; CAS, MoST, and NSFC (China); MINCIENCIAS (Colombia); MSES and CSF (Croatia);
RIF (Cyprus); SENESCYT (Ecuador); ERC PRG, TARISTU24-TK10 and MoER TK202 (Estonia);
Academy of Finland, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); SRNSF (Geor-
gia); BMBF, DFG, and HGF (Germany); GSRI (Greece); NKFIH (Hungary); DAE and DST (In-
dia); IPM (Iran); SFI (Ireland); INFN (Italy); MSIT and NRF (Republic of Korea); MES (Latvia);
LMTLT (Lithuania); MOE and UM (Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and
UASLP-FAI (Mexico); MOS (Montenegro); MBIE (New Zealand); PAEC (Pakistan); MES and
NSC (Poland); FCT (Portugal); MESTD (Serbia); MICIU/AEI and PCTI (Spain); MOSTR (Sri
Lanka); Swiss Funding Agencies (Switzerland); MST (Taipei); MHESI and NSTDA (Thailand);
TUBITAK and TENMAK (Türkiye); NASU (Ukraine); STFC (United Kingdom);

Individuals have received support from the Marie-Curie program and the European Research
Council and Horizon 2020 Grant, contract Nos. 675440, 724704, 752730, 758316, 765710, 824093,
101115353, 101002207, 101001205, and COST Action CA16108 (European Union); the Leven-
tis Foundation; the Alfred P. Sloan Foundation; the Alexander von Humboldt Foundation;
the Science Committee, project no. 22rl-037 (Armenia); the Fonds pour la Formation à la
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Figure 14: Distributions in meµ for the scan points 111 GeV (upper row) and 496 GeV (lower
row) from the Z′ search. In each row the BDT score range for the left (right) plot is 0.3–0.7
(0.7–1.0). In each plot, the upper panel shows the data (points with bars showing the statistical
uncertainty) together with the fit distribution curve (red solid) and its separate signal (blue
dotted) and background (red dotted) components, the middle panel shows the background
subtracted data with the fit signal distribution, and the lower panel shows the deviations of the
data from the fit function divided by the fit uncertainty.
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[60] T. Sjöstrand et al., “An introduction to PYTHIA 8.2”, Comput. Phys. Commun. 191 (2015)
159, doi:10.1016/j.cpc.2015.01.024, arXiv:1410.3012.

[61] K. Melnikov and F. Petriello, “Electroweak gauge boson production at hadron colliders
through O(α2

s)”, Phys. Rev. D 74 (2006) 114017, doi:10.1103/PhysRevD.74.114017,
arXiv:hep-ph/0609070.

[62] M. Czakon and A. Mitov, “Top++: A program for the calculation of the top-pair
cross-section at hadron colliders”, Comput. Phys. Commun. 185 (2014) 2930,
doi:10.1016/j.cpc.2014.06.021, arXiv:1112.5675.

[63] N. Kidonakis, “Top quark production”, in Helmholtz International Summer School on
Physics of Heavy Quarks and Hadrons, p. 139. 2014. arXiv:1311.0283.
doi:10.3204/DESY-PROC-2013-03/Kidonakis.



References 33

[64] J. M. Campbell, R. K. Ellis, and C. Williams, “Vector boson pair production at the LHC”,
JHEP 07 (2011) 018, doi:10.1007/JHEP07(2011)018, arXiv:1105.0020.

[65] T. Gehrmann et al., “W+W− production at hadron colliders in next to next to leading
order QCD”, Phys. Rev. Lett. 113 (2014) 212001,
doi:10.1103/PhysRevLett.113.212001, arXiv:1408.5243.

[66] CMS Collaboration, “Event generator tunes obtained from underlying event and
multiparton scattering measurements”, Eur. Phys. J. C 76 (2016) 155,
doi:10.1140/epjc/s10052-016-3988-x, arXiv:1512.00815.

[67] CMS Collaboration, “Extraction and validation of a new set of CMS PYTHIA8 tunes from
underlying-event measurements”, Eur. Phys. J. C 80 (2020) 4,
doi:10.1140/epjc/s10052-019-7499-4, arXiv:1903.12179.

[68] R. Frederix and S. Frixione, “Merging meets matching in MC@NLO”, JHEP 12 (2012)
061, doi:10.1007/JHEP12(2012)061, arXiv:1209.6215.

[69] NNPDF Collaboration, “Parton distributions for the LHC Run II”, JHEP 04 (2015) 040,
doi:10.1007/JHEP04(2015)040, arXiv:1410.8849.

[70] NNPDF Collaboration, “Parton distributions from high-precision collider data”, Eur.
Phys. J. C 77 (2017) 663, doi:10.1140/epjc/s10052-017-5199-5,
arXiv:1706.00428.

[71] NNPDF Collaboration, “Parton distributions with QED corrections”, Nucl. Phys. B 877
(2013) 290, doi:10.1016/j.nuclphysb.2013.10.010, arXiv:1308.0598.

[72] GEANT4 Collaboration, “GEANT4—a simulation toolkit”, Nucl. Instrum. Meth. A 506
(2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[73] Particle Data Group, S. Navas et al., “Review of particle physics”, Phys. Rev. D 110
(2024) 030001, doi:10.1103/PhysRevD.110.030001.

[74] T. Chen and C. Guestrin, “XGBoost: A scalable tree boosting system”, in Proceedings of
the 22nd ACM SIGKDD International Conference on Knowledge Discovery and Data Mining,
KDD ’16, p. 785. Association for Computing Machinery, New York, NY, USA, 2016.
arXiv:1603.02754. doi:10.1145/2939672.2939785.

[75] M. J. Oreglia, “A study of the reactions ψ′ → γγψ”, Master’s thesis, Stanford University,
1980. SLAC Report SLAC-R-236.

[76] J. E. Gaiser, “Charmonium spectroscopy from radiative decays of the J/ψ and ψ′”,
Master’s thesis, Stanford University, 1982. SLAC Report SLAC-0255.

[77] P. D. Dauncey, M. Kenzie, N. Wardle, and G. J. Davies, “Handling uncertainties in
background shapes: the discrete profiling method”, JINST 10 (2015) P04015,
doi:10.1088/1748-0221/10/04/P04015, arXiv:1408.6865.

[78] R. A. Fisher, “On the mathematical foundations of theoretical statistics”, Phil. Trans. Roy.
Soc. Lond. 222 (1922) 309, doi:10.1098/rsta.1922.0009.

[79] CMS Collaboration, “An embedding technique to determine ττ backgrounds in
proton-proton collision data”, JINST 14 (2019) P06032,
doi:10.1088/1748-0221/14/06/P06032, arXiv:1903.01216.



34

[80] CMS Collaboration, “Measurements of Higgs boson production in the decay channel
with a pair of τ leptons in proton–proton collisions at

√
s = 13 TeV”, Eur. Phys. J. C 83

(2023) 562, doi:10.1140/epjc/s10052-023-11452-8, arXiv:2204.12957.

[81] CMS Collaboration, “Search for lepton-flavor violating decays of the Higgs boson in the
µτ and eτ final states in proton-proton collisions at

√
s = 13 TeV”, Phys. Rev. D 104 (2021)

032013, doi:10.1103/PhysRevD.104.032013, arXiv:2105.03007.

[82] S. Davidson, S. Lacroix, and P. Verdier, “LHC sensitivity to lepton flavour violating Z
boson decays”, JHEP 09 (2012) 092, doi:10.1007/JHEP09(2012)092,
arXiv:1207.4894.

[83] TMVA Collaboration, “TMVA — toolkit for multivariate data analysis”, Technical Report
CERN-OPEN-2007-007, 2007. arXiv:physics/0703039.

[84] CMS Collaboration, “Precision luminosity measurement in proton-proton collisions at√
s = 13 TeV in 2015 and 2016 at CMS”, Eur. Phys. J. C 81 (2021) 800,

doi:10.1140/epjc/s10052-021-09538-2, arXiv:2104.01927.

[85] CMS Collaboration, “CMS luminosity measurement for the 2017 data-taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-17-004, 2018.

[86] CMS Collaboration, “CMS luminosity measurement for the 2018 data-taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-18-002, 2019.

[87] CMS Collaboration, “Measurement of the inelastic proton-proton cross section at
√

s = 13
TeV”, JHEP 07 (2018) 161, doi:10.1007/JHEP07(2018)161, arXiv:1802.02613.

[88] CMS Collaboration, “The CMS statistical analysis and combination tool: Combine”,
Comput. Softw. Big Sci. 8 (2024) 19, doi:10.1007/s41781-024-00121-4,
arXiv:2404.06614.

[89] J. S. Conway, “Incorporating nuisance parameters in likelihoods for multisource spectra”,
in Proc. PHYSTAT 2011 Workshop, p. 115. 2011. arXiv:1103.0354.
doi:10.5170/CERN-2011-006.115.

[90] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, “Asymptotic formulae for
likelihood-based tests of new physics”, Eur. Phys. J. C 71 (2011) 1554,
doi:10.1140/epjc/s10052-011-1554-0, arXiv:1007.1727. [Erratum:
doi:10.1140/epjc/s10052-013-2501-z].

[91] T. Junk, “Confidence level computation for combining searches with small statistics”,
Nucl. Instrum. Meth. A 434 (1999) 435, doi:10.1016/S0168-9002(99)00498-2,
arXiv:hep-ex/9902006.

[92] A. L. Read, “Presentation of search results: the CLs technique”, J. Phys. G 28 (2002) 2693,
doi:10.1088/0954-3899/28/10/313.

[93] F. E. James, “Statistical Methods in Experimental Physics 2nd Edition”. World Scientific
Publishing Co. Pte. Ltd., Singapore, 2006. ISBN 981-270-527-9.

[94] G. Cowan, “Statistics for searches at the LHC”, in LHC Phenomenology, E. Gardi,
N. Glover, and R. Aidan, eds. Springer, Cham, 2015. Scottish Graduate Series.
doi:10.1007/978-3-319-05362-2_9.



References 35

[95] ATLAS Collaboration, “Search for a heavy neutral particle decaying to eµ, eτ, or µτ in pp
collisions at

√
s = 8 TeV with the ATLAS detector”, Phys. Rev. Lett. 115 (2015) 031801,

doi:10.1103/PhysRevLett.115.031801, arXiv:1503.04430.

[96] ATLAS Collaboration, “Search for new phenomena in different-flavour high-mass
dilepton final states in pp collisions at

√
s = 13 Tev with the ATLAS detector”, Eur. Phys.

J. C 76 (2016) 541, doi:10.1140/epjc/s10052-016-4385-1, arXiv:1607.08079.

[97] CMS Collaboration, “Search for lepton flavour violating decays of heavy resonances and
quantum black holes to an eµ pair in proton-proton collisions at

√
s = 8 TeV”, Eur. Phys.

J. C 76 (2016) 317, doi:10.1140/epjc/s10052-016-4149-y, arXiv:1604.05239.

[98] CMS Collaboration, “Search for heavy resonances and quantum black holes in eµ, eτ,
and µτ final states in proton-proton collisions at

√
s = 13 TeV”, JHEP 05 (2023) 227,

doi:10.1007/JHEP05(2023)227, arXiv:2205.06709.



36



37

A The CMS Collaboration

Yerevan Physics Institute, Yerevan, Armenia
A. Hayrapetyan, V. Makarenko , A. Tumasyan1

Institut für Hochenergiephysik, Vienna, Austria
W. Adam , J.W. Andrejkovic, L. Benato , T. Bergauer , M. Dragicevic , C. Giordano,
P.S. Hussain , M. Jeitler2 , N. Krammer , A. Li , D. Liko , I. Mikulec , J. Schieck2 ,
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Basilicatac, Potenza, Italy; Scuola Superiore Meridionale (SSM)d, Napoli, Italy
S. Buontempoa , A. Cagnottaa ,b , C. Di Fraiaa,b , F. Fabozzia ,c , L. Favillaa ,d ,
A.O.M. Iorioa,b , L. Listaa,b,50 , P. Paoluccia ,28 , B. Rossia
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C. Aimèa ,b , C.A. Alexea,c , P. Asenova ,b , P. Azzurria , G. Bagliesia ,
R. Bhattacharyaa , L. Bianchinia,b , T. Boccalia , E. Bossinia , D. Bruschinia,c ,
L. Calligarisa ,b , R. Castaldia , F. Cattafestaa ,c , M.A. Cioccia,b , M. Cipriania,b ,
V. D’Amantea ,d , R. Dell’Orsoa , S. Donatoa ,b , R. Fortia ,b , A. Giassia ,
F. Ligabuea,c , A.C. Marinia ,b , D. Matos Figueiredoa , A. Messineoa,b , S. Mishraa ,
V.K. Muraleedharan Nair Bindhua,b , S. Nandana , F. Pallaa , M. Riggirelloa,c ,
A. Rizzia,b , G. Rolandia ,c , S. Roy Chowdhurya,54 , T. Sarkara , A. Scribanoa ,
P. Spagnoloa , F. Tenchinia,b , R. Tenchinia , G. Tonellia,b , N. Turinia ,d , F. Vasellia,c ,
A. Venturia , P.G. Verdinia

INFN Sezione di Romaa, Sapienza Università di Romab, Roma, Italy
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51

H. Ogul88 , Y. Onel , A. Penzo , C. Snyder, E. Tiras89

Johns Hopkins University, Baltimore, Maryland, USA
B. Blumenfeld , J. Davis , A.V. Gritsan , L. Kang , S. Kyriacou , P. Maksimovic ,
M. Roguljic , S. Sekhar , M.V. Srivastav , M. Swartz

The University of Kansas, Lawrence, Kansas, USA
A. Abreu , L.F. Alcerro Alcerro , J. Anguiano , S. Arteaga Escatel , P. Baringer ,
A. Bean , Z. Flowers , D. Grove , J. King , G. Krintiras , M. Lazarovits ,
C. Le Mahieu , J. Marquez , M. Murray , M. Nickel , S. Popescu90 , C. Rogan ,
C. Royon , S. Rudrabhatla , S. Sanders , C. Smith , G. Wilson

Kansas State University, Manhattan, Kansas, USA
B. Allmond , R. Gujju Gurunadha , N. Islam, A. Ivanov , K. Kaadze , Y. Maravin ,
J. Natoli , D. Roy , G. Sorrentino

University of Maryland, College Park, Maryland, USA
A. Baden , A. Belloni , J. Bistany-riebman, S.C. Eno , N.J. Hadley , S. Jabeen ,
R.G. Kellogg , T. Koeth , B. Kronheim, S. Lascio , P. Major , A.C. Mignerey ,
C. Palmer , C. Papageorgakis , M.M. Paranjpe, E. Popova91 , A. Shevelev , L. Zhang

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
C. Baldenegro Barrera , J. Bendavid , H. Bossi , S. Bright-Thonney , I.A. Cali ,
Y.c. Chen , P.c. Chou , M. D’Alfonso , J. Eysermans , C. Freer , G. Gomez-Ceballos ,
M. Goncharov, G. Grosso , P. Harris, D. Hoang , G.M. Innocenti , D. Kovalskyi ,
J. Krupa , L. Lavezzo , Y.-J. Lee , K. Long , C. Mcginn , A. Novak , M.I. Park ,
C. Paus , C. Reissel , C. Roland , G. Roland , S. Rothman , T.a. Sheng ,
G.S.F. Stephans , D. Walter , Z. Wang , B. Wyslouch , T. J. Yang

University of Minnesota, Minneapolis, Minnesota, USA
B. Crossman , W.J. Jackson, C. Kapsiak , M. Krohn , D. Mahon , J. Mans ,
B. Marzocchi , R. Rusack , O. Sancar , R. Saradhy , N. Strobbe

University of Nebraska-Lincoln, Lincoln, Nebraska, USA
K. Bloom , D.R. Claes , G. Haza , J. Hossain , C. Joo , I. Kravchenko , A. Rohilla ,
J.E. Siado , W. Tabb , A. Vagnerini , A. Wightman , F. Yan

State University of New York at Buffalo, Buffalo, New York, USA
H. Bandyopadhyay , L. Hay , H.w. Hsia , I. Iashvili , A. Kalogeropoulos ,
A. Kharchilava , A. Mandal , M. Morris , D. Nguyen , S. Rappoccio , H. Rejeb Sfar,
A. Williams , P. Young , D. Yu

Northeastern University, Boston, Massachusetts, USA
G. Alverson , E. Barberis , J. Bonilla , B. Bylsma, M. Campana , J. Dervan ,
Y. Haddad , Y. Han , I. Israr , A. Krishna , M. Lu , N. Manganelli , R. Mccarthy ,
D.M. Morse , T. Orimoto , A. Parker , L. Skinnari , C.S. Thoreson , E. Tsai ,
D. Wood

Northwestern University, Evanston, Illinois, USA
S. Dittmer , K.A. Hahn , Y. Liu , M. Mackenzie , M. Mcginnis , Y. Miao ,
D.G. Monk , M.H. Schmitt , A. Taliercio , M. Velasco , J. Wang

University of Notre Dame, Notre Dame, Indiana, USA
G. Agarwal , R. Band , R. Bucci, S. Castells , A. Das , A. Ehnis, R. Goldouzian ,
M. Hildreth , K. Hurtado Anampa , T. Ivanov , C. Jessop , A. Karneyeu , K. Lannon ,



52

J. Lawrence , N. Loukas , L. Lutton , J. Mariano , N. Marinelli, I. Mcalister,
T. McCauley , C. Mcgrady , C. Moore , Y. Musienko22 , H. Nelson , M. Osherson ,
A. Piccinelli , R. Ruchti , A. Townsend , Y. Wan, M. Wayne , H. Yockey

The Ohio State University, Columbus, Ohio, USA
A. Basnet , M. Carrigan , R. De Los Santos , L.S. Durkin , C. Hill , M. Joyce ,
M. Nunez Ornelas , D.A. Wenzl, B.L. Winer , B. R. Yates

Princeton University, Princeton, New Jersey, USA
H. Bouchamaoui , K. Coldham, P. Das , G. Dezoort , P. Elmer , A. Frankenthal ,
M. Galli , B. Greenberg , N. Haubrich , K. Kennedy, G. Kopp , Y. Lai , D. Lange ,
A. Loeliger , D. Marlow , I. Ojalvo , J. Olsen , F. Simpson , D. Stickland , C. Tully

University of Puerto Rico, Mayaguez, Puerto Rico, USA
S. Malik , R. Sharma

Purdue University, West Lafayette, Indiana, USA
A.S. Bakshi , S. Chandra , R. Chawla , A. Gu , L. Gutay, M. Jones , A.W. Jung ,
D. Kondratyev , M. Liu , G. Negro , N. Neumeister , G. Paspalaki , S. Piperov ,
J.F. Schulte , F. Wang , A. Wildridge , W. Xie , Y. Yao , Y. Zhong

Purdue University Northwest, Hammond, Indiana, USA
N. Parashar , A. Pathak , E. Shumka

Rice University, Houston, Texas, USA
D. Acosta , A. Agrawal , C. Arbour , T. Carnahan , K.M. Ecklund ,
P.J. Fernández Manteca , S. Freed, P. Gardner, F.J.M. Geurts , T. Huang , I. Krommydas ,
N. Lewis, W. Li , J. Lin , O. Miguel Colin , B.P. Padley , R. Redjimi , J. Rotter ,
E. Yigitbasi , Y. Zhang

University of Rochester, Rochester, New York, USA
O. Bessidskaia Bylund, A. Bodek , P. de Barbaro† , R. Demina , J.L. Dulemba , A. Garcia-
Bellido , H.S. Hare , O. Hindrichs , N. Parmar , P. Parygin91 , R. Taus

Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
B. Chiarito, J.P. Chou , S.V. Clark , S. Donnelly, D. Gadkari , Y. Gershtein ,
E. Halkiadakis , M. Heindl , C. Houghton , D. Jaroslawski , S. Konstantinou ,
I. Laflotte , A. Lath , J. Martins , B. Rand , J. Reichert , P. Saha , S. Salur ,
S. Schnetzer, S. Somalwar , R. Stone , S.A. Thayil , S. Thomas, J. Vora

University of Tennessee, Knoxville, Tennessee, USA
D. Ally , A.G. Delannoy , S. Fiorendi , J. Harris, S. Higginbotham , T. Holmes ,
A.R. Kanuganti , N. Karunarathna , J. Lawless, L. Lee , E. Nibigira , B. Skipworth,
S. Spanier

Texas A&M University, College Station, Texas, USA
D. Aebi , M. Ahmad , T. Akhter , K. Androsov , A. Bolshov, O. Bouhali92 , R. Eusebi ,
P. Flanagan , J. Gilmore , Y. Guo, T. Kamon , H. Kim , S. Luo , R. Mueller ,
A. Safonov

Texas Tech University, Lubbock, Texas, USA
N. Akchurin , J. Damgov , Y. Feng , N. Gogate , Y. Kazhykarim, K. Lamichhane ,
S.W. Lee , C. Madrid , A. Mankel , T. Peltola , I. Volobouev

Vanderbilt University, Nashville, Tennessee, USA



53

E. Appelt , Y. Chen , S. Greene, A. Gurrola , W. Johns , R. Kunnawalkam Elayavalli ,
A. Melo , D. Rathjens , F. Romeo , P. Sheldon , S. Tuo , J. Velkovska , J. Viinikainen ,
J. Zhang

University of Virginia, Charlottesville, Virginia, USA
B. Cardwell , H. Chung , B. Cox , J. Hakala , R. Hirosky , M. Jose, A. Ledovskoy ,
C. Mantilla , C. Neu , C. Ramón Álvarez
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28Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
29Also at HUN-REN ATOMKI - Institute of Nuclear Research, Debrecen, Hungary
30Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
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81Also at Università di Torino, Torino, Italy
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