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New physics in the rare top decays t → qlþl− is currently very weakly constrained. We show that in a
large class of Standard Model extensions, existing experimental constraints on new physics in flavor-
conserving processes imply strong indirect bounds on new physics contributions to flavor-violating
processes of the form t → qlþl−. These indirect bounds arise from basic principles of quantum field
theory together with a few generic conditions on the UV structure of the theory, and are roughly an order of
magnitude stronger than the present experimental bounds on the same processes. These constraints provide
a theoretically motivated target for experimental searches for t → qlþl−: violation of these bounds would
exclude a large class of new physics models, and would provide nontrivial insight into the UV behavior of
the new physics.
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I. INTRODUCTION

Flavor-changing neutral current processes involving the
top quark are strongly suppressed in the Standard Model
(SM) by a loop factor, by small Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements, and by an effective
Glashow–Iliopoulos–Maiani cancellation. Moreover, these
rare top decays compete with the unsuppressed 2-body
decay mode t → bW, resulting in extremely small branch-
ing ratios to final states like qγ, qZ, and qh, in the ballpark
of 10−15 to 10−12 for q ¼ c and 10−14 to 10−17 for q ¼ u
[1,2]. The SM predictions for the branching ratios of rare
three-body decays of the form t → qlþl− are smaller yet
by approximately two orders of magnitude. Such tiny
branching ratios are far below foreseeable experimental
sensitivities. The observation of rare top decays at current
or planned colliders would therefore be an unambiguous
sign of new physics.
Such new physics contributions can typically be accom-

modated in a single effective field theory (EFT) in which
the SM Lagrangian comprises the renormalizable part. The

null results in the searches for new physics particles at the
LHC may suggest that there is a significant mass gap
between the electroweak scale and the new physics scale,
meaning that new physics effects can be parametrized by
set higher-dimensional operators in a model-independent
fashion. This basis of operators, known as the Standard
Model EFT (SMEFT) [3], has become a very popular
framework to discuss physics beyond the SM (BSM).
Existing constraints on rare top decays and other top
flavor-violating processes have already been translated to
constraints on the Wilson coefficients of SMEFT operators
[4–9]. Similarly, measurements of top quark properties, and
electroweak precision measurements in general, can be
used to constrain the Wilson coefficients of flavor-
conserving operators involving top quarks [10–27].
Formulating the new physics contributions in a single

EFT presents an opportunity to invoke generic constraints
on the form of the SMEFT itself. It has long been known
that the possible values of Wilson coefficients in an EFTare
restricted not only by experimental results, but also by basic
principles of quantum field theory, including unitarity,
locality, and analyticity [28]. In the bottom-up approach
to constructing an EFT, one typically considers all oper-
ators that respect the relevant symmetries and treats the
corresponding Wilson coefficients as free parameters that
are naively allowed to take arbitrary values. However, not
all such low energy scenarios have UV completions.
Infrared consistency constraints imply, for example, that
certain operators need to have positive Wilson coefficients.
Such constraints have been studied in several cases that

are relevant for collider physics, as in the context of
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anomalous triple and quartic gauge boson couplings and
vector boson scattering at the LHC and future colliders
[29–37], fermion–antifermion scattering to dibosons
[38,39], or dilepton production [40,41]. It has also been
realized that positivity bounds can have implications for
flavor-changing operators [42–44]. The results of Ref. [44]
are of particular interest in context of rare top decays.
Under a small set of assumptions, theWilson coefficients of
certain flavor-violating dimension-six four-fermion oper-
ators are bounded by combinations of the Wilson coef-
ficients of flavor-conserving operators.
In many cases, flavor-violating operators lead to very

prominent signatures that can be searched for with high
precision. Thus, indirect constraints on flavor-violating
Wilson coefficients obtained from measurements of flavor-
conserving processes are typically subdominant to direct
experimental constraints from searches for flavor-violating
processes. Rare top decays are a notable exception to this
rule. As we show in this paper, the theoretical relations
obtained in Ref. [44], combined with experimental con-
straints on new physics in quark flavor conserving proc-
esses, imply that the rare leptonic top decays t → qlþl−

are expected to be approximately an order of magnitude
below the current experimental sensitivities in a broad class
of new physics models. These expectations provide clear
experimental targets for future searches for t → qlþl− at
the LHC and future colliders. Experimental observation of
t → qlþl− above the theoretical expectations would imply
that the new physics violates some of the assumptions made
in Ref. [44]. Such a measurement would exclude a broad
class of new physics models and would imply that the UV
structure of the new physics falls into one of a few narrow
classes that evades the theoretical constraints.
This paper is organized as follows: In Sec. II, we

introduce the EFT setup for the rare top decays and specify
the four-fermion operators that we consider in our analysis.
In Sec. III, we summarize the results from Ref. [44].
We spell out the theoretical restrictions on the Wilson
coefficients and the implications if they were found to be
violated. In Sec. IV, we discuss the most relevant exper-
imental constraints. We include existing constraints on
flavor-violating rare top decays and single top production,
as well as constraints on the flavor-conserving operators
from dilepton production at the LHC, atomic parity
violation, rare B decays, Z decays, and Møller scattering.
Section V contains our main numerical results. Based on
the constraints from flavor conserving interactions, we
derive the maximal rates for rare top decays and compare
them with the existing and expected experimental sensi-
tivities. We discuss the implications of these results and
conclude in Sec. VI.

II. EFT SETUP

We consider the following set of dimension-six operators
that are subject to sum rules derived in Ref. [44] and that are

relevant for rare flavor-changing three-body decays of top
quarks t → ulþl− and t → clþl−:

Leff ¼
1

Λ2

�
CLL1
ijkl Q

LL1
ijkl þ CLL2

ijkl Q
LL2
ijkl þ CRR

ijklQ
RR
ijkl

þ CLR
ijklQ

LR
ijkl þ CRL

ijklQ
RL
ijkl

�
: ð1Þ

The definitions of the various operators are

QLL1
ijkl ¼ ðl̄iγμljÞðq̄kγμqlÞ; ð2Þ

QLL2
ijkl ¼ ðl̄iγμτ

IljÞðq̄kγμτIqlÞ; ð3Þ

QRR
ijkl ¼ ðēiγμejÞðūkγμulÞ; ð4Þ

QLR
ijkl ¼ ðl̄iγμljÞðūkγμulÞ; ð5Þ

QRL
ijkl ¼ ðēiγμejÞðq̄kγμqlÞ; ð6Þ

where τI denotes the Pauli matrices for I ¼ 1, 2, 3; li are
the three generations of left-handed lepton doublets; ei the
right-handed charged lepton singlets; qi are the left-handed
quark doublets; and ui the right-handed quark singlets of
up-type. In the effective Lagrangian of Eq. (1), a sum over
the flavor indices i, j, k, l is understood. Note that our
notation differs from the standard SMEFT notation of
Ref. [3] that is often used in the literature. In the above
Lagrangian, we do not include additional four-fermion
operators with scalar or tensor currents or dipole operators.
Such operators can also lead to rare top decays, but they are
not subject to the sum rules derived in Ref. [44].
The sum rules are based on analyticity of the S-matrix,

partial wave unitarity, and assumptions about the high
momentum behavior of forward scattering amplitudes. If
the new physics in the UV is dominated by either sca-
lars or vectors, the sum rules imply definite signs of certain
combinations of Wilson coefficients. (See also Refs. [45–
47].) Defining Cαβ ¼ αiα

�
jβ

�
kβlCijkl, where α and β are

arbitrary directions in flavor space, the constraints can be
summarized in the following way:

s

�
CLL1
αβ � 1

4
CLL2
αβ

�
> 0;

sCRR
αβ > 0; sCLR

αβ < 0; and sCRL
αβ < 0; ð7Þ

where s ¼ þ1 (−1) if the UV contributions to the Wilson
coefficients are dominated by scalars (vectors). If both
scalars and vectors contribute at a comparable level to the
Wilson coefficients, cancellations may occur, so the sign of
s cannot be established from first principles.
Many operators that lead to rare top decays are strongly

constrained by flavor-changing neutral current processes
involving B mesons [48]. In particular, in the presence of
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the operators in Eq. (1) that contain left-handed quark
fields, SUð2ÞL gauge invariance implies that sizable rates of
t → cðuÞlþl− decays are directly related to large new
physics effects in b → sðdÞlþl− or b → sðdÞνν̄ decays.
Barring tuned cancellations, the strong experimental con-
straints on the rare B decays exclude rare top decays at an
experimentally accessible level. As we will discuss in
Sec. IV C 1, for operators that contain right-handed up-
type quarks, constraints from rare B decays only arise at the
loop level, leaving much more room for sizable rare top

branching ratios. In the following, we will thus focus
on the operators QLR and QRR. Furthermore, we will only
consider operators with electrons or muons. Operators
with taus could be included in an analogous way, but
are much more challenging to probe experimentally. The
interactions that we are interested in can be split into
lepton-flavor–conserving and lepton-flavor–violating oper-
ators. The ones that conserve lepton flavor are explicitly
given by

Λ2LLFC
eff ¼ CLR

eett½ðν̄eγαPLνeÞ þ ðēγαPLeÞ�ðt̄γαPRtÞ þ CRR
eettðēγαPReÞðt̄γαPRtÞ

þ CLR
eecc½ðν̄eγαPLνeÞ þ ðēγαPLeÞ�ðc̄γαPRcÞ þ CRR

eeccðēγαPReÞðc̄γαPRcÞ
þ
�
CLR
eect½ðν̄eγαPLνeÞ þ ðēγαPLeÞ�ðc̄γαPRtÞ þ CRR

eectðēγαPReÞðc̄γαPRtÞ þ H:c:
�
þ � � � ; ð8Þ

where the ellipsis corresponds to terms where electrons and electron neutrinos are replaced with muons and muon neutrinos,
or charm quarks are replaced with up quarks, as appropriate. The lepton-flavor-violating terms are given by

Λ2LLFV
eff ¼

�
CLR
eμtt½ðν̄eγαPLνμÞ þ ðēγαPLμÞ�ðt̄γαPRtÞ þ CRR

eμttðēγαPRμÞðt̄γαPRtÞ þ H:c:
�

þ
�
CLR
eμcc½ðν̄eγαPLνμÞ þ ðēγαPLμÞ�ðc̄γαPRcÞ þ CRR

eμccðēγαPRμÞðc̄γαPRcÞ þ H:c:
�

þ
�
CLR
eμct½ðν̄eγαPLνμÞ þ ðēγαPLμÞ�ðc̄γαPRtÞ þ CRR

eμctðēγαPRμÞðc̄γαPRtÞ

þ CLR
μect½ðν̄μγαPLνeÞ þ ðμ̄γαPLeÞ�ðc̄γαPRtÞ þ CRR

μectðμ̄γαPReÞðc̄γαPRtÞ þ H:c:
�
þ � � � ; ð9Þ

with the ellipsis indicating terms in which charm quarks are
replaced with up quarks.

III. THEORETICAL CONSTRAINTS ON THE
WILSON COEFFICIENTS

If the relations in Eq. (7) hold, one can derive constraints
on the flavor-specific Wilson coefficients in Eqs. (8) and
(9). In particular, the flavor conserving Wilson coefficients
have definite signs: if the UV is dominated by scalars, then

CLR
llqq < 0 and CRR

llqq > 0; ð10Þ

while if the UV is dominated by vectors, then

CLR
llqq > 0 and CRR

llqq < 0: ð11Þ

In either case, one finds that the flavor-violating coeffi-
cients are bounded from above by the flavor-conserving
ones as [42,44]

jCLR
eectj2 < CLR

eeccCLR
eett; jCLR

μμctj2 < CLR
μμccCLR

μμtt;

jCRR
eectj2 < CRR

eeccCRR
eett; jCRR

μμctj2 < CRR
μμccCRR

μμtt: ð12Þ

If both scalar and vector contributions are comparable,
there can be cancellations and no bounds can be estab-
lished. Analogous bounds hold for lepton-flavor–violating
and quark-flavor–conserving interactions. The case of
interactions that violate both quark and lepton flavor is
nontrivial, and we leave a detailed exploration for
future work.
The relations in Eq. (12) have very interesting implica-

tions. One can combine existing experimental constraints
from flavor conserving processes on nonstandard inter-
actions of lluu, llcc, and lltt to derive upper bounds on
the rare top decays t → ulþl− and t → clþl−. These
upper bounds then serve as targets for experimental
searches. If rare top decays are observed above the bounds,
one or more of the hypotheses of the theoretical bounds
must be violated. Possible options are
(1) The rare top decays are induced by effective inter-

actions other than the ones spelled out in Eq. (8)—for
example, by operators with scalar or tensor currents.

(2) The UV physics that generates the effective inter-
actions is not dominated by either scalars or vectors.
For example, both scalars and vectors could con-
tribute at a comparable level such that nontrivial
cancellations take place.
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(3) The UV physics gives forward-scattering amplitudes
that grow with sn for n ≥ 1, where s is the squared
center-of-mass energy [44,49]. For example, this can
happen if the forward scattering is mediated by
vectors in the t-channel.

Therefore, the observation of a violation of the theoretical
bounds allows one to exclude entire classes of possible UV
models that lead to rare top decays.

IV. EXPERIMENTAL CONSTRAINTS ON THE
WILSON COEFFICIENTS

In this section, we discuss the most relevant experimental
constraints on the Wilson coefficients.

(i) In Sec. IVA, we start with a discussion of processes
that are induced by the top-flavor-violating operators
in Eqs. (8) and (9). We consider rare flavor-violating
top decays at the LHC and single top production at
eþe− colliders.

(ii) In Sec. IV B, we discuss the most relevant processes
that constrain flavor-conserving operators with light
quarks. This includes, in particular, high-mass tails
in dilepton production at the LHC, as well as parity
violation in low-energy electron-proton scattering.

(iii) Finally, in Sec. IV C, we discuss constraints on
flavor-conserving operators containing top quarks,
including rare B decays, decays of the Z boson, and
parity violation in Møller scattering. In principle,
LHC measurements of the production cross section
for tt̄ and single top quarks are sensitive to the flavor
conserving four-fermion operators with top quarks.
The constraints from the CMS analysis of Ref. [50]
are weaker than the ones we find from Z decays and
B decays, so we do not consider them here.

In all cases, we derive the expressions for the new physics
contributions to the relevant observables, discuss the
existing experimental bounds, and comment on the
expected future sensitivities. We list constraints on all
Wilson coefficients in Table III.
We note that the operators in Eqs. (8) and (9) also contain

neutrinos. They can therefore modify the production of
neutrinos at the LHC as well as the neutrino–nucleus
scattering cross section measured at neutrino experiments.
Nonstandard neutrino production at the LHC can be con-
strained by mono-X searches. The most stringent bounds
come from monojet searches Ref. [51,52]. However, we do
not consider them in detail in this paper, since they are
weaker than the bounds from LHC dilepton spectrum
measurements that we discuss in Sec. IV B 1. New physics
contributions to neutrino–nucleus scattering are con-
strained by e.g. the results from the COHERENT experi-
ment [53]. Bounds on the operators with up quarks and
neutrinos have been derived in Ref. [54], and these
bounds are indeed subdominant to the other bounds we
consider.

A. Flavor-violating processes

1. Rare top decays

The effective couplings CLR
lltq and CRR

lltq enable the rare
flavor-changing three-body top decays t → qlþl−, where
q ∈ fu; cg and l ∈ fe; μg. Normalizing to the dominant
t → Wb decay mode of the top quark, we find the leading-
order branching ratios as

BRðt → qlþl−Þ ≃ 1

96π2
m2

t v2

Λ4
ðjCLR

lltqj2 þ jCRR
lltqj2Þ

×

�
1 −

m2
W

m2
t

�−2�
1þ 2m2

W

m2
t

�−1
: ð13Þ

Lepton flavor changing decays are also possible, with the
leading-order branching ratios

BRðt → qll0Þ ≃ 1

96π2
m2

t v2

Λ4
ðjCLR

ll0tqj2 þ jCRR
ll0tqj2

þjCLR
l0ltqj2 þ jCRR

l0ltqj2Þ

×

�
1 −

m2
W

m2
t

�−2�
1þ 2m2

W

m2
t

�−1
; ð14Þ

where BRðt→qll0Þ≡BRðt→qlþl0−ÞþBRðt→ql0þl−Þ.
Our expressions for the branching ratios are consistent with
the results in Ref. [7].
At the LHC, tt̄ pairs are produced copiously, and

searches have been conducted for the flavor-violating
two-body decays t → qH, t → qZ, and t → qγ.
However, no direct searches for the three-body decays t →
qll exist so far. Bounds have been obtained in Ref. [7] by
recasting an ATLAS search for the decays t → Zq [55]
based on ∼36 fb−1 of Run II data, taking into account the
full set of dimension-six operators that can lead to the t →
qll decays. (See Ref. [56] for a related CMS search.) As
we restrict our analysis to the vector operators QRR

lltq and
QLR

lltq, we can translate the results of Ref. [7] into bounds
on the t → qlþl− branching ratios. We find, at 95% con-
fidence level (CL),

BRðt → ceþe−Þ < 2.1 × 10−4;

BRðt → ueþe−Þ < 1.8 × 10−4;

BRðt → cμþμ−Þ < 1.5 × 10−4;

BRðt → uμþμ−Þ < 1.2 × 10−4: ð15Þ

This translates into the following (rather weak) bounds on
the new physics scale:

jCLR
eectj
Λ2

;
jCRR

eectj
Λ2

<
1

ð0.32 TeVÞ2 ; ð16Þ
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jCLR
eeutj
Λ2

;
jCRR

eeutj
Λ2

<
1

ð0.33 TeVÞ2 ; ð17Þ

jCLR
μμctj
Λ2

;
jCRR

μμctj
Λ2

<
1

ð0.35 TeVÞ2 ; ð18Þ

jCLR
μμutj
Λ2

;
jCRR

μμutj
Λ2

<
1

ð0.36 TeVÞ2 : ð19Þ

A dedicated search for t → qlþl− at the High-Luminosity
LHC might improve the above bounds on the branching
ratios by almost two orders of magnitude [7], correspond-
ing to an improvement by a factor of ∼3 in sensitivity to the
new physics scale. A future 100 TeV collider might
improve the sensitivity to rare top decay rates by another
order of magnitude [57]. Improved sensitivity might also be
obtained from searches for single top production in
association with same-flavor dileptons [9].
LHC searches for rare lepton-flavor–violating top decays

t → qμe have been proposed in Ref. [58]. It was estimated
that with a center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV and an
integrated luminosity of 100 fb−1, the LHC could probe the
branching ratios BRðt → qμeÞ to the level of ∼10−5. The
first results from searches for lepton flavor violation in top
decays in ∼80 fb−1 of ATLAS data [59] and ∼137 fb−1 of
CMS data [60] have not observed any significant excess
above expected SM backgrounds, placing bounds on the
branching ratios. The CMS analysis of Ref. [60] considers
not only tt̄ production with a subsequent lepton-flavor–
violating decay by one of the top quarks, but also single top
production in association with μe. The results from
searches for the flavor-changing decays and production
are combined assuming the presence of a specific set of
contact interactions and recast in terms of a bound on the
branching ratio. For vector interactions, as in the case we
study here, the bounds at 95% CL are [60,61]

BRðt → cμeÞ < 1.3 × 10−6;

BRðt → uμeÞ < 1.3 × 10−7: ð20Þ

Considering one lepton-flavor-violating top quark operator
at a time, and assuming that the CMS bound on the vector
interactions does not depend on the chirality of the quarks
and leptons involved in the transition, these bounds
correspond to

jCLR
μetcj
Λ2

;
jCRR

μetcj
Λ2

;
jCLR

eμtcj
Λ2

;
jCRR

eμtcj
Λ2

<
1

ð1.1 TeVÞ2 ;

jCLR
μetuj
Λ2

;
jCRR

μetuj
Λ2

;
jCLR

eμtuj
Λ2

;
jCRR

eμtuj
Λ2

<
1

ð2.0 TeVÞ2 : ð21Þ

Assuming that sensitivity to the branching ratio scales with
the square root of integrated luminosity, we expect

improvement by a factor of ∼5 at the high-luminosity
LHC. This corresponds to an improvement by a factor of
∼1.5 in reach to the new physics scale.

2. Single top production

Single top production in lepton collisions, lþl− → tq,
with q ∈ fu; cg, has been identified as an important probe
of top-flavor–changing contact interactions [5,62–64]. The
tree-level production cross section from eþe− collisions,

σðeþe− → tqÞ ¼ σðeþe− → tq̄Þ þ σðeþe− → t̄qÞ; ð22Þ

can be written in the following way:

σðeþe− → tqÞ ¼ 1

6π

s
Λ4

�
1 −

m2
t

s

�
2
�
1þm2

t

2s

�

×
�
jCLR

eetqj2 þ jCRR
eetqj2

�
; ð23Þ

where s is the squared center-of-mass energy. In our setup,
single top production is sensitive to the exact same
combination of Wilson coefficients as the t → qeþe−
decays.
Single top production has been searched for at

LEP [65–67]. We use the combined results from all LEP
experiments, reported in Ref. [65]. We find that the
strongest constraint on the flavor-changing effective inter-
actions can be obtained from the quoted bound on the cross
section at a center-of-mass energy of

ffiffiffi
s

p ¼ 189 GeV,
resulting in the bound

σðeþe− → tqÞ < 0.11 pb: ð24Þ

We do not attempt to combine this bound with
others that are given at different center-of-mass energies.
As no flavor-tagging of the light quarks has been performed
in Ref. [65], we interpret the bound in Eq. (24) as a
bound on the combined cross section σðeþe− → tqÞ ¼
σðeþe− → tuÞ þ σðeþe− → tcÞ. Switching on one effec-
tive operator at a time, and taking into account only the
bound on the cross section quoted above, we find the
following constraints on the Wilson coefficients:

jCLR
eectj
Λ2

;
jCRR

eectj
Λ2

;
jCLR

eeutj
Λ2

;
jCRR

eeutj
Λ2

<
1

ð0.7 TeVÞ2 : ð25Þ

The bound on the new physics scale is stronger by a factor
of ∼2 compared to the bounds from the rare top decays
t → qeþe− discussed in the previous subsection.
Future eþe− colliders [68–70] can improve the sensi-

tivity considerably. In Ref. [8], it is estimated that at CEPC,
with a center-of-mass energy of

ffiffiffi
s

p ¼ 240 GeV and an
integrated luminosity of 5.6 ab−1, new physics could be
probed at a scale of several TeV. Similar sensitivities can be
expected at FCC-ee and at the ILC.
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At an eþe− collider, the muonic operators also affect
single top production, albeit only at the loop level. We have
calculated the corresponding one-loop contribution to the
cross section and found very weak constraints on the new
physics scale, on the order of a few × 10 GeV. This lies
outside the regime of validity of the EFT, so no actual
constraint can be obtained. We expect strong sensitivity to
the muonic operators from single top production at a future
high-energy muon collider [64,71].
Finally, single top production in ep collisions can also be

used to constrain top-flavor–changing contact interactions.
The process ep → etX has been searched for at HERA, and
bounds on the corresponding cross sections have been
obtained in Refs. [72,73]. These results can be used to
constrain the Wilson coefficients CLR

eeut and CRR
eeut. However,

the constraints from eþe− → tq at LEP turn out to be
stronger [5,8]. We therefore do not consider single top
production at ep colliders for the remainder of this work.

B. Light quark flavor-conserving processes

1. Dilepton spectra at the LHC

Measurements of the dilepton invariant mass distribution
at the LHC are well established as probes of new physics in
the form of quark-lepton contact interactions [74–79]. In
the SM, for sufficiently large partonic center-of-mass
energy

ffiffiffî
s

p
, the Drell-Yan parton-level cross sections

σ̂q ¼ σðqq̄ → lþl−Þ fall with ŝ, but they grow with ŝ in
the presence of the contact interactions. We find

σ̂qðŝÞ ¼
ŝ

144π

X
X;Y∈fL;Rg

jAXY
q j2; ð26Þ

where in the limit ŝ ≫ m2
Z, the amplitudes can be approxi-

mated at leading order by

−iALL
q ¼ 1

ŝ
e2QlQq þ

1

ŝ
e2

s2Wc
2
W
Qw

lL
Qw

qL ; ð27Þ

−iALR
q ¼ 1

ŝ
e2QlQq þ

1

ŝ
e2

s2Wc
2
W
Qw

lL
Qw

qR þ
1

Λ2
CLR
llqq; ð28Þ

−iARL
q ¼ 1

ŝ
e2QlQq þ

1

ŝ
e2

s2Wc
2
W
Qw

lR
Qw

qL ; ð29Þ

−iARR
q ¼ 1

ŝ
e2QlQq þ

1

ŝ
e2

s2Wc
2
W
Qw

lR
Qw

qR þ
1

Λ2
CRR
llqq: ð30Þ

Here Qf denotes the electric charges of the leptons and

quarks, and Qw
f ¼ Tf

3 − s2WQf denotes their weak charges.
In the absence of the new-physics contact interactions,
−iALR

q and −iARR
q are negative for up-type quarks. If the

new physics effect is mediated by scalars, the theoretical

bounds on the Wilson coefficients CLR
llqq and CRR

llqq from
Eq. (10) predict constructive interference in ALR

u;c and
destructive interference in ARR

u;c. Conversely, if the new
physics effect is mediated by vectors, Eq. (11) implies
destructive interference in ALR

u;c and constructive interfer-
ence in ARR

u;c.
Due to the growth with ŝ, the high invariant mass tails in

pp → lþl− are very sensitive to new-physics contact
interactions. Consider a proton–proton scattering process
with center-of-mass energy

ffiffiffi
s

p
. The integrated cross

section at large dilepton invariant mass mll is given by

σðpp → lþl−Þ ¼
X
q

Z
τmax

τmin

dτ 2Lqq̄ðτÞσ̂qðsτÞ; ð31Þ

where τ ¼ m2
ll=s, with the parton luminosities given by

Lqq̄ðτÞ ¼
Z

1

τ

dx
x
fqðxÞfq̄ðτ=xÞ: ð32Þ

For our numerical analysis we include q ∈ fu; d; s; cg, and
use the parton distribution functions fq and fq̄ from
Ref. [80], setting the factorization scale to the dynamical
value μF ¼ mll.
We use the ATLAS analysis of Ref. [75] to constrain the

Wilson coefficients CLR
llqq and CRR

llqq, for l ∈ fe; μg and
q ∈ fu; cg. Similar constraints could be obtained from an
analogous CMS analysis [76]. At high mll, the main
dilepton background to the new-physics signal is from SM
Drell-Yan production, with only percent-level contributions
from other background sources like tt̄, single top, dibosons,
or misidentified jets [75,76]. Using Madgraph5_aMC@NLO

[81], we explicitly checked that the product of acceptance
and efficiency is very similar for SM Drell–Yan events and
signal events in the presence of the contact interactions. We
thus approximate the number of signal events Nl

sig in a
given signal region as

Nl
sig ¼ Nl

bg

�
σðpp → lþl−Þ

σðpp → lþl−ÞSM
− 1

�
; ð33Þ

where Nl
bg is the number of expected background events.

The ATLAS analysis uses signal regions that are
optimized for either destructive or constructive interfer-
ence. In our scenarios both destructive and constructive
interference can occur, and in each case we use the signal
regions that result in the stronger constraint. The signal
regions optimized for constructive (destructive) interfer-
ence are defined by τmin ¼ 2.2 TeV (2.77 TeV) for elec-
trons and τmin ¼ 2.07 TeV (2.57 TeV) for muons. In all
cases, τmax ¼ 6.0 TeV. The corresponding numbers of
expected SM background events are Ne

bg ¼ 12.4 (3.1)
and Nμ

bg ¼ 9.6 (1.4) for electrons and for muons,
respectively.
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To obtain the bounds on the Wilson coefficients, we
impose the model-independent upper limits at 95% CL on
the number of signal events:Ne

sig < 16.0 (4.4) for electrons,
and Nμ

sig < 5.8 (3.8) for muons [75], in the signal regions
optimized for constructive (destructive) interference. We
have checked that this procedure reproduces the given
bounds on the contact interactions studied in Ref. [75],
finding agreement within 15%.
Switching on one operator at a time, we find the

constraints in Table I. As expected, the strongest constraints
are obtained for operators containing up quarks. We can
estimate that at the high-luminosity LHC, which will
increase the total luminosity by a factor of ∼20, the
constraints on σ will be improved by a factor of ∼4, and
those on Λ can therefore be improved by a factor of ∼2.
This scaling represents only a rough estimate of the reach of
the HL-LHC. A dedicated study along the lines of Ref. [82]
would be needed to assess the exact bound.
The electron-quark contact interactions can also be

constrained from dijet production at LEP. The constraints
on electron-charm interactions reported in Ref. [83] are
comparable to the ones given above. In the case of electron-
up interactions, the LHC constraints are considerably
stronger.
Note that high-mass dilepton tails at the LHC can also be

used to constrain lepton-flavor–violating and quark-flavor–
conserving four-fermion contact interactions [84].
However, the theoretical relations among the Wilson
coefficients that we consider in this work [Eq. (12)] do
not involve such contact interactions, so we will not
consider these constraints.

2. Atomic parity violation and electron nucleus scattering

Experiments measuring atomic parity violation are
sensitive probes of new physics at the TeV scale [85].
The most constraining result is currently a precision
measurement of a parity-violating electric dipole transition
in Cesium [86,87]. Atomic parity violation is induced by
the SM weak interaction, but can receive contributions
from parity-violating new physics as well. The Cesium
measurement can be interpreted in terms of the nuclear
weak charge, QW , which receives new physics contribu-
tions from the flavor-conserving operators in Eq. (8) that

contain up quarks and electrons. The correction to QW is
given by

δQW

QSM
W

¼ v2

Λ2
ðCRR

eeuu − CLR
eeuuÞ

2Z þN
N − Zð1 − 4s2WÞ

; ð34Þ

where v ¼ 246 GeV is the vacuum expectation value (vev)
of the Higgs, and Z and N are the numbers of protons and
neutrons in the nucleus, respectively. Combining the
Cesium measurement with the SM prediction for QW,
one finds Qexp

W −QSM
W ¼ −0.48� 0.35 [87], which at

95% CL gives

−0.3% <
δQW

QSM
W

< 1.6%: ð35Þ

This translates into the following constraints on the Wilson
coefficients:

−
1

ð7.2 TeVÞ2 <
CRR
eeuu

Λ2
−
CLR
eeuu

Λ2
<

1

ð3.1 TeVÞ2 : ð36Þ

The constraints from dilepton production at the LHC
discussed in the previous section are more stringent (see
Table I).
A recent proposal has the potential to improve on this

result. The measurements of elastic electron–proton or
electron–12C scattering at the proposed P2 experiment
[88] at the Mainz Energy-recovering Superconducting
Accelerator (MESA) facility can give a more stringent
bound on these operators. The basic idea is to measure the
parity-violating asymmetry,

ALR ¼ σL − σR
σL þ σR

; ð37Þ

where σL (σR) is the cross section for the scattering of
electrons with left (right) helicity. The asymmetry is
directly related to the nuclear weak charge as

δALR

ASM
LR

¼ δQW

QSM
W

: ð38Þ

The relative uncertainties δALR=ASM
LR are expected to be

1.4% and 0.3% for electron–proton and electron–12C
scattering, respectively [88]. This translates into the
95% CL bounds

����C
RR
eeuu

Λ2
−
CLR
eeuu

Λ2

���� < 1

ð7.5 TeVÞ2 ðe− − pþÞ
����C

RR
eeuu

Λ2
−
CLR
eeuu

Λ2

���� < 1

ð5.7 TeVÞ2 ðe− − 12CÞ: ð39Þ

These results are similar to those in Refs. [89,90]. For the
numerical evaluation, we use s2W ¼ 0.231, corresponding to

TABLE I. Bounds on the EFT scale in TeVunits extracted from
the LHC dilepton spectrum, measured in Ref. [75]. Each row
corresponds to a bound of the form −1=Λ2

− < C=Λ2 < 1=Λ2þ,
with all other coefficients set to zero.

Coefficient Λ− Λþ Coefficient Λ− Λþ

CLR
eeuu 8.0 6.5 CLR

μμuu 8.0 5.9
CRR
eeuu 8.8 5.9 CRR

μμuu 9.2 5.1
CLR
eecc 2.0 2.0 CLR

μμcc 2.1 2.0
CRR
eecc 2.0 2.0 CRR

μμcc 2.1 2.0
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the MS value at the Z-pole. For the scattering with
protons, one can expect sizable higher-order corrections
due to the accidental suppression of the SM asymmetry
ASM
LR ∝ 1–4s2W . The resulting projected bounds are compa-

rable to the current LHC bounds shown in Table I.

C. Heavy quark flavor conserving processes

1. Rare B decays

Rare decays of b hadrons based on the b → see and
b → sμμ transitions are sensitive probes of new physics
[91,92] and can be used to constrain both the flavor-
conserving and the flavor-changing top quark operators.
New physics contributions to rare B decays are usually
phrased in terms of an effective Hamiltonian

Heff ¼ HSM
eff −

4GFffiffiffi
2

p VtbV�
ts

e2

16π2
X
i

CiOi þ H:c: ð40Þ

In our case, the relevant operators are

Obsll
9 ¼ ðs̄γαPLbÞðl̄γαlÞ; ð41Þ

Obsll
10 ¼ ðs̄γαPLbÞðl̄γαγ5lÞ; ð42Þ

with l ∈ fe; μg.
Starting from the top quark operatorsQLR

lltt,Q
LR
llct,Q

RR
lltt,

and QRR
llct, one-loop corrections from the weak interactions

induce the Obsll
9 and Obsll

10 operators through diagrams
such as the one shown in Fig. 1. We find for the
corresponding Wilson coefficients

Cbsll
9 ¼

�
CRR
lltt þ CLR

lltt þ
V�
cs

V�
ts

mc

mt
ðCRR

llct þ CLR
llctÞ

�

×
1

4s2W

m2
t

4m2
W

v2

Λ2
log

�
Λ2

m2
W

�
; ð43Þ

Cbsll
10 ¼

�
CRR
lltt − CLR

lltt þ
V�
cs

V�
ts

mc

mt
ðCRR

llct − CLR
llctÞ

�

×
1

4s2W

m2
t

4m2
W

v2

Λ2
log

�
Λ2

m2
W

�
: ð44Þ

The pieces proportional to CLR
lltt, CRR

lltt have also been
considered in Refs. [93–95] (see also Refs. [96–99] for
related studies of B decay constraints on top operators).
Note that we only take into account the logarithmically
enhanced terms. Additional finite contributions from inte-
grating out the top and W are renormalization-scheme
dependent and of the same order as unknown matching
contributions at the scale Λ. Therefore, they are consis-
tently neglected in our study.
The Wilson coefficients Cbsll

9 and Cbsll
10 are probed at

the Oð1Þ level by existing data on rare B decays. (See e.g.
the global fit in Ref. [100].) For several years, global fits
found a strong preference for nonstandard values of some
of the Wilson coefficients due to a series of “B-anomalies,”
notably the hints for lepton flavor universality violation
in rare B decays through the observables RK and
RK� [101–104], anomalous angular observables in the
B → K�μμ decay [105], and several anomalously low
branching ratios of rare B decays [106–108]. Top-philic
new physics has been discussed, e.g., in Refs. [94,95,109–
113] as a possible explanation of the B anomalies.
However, the most recent updates on RK and RK�

[114,115] and the Bs → μþμ− branching ratio [116] are
in good agreement with SM predictions. We use these
results to constrain new physics in the Wilson coefficients
Cbsll
9 and Cbsll

10 , see also [79,117].
We perform a fit including the following set of exper-

imental results: (i) the world average of the Bs → μþμ−

branching ratio from HFLAV [118]; (ii) the new LHCb
results on RK and RK� [114,115]; (iii) the LHCb results on
RKS

and RK�þ [103]; (iv) the Belle results on LFU tests in
b → sll [119–121]. The corresponding theory predictions
are obtained with FLAVIO [122] [version 2.3.3]. Instead of
FLAVIO’s default values for the CKM matrix elements we
use the current PDG values, jVcbj ¼ ð40.8� 1.4Þ × 10−3

and jVubj ¼ ð3.82� 0.20Þ × 10−3 [123]. Considering
either muon-specific or electron-specific Wilson coeffi-
cients, the fit gives approximately

Cbsμμ
9 ¼ −0.26� 0.33; Cbsμμ

10 ¼ −0.06� 0.22; ð45Þ

with an error correlation of ρ ¼ 87%, and

Cbsee
9 ¼ 0.61� 0.67; Cbsee

10 ¼ 0.43� 0.73; ð46Þ

with an error correlation of ρ ¼ 97.7%. All new
physics Wilson coefficients are compatible with zero at
the 1σ level.
The above results can be translated into constraints on

the flavor-conserving top quark coefficients CRR
eett, CLR

eett,
CRR
μμtt, and CLR

μμtt. We find
FIG. 1. Example of a Feynman diagram contributing to the rare
decay b → slþl−.
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−1
ð3.7 TeVÞ2 <

CLR
eett

Λ2
<

1

ð1.2 TeVÞ2 ;

−1
ð0.80 TeVÞ2 <

CRR
eett

Λ2
<

1

ð0.29 TeVÞ2 ;

−1
ð1.4 TeVÞ2 <

CLR
μμtt

Λ2
<

1

ð2.6 TeVÞ2 ;

−1
ð0.95 TeVÞ2 <

CRR
μμtt

Λ2
<

1

ð0.85 TeVÞ2 : ð47Þ

In contrast to the constraints discussed in previous
sections, the new physics contributions to the rare B decays
are loop-induced and therefore contain a logarithmic
dependence on the new physics scale Λ. The above
best-fit ranges for the ratio of Wilson coefficients and
new physics scale are derived setting the new physics
Wilson coefficients jCLR

eettj ¼ 1, jCRR
eettj ¼ 1, jCLR

μμttj ¼ 1, or
jCRR

μμttj ¼ 1, one at a time. As the bounds are based on a
leading logarithmic analysis, they hold to very good
approximation also for other values of the Wilson coef-
ficients, as long as the Wilson coefficients are not para-
metrically different from one.
Turning to the flavor changing coefficients CLR

eect, CRR
eect,

CLR
μμct, and CRR

μμct, we note that they can in principle be
complex, and the respective bounds will depend on their
complex phase. In most cases, the constraints on the
imaginary parts of the Wilson coefficients are a factor of
few weaker than the constraints on the real parts [100]. For
simplicity, we will assume that the flavor-changing Wilson
coefficients are real, and we will also neglect the tiny
imaginary part of Vts that enters Eqs. (43) and (44).
Switching on only one of the flavor-changing coefficients
CLR
eect, CRR

eect, CLR
μμct, CRR

μμct at a time, the corresponding best-
fit ranges for the new physics scale are somewhat smaller
than the ones corresponding to the flavor conserving
coefficients, and they can be obtained from Eq. (47) by
rescaling with a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijVts=Vcsj
p ffiffiffiffiffiffiffiffiffiffiffiffiffi

mt=mc

p
≃ 3.

Rare B decays could also be used to constrain the lepton-
flavor-violating four-fermion operators [124], but we will
not consider such processes in this work.

2. Decays of the Z boson

The decays of the Z boson to SM fermions have been
measured with permille level precision at LEP. The good
agreement with SM predictions gives stringent constraints
on many new physics scenarios [125]. The new physics
contact interactions that we consider in this work induce
modifications of the Z decays to charged leptons, neutrinos,
and quarks, through diagrams such as the one shown
in Fig. 2.
We parametrize the new-physics effects in Z decays as

modifications to the effective Z-fermion couplings. That is,
we write

L ⊃ −
g

2cW
Zμ½ðgfL þ δgfLÞf̄LγμfL þ ðgfR þ δgfRÞf̄RγμfR�;

ð48Þ

where gfL;R are the SM Z couplings and the δgfL;R are new-
physics contributions. Using the above normalization, the
SM couplings are given by

guL ¼ 1 −
4

3
s2W; gνL ¼ 1; glL ¼ −1þ 2s2W;

guR ¼ −
4

3
s2W; gνR ¼ 0; glR ¼ 2s2W ð49Þ

for up-type quarks, neutrinos, and charged leptons, respec-
tively. The down-type couplings remain SM-like in our new
physics scenarios and are therefore not considered in the
following.
For the new physics contributions to the charged lepton

couplings, we find

δglX ¼ −
�

3

8π2
m2

t

Λ2
−

s2W
6π2

m2
Z

Λ2

�
CXR
lltt log

�
Λ2

m2
t

�

þ s2W
6π2

m2
Z

Λ2
ðCXR

lluu þ CXR
llccÞ log

�
Λ2

m2
Z

�
; ð50Þ

where X ∈ fL;Rg and l ∈ fe; μg. As in the case of the rare
B decays discussed in the previous section, we consider the
leading logarithmically enhanced new physics contribu-
tions and consistently neglect additional scheme-dependent
terms. The Z couplings to left-handed neutrinos are
shifted by

δgνlL ¼ −
�

3

8π2
m2

t

Λ2
−

s2W
6π2

m2
Z

Λ2

�
CLR
lltt log

�
Λ2

m2
t

�

þ s2W
6π2

m2
Z

Λ2
ðCLR

lluu þ CLR
llccÞ log

�
Λ2

m2
Z

�
; ð51Þ

and the couplings to right-handed up-type quarks are
shifted by

FIG. 2. Feynman diagram for a new physics contribution to the
decay Z → lþl−. The corresponding Feynman diagrams for
Z → νν̄ and Z → qq̄ can be obtained by an appropriate replace-
ment of quark and lepton lines.
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δgqR ¼ ½ð1 − 2s2WÞðCLR
eeqq þ CLR

μμqqÞ − 2s2WðCRR
eeqq þ CRR

μμqqÞ�
s2W
24π2

m2
Z

Λ2
log

�
Λ2

m2
Z

�
; ð52Þ

where q ∈ fu; cg. These modifications to the Z couplings lead to deviations of the Z partial widths from their SM
predictions. For decays to charged leptons, we find

ΓðZ → llÞ
ΓðZ → llÞSM

¼ 1þ ð1 − 2s2WÞCLR
lltt − 2s2WC

RR
lltt

1 − 4s2W þ 8s4W

�
3

4π2
m2

t

Λ2
−

s2W
3π2

m2
Z

Λ2

�
log

�
Λ2

m2
t

�

þ ð2s2W − 1ÞðCLR
lluu þ CLR

llccÞ þ 2s2WðCRR
lluu þ CRR

llccÞ
1 − 4s2W þ 8s4W

s2W
3π2

m2
Z

Λ2
log

�
Λ2

m2
Z

�
: ð53Þ

Similarly, for the sum of the decay widths into neutrinos, we find

ΓðZ → ννÞ
ΓðZ → ννÞSM

¼ 1 −
1

3
ðCLR

eett þ CLR
μμttÞ

�
3

4π2
m2

t

Λ2
−

s2W
3π2

m2
Z

Λ2

�
log

�
Λ2

m2
t

�

þ 1

3
ðCLR

eeuu þ CLR
μμuu þ CLR

eecc þ CLR
μμccÞ

s2W
3π2

m2
Z

Λ2
log

�
Λ2

m2
Z

�
: ð54Þ

For the decay into an up-type quark-antiquark pair, we find

ΓðZ → qqÞ
ΓðZ → qqÞSM

¼ 1þ s2W
π2

m2
Z

Λ2
log

�
Λ2

m2
Z

� ð2s2W − 1ÞðCLR
eeqq þ CLR

μμqqÞ þ 2s2WðCRR
eeqq þ CRR

μμqqÞ
9 − 24s2W þ 32s4W

; ð55Þ

where q ∈ fu; cg. The decay widths into down-type quarks
remain SM-like.
To obtain bounds on the Wilson coefficients entering

Eqs. (53) to (55) above, we use the SM predictions and the
LEP measurements of the Z partial widths given in
Ref. [126] (Tables G.2 and 7.1, respectively).
Considering one operator at a time, we find the bounds
shown in Table II. The bounds hold as long as the Wilson
coefficients are of Oð1Þ.

3. Møller scattering

The MOLLER experiment [127] will measure the parity-
violating asymmetry APV in polarized electron–electron
scattering and determine the weak mixing angle at low
energies with unprecedented precision. The asymmetry is
defined by

APV ¼ σL − σR
σL þ σR

; ð56Þ

where σL (σR) refers to the cross section of left-handed
(right-handed) polarized electrons scattering on fixed target
electrons. From the point of view of a low-energy EFT, the
asymmetry is induced by the parity-violating four-electron
operator

L ⊃
CM∅ller

Λ2
ðēγμγ5eÞðēγμeÞ: ð57Þ

In the Standard Model, this operator can arise from tree-
level Z boson exchange, but it is suppressed by the
accidentally small vector coupling of the Z to electrons,
proportional to 1 − 4s2W ≃ 0.0744 [128]. Precision mea-
surements of APV are thus sensitive to new physics
contributions to the operator in Eq. (57).
The flavor-conserving ðeeÞðqqÞ operators that we con-

sider in this work contribute to CM∅ller at the one-loop level
through diagrams as the one shown in Fig. 3. From a direct
one-loop calculation, we find the following logarithmically
enhanced terms:

TABLE II. Lower bounds on Λ in TeV units from Z partial
width measurements. Each row corresponds to a bound of the
form −1=Λ2

− < C=Λ2 < 1=Λ2þ, with all other coefficients set to
zero. In rows with multiple Wilson coefficients, the bound is the
same for any of these coefficients set to 1 with the others set to
zero. For the entries left empty, and for Wilson coefficients not
shown in this table, there is no bound in the regime of validity of
the EFT, i.e., with Λ ≫ mZ.

Final state Coefficients Λ− Λþ
eþe− CLR

eett 1.6 2.3
CRR
eett 2.1 1.5

CLR
eeuu, CLR

eecc 0.2
CRR
eeuu, CRR

eecc 0.2

μþμ− CLR
μμtt 1.5 1.5

CRR
μμtt 1.4 1.4
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CM∅ller

Λ2
¼GFffiffiffi

2
p

�
3

8π2
m2

t

Λ2
CLR
eett log

�
Λ2

m2
t

�

þ
�
3s2W
4π2

m2
t

Λ2
þ s2W
3π2

m2
W

Λ2

�
ðCRR

eett−CLR
eettÞ log

�
Λ2

m2
t

�

þ s2W
3π2

m2
W

Λ2

X
q¼u;c

ðCRR
eeqq−CLR

eeqqÞ log
�
Λ2

m2
q

�	
: ð58Þ

As in the other loop-induced processes discussed above, we
consistently neglect additional nonlogarithmic terms. Note
that in the up quark contribution (q ¼ u), the quark mass in
the logarithm should be replaced with an appropriate
hadronic scale, e.g. m2

u → m2
π ≃ ð140 MeVÞ2. We cross-

checked the above result using the known anomalous
dimensions of dimension-six operators in the Standard
Model EFT and the low energy EFT below the electroweak
scale [129–132].
The correction to the parity-violating asymmetry in

Møller scattering that corresponds to the above Wilson
coefficient can be written in the following way:

δAPV

ASM
PV

¼ 2

1 − 4s2W þ ΔQe
W

ffiffiffi
2

p

GF

CM∅ller

Λ2
; ð59Þ

where we include higher-order electroweak corrections to
the SM prediction, ΔQe

W ≃ −0.0249 [128,133].
The MOLLER experiment aims at a percent-level

uncertainty, jδAPVj=ASM
PV < 2.4% [127], resulting in sensi-

tivity to one-loop induced new physics at the TeV scale.
More precisely, if one of the new physics operators is
considered at a time, we find the following projected
bounds:

jCLR
eettj
Λ2

<
1

ð1.32 TeVÞ2 ;
jCRR

eettj
Λ2

<
1

ð1.36 TeVÞ2 ;

jCLR
eeccj
Λ2

<
1

ð0.78 TeVÞ2 ;
jCRR

eeccj
Λ2

<
1

ð0.78 TeVÞ2 ;

jCLR
eeuuj
Λ2

<
1

ð0.86 TeVÞ2 ;
jCRR

eeuuj
Λ2

<
1

ð0.86 TeVÞ2 : ð60Þ

Because the bounds are based on a leading logarithmic
approximation of the one-loop contributions, they hold as
long as the Wilson coefficients are ofOð1Þ. We note that in

our setup these expected sensitivities are weaker (stronger)
than the existing constraints from Z decays in the case of
operators involving top quarks (light quarks), see Table II.

V. NUMERICAL ANALYSIS

We now combine the theoretical constraints of Sec. III
with the experimental constraints of Sec. IV to highlight
constrained parameter space for both the Wilson coeffi-
cients and the observables themselves. In particular, if the
sum rules in Eq. (12) hold, then experimental bounds on the
flavor-conserving Wilson coefficients translate into restric-
tions on the flavor-violating coefficients. If observable data
are eventually fitted to a region in the space of Wilson
coefficients that violates the sum rules, this will imply one
of the exceptional scenarios described in Sec. III, providing
a wealth of information about the underlying UV physics.
We start by discussing a simple example for illustration.

Consider the decays t → cee and t → uee, assuming that
they are induced by the Wilson coefficients CRR

eect and CRR
eeut,

respectively. According to Eq. (12), these flavor-violating
Wilson coefficients are bounded by the allowed sizes of the
flavor-conserving CRR

eett, CRR
eecc, and CRR

eeuu. In Sec. IV, we
derived constraints on these flavor-conserving coefficients
that in many cases remain strong even for values of Λ
exceeding the TeV scale. The most stringent constraints on
CRR
eecc and CRR

eeuu come from dilepton production at the LHC
(see Table I) and read as follows:

−
1

ð8.8 TeVÞ2 <
CRR
eeuu

Λ2
<

1

ð5.9 TeVÞ2 ; ð61Þ

−
1

ð2.0 TeVÞ2 <
CRR
eecc

Λ2
<

1

ð2.0 TeVÞ2 : ð62Þ

The strongest constraint on CRR
eett is from the LEP precision

measurements of Z decays (see Table II), leading to

−
1

ð2.1 TeVÞ2 <
CRR
eett

Λ2
<

1

ð1.5 TeVÞ2 : ð63Þ

The current experimental constraints on the corresponding
flavor-violating Wilson coefficients, however, correspond
to Λ < 1 TeV, per Eqs. (16) and (17). Thus, the theoretical
constraints provide a new, stronger bound. In this example,
the sum rules imply

jCRR
eeutj
Λ2

<
1

ð3.0 TeVÞ2 ;
jCRR

eectj
Λ2

<
1

ð1.7 TeVÞ2 ; ð64Þ

which are indeed much more stringent than the direct
experimental bounds in Eqs. (16) and (17). This translates
into the following upper bounds on rare top decay
branching ratios:

FIG. 3. Example new physics contribution to the Møller
scattering amplitude at one loop.
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BRðt → ceþe−Þ≲ 3 × 10−7; ð65Þ

BRðt → ueþe−Þ ≲ 3 × 10−8: ð66Þ

Future observation of the rare top decays above these target
values would exclude the full class of new physics models
that can be described by the Wilson coefficients CRR

eect,
CRR
eeut, CRR

eett, CRR
eecc, and CRR

eeuu and that obey the sum rules in
Eq. (12). Note that the targets in Eqs. (65) and (66) are 3–4
orders of magnitude below the current direct bounds on the
branching ratios given in Eq. (15), leaving ample parameter
space to be probed.
Following the pattern of this example, we now explore

the implications of the sum rules in a systematic way. First,
we consider the implications of the sum rules for the
Wilson coefficients themselves. In general, each sum rule
determines a region in a parameter space with five real
degrees of freedom: the EFT scale Λ, two real flavor-
conserving Wilson coefficients, and one complex flavor-
violating Wilson coefficient. We show two-dimensional
slices through this parameter space determined by the
following conditions:
(1) The EFT scale Λ is fixed to a single value.
(2) We vary one flavor-conserving and one flavor-

violating Wilson coefficient, restricting the flavor-
violating coefficient to be real and positive.

(3) The second flavor-conserving coefficient is set to its
largest value compatible with experimental bounds
with all other coefficients set to zero. This leads to
the most conservative form of the sum rules (i.e., the

least stringent theoretical bound on the flavor
violating Wilson coefficients).

(4) We impose perturbativity, requiring jCabcdj < 4π for
all Wilson coefficients. This is required in order to
self-consistently relate the Wilson coefficients to
observables.

The constrained regions are shown in Fig. 4 for the case of
the LR operator with c–t flavor violation coupled to left-
handed electrons. For completeness, other cases are quali-
tatively very similar and shown in Fig. 6. The sum rules are
always violated for sufficiently large values of the flavor-
violating coefficient, indicating that the measurement of a
single flavor-violating observable can diagnose the failure
of the sum rules to apply.
The sum rules also impose restrictions in the space

of observables: that is, there exist points in the space of
observables that cannot be produced by any combination of
perturbative Wilson coefficients satisfying the sum rules.
Thus, if future experimental data were to prefer such a
point, this would imply either one of the exceptional
scenarios discussed in Sec. III or a nonperturbative theory.
To locate such points, we take a purely numerical

approach: we sample the space of Wilson coefficients with
a set of points fCig and discard all points that are
inconsistent with experimental bounds at 95% CL. We
repeat the process including only samples that satisfy the
sum rules, producing a set of points fCSR

i g. Each point Ci
in the space of Wilson coefficients maps to a pointOi in the
space of observables, so we obtain two corresponding sets
of points fOig and fOSR

i g in observable space. From these
points, we determine regions R and RSR ⊂ R in observable

FIG. 4. Implications of the sum rules for the Wilson coefficients. In the left (right) panel, CLR
lltt (C

LR
llcc) is fixed to its maximum value

consistent with experimental bounds and perturbativity. The green, blue, and yellow regions correspond to Λ ¼ 500 GeV, 1 TeV, 2 TeV.
For each color, the darker shaded region is consistent with sum rules for some allowed value of the suppressed coefficient. The light
shaded regions are inconsistent with experimental data if sum rules are imposed. Note that the regions corresponding to higher Λ are
partially obscured by those corresponding to lower Λ. The dashed magenta line shows the contour BRðt → ceþe−Þ ¼ 10−7 for
Λ ¼ 1 TeV, corresponding to the blue region.
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space that are compatible with observables and additionally
compatible with the sum rules. In the limit of a large
number of sample points, the region RnRSR consists of
points in observable space that are consistent with data but
inconsistent with the sum rules in the space of Wilson
coefficients.
We carry out the sampling using the Metropolis–

Hastings algorithm, taking the target probability density
to be proportional to kOk expð−χ2ðΛ;CÞ=χ2cutÞ, where C
denotes the Wilson coefficients, χ2ðΛ;CÞ denotes the
associated chi-square test statistic, O denotes the point
in the plane of observables, and χ2cut is a constant cutoff.
This functional form is chosen to ensure an enhanced
sampling probability for points that are in tension with
experiments, in order to fully sample the boundaries of R
and RSR. Note that after imposing perturbativity, the space
of Wilson coefficients is bounded, so it is also possible to

sample the space exhaustively. While this approach is
inefficient, we have performed log-uniform sampling to
check that the results are qualitatively similar to those
obtained with the Metropolis–Hastings approach.
In the numerical sampling, we include complex phases for

flavor-violating coefficients, and we vary both CLR
abcd and

CRR
abcd.We show results for electronic observables, andneglect

any coupling tomuons. In addition to theWilson coefficients,
we simultaneously vary the new physics scale Λ over a
bounded domain: to accordwith experimental constraints and
capabilities, we impose 100 GeV < Λ < 100 TeV.
We show the results of this computation in two-dimen-

sional slices through the space of observables in Fig. 5. To
demonstrate the most nontrivial structures, we pair the
flavor-violating observable BRðt → cēþe−Þ with flavor-
conserving observables. For example, the top-left panel
shows the regionsR (light blue) andRSR (light orange) in the

FIG. 5. Allowed regions with sample points in planes of complementary observables with 100 GeV < Λ < 100 TeV. All points are
compatible with all the observables considered in this work. The orange points correspond to combinations of Wilson coefficients that
satisfy the sum rules. The lighter shaded regions show the regionsR (orange) and RSR (blue), determined as described in the text. The red
regions indicate parameter space that will be constrained by expected experimental searches of BRðt → ceþe−Þ [7]. In particular, almost
any nonzero measurement of BRðt → ceþe−Þ in the upcoming generation of experiments (see dashed red line in the figure) would likely
be incompatible with the sum rules under the assumptions made here.
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FIG. 6. Implications of the sum rules, as in Fig. 4, for additional pairs of Wilson coefficients.
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plane of the branching ratio BRðt → ceþe−Þ and the decay
width of the Z boson to electrons ΓðZ → ēeÞ, with the latter
shown as the fractional shift from the SM value. The actual
points sampled are shown in dark blue and dark orange. The
difference between R and RSR consists of points that are
inconsistent with either the sum rules or the bounds imposed
on the Wilson coefficients and new physics scale.
Here, a sufficiently large value of the flavor-violating

observable BRðt → cēeÞ always implies violation of the
sum rules due to the experimental bounds on the corre-
sponding flavor-conserving Wilson coefficients. For
smaller values of BRðt → cēeÞ, consistency with the
sum rules imposes a restriction on ΓðZ → ēeÞ. The red
region bounded by the red dashed line in each plot indicates
the expected future sensitivity to the flavor-violating top
branching ratio estimated in Ref. [7], which arises from a
phenomenological recasting of a ATLAS search for
t → Zq. All in all, the sum rules together with the
experimental bounds on flavor conserving operators imply
an upper bound on the branching ratio of t → ceþe−
roughly an order of magnitude more stringent than the
present experimental bound on the branching ratio.
Translating a discrete set of sample points to continuous

regions R and RSR requires a prescription for determining
the inclusion of arbitrary points in the plane. In Fig. 5, we
include a test point p in a region if 100 sample points lie
within a distance corresponding to a factor of 0.3 in each
direction (i.e., within a ball of radius 0.3 in log space). This
means that some small number of points satisfy the sum
rules but nonetheless lie outside the region RSR as shown.
However, these points are extremely sparse, and reflect the
fact that it is possible to evade our constraints with extreme
tuning.

VI. CONCLUSIONS

The existence of the sum rules of Eq. (12) at dimension
six relating flavor-conserving and flavor-violating quark–
lepton operators has nontrivial consequences for low-
energy BSM phenomenology, both for the viability of
particular classes of models and for the interpretation of a
BSM signal in future experiments. We now summarize the
implications of these theoretical bounds for the experimen-
tal outlook.
Typically, theoretical bounds based on positivity and

unitarity are invoked to rule out regions of parameter space,
motivating searches in other regimes. With a few key
assumptions, it is possible to set similar constraints with the
sum rules considered in this work. In this case, Fig. 5 can be
interpreted as theoretical constraints on observationally
accessible new physics, given the following conditions:
(1) The sum rules hold, i.e., the assumptions in Sec. III

are satisfied.
(2) Any new-physics couplings to muons can be ne-

glected, a simplifying assumption made to reduce
the dimensionality of the parameter space.

(3) The scale of new physics lies between 100 GeV and
100 TeV, such that BSM effects are observable but
not already in frank conflict with observations.

(4) The new physics is perturbative, such that the con-
tributions to observables can be reliably computed.

Given these assumptions, it is possible to make direct state-
ments about observables. For example, in the absence of
severe fine tuning, Fig. 5 implies that BRðt → cēeÞ≲ 10−5,
an order of magnitude below current experimental bounds.
However, the first assumption above is interestingly

fragile: the sum rules fail to hold for some UV structures.
In particular, the sum rules can be violated if the effective
interactions arise from a combination of scalar and vector
interactions in the UV, or if the forward scattering amplitude
grows faster than s1. Thus, rather than ruling out parameter
space, the sum rules highlight parameter space where low-
energy observables encode nontrivial features of the UV
physics. The measurement of a combination of observables
incompatible with the sum rules would immediately imply
one of the alternative scenarios in Sec, III. Thus, rather than
excluding parameter space, these constraints motivate
experimental searches in sum rule–violating regimes.
The present work establishes the first such step toward

establishing UV properties from low-energy observables: in
particular, we have found that rare top decays provide the
best observational prospects to probe the violation of the
sum rules. If the sum rules hold, then the relationship
between flavor-conserving and flavor-violating observables
is substantially constrained. Indeed, any positive detection
of flavor-violating top decays in the upcoming generation of
experiments must signal a violation of the sum rules under
the assumptions of this work. As indicated by the red bands
in Fig. 5, upcoming experiments will not be sensitive to
flavor-violating top decays in most of the parameter space
consistent with the sum rules in the absence of an extreme
fine-tuning. Thus, ongoing searches for flavor-violating top
decays nontrivially probe the structure of UV physics. This
is one of the main results of the present work.
In our numerical analysis we have focused on the flavor-

violating process t → cll, which is poorly constrained by
direct searches. However, similar results apply for e.g.
t → ull. Extensions of the theoretical constraints used in
this paper may give rise to additional targets elsewhere in
the parameter space. Beyond the opportunities to exploit
other sum rules in a similar context, we note that we have
considered only quark flavor violation. Lepton flavor
violation would provide an alternative set of observables
that may allow for complementary tests of the sum rules.
The use of theoretical constraints may prove especially
important for the program of global fits of large numbers of
SMEFT coefficients to all available data (see, e.g.,
[5,20,22,25]). In particular, such global fits may give
substantially different results with or without these sum
rules as a prior constraint, which further motivates exper-
imental searches along these lines.
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TABLE III. Summary of all bounds on the EFT scale Λ in TeV units. Each row corresponds to a bound of the form
−1=Λ2

− < C=Λ2 < 1=Λ2þ, where C denotes the Wilson coefficient in question. For the entries left empty, and for Wilson coefficients
not shown in this table, there is no bound in the regime of validity of the EFT, i.e., with Λ ≫ mZ.

Coefficient Λ− Λþ Coefficient Λ− Λþ
Rare t decays Rare t decays
CLR
eect 0.32 0.32 CRR

eect 0.32 0.32
CLR
eeut 0.33 0.33 CRR

eeut 0.33 0.33
CLR
μμct 0.35 0.35 CRR

μμct 0.35 0.35
CLR
μμut 0.36 0.36 CRR

μμut 0.36 0.36
CLR
μetc 1.1 1.1 CRR

μetc 1.1 1.1
CLR
eμtc 1.1 1.1 CRR

eμtc 1.1 1.1
CLR
μetu 2.0 2.0 CRR

μetu 2.0 2.0
CLR
eμtu 2.0 2.0 CRR

eμtu 2.0 2.0

Single t production Single t production
CLR
eect 0.70 0.70 CRR

eect 0.70 0.70
CLR
eeut 0.70 0.70 CRR

eeut 0.70 0.70

Dilepton spectra Dilepton spectra
CLR
eeuu 8.0 6.5 CLR

μμuu 8.0 5.9
CRR
eeuu 8.8 5.9 CRR

μμuu 9.2 5.1
CLR
eecc 2.0 2.0 CLR

μμcc 2.1 2.0
CRR
eecc 2.0 2.0 CRR

μμcc 2.1 2.0

Rare B decays Rare B decays
CLR
eett 3.7 1.2 CRR

eett 0.80 0.29
CLR
μμtt 1.4 2.6 CRR

μμtt 0.95 0.85

Z decays Z decays
CLR
eett 1.6 2.3 CRR

eett 2.1 1.5
CLR
eeuu 0.20 CLR

eecc 0.20
CRR
eeuu 0.20 CRR

eecc 0.20
CLR
μμtt 1.5 1.5 CRR

μμtt 1.4 1.4

Møller scattering (expected) Møller scattering (expected)
CLR
eett 1.32 1.32 CRR

eett 1.36 1.36
CLR
eecc 0.78 0.78 CRR

eecc 0.78 0.78
CLR
eeuu 0.86 0.86 CRR

eeuu 0.86 0.86

12C − e− scattering (expected) pþ − e− scattering (expected)
CRR
eeuu − CLR

eeuu 5.7 5.7 CRR
eeuu − CLR

eeuu 7.5 7.5

Atomic parity violation
CRR
eeuu − CLR

eeuu 7.2 3.1
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