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Abstract We consider lepton-flavour violating decays of
the top quark, mediated by 4-fermion operators. We compile
constraints on a complete set of SU(3) × U(1)-invariant oper-
ators, arising from their loop contributions to rare decays and
from HERA’s single-top search. The bounds on e–μ flavour
change are more restrictive than on �–τ ; nonetheless the top
could decay to a jet +eμ̄ with a branching ratio of order 10−3.
We estimate that the currently available LHC data (20 fb−1 at
8 TeV) could be sensitive to BR(t → eμ̄+ jet) ∼6 × 10−5,
and we extrapolate that 100 fb−1 at 13 TeV could reach a
sensitivity of ∼1 × 10−5.

1 Introduction

Lepton Flavour Violation (LFV) [1–3], meaning local inter-
actions that change the flavour of charged leptons, should
occur because neutrinos have mass and mix. This motivates
sensitive searches for processes such as μ → eγ [4] and
μ−e conversion [5,6]. However, the mechanism responsi-
ble for neutrino masses is unknown, so it is interesting to
parametrise LFV with contact interactions, and to look for
it everywhere. In this context, the LHC could have the best
sensitivity to LFV processes involving a heavy leg, such as
the Z [7–31], the Higgs [31–62], or a top [63,64]. In this
paper, we study the LFV top decays t → qe±μ∓, where
q ∈ {u, c}.

We suppose that these decays are mediated by a 4-fermion
interaction, and outline in Sect. 2 the current bounds on
LFV branching ratios of the top. The bounds arise from
rare decays and HERA’s single-top search, and they are
discussed in more detail in the appendices. We find that,
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while these bounds place strong constraints on some spe-
cific Lorentz structures for the 4-fermion interactions, they
still allow for t → qe±μ∓ decays with rates within the
LHC reach. In Sect. 3, we estimate the LHC sensitivity to
t → qe±μ∓, with 20 fb−1 of LHC data at 8 TeV. This esti-
mate relies on simulations of the background and signal and
is inspired by the CMS search for t → Zq [65]. The extrap-
olation to higher energies and luminosities is discussed in
Sect. 4.

Quark-flavour-changing top decays, such as t → cZ
and t → hc, have been studied in the context of explicit
models [62,66–79] or described by contact interaction
parametrisations [80–87], and they have been searched for
at the LHC [65,88–90]. Quark-flavour-changing (but lepton-
flavour-conserving) three-body decays of the top, t → c f f̄ ,
where f is a lepton or quark, have also been calculated
in explicit models [91–94]. Top interactions that change
quark and lepton flavour, and, in addition, baryon and lep-
ton number, have been explored in [95,96] and searched
for by CMS [97]. In models with weak-scale neutrinos
N [98], there can be lepton number- and flavour-changing
W decays: W− → N� → qq̄ ′�′�, which could appear
in the final state of top decays. In the presence of this
decay, t t̄ production could give a final state with 3 lep-
tons, missing energy and jets, as in the decay we study
(see Fig. 2). However, a different combination of leptons
and jets should reconstruct to the top mass. Finally, Fer-
nandez et al. [63] studied almost the same process as us,
t → qτ±μ∓, but mediated by a (pseudo)-scalar boson. They
obtained separately the low-energy bounds on the quark-
and lepton-flavour-changing couplings of their boson, and
they show that LFV top branching ratios can be ∼10−5

if the boson mass is �2mW . Heng et al. [64] calculated
LFV top decay rates in R-parity non-conserving super-
symmetry, finding rates comparable to our leptoquark esti-
mates.
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2 Current bounds

We are interested in the decays of a top (or anti-top) to a jet
and a pair of oppositely charged leptons of different flavour.
In this work, we focus on the processes t → qe±μ∓, where
q ∈ {u, c}, because the e and μ are easy to identify at the
LHC, and e ↔ μ flavour violation is the most strictly con-
strained at low energy. We leave the decays to qe±τ∓ and
qμ±τ∓ for a later analysis.

We suppose that these decays are mediated by 4-fermion
contact interactions. A complete list of the SU (3) × U (1)

invariant operators that we study is given in Appendix A. We
do not impose SU(2) on our operators, because the scale we
will probe is not far from the electroweak scale. We refer to
these LFV operators as “top operators”. Here, as an example,
consider the exchange of a heavy SU(2) singlet leptoquark S0

with couplings λet S0eRtc and λμcS0μRcc, which (after Fierz
rearrangement) generates the dimension-six contact interac-
tion

λ∗
etλμc

2m2
LQ

(μγ αPRe)(cγ
αPRt )

≡ −ε
μect
RR

4GF√
2

(μγ αPRe)(cγ
αPRt )

= −ε
μect
RR

4GF√
2
ORR

μect . (1)

Alternatively, we could define the operator coefficient as
−1/�2, in which case ε � m2

t /�
2 because 2

√
2GF � m−2

t
(we take mt = 173.3 GeV). We will quote low-energy
bounds on such interactions as limits on the dimensionless
εs. In the case of our leptoquark example, mLQ � 1 TeV
to satisfy current bounds on second generation leptoquarks
from the LHC [99–101], and thus, for λ � 1, one expects
ε
μect
RR � 0.02.

Notice that t → qe−μ+ and t → qe+μ− are mediated by
different operators. Most of the bounds we quote will apply
to |εμect |2 + |εeμct |2, and we will study the LHC sensitivity
assuming equal rates for t → qe−μ+ and t → qe+μ−.

2.1 Decay of the top

In the Standard Model, the top decays almost always to bW+,
at a tree-level rate given by

	(t → bW ) = g2|Vtb|2m3
t

64πm2
W

(
1 − m2

W

m2
t

)2 (
1 + 2

m2
W

m2
t

)

� 1.3 GeV. (2)

In the presence of the operator of Eq. (1), the three-body
decay rate is

	(t → e+μ− + c) = |εμect
RR |2 G

2
Fm

5
t

192π3 , (3)

so the branching ratio, allowing for all the operators listed in
Appendix A, and neglecting fermion masses other than the
top (to remove interferences), is

BR(t → �+
i �−

j + q)

� 1.3

48π2

(
|εi jqtLL |2 + |εi jqtL R |2 + |εi jqtRL |2 + |εi jqtRR |2

+1

4

[
|εi jqtS+P,R |2 + |εi jqtLQ,R |2 − 2Re{εi jqtS+P,Rε

i jqt∗
LQ,R}

]
+1

4

[
|εi jqtS+P,L |2 + |εi jqtLQ,L |2 − 2Re{εi jqtS+P,Lε

i jqt∗
LQ,L}

]
+1

4

[
|εi jqtS−P,L |2x + |εi jqtS−P,R |2

])
. (4)

Here q ∈ {u, c}, and we approximated yt |Vtb| � 1. This
is small ( 1.3

48π2 � 2.8 × 10−3), due to the three-body phase
space. For the leptoquark example discussed above, BR(t →
ce+μ−) � 10−6 for ε

μect
RR = 0.02.

The phase space distribution of the �+
i �−

j and q depends
on the Lorentz and spinor structure of the contact interaction
and could affect the efficiency of experimental searches for
this decay. The squared matrix elements for the individual
contact interactions have the form |M|2 ∝ x(1 − x), where
x = m2

ab/m
2
t and m2

ab is the invariant mass-squared of a pair
of final state fermions a and b. Our study will not take this
into account, since we found, in some explicit examples, only
a small relative effect on the selection efficiency (of the order
of 5 %).

2.2 Bounds from flavour physics and HERA

Low-energy constraints on 4-fermion operators involving 2
leptons and 2 quarks have been estimated and compiled for
many operators taken one at a time [102–104], and carefully
studied for selected flavour combinations (see e.g. [105], or
global fits to bsμμ operators [106–109]). However, even in
the more recent compilations [103,104], bounds on LFV
operators involving a single top are not quoted. In Appen-
dices B and C, we estimate bounds on such operators from
their possible contributions, inside a loop, to rare μ, B and K
decays. In Appendix D, we estimate bounds from single-top
searches at HERA. Here, we summarise the resulting bounds,
and we list in Tables 1 and 2 the best limits on the coefficients
of the various operators. We will find that only the coefficients
of some operators are stringently constrained, while others
could mediate LFV top decays within the sensitivity of the
LHC.

The current upper limit BR(μ → eγ ) < 5.7 × 10−13

[4] severely restricts e ↔ μ flavour change. For our top
operators to contribute, the quark lines must be closed, which
requires at least two loops and a CKM factor, see the second
diagram of Fig. 5. Nonetheless, in the case of scalar or tensor
operators involving tR this diagram can overcontribute to
μ → eγ by several orders of magnitude, because the lepton

123



Eur. Phys. J. C (2015) 75 :450 Page 3 of 21 450

Table 1 Constraints on the dimensionless coefficient ε
i jqt
XY of the 4-

fermion operator OXY
i jqt = 2

√
2GF (ēiγ μPXe j )(ūqγμPY t) (see the

operator list in Appendix A), where XY are given in the top row, and
generation indices i jqt are given in the first column. The bounds are on
the first line of each box, their origin on the second. They can arise from
the HERA single-top search, or from the loop contribution to the opera-
tor involving lighter fermions whose coefficient is given in parentheses
below the bound (see Appendix C.1 for current experimental bounds on
the lighter-fermion operator coefficients). The ∼ bounds are discussed
in Appendix D.4. We expect that ε < 1, so in boldface are the bounds
that impose an upper limit smaller than 1

i jqt LL RL LR RR

eμut 0.0037 0.0037 0.33 0.22

(ε
eμds
LL ) (ε

eμds
LL ) (HERA) (HERA)

eμct 0.015 0.015 1 1

(ε
eμds
LL ) (ε

eμds
LL ) (ε

eμds
LL ) (ε

eμds
LL )

eτut 1.2 1.2 ∼1.3 ∼0.85

(εeτdbLL ) (εeτdbLL ) (HERA) (HERA)

eτct 1 1 60 60

(εeτ sbLL ) (εeτ sbLL ) (εeτ sbLL ) (εeτ sbLL )

μτut 0.8 0.8 − −
(ε

μτdb
LL ) (ε

μτdb
LL )

μτct 1.5 1.5 100 100

(ε
μτ sb
LL ) (ε

μτ sb
LL ) (ε

μτ sb
LL ) (ε

μτ sb
LL )

chirality flip is provided by the operator (rather than mμ),
so the diagram is enhanced by a factor mt/mμ. We make
order-of-magnitude estimates in Appendix B, and we quote
the resulting bounds in Table 2.

Exchanging a W between the t and q quark legs of the top
operator will generate an operator with down-type external
quark legs, see the left diagram of Fig. 1. The coefficient of
this light quark operator will be suppressed by a loop, CKM
factors, and various masses. Numerical values for these sup-
pression factors are given in Table 9 of the appendix; how-
ever, their approximate magnitude is simple to estimate. If the
top is singlet (tR), then the loop is finite; in the case of V ± A
interactions, this is because mass insertions are required on
both internal quark lines to flip chirality. In the case of scalar
operators, one internal quark mass for chirality flip is still
required; then terms linear in the loop momentum vanish, so
the diagram is also proportional to an external quark mass.
For scalar operators involving tL (which require an mq inser-
tion to connect the W to the q line), the best limit can arise
from exchanging a W between the t and a charged lepton leg,
which generates a charged-current operator as represented in
the second diagram of Fig. 1. In the appendix are also given
current bounds on the coefficients of the various light quark
operators that the top operators can induce. Comparing these
bounds to the induced coefficients, gives the limits of Tables 1
and 2 that are labelled with (ε)s.

HERA collided protons with positrons (or electrons) at a
centre-of-mass energy of 319 GeV, and searched for single
tops in the final state. The H1 collaboration had a few events
with energetic isolated leptons and missing energy, consis-
tent with e± p → te± + X followed by leptonic decay of the
top [110,111]. However, this signal was not confirmed by the
ZEUS experiment [112], and neither collaboration had a sig-
nal consistent with hadronic top decays. Both collaborations
set bounds on σ(e± p → e±t X); we follow H1, since they
had some events and a weaker bound:

σ(e± p → e±t+X)≤0.30 pb= 2.3 × 10−5

m2
t

at 95 % CL.

(5)

Contact interactions of the form (e	μ)(u	t) and (μ	e)
(u	t) could, respectively, mediate e− p → μ−t X and
e+ p → μ+t X . As discussed in Appendix D, the limit of
Eq. (5) translates to ε � 0.3 → 1 for the various operators,
as given in Tables 1 and 2.

It can be seen from Tables 1 and 2, that rare decays give
very weak bounds on some contact interactions of the form
(e	τ)(u	t) and (τ	e)(u	t). Such interactions might have
contributed a signal at HERA via leptonic τ decays, so we
make some approximate estimates in Appendix D.4, and we
include the bounds in the tables with a ∼.

2.3 Implications

The current bounds on LFV branching ratios of the top can
be obtained from Tables 1 and 2, and from and Eq. (4). In
these tables, the bound on ε

i jqt
XY Z appears on the first row of

each box, where the flavour indices i jqt are given in the left
column, and the operator label XY Z is given in the first row
(see Appendix A for the operator definitions). In parentheses
below the bound is a clue to where it comes from: HERA
means the single-top searches at HERA that are discussed
in Appendix D, and the (ε)s mean the bound comes from
dressing the top operator with a W loop. For instance, the
bound 0.0037 in the second row and third column of Table 1
arises by exchanging a W between the t and u legs of the
top operator, which gives the operator (eγ ρPLμ)(dγρPLs).
This would mediate the unobserved decay K 0 → eμ, so its
coefficient is bounded above, as indicated in Table 6. (The
bounds on lighter-quark operators relevant to constraining
top operators are given in Tables 6, 7 and 8, and Table 9 gives
the loop suppression factors with which the top operators
generate the lighter-quark operators.) Translated back to the
top operator, the upper limit on BR(K 0 → eμ) gives the
quoted limit on the top-operator coefficient.

In this paper, we are interested in top decays to e±μ∓, the
bounds on which are given in the second and third rows of
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Table 2 Constraints on the dimensionless coefficient εi jqt , of the scalar
and tensor 4-fermion interactions. See Appendix A for operator defini-
tions corresponding to the subscript of ε. The generation indices i jqt

are given in the first column. Beneath each bound is given its origin
in parentheses; ε

i jαβ
S±P,X are the limits of Table 7, and ε

iνqβ
CC are from

Table 8. See the caption of Table 1 for additional details

i jqt εS−P,R εS+P,R εT,R εS−P,L εS+P,L εT,L

eμut O(10−2) O(10−2) O(10−2) 0.66 0.03

(μ → eγ ) (μ → eγ ) (μ → eγ ) HERA (εeνubCC )

eμct O(10−3) O(10−3) O(10−3) 22

(μ → eγ ) (μ → eγ ) (μ → eγ ) (εeνcsCC )

eτut 23 23 0.03

(εeτdbS±P,X ) (εeτdbS±P,X ) (εeνubCC )

eτct 100 100 22

(εeτdbS±P,X ) (εeτdbS±P,X ) (εeνcsCC )

μτut 21 21 0.03

(ε
μτdb
S±P,X ) (ε

μτdb
S±P,X ) (ε

μνub
CC )

μτct 100 100 100

(ε
μτdb
S±P,X ) (ε

μτdb
S±P,X ) (ε

μνcs
CC )

Fig. 1 Diagrams for generating
an LFV operator with light
external quark legs, by dressing
a top operator with a W loop. To
reduce index confusion,
down-type quarks have Greek
indices

the tables. For many1 of the operators involving the dou-
blet component of the top (tL ; recall that the last index
in the operator label is the top chirality), the rare decay
bounds are restrictive, implying that these operators could
only induce BR(t → qμ±e∓) ≤ 10−6. Scalar and ten-
sor operators involving e, μ and tR would overcontribute to
μ → eγ . However, there remain operators which are weakly
or not constrained, allowing for a branching ratio �10−3. It
is therefore interesting to explore the sensitivity of the LHC
to t → e±μ∓q decays.

Finally, it is interesting to consider how large the ε coeffi-
cient of the top operators can be. Some of the upper bounds
quoted in Tables 1 and 2 are�1, and should not be interpreted
as relevant constraints.2 Indeed, the width of the top is given
by D0 [113] as 2.0 ± 0.5 GeV (the theoretical decay rate to
bW is 1.3 GeV), which constrains ε

i jqt
XY Z < 10−20. Further-

more, phenomenological prejudice and the leptoquark exam-

1 The exception is the S − P operator involving tL , whose loop sup-
pression factor would involve two light quark masses.
2 They are given so that in the future, if the experimental bounds
improve, the limits can be obtained by simply rescaling the number
in the tables. For instance, if the upper bound on B → τ�X decays
were to improve by two orders of magnitude, the limit on some εs
would be divided by 10, and become marginally relevant.

ple of Eq. (1), suggest that ε < 1, because the three-body
decay should be mediated by sufficiently heavy (m > mt )

particles, with sufficiently small couplings to have not yet
been detected. We therefore quote in boldface the “relevant”
bounds that impose ε < 1.

3 t → e±μ∓q at the 8 TeV LHC

In this section, we estimate the sensitivity of current LHC
data to the LFV top decays t → qe±μ∓, where q = u, c.
We consider strong production of a t t̄ pair, because this is the
most abundant source of tops at the LHC, followed by the
leptonic decay on one top, and the LFV decay of the other.
This is illustrated in Fig. 2 and gives a final state containing
3 isolated muons or electrons,3 which has small Standard
Model backgrounds.

3 The final states where the W decays to τ−ν̄τ are not directly targeted
by this search. The fact that such processes, followed by leptonic τ

decays, can pass our selection is taken into account in the signal effi-
ciency, as explained in the following.
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Fig. 2 Feynman diagram for the considered signal where � = e or μ

(the conjugate diagram is also considered)

3.1 Simulation setup

This study is performed for proton–proton collisions at the
LHC, with a centre-of-mass energy of 8 TeV and an inte-
grated luminosity of 20 fb−1, corresponding to the LHC
Run1. The details of the signal and background generation
are given in Sect. 3.2. The detector simulation is carried out
by Delphes [114] using a CMS setup parametrisation.

Delphes uses a particle-flow-like reconstruction. The rel-
ative isolation of leptons is calculated from the total pT of
the particles inside a cone of �R around the lepton direction
(�R = 0.3 for electrons and 0.4 for muons), divided by the
pT of the lepton. Jets are clustered using the fastjet package
[115] with the Anti-kt [116] algorithm with distance param-
eter R = 0.5. The b-tagging performances are tuned on the
typical efficiency and fake rate obtained in CMS.

For this study, no additional interactions in the same or
neighbouring bunch crossing (pileup) are simulated.

3.2 Signal and SM backgrounds generation

The signal is generated with PYTHIA 8.205 [117] using tune
4C. Top quarks are pair produced, then one top is forced to
decay to charm, μ±, and e∓, with equal probability between
μ+ e− and μ− e+. The decay products are distributed accord-
ing to the available phase space. 100k events have been gen-
erated both for LFV top and anti-top decays.

The backgrounds for this search, listed in Table 3, are pro-
cesses that can give rise to 3 isolated leptons and at least 2 jets
in the final state. Most of them are related to the production
of real isolated leptons, e.g. from a top pair or vector bosons
in the final state. In the table, are also shown the details as
regards the number of generated events and production cross
section for 8 and 13 TeV proton–proton collisions. The num-
ber of generated events refers to the generation at 8 TeV. The
t t̄ cross section is calculated with the Top++2.0 program to

next-to-next-to-leading order in perturbative QCD, including
soft-gluon resummation to next-to-next-to-leading-log order
(see [118] and references therein), and assuming a top-quark
mass of mt = 173.3 GeV. When an explicit calculation was
not available, the cross sections have been calculated with
the MCFM package [119], version 7.0. The kinematic cuts
used for the calculation are also shown in the table.

The leading order (LO) matrix element generator, MAD-
GRAPH 5 [123], with CTEQ6 parton distribution functions,
is used to generate top pair production, and associated pro-
duction of a top pair and a vector boson (t tW , t t Z ). MAD-
GRAPH, interfaced with tauola for τ decays, is used to gen-
erate vector–vector production (WW , WZ and Z Z ) and the
contribution of weak processes giving rise to final states with
one top quark, one b quark and a Z boson (decaying to lep-
tons). For the vector–vector production, we only consider
final states with at least 2 real charged leptons. This means
that for the WW system, the considered final states are 2
charged leptons and 2 neutrinos; for WZ , they are 3 charged
leptons and one neutrino or 2 charged leptons and 2 quarks;
and for Z Z , they are 2 charged leptons and 2 neutrinos, 2
charged leptons and 2 quarks, or 4 charged leptons. In all
cases, MADGRAPH accounts for the presence of up to 2
additional jets at matrix-element level, and the hadronisation
is carried out by PYTHIA 8.205. The details of the SM back-
ground simulation and cross sections are shown in Table 3.

3.3 Event selection

The signal for this search is t t̄ production, followed by the
lepton-flavour violating decay of one top (which will be
denoted as LFV top in the following), and the leptonic decay
of the other (standard top, in the following). The number of
expected signal events is given by

NSIG = L · εSIG · 2 · σt t̄ · BR(W → lν) · BR(t → qμ±e∓),

(6)

where l ∈ {e, μ, τ }, L the integrated luminosity, εSIG the
selection efficiency on the signal, and σt t̄ = 246.7 pb (see
[118] and references therein).

The considered signature is 3 isolated leptons (with one
pair of opposite sign and opposite flavour from the LFV
decay), 2 jets (one of which is a b-jet), and missing transverse
energy. For the event selection, we consider only muons of
pT > 20 GeV and |η| < 2.4, electrons of pT > 20 GeV
and |η| < 2.5, and jets of pT > 30 GeV and |η| < 2.4.
These criteria are comparable to those used in real analyses
by the CMS or ATLAS collaborations. A muon is considered
isolated if its relative isolation value is less that 0.12, and an
electron is considered isolated if its relative isolation value
is less that 0.1. We select events containing:
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Table 3 Number of events generated, and cross sections at NLO (except for t t̄+jets), for each background category. Here l = e, μ, τ

Process Events σ [pb] (8 TeV) σ [pb] (13 TeV) Source

t t̄ (2l2ν2b) 12M 26.19 86.26 Top++2.0 (NNLO) [118]

WW+jets (2l2ν, mll > 10 GeV/c2) 1M 5.84 11.57 MCFM [120,121]

ZZ+jets (2l2q, mll > 10 GeV/c2) 2.5M 2.71 5.35 MCFM [120,121]

ZZ+jets (2l2ν, mll > 10 GeV/c2) 1M 0.774 1.53 MCFM [120,121]

ZZ+jets (4l, mll > 10 GeV/c2) 2.5M 0.390 0.738 MCFM [120,121]

WZ+jets (2l2q, mll > 10 GeV/c2) 1M 2.37 4.60 MCFM [120,121]

WZ+jets (3lν, mll > 10 GeV/c2) 1M 1.15 2.23 MCFM [120,121]

t t̄W+jets 1M 0.212 0.612 MCFM [120,121]

t t̄Z+jets 1M 0.192 0.798 aMC@NLO [122]

tbZ+jets 2M 0.014 0.047 aMC@NLO [122]

1. exactly 3 isolated charged leptons (electrons or muons),
2 of which must be of opposite sign and opposite flavour.

2. Events are requested to contain at least 2 jets, and
3. exactly one b-tagged jet, and
4. the missing transverse energy has to be higher than 20

GeV.
5. In order to exclude events where 2 of the isolated leptons

come from a real Z boson, we reject events containing
any pair of opposite sign isolated muons or electrons with
invariant mass between 78 and 102 GeV/c2. This cut is
particularly helpful in rejecting background arising from
t t̄ associated production with a Z.

6. The charged lepton that does not belong to the pair of
opposite sign and opposite flavour leptons is assigned to
the standard top in the event, and assumed to come from
the W decay (bachelor lepton). Following a common pro-
cedure in reconstruction of t t̄ semi-leptonic events, the x
and y components of the missing transverse energy are
taken as a measurement of the neutrino px and py , and the
longitudinal component of the neutrino momentum is cal-
culated imposing the requirement that the invariant mass
of the system composed of the bachelor lepton and the
neutrino must equal the mass of the W boson. The bache-
lor lepton and the neutrino 4-momenta are then combined
with that of the b-tagged jet, to build a candidate standard
top. When more choices of the bachelor lepton are pos-
sible (there can be up to two possible pairs of opposite
sign opposite flavour charged leptons in one event), all
are considered and the one giving the best standard top
mass is chosen. We reject events in which the invariant
mass of the standard top candidate is more than 45 GeV
away from the nominal top mass. After the choice of the
bachelor lepton, there is only one possible pair of oppo-
site sign and opposite flavour leptons in each event. This
is combined with all good (non b-tagged) jets present
in the event to build a list of candidates for the LFV
top.

Events are required to have at least one combination giv-
ing a LFV top mass within 25 GeV of the nominal value.

The efficiency of the final selection on signal events is

εSIG = (1.85 ± 0.03) %, (7)

where the uncertainty is statistical only. The signal efficiency
is calculated on t t̄ events where one top decays through t →
qμ±e∓, and the other one decays to a b quark and a W ,
which subsequently decays to a charged lepton (e, μ or τ )
and a neutrino, and is defined as the fraction of such events
passing the selection criteria.

The number of expected events, for the signal and for each
background category, on 20 fb−1 of proton–proton data at 8
TeV is shown in Table 4, for different subsequent selection
requirements.

3.4 Results and expected limits on the branching ratio

The selection and its efficiency, on signal and background, are
discussed in Sect. 3.3, and summarised in Table 4. Assuming
a branching ratio of BR(t → qμ±e∓) = 6.3 × 10−5 for the
signal, an uncertainty of 2.5 % on the luminosity, and 20 fb−1

of data, we would expect NSIG = 3.75 ± 0.06 signal events,
to compare to the NBKG = 1.20±0.18 expected events from
known backgrounds.

In Fig. 3, we show the invariant mass of the LFV top can-
didate (left) and the standard top candidate (right), in events
passing all the cuts except those on the masses themselves.

In order to evaluate the sensitivity of this search for
t → qμ±e∓, we calculate the expected upper limit that could
be set, in the case of absence of the signal. The calculation
is based on the number of expected background events sur-
viving the final selection, in 20 fb−1 of 8 TeV LHC data, so
the result can be interpreted as the possible upper limit the
CMS or ATLAS collaborations (alone) could expect to set
with Run1 data, if the signal were not there.

123



Eur. Phys. J. C (2015) 75 :450 Page 7 of 21 450

Table 4 Number of expected events for a luminosity of 20 fb−1, at
various steps of the selection, for the signal process normalised to a
branching ratio BR(t → qeμ) = 6.3 × 10−5, and the various back-
grounds considered in this study normalised to their NLO cross sections.
All uncertainties are statistical only. The considered backgrounds are
the same as in Table 3, grouped in wider categories. In particular, the

numbers in the “no selection” column are relative only to the final states
detailed in Table 3. The steps in the selection are as follows; step 1: 3
leptons with 2 opposite sign opposite flavour, step 2: at least 2 jets, step
3: exactly one b-tag, step 4: missing ET greater than 20 GeV, step 5:
Z boson veto, step 6: invariant masses cuts (see Sect. 3.3 and Fig. 3).
Uncertainties are statistical only

Process No selection Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

Signal 202.57 32.98 ± 0.17 22.66 ± 0.14 9.12 ± 0.09 8.20 ± 0.09 7.50 ± 0.09 3.75 ± 0.06

t t̄ 542806 14.78 ± 0.81 10.51 ± 0.69 4.36 ± 0.44 4.36 ± 0.44 3.55 ± 0.40 0.63 ± 0.17

WW+jets 116760 0.93 ± 0.33 0.35 ± 0.20 <0.35 <0.35 <0.35 <0.35

ZZ+jets 72900 353.74 ± 0.95 82.50 ± 0.47 3.74 ± 0.10 1.60 ± 0.07 0.25 ± 0.03 0.03 ± 0.01

WZ+jets 63360 852.21 ± 4.04 182.96 ± 1.90 8.70 ± 0.42 7.62 ± 0.39 0.74 ± 0.12 0.04 ± 0.03

t t̄W 4240 9.36 ± 0.24 7.67 ± 0.22 3.59 ± 0.15 3.45 ± 0.14 3.10 ± 0.14 0.27 ± 0.04

t t̄Z 3840 17.25 ± 0.33 16.44 ± 0.32 7.72 ± 0.22 7.16 ± 0.21 1.85 ± 0.11 0.22 ± 0.04

tbZ 282 5.75 ± 0.03 3.59 ± 0.02 1.51 ± 0.01 1.37 ± 0.01 0.13 ± 0.01 0.01 ± 0.01
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Fig. 3 Invariant mass of the LFV top candidates (left) and standard
top candidate (right) in events passing all the selection, apart from the
cut on the masses themselves. The different background contributions
are shown in filled histograms and stacked, normalised to the number
of events expected in 20 fb−1. For comparison, the distribution for sig-

nal events is also shown as a dashed line, normalised to the number
of events expected in 20 fb−1, for an example signal branching ratio
BR(t → qμ±e∓) = 6.3 × 10−5, equal to the expected limit extracted
in Sect. 3.4

A 95 % confidence level (CL) upper limit on the branch-
ing fraction of t → qμ±e∓ is calculated using the modified
frequentist approach (CLs method [124,125]), as it is imple-
mented in the RooStats framework [126]. Based on the num-
ber of expected background events, summarised in Table 4,
and on Eq. (6), the obtained limit is

BR(t → qμ±e∓) < 6.3 × 10−5 at 95 % CL.

Alternative techniques for limit calculations, as implemented
in RooStats, have been tried, leading to compatible results.

An eventual variation of 100 % in the number of expected
background events would lead, in the worst case, to an
expected limit of BR(t → qμ±e∓) < 7.4 × 10−5 at 95 %
CL.

As explained in Appendix E, we emulate in our framework
the published CMS search for BR(t → Zq) [65]. The reason
for this exercise is twofold: on one hand it allows one to
validate our procedure on simulated samples, by comparing
with the CMS background expectations. On the other hand,
it provides an estimate of the constraint set on BR(t →
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qμ±e∓) from this previous analysis, which is found to be
BR(t → qμ±e∓) < 3.7 × 10−3, on the verge of probing
LFV top decays mediated by a 4-fermion operator. As proven
in the present study, a dedicated analysis would set a limit 50
times stronger (of the order of BR(t → qμ±e∓) < 6.3 ×
10−5), showing that the existing LHC data from Run1 can
still be used to obtain interesting constraints on lepton-flavour
violation.

4 Discussion

4.1 Perspectives at 13 and 14 TeV

To estimate the reach of the described search at a centre-of-
mass energy of 13 TeV, we extrapolate the 8 TeV results,
rather than performing a full simulation of signal and back-
ground processes at 13 TeV. The increase of the produc-
tion cross sections for SM processes, from 8 to 13 TeV (see
Table 3), is taken into account. The selection requirements
and efficiencies are kept the same as for the 8 TeV analysis.
For the signal, we have checked on simulated events that the
efficiencies at 8 and 13 TeV are consistent within 5 %.

The sensitivity is estimated by calculating the expected
upper limits on BR(t → qμ±e∓), in the absence of signal,
for two scenarios: the case of 20 and 100 fb−1 proton–proton
data collected by the LHC at 13 TeV centre-of-mass energy.
We also extrapolate the sensitivity to the case of 3000 fb−1 of
integrated luminosity at 14 TeV. In this last case, we simply
rescale signal and background rates from 13 to 14 TeV, and
use the square root of the number of expected background
events as an estimate of their uncertainty. The obtained val-
ues are summarised in Table 5. The upper limits presented
here are derived using statistical uncertainties only, so do not
take into account the possibility for such analyses to become
systematically dominated in the future. In order to have an
accurate evaluation of the systematics evolution, a deeper
study from the LHC experiments would be needed. On the
other hand, for an analysis on 13 or 14 TeV data, the selec-
tion would have to be re-optimised, possibly leading to an
increase in sensitivity.

4.2 Single top

In addition to mediating LFV top decays, the top operators
listed in Appendix A could lead to single-top production with

an e±μ∓ pair, as illustrated in Fig. 4. The objects in the final
state would be the same as for the t t̄ process we studied:
3 leptons, missing energy, and ≥2 jets, of which one is a
b. We estimate that at 8 TeV, the cross section for pp →
e±μ∓t → e±μ∓, �νb is of similar order to the cross section
for pp → t̄ t → e±μ∓q̄, �νb, for operators involving a u
quark and slightly less for a c quark.

We neglect this process for two reasons. First, the contact
interaction approximation (the |4-momentum|2 in the process
��2) is more difficult to justify than in top decay, because
the energy scale in the process can be �mt . Second, finding
such events in the backgrounds could be more challenging
because the e±μ∓ cannot be required to participate in the
reconstruction of a top (step 6 of Sect. 3.3).

We envisage that it makes sense to neglect the LFV sin-
gle top process in a first search for LFV top decays. This is
conservative, because LFV single-top production could con-
tribute events that pass our selection. In the absence of a
signal, such a search could sufficiently constrain the contact
interaction scale �, to justify including the single top process
in subsequent analyses.

5 Summary

The aim of this paper was to explore the LHC sensitivity to
the decay t → qμ±e∓, which is lepton and quark flavour-
changing, but baryon and lepton number conserving. We
parametrise this decay as occurring via a contact interaction,
and list a complete set of SU (3)×U (1) invariant dimension-
six operators in Appendix A. We parametrise the coefficient
of these interactions, which we refer to as “top operators”,
as ε2

√
2GF or equivalently 1/�2, with

ε � m2
t

�2 .

Model-building prejudice (see Sect. 2.3) suggests that ε � 1.
The top branching ratio is then

BR(t → q�+
i �−

j ) � 1.3
|ε|2

48π2 ×
{

1 V ± A
1
4 S ± P.

These contact interactions are currently constrained from
their contribution in loops to rare decays, and from single top
searches at HERA. These bounds are discussed in the appen-
dices, and summarised in Sect. 2. For interactions involving

Table 5 Expected upper limits on BR(t → qμ±e∓), under the hypothesis of the absence of signal, for 8, 13 TeV (in two scenarios: the case of 20
and 100 fb−1 collected luminosity) and 14 TeV for 3000 fb−1 collected luminosity

8 TeV (20 fb−1) 13 TeV (20 fb−1) 13 TeV (100 fb−1) 14 TeV (3000 fb−1)

BR(t → qμ±e∓) <6.3 × 10−5 <2.9 × 10−5 <1.2 × 10−5 �2 × 10−6
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Fig. 4 Single-top production
via the LFV contact interaction,
which produces a final state
similar to the considered signal

e and μ, rare decay bounds impose ε � 0.01 for some oper-
ators, but others can have ε ∼ 1.

In Sect. 3, we evaluate the sensitivity reach of a dedicated
search for lepton-flavour violation in top decays, at the 8 TeV
LHC. The search targets t t̄ events, where one top decays to an
up-type quark (u or c) and a pair of leptons of opposite sign
and opposite flavour, and the other one decays to a b quark
and a W , which subsequently decays to a charged lepton and
a neutrino. This is illustrated in Fig. 2.

The relevant signal and SM background processes are sim-
ulated for LHC Run1-like conditions: proton–proton colli-
sions at 8 TeV centre-of-mass energy, for an integrated lumi-
nosity of about 20 fb−1. The detector simulation is based on
Delphes, with parameters tuned on the CMS detector recon-
struction and performances, but it does not include pileup.
The analysis setup is validated by emulating an existing CMS
search for rare top decays to Zq in t t̄ events, showing rea-
sonable results.

We find that a dedicated search by a single experiment
using 20 fb−1 of 8 TeV data could be sensitive to

BR(t → eμ̄ + jet) ∼ 6.3 × 10−5,

and we extrapolate that a sensitivity of ∼1.2 × 10−5 (∼2 ×
10−6) could be reached with 100 fb−1 at 13 TeV (3000 fb−1

at 14 TeV). From Eq. (4), we see that the 100 fb−1 data could
impose |ε| ≤ 0.06 for the V ± A operators, and |ε| ≤ 0.1
for the S ± P and LQ operators. This analysis shows that
the existing LHC data from Run1 can still be used to obtain
interesting constraints on lepton-flavour violation. Although
this is understandably not the priority focus in the times of
the Run2 startup, let’s not to leave unchecked this possible
path to New Physics.
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Appendix A: Operators

Consider the S-matrix element mediating t → q�+
i �−

j , where
�k ∈ {e, μ, τ }, and suppose it is induced by local operators
with momentum-independent coefficients, such that they can
be added to the Standard Model Lagrangian. These operators
should respect the SU (3) × SU (2) ×U (1) gauge symmetry
of the Standard Model. However, since the New Physics scale
that we explore is not much larger than the electroweak scale
mt , we should include dimension-eight operators constructed
from two Higgs fields and 4 fermions, or two gradients and
4 fermions. Instead, we choose to work with SU (3)×U (1)-
invariant, but not SU (2)-invariant, operators of dimension
six. This is because a dimension-eight SU (2)-invariant oper-
ator, can be a dimension-six SU (3) ×U (1)-invariant opera-
tor:

1

�4 (EeγαEμ)([Q2H
c]γ α[HT iτ2Q3])

→ v2

�4 (eγαPRμ)(cγ αPLt), (8)

where Qi is a quark doublet of i th generation, E j is a lepton
singlet, HT = (H+, H0), Hc = iτ2H∗ and SU(2) contrac-
tion is in square brackets.

This choice of SU (2)-non-invariant operators means that
the coefficients of (eγαPXμ)(sγ αPLb) and (eγαPXμ)×
(cγ αPLt) are taken as independent, and in particular, bounds
on the first do not apply directly to the second. However,
dressing the top operator with a W loop will generate the
light quark vertex, which gives unavoidable bounds that are
estimated in Appendix C. (Treating theW as dynamical while
the New Physics is a contact interaction is unlikely to be a
good approximation, but is the only way we can estimate
whether the top operators are in tension with other observ-
ables.) In the case of μ → eγ , two or three loops are required
to transform the top operators into the dipole operator, so
we need an SU(2)-invariant formulation of the top opera-
tors. These dimension-six and -eight operators are given in
Appendix A.2.
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A.1 SU(3) × U(1) invariant “top operators”

We are interested in contact interactions involving 2 charged
leptons of different flavour, a top and a c or u quark.
Such colour-singlet, electric charge-conserving, dimension-
six operators will be referred to as “top operators”. The V ±A
operators are:

OLL = (eiγ
αPLe j )(uqγαPLt), (9)

OLR = (eiγ
αPLe j )(uqγαPRt), (10)

ORL = (eiγ
αPRe j )(uqγαPLt), (11)

ORR = (eiγ
αPRe j )(uqγαPRt), (12)

and a redundant list of scalar/tensor operators is

OS+P,R = (ei PRe j )(uq PRt), (13)

OS+P,L = (ei PLe j )(uq PLt), (14)

OS−P,R = (ei PLe j )(uq PRt), (15)

OS−P,L = (ei PRe j )(uq PLt), (16)

OT,R = (uqσ
μν PRe j )(eiσμν PRt), (17)

OT,L = (uqσ
μν PLe j )(eiσμν PLt), (18)

OLQ,R = (uq PRe j )(ei PRt) = −1

2
OS+P,R + 1

8
OT,R,

(19)

OLQ,L = (uq PLe j )(ei PL t)=−1

2
OS+P,L+ 1

8
OT,L (20)

where e, u are Dirac spinors, i, j are unequal lepton-flavour
indices, q ∈ {u, c}, and the last chiral superscript of the
operators gives the chirality of the top.

The scalar operators OLQ,X can be exchanged for the ten-
sor operators OT,X , as shown in Eqs. (19) and (20). We will
use the LQ and T operators interchangeably, because the
OLQ,X are more convenient in top decay, and the tensors
at low energy. The tensors are used in the basis of [127].
Notice that S + P operators are defined to have the same
chiral projector twice, whereas for S − P they are different.
Since the last quark flavour label is fixed to t , S + P , S − P
and LQ operators appear twice, for both chiralities tL and
tR (were we using arbitrary quark flavour indices q, v, then
[OS+P,R

i jqv ]† = OS+P,L
jivq ). Finally, the scalar operator contract-

ing quark to lepton spinors is given the name LQ; there are
no such operators of the form (uq PRe j )(e j PLut ), because
this is Fierz-equivalent to ORL .

A similar list can be constructed for down-type quarks.
These will be relevant, because the top operators can generate
the down operators at one loop. To reduce index confusion,
down-type quarks will have Greek flavour indices α, β ∈
{d, s, b}. There are also charge-current (CC) scalar operators

OCC = (�i PLν j )(uq PLdβ),

OCC,LQ = (uq PLν j )(�i PLdβ) (21)

which will be relevant in setting bounds.

These operators are included in the Lagrangian with a
dimensionful coefficient

− 1

�2 ≡ −2
√

2GFε. (22)

The εs have subscripts that identify the operator, and lepton-
quark flavour superscripts: 2

√
2GFε

i jqt
LL would be the coef-

ficient of (eiγ αPLe j )(uqγαPLt), and ε
i jqt
LQ,X would be the

coefficient of (uq PXe j )(ei PX t) (so in particular, the index
order is always �̄�q̄q, even for OLQ).

A.2 SU(3) × SU(2) × U(1) operators

Our V ± A operators can be identified as components of
SU(2) invariant dimension-six operators:

OLL ⊂ O(1)
LQ = (Leγ

αLμ)(QqγαQt ) (23)

=[(eγ αPLμ)+(νeγ
αPLνμ)][(uqγατ a PL t) + (dqγατ a PLb)],

OLR ⊂ OLU = (Leγ
αLμ)(UqγαUt ), (24)

ORL ⊂ OEQ = (Eeγ
αEμ)(QqγαQt ), (25)

ORR = OEU = (Eeγ
αEμ)(UqγαUt ) (26)

where L , Q are doublets and E,U are singlets t is a third
generation quark index, q a first or second generation quark
index, and we explicitly choose lepton indices i = e and j =
μ. In the SU(2) invariant list, there is an additional operator
at dimension six, which generates OLL in combination with
charged-current interactions:

O(3)
LQ = (Liγ

ατ a L j )(Qqγατ aQt )

= 2(νiγ
αPLe j )(dqγαPLt)+2(eiγ

αPLν j )(uqγαPLb)

+[(νiγ αPLν j ) − (eiγ
αPLe j )][(uqγαPLt)

−(dqγαPLb)]. (27)

Alternatively, at dimension eight, SU(2) invariant oper-
ators can be constructed to contain only an up-type quark
current, by contracting quark and Higgs doublets. An exam-
ple is given in Eq. (8).

Then there are two S + P operators:

OS+P,R = (ePRμ)(uq PRt) ⊂ OL1E2Q2U3

OS+P,L = (ePLμ)(uq PLt) ⊂ O†
L2E1Q3U2

,

which are components of the same SU(2) invariant operator:

OLEQU = (L
A
i E j )εAB(Q

B
q Ut )

= −(νi e j )(dqut ) + (ei PRe j )(uq PRut ) (28)

and there are the LQ or tensor operators, which are compo-
nents of the dimension-six, SU(2)-invariant operator
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OLUQE = (L
A
i Ut )εAB(Q

B
q E j ) = −1

2
OLEQU

+1

8
(L

A
i σμνE j )εAB(Q

B
q σμνUt ), (29)

and finally there are two S − P operators, which can be
identified with an SU(2)-invariant operator of dimension
eight:

v2OS−P,R = v2(ePLμ)(uq PRt)

= (E1[H†L2])([QqH
c]U3) (30)

v2OS−P,L = ([LeH ]Eμ)(Uq [HT iτ2Qt ]) (31)

where, for instance, [H†L2] = vμL . Notice that our S + P
and tensor operators can also be obtained at dimension eight
without associated charged-current interactions:

(Li H E j )(QqH
cUt ) = v2(ei PRe j )(uq PRut ). (32)

Appendix B: top operators in μ → eγ

In this appendix, we wish to close the quark lines of a top
operator, and attach a photon (and a Higgs vev) to the result-
ing diagram, such that it contributes to μ → eγ . These two
and three loop estimates rely on using SU(2)-invariant oper-
ators (of dimension six or eight), because using the dL and
νL components of doublets will allow one to avoid GIM sup-
pression. Then we estimate the contribution to μ → eγ by
power counting selected diagrams.

B.1 Parametrising μ → eγ

The decay μ → eγ is mediated by the dipole operator, which
can be added to the Standard Model Lagrangian as [1–3]

Lmeg = −4GF√
2
mμ(ARμRσαβeL Fαβ + ALμLσαβeRFαβ)

= −4GF√
2
yμ(ARμRσαβ [H†Le]Fαβ

+AL [LμH ]σαβeRFαβ) (33)

where, in the second formulation, yμ is the muon Yukawa
coupling such that yμv = mμ, and the fermion part has
been written in SU(2)-invariant form, to emphasise that the
dipole operator is of dimension six, and has a Higgs leg. This
operator gives a branching ratio:

BR(μ → eγ ) = 384π2(|AR |2 + |AL |2) < 5.7 × 10−13

(34)

where we quote the upper bound from [4]. If |AR | = |AL |,
this implies |AX | < 8.6 × 10−9. However, in the case of
our diagrams, there will be a sum over three colours at the

amplitude-squared level, so its convenient to divide by
√

3,
and impose

|AX | < 5.0 × 10−9. (35)

This is a small number. We can estimate the contribution of
top operators to be suppressed by various factors:

1. two loops, and in some cases three. Two loops are neces-
sary to close the quark legs, because they are of different
flavour, so must interact with a W .

2. CKM, because the quark legs are of different generation.
This is ∼.04 for c ↔ t flavour change, ∼.008 for u ↔ t
flavour change.

3. GIM: if the W is exchanged between two up-type quark
lines (see Fig. 5), then the diagram is further suppressed
by a GIM factor ∼m2

b/m
2
W � 1/400 (for mb = 4 GeV).

This can be avoided by exchanging the W between the
quark and lepton lines.

4. mass insertions: may be required on the quark line
to transform singlet into doublet quarks. However, the
dipole operator of Eq. (33) is defined with a Higgs leg
attached to the muon line; so this can be an amplification
factor if the Higgs can be attached to a heavier fermion.

So for our SU (3) × U (1) invariant top operators with coef-
ficient ε 4GF√

2
, one could anticipate

AX ∼ eg2/2

(16π2)2 ε × CKM × GIM × m-insertations

�
{

10−7 ε × GIM × m-insertations, q = c
2 × 10−8 ε × GIM × m-insertations, q = u

(36)

where, in some diagrams, the GIM factor is absent, and/or
the mass insertion factor can be �1. Comparing to Eq. (35)
suggests that μ → eγ can provide relevant constraints on
the εs, unless there is more suppression than CKM and two
loops.

B.2 Estimated contributions to μ → eγ

It is convenient to pretend that the New Physics scale is �v,
which allows one to study whether (the SU(2) invariant gen-
eralisations of) the top operators mix to the dipole in elec-
troweak running down to v. The aim is to add electroweak
boson loops to the top operator such that the quark lines can
be closed, and the dipole operator of Eq. (33) is obtained.
Closing the quark lines requires changing the quark flavours.
The lepton spinor contraction of the dipole is tensorial, so for
all non-tensor top operators, it must be changed to this form
by involving a lepton line in a loop.

1. Consider first the SU(2) invariant versions of the V ± A
operators of Eqs. (23)–(26). These operators have no

123



450 Page 12 of 21 Eur. Phys. J. C (2015) 75 :450

Fig. 5 Left Example three-loop
diagram by which a the neutral
current vector operator of
Eq. (24) could induce μ → eγ .
“x” is a mass insertion, the grey
blob is the operator, and the
photon could be attached to any
quark line. On the right is an
example two-loop diagram by
which a tensor/scalar operator
could induce μ → eγ without
GIM suppression and with
mt/mμ enhancement

(ēγ ν)(ūγ d) components, so two W vertices are required
on the quark loop (see the first diagram of Fig. 5). This
gives 2-loop and CKM suppression. For singlet quark
currents, also mass insertions are required on the t and
q lines, and the diagram will be suppressed by a GIM
factor ∼m2

b/m
2
W (these mass factors correspond to the

crosses on the quark loop of the first diagram of Fig. 5).
To modify the spinor contraction between the leptons,
a γ, Z could be exchanged between the quark loop and
an external lepton line, which gives an additional sup-
pression ∼e2/(16π2). So for singlet quark currents (the
operators of Eqs. (24) and (26)):

AX ∼ e3g2/2

(16π2)3 ε×Vqb
m2

b

m2
W

mq

mt
� 10−15ε × Vqb

.04
, (37)

and for doublet quark currents, where the GIM and mq

suppression can be avoided by emitting d-type quarks
from the operator:

AX ∼ e3g2/2

(16π2)3 ε × Vtq � 10−10ε × Vtq
.04

. (38)

These loops give no bound on εLL , εLR , εRL or εRR .
2. However, if the OLL operator is generated as a compo-

nent of the triplet SU(2)-invariant operator of Eq. (27),
then there is a charged current contact interaction, which
allows for W exchange between the lepton and quark
lines and avoids any GIM suppression. The diagram is
similar to Fig. 5 on the right, but with tL and eL instead
of tR and eR , and a mass insertion on the external μ rather
than the t . An estimate gives

AX ∼ eg2/2

(16π2)2 ε × CKM � 10−7ε × CKM

.04
, (39)

which imposes εLL � 0.03 for q = c, or εLL � 0.5
for q = u. Note that the B decay constraints, which
are estimated below more rigorously than these ones, are
tighter.

3. Consider now the S + P or T operators which arise
at dimension six, which can induce the second diagram

of Fig. 5. The grey blob represents the charge-changing
component of the operator, involving tR and either dL or
sL . The contribution to μ → eγ is two-loop and CKM
suppressed, but enhanced by mt/mμ, because the chiral-
ity flip for the leptons is in the contact interaction, so the
Higgs leg of the dipole operator can attach to the mass
insertion required to flip the chirality of the top. This
gives

AX ∼ eg2/2

(16π2)2 ε ×
{
Vts
Vtd

}
× mt

mμ

�
{

2 × 10−4 εct

6 × 10−5 εut

(40)

which implies εS+P,R, εT,R � 10−4 → 10−5!
In the case where the third generation quark is a doublet,
there would be a bL and a charm or up mass insertion, so
that

AX ∼ eg2/2

(16π2)2 ε × Vqb
mq

mμ

∼
{

10−6 εct

6 × 10−10 εut
, (41)

which would suggest εctS+P,R, εctT,R � 10−3.
4. Finally, consider an S ± P or T operator of dimension

eight, so with two Higgs legs. If the Higgs are both
neutral vevs, then the contact interaction involves up-
type quarks, and gives diagrams whose contribution to
μ → eγ is suppressed by three loops, CKM and GIM.
Instead, focus on diagrams where the Higgs legs are
charged, so the 4-fermion interaction is charge-changing
for the leptons and quarks, and the Higgs loop has to
close (two external Higgs legs can be attached to the top
line, to keep the operator at dimension eight, which gives
negligible suppression because yt ∼ 1). Due to the Higgs
loop, the estimate for AX will be suppressed by ∼10−2

with respect to the previous discussion of S + P and
T at dimension six. Since we do not know whether our
“top operators” correspond to SU(2) invariant operators
of dimension six or eight, we conservatively retain the
dimension-eight bounds, which imply that for S± P and
T operators involving a singlet tR
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εctT,R, εctS±P,R � 10−3, εutT,R, εutS±P,R � 10−2.

(42)

Similar estimates can be made for the contributions of top
operators to τ → �γ . The current experimental upper bounds
[128,129] are 	(τ → eγ ) < 1.8 × 10−7	(τ → eνν̄) and
	(τ → μγ ) < 2.5 × 10−7	(τ → μνν̄), which imply, with
the assumptions leading to Eq. (35), that AX (τ → �γ ) �
3 × 10−6. For dimension-eight, S ± P or tensor operators,
this would give ε�τut � 100 and ε�τct � 10.

Appendix C: top operators in meson decays

Dressing a top operator with a W loop, where the W attaches
to the top leg, generates a contact interaction among light
fermions, where the t is replaced by b, s or d. So the first
step in obtaining bounds on the top operators is to collect
up-to-date bounds on the relevant 2-quark–2-lepton opera-
tors involving d-type quarks. These are listed in Tables 6, 7
and 8, updated from [103]. In Sect. C.2, we estimate the loop
factors, which, when multiplied by the top-operator coeffi-
cients, give the coefficients of light-fermion operators that
are constrained by Tables 6, 7 and 8. Finally, in Sect. C.3, we
combine the loop factors and tables to obtain the bounds on
top-operator coefficients given in Tables 1 and 2, and briefly
discuss possible cancellations among the operators.

C.1 Updated rare decay bounds

The bounds from the decay rate of a pseudoscalar meson M ,
are obtained using the usual formula:

	(M → li l̄ j ) = kG2
F

πm2
M

{
P̃2[(|εS±P,R − εS±P,L |2)

×(m2
M − m2

i − m2
j ) + 4εLεRm1m2]

+(|εXR − εXL |2) Ã2[(m2
M − m2

i − m2
j )

× (m2
i + m2

j ) + 4m2
i m

2
j ]

}
, (43)

where scalar–vector interference was neglected. In current
algebra, the quark currents are

ÃPμ = 1

2
〈0|qγ μγ 5q|M〉 = fM Pμ

2

P̃ = 1

2
〈0|qoγ 5qn|M〉 = fMmM

2

mM

mo + mn
, (44)

where o, n are flavour indices, and k is the magnitude of the
final state 3-momenta in the centre-of-mass frame:

k2 = 1

4m2
M

[(m2
M − (mi + m j )

2)(m2
M − (mi − m j )

2)].
(45)

The decay B+ → K+e−�+ can be used to constrain εe�sb,
with a suitable approximation for the hadronic matrix ele-
ment. For this, we follow the Babar exclusive determination
of Vcb [130] from B+ → D0�+ν, where the differential
decay rate is parametrised with a kinematic term depending
on q2 = (pB − pD)2 and a form factor that is a function of
the inner product ω of B and D 4-velocities:

d	

dω
= G2

F |Vcb|2m3
B

8 × 48π3 (mB + mD)2(1 + O(m2
D/m2

B)

+ · · · )G2(ω)

where · · · includes the q2 terms. To extract a bound on ε from
B+ → K+e−τ+, we suppose the form factors are similar
and impose

	(B+ → K+e−τ+)

	(B+ → D0�+ν)
= ε2

|Vcb|2
(mB + mK )2

(mB + mD)2 , (46)

which is slightly weaker than the bound in [103], for the case
� = μ.

For S ± P operators, we included τ → KS� bounds that
were not in [103], but that were used in [131].

C.2 Estimating the loops

Consider first the V ±A operatorsOY R , involving the singlet
tR , with coefficient 2

√
2GFε

i jqt
Y R , q ∈ {c, u}. Dressing with a

W loop as in Fig. 1 gives the operators OY L
i jαβ = (�iγαPY � j )

(dαγ αPLdβ) with coefficients

ε
i jαβ
Y L � − g2mtmqVtβV ∗

qα

16π2(m2
t − m2

W )
log

(
m2

t

m2
W

)
ε
i jqt
Y R

� −2αem

3
VtβV

∗
qα

mq

mt
ε
i jqt
Y R (47)

where (β, α) ∈ {(b, s), (b, d), (s, d)}, q ∈ {c, u}. The log is
�1.54 � π/2. The numerical factor arising from the loop
depends on the light external quark indices β, α, as well as
the quark flavour q participating with the top in the contact
interaction. It is given in Table 9. It is clear that the loop gives
a significant suppression, due to the CKM elements and light
quark masses.

The V ± A operators OY L , which involve doublet
top quarks, have a larger mixing to down-type quark
operators. Dressing with a W loop as in Fig. 1 gives
the operator OY L

i jαβ = (�iγαPY � j ) (dαγ αPLdβ), with
a log divergent coefficient, unsuppressed by light quark
masses:

ε
i jαβ
Y L � g2VtβV

∗
qα

32π2

(
m2
W

m2
t − m2

W

log

[
m2
t

m2
W

]
− log

[
�2

m2
t

])
ε
i jqt
Y L

� −3αem

4π
VtβV

∗
qαε

i jqt
Y L (48)
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Table 6 Constraints on the dimensionless coefficient εi jαβ of 4-
fermion interactions 2

√
2GF (ēiγ μPL ,Re j )(d̄αγμPL ,Rdβ). PL ,R can

be PL or PR . The generation indices i jαβ are given in the first column,
and the best bound in column 3. It arises from the observable of column

4, and the experimental value we used is given in column 5. In column
2 is given the linear combination of εs to which the bound applies. All
bounds apply under permutation of the lepton and/or quark indices

i jαβ Constraint on εi jαβ Observable Experimental value

eμds (εLL − εLR), (εRR − εRL ) 3.0 × 10−7 BR(K 0
L → ēμ) <4.7 × 10−12

eμdb (εLL − εLR), (εRR − εRL ) 3.0 × 10−4 BR(B0 → ēμ) <2.8 × 10−9

εLL + εLR, εRR + εRL 1.3 × 10−4 BR(B+→π+ ēμ)

BR(B0→π− ēν)
<1.3 × 10−3

eμsb εLL + εLR, εRR + εRL 1.0 × 10−4 BR(B+→K+ ēμ)

BR(B+→D0 ēνe)
< 9.1×10−8

2.2×10−2

eτds (εLL − εLR), (εRR − εRL ) 4.1 × 10−4 BR(τ→eK )
BR(τ→ν̄K )

< 2.6×10−8

7.0×10−3

eτdb (εLL − εLR), (εRR − εRL ) 2.1 × 10−3 BR(B0 → ēτ) <2.8 × 10−5

eτ sb εLL + εLR, εRR + εRL 2.0 × 10−3 BR(B+→K+ τ̄e)
BR(B+→D0 τ̄ ν)

< 3.0×10−5

7.7×10−3

μτds (εLL − εLR), (εRR − εRL ) 4.3 × 10−4 BR(τ→μK )
BR(τ→ν̄K )

< 2.3×10−8

7.0×10−3

μτdb (εLL − εLR), (εRR − εRL ) 1.6 × 10−3 BR(B0 → μ̄τ ) <2.2 × 10−5

μτ sb εLL + εLR, εRR + εRL 3.1 × 10−3 BR(B+→K+ τ̄μ)

BR(B+→D0 τ̄ ν)
< 4.8×10−5

7.7×10−3

where (β, α) ∈ {(b, s), (b, d), (s, d)}, q ∈ {c, u}, only terms
with logs were retained, and � � 3mt in the log to obtain the
second approximation4 and the numerical factors in Table 9.
The top operators OLL

i jqt can also generate Charged Current
(CC) operators (νiγ

ρ PL� j ) (uqγ ρPLdβ), suppressed only
by Vtβ , however, the bounds on the coefficients of such CC
operators are weaker than the bounds on FCNC operators, so
the best limit on the top operators arises from the loop given
in Eqs. (47) and (48).

The S± P operators OS±P,X
i jqt involving either tL (X = L)

or tR (X = R), will generate S ± P operators for down-type
quarks OS±P,R

i jαβ = (ei PY e j ) (dαPRdβ), where it is always
the heavier dβ that is right-handed, because there is a mass
insertion on an external quark leg. The lepton current is unaf-
fected by the loop, so it will have the same chirality in the
induced down-quark operator as it had in the top-LFV oper-
ator. There is also a mass insertion on the right-handed inter-
nal quark line, so the coefficient is ∝ mt in the presence of
OS±P,R

i jqt :

ε
i jαβ
S±P,R ∼ g2mtmβVtβV ∗

qα

32π2(m2
t − m2

W )

(
1 − m2

W

m2
t − m2

W

log
m2

t

m2
W

)
ε
i jqt
S±P,R

� αem

3π
VtβV

∗
qα

mβ

mt
ε
i jqt
S±P,R . (49)

The result in the presence of OLQ,R
i jqt is similar: the LQ oper-

ator for down-type quarks,OLQ,R
i jαβ = (dαPRe j ) (ei PRdβ), is

4 We will obtain a bound of ε � 0.01, which corresponds to � � 10mt .
We nonetheless conservatively take � ∼ 3mt to allow for New Particle
masses mNP that are lower than � ∝ mNP/gN P .

Table 7 Constraints on εS±P,X , for the i jαβ index combination given
in the first column, where the εs are coefficients of the operators
OS±P,X = (ēi PY e j )(d̄αPXdβ), in a basis containing also tensor opera-
tors. The second column is the constraint, which arises from the observ-
able given in column 3. The experimental value used is the last column.
These bounds are also valid under lepton and/or quark index permuta-
tion

i jαβ Constraint on
εi jαβ

Observable Experimental
value

μeds 9.0 × 10−9 BR(K 0
L → μ̄e) <4.7 × 10−12

eμbd 8.1 × 10−6 BR(B0 → ēμ) <9.2 × 10−8

eμbs 2.9 × 10−5 BR(B0
s → ēμ) <1.1 × 10−6

eτds 2.9 × 10−4 BR(τ → K 0
Se) <2.6 × 10−8

eτdb 5.6 × 10−4 BR(B0 → ēτ) <2.8 × 10−5

eτ sb

μτbd 5.0 × 10−4 BR(B0 → μ̄τ ) <2.2 × 10−5

μτds 2.6 × 10−4 BR(τ → K 0
Se) <2.3 × 10−8

μτ sb

generated with a coefficient obtained by replacing ε
i jqt
S±P,R →

−ε
i jqt
LQ,R in Eq. (49).

In the presence of OS±P,L
i jqt (or OLQ,L

i jqt ), the loop factor is
∝ mqmβ , which is negligibly small. So we obtain no interest-
ing bounds on the OS−P,L

i jqt operators. However, the operators

OS+P,L
i jqt (and OLQ,L

i jqt ) contain tL and eL j , between whom the
W could be exchanged as indicated in the right diagram of
Fig. 1. This dressing of the top operator OS+P,L

i jqt will gen-

erate OCC
i jqtβ and a tensor operator, in the linear combination

corresponding to OCC,LQ of Eq. (21). The loop coefficient
is unsuppressed by the masses, as in Eq. (48):
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Table 8 Constraints from “charged-current” processes on S± P oper-
ators. This bound applies to ε

i jβq
CC , in a basis using tensor operators. The

first column is the index combination i jβq, the second is the constraints,
which arise from the observable given in column 3. The experimental
value used is the last column. νi is any flavour of neutrino

(ν̄i e j )
(d̄βuq )

Constraint on
εi jβq

Observable Experimental
value

νi edu 1.6 × 10−5 Rπ (1.230 ± 0.004) × 10−4

νi edc 1.4 × 10−3 	(D+ → ēνi ) <8.8 × 10−6

νi esu 1.5 × 10−5 BR(K+ → ēνi ) (1.55 ± 0.07) × 10−5

νi esc 3.9 × 10−3 BR(D+
s → ēνi ) <8.3 × 10−5

νi ebu 7.8 × 10−5 BR(B+ → ēν) <9.8 × 10−7

νi ebc

νiμdu 3.2 × 10−3 Rπ (1.230 ± 0.004) × 10−4

νiμdc 3.7 × 10−3 BR(D+ → μ̄ν) (3.82 ± 0.33) × 10−4

νiμsu 3.0 × 10−3 RK (2.44 ± 0.11) × 10−5

νiμsc 1.5 × 10−2 BR(D+
s → μ̄ν) 5.56 × 10−3

νiμbu 7.7 × 10−5 BR(B+ → μ̄ν) <1.0 × 10−6

νiμbc

νi τdu 8.0 × 10−2 BR(τ → π+ν) (1.083 ± 0.006) × 10−1

νi τdc 5.2 × 10−2 BR(D+ → τ̄ ν) <1.2 × 10−3

νi τ su 2.6 × 10−2 BR(τ → K+ν) (7.0 ± 0.1) × 10−3

νi τ sc 4.9 × 10−2 BR(D+
s → τ̄ ν) 5.54 × 10−2

νi τbu 7.2 × 10−4 BR(B+ → τ̄ ντ ) (1.1 ± 0.3) × 10−4

νi τbc

ε
i jqβ
CC,LQ � −g2Vtβ

16π2

(
m2

W

m2
t − m2

W

log

[
m2

t

m2
W

]

− log

[
�2

m2
t

] )
ε
i jqt
S+P,L � 2αem

π
Vtβε

i jqt
S+P,L ,

ε
i jqβ
CC � 2αem

π
Vtβε

i jqt
LQ,L . (50)

Or, in a basis with tensor operators,

ε
i jqβ
CC � g2Vtβ

32π2

(
m2

W

m2
t − m2

W

log

[
m2

t

m2
W

]
− log

[
�2

m2
t

])
ε
i jqt
S+P,L

� −αem

π
Vtβε

i jqt
S+P,L . (51)

C.3 Bounds and cancellations

The numbers in Table 9 can be compared to the bounds on
the various εs for light quark operators, given in the Tables 6,
7 and 8. For instance, the last column of the third line of
Table 9 says that ε

i jct
X R

4GF√
2

(�iγσ PX� j )(cγ σ PRt) generates

ε
i jds
XL

4GF√
2

(�iγσ PX� j ) (dγ σ PLs) with

ε
i jds
XL = 3.1 × 10−7ε

i jct
X R � 3.0 × 10−7 ⇒ ε

eμct
X R � 1

Table 9 The last two columns give the numerical value of the coef-
ficient given in the second column, generated by loop containing the
top LFV operator given in the first column, of coefficient 2

√
2GF . The

top LFV operator involves the top and the quark uq ∈ {u, c}; the two

choices of q identify the last two columns. The operators OS±P,L
i jqt also

induce FCNC operators (involving 2 down-type quarks), but the coef-
ficients are not listed because they are suppressed by two light quark
masses

Top op. Down coeff. q = u q = c

ε
i jdb
XL 8.0 × 10−8 7.7 × 10−6

OXR
i jqt ε

i jsb
XL 1.8 × 10−8 3.4 × 10−5

ε
i jds
XL 3.2 × 10−9 3.1 × 10−7

ε
i jdb
XL 2.0 × 10−3 4.6 × 10−4

OXL
i jqt ε

i jsb
XL 4.6 × 10−4 2.0 × 10−3

ε
i jds
XL 8.2 × 10−5 1.9 × 10−5

ε
i jdb
S±P,R 2.4 × 10−5 5.3 × 10−6

OS±P,R
i jqt ε

i jsb
S±P,R 5.3 × 10−6 2.4 × 10−5

ε
i jds
S±P,R 4.1 × 10−9 1.8 × 10−8

ε
i jqb
CC 2.5 × 10−3 2.5 × 10−3

OS+P,L
i jqt ε

i jqs
CC 1.0 × 10−4 1.0 × 10−4

ε
i jqd
CC 2.0 × 10−5 2.0 × 10−5

where ε
eμds
Y L � 3.0×10−7 is the upper bound from K → eμ̄

given in Table 6, which sets the constraint ε
eμct
X R � 1. This

bound on the eμct coefficient of the OXR operators appears
in the second row and last two columns of Table 1. In the case
of eτct and μτct indices, the best bound on the coefficient
of the OXR operators arises from B decays. This can be
seen because Table 1 gives the origin of the bound as OLL

iτdb,
and the bound on these coefficients from Table 6 is from B
decays.5

The bounds of Table 1 implicitly assume that only one
LFV top operator is present at a time. This assumption
depends on the choice of operator basis, so it is interesting
to consider the possibility of cancellations among the V ± A
operators. Many of the bounds arise from pseudoscalar down-
type meson decays, which are mediated by an operator of
the form (eiγ ρPXe j )(dαγ ργ5dβ), in which case the bound

applies to the combinations ε
i jαβ
XR − ε

i jαβ
XL . Since the loop

that transforms top operators into down-type quark operators
gives different suppression factors for operators involving tL
or tR , we neglect possible cancellations among XL and XR
operators. So we neglect the possibility of cancellations for
V ± A operators.

5 We obtain ε
μτut
LR , ε

μτut
RR < 2 × 105 from the limit on ε

μτdb
LL , but do

not include these numbers in Table 1 because they are too weak to be
meaningful.
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In obtaining bounds from (pseudoscalar) meson decays,
an operator basis that includes tensors is convenient, because
the tensors do not contribute [132] to the decays M → �i �̄ j ,
where M is the pseudoscalar meson made of q1q̄2 and �i
are neutrinos or charged leptons. So we quote low-energy
bounds in a basis with tensors.6

Appendix D: Single t production at HERA

HERA was an e± p collider with
√
s = 319 GeV, where the

H1 [111] and ZEUS [112] experiments searched for single
top production: σ(e± p → e±t X). We follow an H1 analy-
sis [111], which is outlined in Sect. D.1. Then in Sect. D.2,
we discuss how to translate the results of this analysis into
a bound on the LFV process σ(e± p → μ±t X), and in
Sect. D.3 we estimate σ(e± p → μ±t X) in the presence
of the operators of Appendix A.

D.1 The H1 analysis

The H1 collaboration set a bound [111]:

σ(e± p → e±t + X) ≤ 0.30 pb = 2.3 × 10−5

m2
t

at 95 % CL.

(52)

using 474 pb−1 of data, and requiring the top decay t →
μ+νb.7 H1 does not give the luminosity in e+ p and e− p,
but from [110,133], we interpret ≥228 pb−1 of e+ p data and
≥205 pb−1 of e− p data at

√
s = 319 GeV, so we approximate

that half the luminosity was in e+ p, and half in e− p.
We would like to use this limit to set a bound on σ(e± p →

μ±t + X). This is possible because H1 searched for leptonic
decays of the top, t → μ+νb, and it did not require one
to observe the e±. As a first step in a cut-based analysis,
H1 required isolated muons with pT > 10 GeV, and miss-
ing energy ET/ > 12 GeV; one found 14 events where they
expected 11 ± 1.8 Standard Model background. Their sig-
nal efficiency, for a magnetic moment utγ coupling, was
44 %. A e±u → μ±t interaction mediated by our top oper-
ators should pass this first set of cuts, so we would like

6 Alternatively, one can impose pseudoscalar decay bounds on
ε
S+P,X
i jq2q1

− 1
2 ε

LQ,X
i jq2q1

. From Eq. (49) and after, the top operators OS+P,R

and OLQ,R induce, respectively, S + P and LQ operators involving
down-type quarks. So in Table 2 are quoted bounds on ε

S+P,R
i jqt −

1
2 ε

LQ,R
i jqt . The tL operators OS+P,L and OLQ,L , respectively, induce

the OCC and OCC,LQ operators (see Eq. (50)), which mediate the lep-
tonic decays of charged mesons, such as B+ → νe+. So in this case
the bound applies to ε

LQ,L
i jqt − 1

2 ε
S+P,L
i jqt as quoted in Table 2.

7 H1 obtained a more restrictive bound, σ ≤ 0.25 pb, by combining
the various top decay modes.

to obtain a limit on the coefficients of our operators from
this stage of the analysis. Then H1 required the muon to
be positively charged, and in combination with the jet and
ET/ , to reconstruct to a top. Only four events remain after
imposing these cuts, with 2.1 ± 0.3 expected in the Stan-
dard Model. H1’s signal efficiency was 36 % and at this
point they obtain the limit σ(e+ p → (μ+ET/ b)e+X) ≤
0.30 pb.

D.2 Translating to contact interactions

To translate the H1 bound to our contact interactions, we
must address various issues.

1. We estimate that the bound on σ(e+ p → (μ+ET/ b)e+X)

after the first cut is comparable to the final bound obtained
by H1, so we use the limit of Eq. (52). To obtain this curi-
ous approximation, we estimate the t production cross
section that could be excluded at 95 % CL using Pois-
son statistics for 4 observed events with 2 background
expected,8 and then we estimate the t production cross
section that would give a gaussian distribution of events
centred 4σ above 11, that is at 18. We find these cross
sections are comparable.

2. Different operators contribute to e+ p → μ+t + X and
e− p → μ−t + X . Since the luminosity is approximately
equally distributed between e+ p and e− p, we suppose
that the bound for an individual operator is σ � 2 ×
0.30 pb.

3. In the case of our operators, a central μ± is produced
by the contact interaction, so the top can decay to any
lepton (we do not allow for hadronic t decays, because
they are unlikely to produce ET/ ≥ 10 GeV). This means
that the upper bound in the cross section is reduced by
1/3, because H1 required that the top decay to μ+νb.

4. We need an estimate for the efficiency for our operators.
H1 gives a signal efficiency of 44 % after their first cut, in
part because they detect muons as a pT imbalance in the
calorimeter, with a 60 % efficiency for detecting a muon
of pT = 10 GeV. Since our event has a central muon,
like H1’s signal, we take the efficiencies to be the same,
and assume this makes our bounds uncertain by a factor
∼2.

So, in summary, we multiply the H1 bound by 2/3 and impose

σ(e± p→μ±t+X)≤0.20 pb= 1.5 × 10−5

m2
t

at 95 % CL.

(53)

8 That is, the number of signal events s that give 0.05 = P(s+b)/P(b)
where b = background expected.
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D.3 σ(e± p → μ± t + X) in the presence of top operators

The operators of Appendix A induce a differential partonic
cross section for e±u → μ±t that does not diverge for
emission at zero angle. We therefore integrate the partonic
cross section over all angles (neglecting experimental cuts),
to obtain

σ̂ (e±u → μ±t) = |εXX |2 (1 − m2
t /ŝ)

2

16πm4
t

ŝ OLL , ORR

(54)

= |εY X |2 (1 − m2
t /ŝ)

2

48πm4
t

(
ŝ + m2

t

2

)
OLR, ORL (55)

= |εS−P,X |2 (1 − m2
t /ŝ)

2

192πm4
t

(
ŝ + m2

t

2

)
OS−P,X

= (1 − m2
t /ŝ)

2

192πm4
t

(
[|εS+P,X + εLQ,X |2]

[
ŝ + m2

t

2

]

+Re{εS+P,XεLQ,X }[ŝ − m2
t ]

)
OS−P,X , OLQ,X

To obtain the cross section on the proton, we define x =
ŝ/s, and obtain, integrating over the CTEQ10 [134] parton
distribution functions:∫ 1

0.33
dxx(1 − .295/x)2 fu(x) = 0.0046,

∫ 1

0.33
dxx fu(x) = 0.041

∫ 1

0.33
dx(1 − .295/x)2 fu(x) = 0.0092,

∫ 1

0.33
dx fu(x) = 0.096 (56)

where the lower x integration limit is estimated to produce,
in the centre-of-mass frame, a top of negligible momentum,
and a muon of pT > 10 GeV. The (1 − .295/x)2 represents
the kinematic suppression factor (1 − m2

t /ŝ)
2.

The resulting cross sections are (for s/m2
t = 3.5):

σ(e± p → μ±t + X) = 0.0046s
|εXX |2
16πm4

t

⇒ ε
eμut
X X , ε

μeut
X X < 0.22 (57)

= |εXY |2
48πm4

t
0.0046(s + m2

t ) ⇒ ε
eμut
XY , ε

μeut
XY < 0.33

(58)

= |εS−P,X |2
192πm4

t
0.0046(s + m2

t )

⇒ ε
eμut
S−P,X , ε

μeut
S−P,X < 0.66

= |εS+P,X |2 + |εLQ,X |2
192πm4

t
0.0046(s + m2

t )

⇒ ε
eμut
S+P,X , ε

μeut
S+P,X , ε

eμut
LQ,X , ε

μeut
LQ,X < 0.66 (59)

where X,Y ∈ {L , R} and the bounds are estimated by impos-
ing the bound of Eq. (53).

D.4 What about εeτut at HERA?

The εeτut , ετeut are poorly constrained by rare decays,
whereas e±u → τ±t could have occurred at HERA. It is
unclear to the authors how H1 would have treated a hadronic
τ decay, so we conservatively restrict our study to τ → eνν̄

decays. Allowing any decay of the top, we use the combined
H1 bound

σ(e+ p → e+t+X)≤0.25 pb= 1.9×10−5

m2
t

at 95 % CL,

(60)

multiplied by 2/BR(τ → eνν̄) � 12, where the 2 is from
point 2 of Sect. D.2 above. So σ(e± p → τ±t+X) � 3.0 pb,
and the approximate bounds on εeτut , ετeut are given in
Table 1.

Appendix E: The CMS search for t −→ Zq

The CMS collaboration sets the limit BR(t → Zq) ≤
6 × 10−4 [65], by searching for t t̄ production, with one top
decaying leptonically, and the other decaying to Zq followed
by Z → ��̄. In this section, we emulate in our framework
this published CMS analysis, which searches for a final state
similar to ours.

We hence implement in our framework the selection
described in [65]. The definition of good jets and isolated
leptons is the same as in our analysis described in Sect. 3.3.
We select events containing exactly 3 isolated charged lep-
tons (electrons or muons), of which 2 have the same flavour
and opposite sign. Events are requested to contain at least 2
jets, and exactly one b-tagged jet, and the missing transverse
energy has to be higher than 30 GeV. The invariant mass of
the opposite sign and same flavour lepton is required to lie
within 78 and 102 GeV/c2.

The 2 opposite sign and same flavour leptons are identi-
fied as coming from the Z decay, if there is more than one
possible lepton pair, the one with invariant mass closest to the
Z mass (mZ ) is chosen. The remaining lepton is associated
with the decay of the W and used, with the missing trans-
verse energy, to calculate the neutrino longitudinal momen-
tum with a W mass constraint, as explained in Sect. 3.3. The
invariant mass of the W and the b-tagged jet is required to be
within 35 GeV/c2 of the nominal top mass. The 4-momenta of
the 2 leptons coming from the Z are combined with all (non b-
tagged) jets in the event. In order for the event to be selected,
at least one of these combinations must have a resulting
invariant mass within 25 GeV/c2 of the nominal top mass.

All the background processes taken into account in the
CMS analysis are considered. In our simulated samples,
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the expected number of background events after applying
the CMS selection is 1.5 ± 0.2, to be compared with the
expectation from simulation of the public CMS analysis, of
3.2 ± 1.2(stat) ± 1.5(syst). This comparison is not meant to
be rigorous, as the Delphes emulation of the CMS detector
reconstruction is well known to be imperfect, and the samples
used here do not include any effect from pileup. Neverthe-
less, the agreement is good enough to validate our framework
as a tool to extract reasonable sensitivity studies. The result
of this comparison also motivates the variation of 100 %
in the expected background events for the limit calculation,
performed in the main study (Sect. 3.4).

The limit setting procedure is validated as well: when
using the number of expected events from the public result in
our statistical procedure, we obtain an expected upper limit
of BR(t → Zq) < 0.9 × 10−3 to compare to the public
result BR(t → Zq) < 1 × 10−3.

Having validated our method on expected background
allows us to evaluate the constraint set on the t → qμ±e∓
branching ratio by the CMS analysis [65]. Indeed, our LFV
top events and the CMS analysis share the same overall final
state (missing transverse energy, 3 isolated leptons, and 2
jets, of which one is a b-jet). Half of our LFV events should
give a pair of opposite sign, same flavour leptons, as required
in the CMS analysis. However, in our case, they do not come
from the Z , but, respectively, from the t and t̄ (see Fig. 2), so
they are easily rejected by the CMS requirement that their
invariant mass be near mZ . In order to quantify this, we
evaluate the efficiency of the CMS event selection on the
t → qμ±e∓ signal sample, obtaining ε = 0.050 ± 0.005 %.
This would correspond to an expected limit on LFV in top
decays of BR(t → qμ±e∓) < 3.7 × 10−3, according
to the limit setting procedure based on RooStats (a sim-
ple rescaling of the published limit with selection efficien-
cies and cross sections would give a comparable value of
BR(t → qμ±e∓) < 4 × 10−3). Comparing to Eq. (4), we
see that this is on the verge of probing LFV top decays medi-
ated by a 4-fermion operator.
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