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Abstract

Results are presented of searches and measurements in the top quark sector by the AT-
LAS and CMS experiments. These analyses use data from proton-proton collisions at a
centre-of-mass energy of 13 TeV, recorded during Run 2 at the Large Hadron Collider and
corresponding to integrated luminosities of 138–140 fb−1. Searches are carried out for
charged lepton flavour violation, baryon number violation and the presence of neutral
heavy leptons. A precise measurement of lepton flavour universality between electrons
and muons originating from top quark-antiquark events is also presented.
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1 Introduction

As the heaviest fundamental particle in the Standard Model (SM), the top quark has a unique
role in validating the predictions of the SM and in searches for new physics. The large data
samples accumulated by the ATLAS [1] and CMS [2] Collaborations during the Run 2 data-
taking period of the Large Hadron Collider (LHC) [3] allow stringent tests of the top quark
sector in the SM. These include tests of the universality of lepton couplings, and searches for
possible deviations from the SM predictions via violations of charged-lepton flavour, baryon
number or lepton number. Six new analyses are described here. These are based on the full
Run 2 pp data samples from ATLAS or CMS, at a centre-of-mass energy of 13 TeV. The ATLAS
analyses use an integrated luminosity of 140 fb−1 collected in 2015–2018, while those from
CMS use 138 fb−1 collected during 2016–2018.
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Figure 1: (a) Summary of B(W → µν)/B(W → eν) measurements, including the
ATLAS result [4]; (b) Distribution of the BDT discriminant in the m(eµ) > 150 GeV
region for the CMS eµ trilepton cLFV analysis [8].

2 Lepton flavour universality

The assumption of lepton flavour universality (LFU) is a fundamental axiom of the SM, i.e. the
couplings of the charged leptons to the W or Z bosons should be independent of the lepton
flavour. This assumption can be tested at high momentum using W bosons originating from
top quark decays. The ATLAS analysis [4] tests LFU between electrons and muons in the
dileptonic decays of t t̄ events. It exploits the similar kinematics of Z → ℓ+ℓ− decays to reduce
the impact of lepton identification uncertainties, through the measurement of the double ratio

Rµ/eW Z =
Rµ/eW
Ç

Rµµ/ee
Z

=
B(W → µν)
B(W → eν)

·
√

√ B(Z → ee)
B(Z → µµ)

, (1)

where the t t̄ events are selected in the ee, eµ and µµ channels with either 1 or 2 b-tagged
jets, and the Z boson samples are selected inclusively in the ee or µµ channels. Reweighting
factors are applied to the muons as a function of transverse momentum pT and absolute pseu-
dorapidity |η| to reduce the kinematic differences between the selected electrons and muons.
The lepton isolation efficiencies are measured in-situ as a function of pT and |η|, separately
for electons and muons in the Z and t t̄ samples; this allows the different environments in the
two types of events to be taken into account.

The branching fractions are extracted using a simultaneous likelihood fit to the eµ yields
in the t t̄ events, the ee and µµ yields in the Z events, and the ℓℓ (ℓ = e,µ) invariant mass
distribution in the same-flavour t t̄ samples. They are parametrised as deviations from the SM
branching fractions. The relative W branching fractions are extracted by applying the precise
external Z branching fraction ratio from LEP and SLD [5] to the fitted value in Equation 1,
leading to

Rµ/eW =
B(W → µν)
B(W → eν)

= 0.9995± 0.0045 , (2)

where the dominant uncertainties arise from PDF, modelling and lepton uncertainties. This
measurement is consistent with the assumption of LFU. It is the most precise test of e-µ uni-
versality to date and improves on the previous PDG average [6], as shown in Figure 1(a).
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Table 1: Summary of the cLFV analysis requirements.

Analysis CMS eµ trilepton ATLAS µτ trilepton CMS µτ hadronic
cLFV vertex teµq (q = u, c) tµτq (q = u, c) tµτq (q = u, c)
cLFV leptons e±µ∓ µ±τ∓ µ±τ∓

SM W decay e± or µ± (+ν) µ± (+ν) qq̄′

Signature e±µ∓ℓ µ±µ±τ∓had µ±τ∓had+jets
No. of b-tagged (all) jets 1 (1 or 2) 1 (≥ 1) 1 (≥ 3)

Table 2: Limits on Wilson coefficients |C | and branching ratios B at 95% CL. The
range of limits corresponds to the different operator types: the limits on |C | vary
from smallest to largest for tensor, vector and scalar operators, respectively, while
the relative ordering of the limits is reversed for B.

Analysis q CMS eµ trilepton ATLAS µτ trilepton CMS µτ hadronic
cLFV vertex teµq (q = u, c) tµτq (q = u, c) tµτq (q = u, c)
|C |/Λ2 [GeV−2] u 0.02–0.10 0.10–0.44 0.045–0.18

c 0.09–0.42 0.36–1.8 0.19–0.82
B(t → qℓℓ′) [10−6] u 0.012–0.032 0.20-0.52 0.04–0.12

c 0.22–0.50 3.4–6.7 0.81–2.05

3 Charged lepton flavour violation

Within the SM, charged lepton flavour violation (cLFV) is expected due to neutrino oscilla-
tions, with an extremely small branching ratio of O(10−55) [7]. An observation of cLFV in the
LHC data would therefore provide a strong indication of beyond-the-Standard-Model (BSM)
physics, with possible contributions from leptoquarks, supersymmetry or two-Higgs-doublet
models. Recent results from CMS and ATLAS [8–10] all consider cLFV processes in single-top
production (“production”) or in t t̄ decay (“decay”). Limits on a possible cLFV contribution
are extracted in a model-independent Effective Field Theory (EFT) approach, in which it is
assumed that the mass scale of new physics Λ is significantly larger than the LHC energy scale.
This allows limits to be placed on Wilson coefficients |C | for vector, scalar and tensor tqℓℓ′

dimension-6 operators, where q is an up- or a charm-quark. Table 1 summarises the three
analyses to be discussed in Sections 3.1 to 3.3.

3.1 cLFV in the eµ trilepton channel

The CMS eµ trilepton analysis [8] makes use of Boosted Decision Tree (BDT) discriminants
to separate the background from the cLFV signal. The BDT is trained in two regions, above
and below an invariant mass m(eµ) of 150 GeV; the higher mass region is enriched in the
production process and is shown in Figure 1(b), while the lower masses target t t̄ decays.
Each of the EFT Wilson coefficients is extracted separately in binned likelihood fits, combining
the production and decay processes in each case. No significant excess is observed over the SM
expectation, allowing 95% CL upper limits to be extracted on the Wilson coefficients |C |. These
are also converted to branching fraction limits for B(t → qℓℓ′). The results are summarised in
the third column of Table 2.

3.2 cLFV in the µτ trilepton channel

In the ATLAS µτ cLFV analysis [9], the τ leptons are selected in their hadronic decay modes,
τhad . The discriminating variable is HT, calculated from the scalar sum of the transverse
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Figure 2: (a) 95% CL upper limits as a function of the leptoquark coupling strength
λLQ and mass mS1

in the ATLAS µτ cLFV analysis [9]; (b) Exclusion contours for
Wilson coefficients relating to scalar, vector and tensor Lorentz structures in the CMS
µτ cLFV note [10].

momenta of jets and leptons in the event; the cLFV signal for the production channel tends to
lie at high HT. No significant excess of events is found in the data, leading to the limits shown
in the fourth column of Table 2; these improve on the previous indirect limits by factors of
7–41 and the analysis is statistically limited.

The same data are used to search for a scalar leptoquark S1 [11], assuming fixed hier-
archical couplings which reduce by a factor of 10 for each generation of quarks or leptons.
The highest coupling value is for the t-τ coupling, λtτ, expressed in terms of a universal cou-
pling strength λLQ (= λtτ/10). Limits are extracted on λLQ and on the leptoquark mass mS1

.
Upper limits are set from λLQ = 1.3 to λLQ = 3.7 for masses in the range mS1

= 0.5 TeV to
mS1
= 2.0 TeV, at 95% CL, as illustrated in Figure 2(a).

3.3 cLFV in the µτ hadronic channel

The latest CMS cLFV analysis [10] considers the µτ channel, in which the W boson from the
SM top quark decays hadronically and the τ leptons are also identified in their hadronic decay
modes. Kinematic reconstruction of the W and t decay using a χ2 minimisation improves the
separation of the signal from the dileptonic t t̄ background. A multiclass deep neural network
(DNN) is trained to classify three nodes: the cLFV signals from production or decay, and the
t t̄ background. This leads to an overall DNN score based on 28 kinematic variables. The data
are consistent with the SM expectation, leading to an improvement of a factor of two relative
to the previous Wilson coefficient limits for the µτ channel. These limits are shown in the final
column of Table 2, together with the branching ratios, and are shown in Figure 2(b) for the
separate scalar, vector and tensor contributions.

4 Baryon number violation

Baryon number is conserved in the SM but does not correspond to a fundamental symmetry.
It can be violated by small non-perturbative effects, and baryon number violation (BNV) can
be enhanced in BSM processes. The CMS BNV analysis [12] is similar in structure to the cLFV
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Figure 3: (a) Upper limits on the branching fractions of the top quark BNV decays
in the CMS experiment [12]; (b) Upper limits on the strength of HNL mixing with
muon neutrinos, including the ATLAS t t̄ result [15].

analyses in Section 3 and includes the single-top production and t t̄ decay processes; however,
the effective interaction is now a tqq′ℓ vertex, which also violates lepton number conservation
(LNV). Many quark flavour combinations are considered (q ∈ [d, s, b] and q′ ∈ [u, c], leading
to t[d, s, b][u, c]ℓ vertices), together with a W → ℓν decay from the SM top quark, giving a
dileptonic signature. The ee, eµ and µµ channels are included, with one b-tagged jet and other
kinematic requirements. A single BDT is used to extract the BNV signal, and no significant
excess over the background is found. Limits are set separately for each BNV coupling, for
s-channel or t-channel exchange, and branching fractions are extracted. The upper limits on
the branching fractions are illustrated in Figure 3(a) for this analysis. They improve on the
previous limits at

p
s = 8 TeV [13] by factors of 103–106.

5 Heavy neutral leptons

It is known that neutrinos must have mass, due to the presence of neutrino mixing. A Type-I
seesaw model [14] adds three heavy right-handed Majorana neutrinos Ni (i = 1, 3), in addition
to the SM neutrinos. These Ni couple to the SM charged leptons with strengths given by a
mixing matrix V . Many searches for heavy neutral leptons (HNL) have been carried out or are
ongoing at the LHC. The ATLAS analysis [15] discussed here searches for an HNL signature
in a top quark decay from t t̄ for the first time. One top quark decays according to the SM,
while the other includes a t → Nℓ, N →Wℓ decay chain; this leads to LNV of two units. The
model considered here includes only diagonal mixing terms, with a single N coupling to one
of e, µ or τ with strength Vℓ,N . The final state includes two same-sign leptons (ee or µµ) and
hadronic decays of two W bosons. HNL signal samples are generated in the mass range 15–75
GeV and the HNL signal is distinguished from background using one BDT for low mN and
another for high mN . Profile likelihood fits are applied to the ee and µµ channels separately;
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the same data are reinterpreted for the ττ (→ ee,µµ) channels. Limits are set on the HNL
cross-sections and coupling parameters, extending the ATLAS ee and µµ limits in the range
above mN = 50 GeV. Figure 3(b) shows the limits for the µµ channel.

6 Conclusion

An extensive programme of top quark BSM searches is in progress with the ATLAS and CMS
experiments at the Large Hadron Collider, including charged-lepton flavour violation, baryon
number violation and lepton number violation via heavy neutral lepton production. Typical
branching ratio limits lie in the range of 10−6 to 10−8. The Effective Field Theory approach is
a useful tool for model-independent BSM searches, allowing limits to be set on Wilson coeffi-
cients for dimension-six four-fermion interactions. As a further test of the SM, lepton flavour
universality between electrons and muons has been tested very precisely via top processes:
B(W → µν)/B(W → eν) has been measured to 0.45%, the most precise value to date. In the
near future, the Run 3 datasets will allow further probes of the top quark interactions, using
new techniques and with improved precision.
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